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Proteins mediate the nucleation and growth of many biominerals, yet the specifics of these 

protein-mineral interactions are often poorly understood. The focus of this dissertation is to 

better understand these interactions via small peptide systems. The approach to this problem is 

multifaceted; peptide-mineral interactions are explored through various biomineralization 

systems and through surface adsorption. The biomineralization studies begin with R5, a well-

studied biosilicification peptide that can produce uniform nanostructures of both silica (SiO2) and 

titania (TiO2). Then, model serine-lysine (S-K) peptides are investigated to further the 

understanding of biomimetic TiO2 formation. Surface adsorption studies are focused on the 

structure of SNa15, a mutated fragment of statherin (a salivary protein) as a function of mineral 

surface: hydroxyapatite (HAP), SiO2, and TiO2. Solid-state NMR (ssNMR) experiments used in 



 

the investigation of R5, the S-K peptides, and SNa15 are detailed here. 1D 13C CP MAS, 1D 15N 

CP MAS, and 2D 13C-13C DARR experiments are utilized, resulting in peptide structures for both 

the neat and mineral-complexed forms. Furthermore, side-chain chemical shifts are used to 

assess the degree to which various residues are in close proximity to the mineral phases.  
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Chapter 1. INTRODUCTION1  

1.1 BIOMINERALIZATION. 

Inorganic minerals, such as silica (SiO2) and titania (TiO2), are versatile materials with 

widespread applications including use as pigments, insulators, textile coatings, catalysts, medical 

devices, and solar cell components. 1–10 Each specific application requires a uniquely tuned set of 

physical properties for the material, such as particle size, crystallinity, and morphology. 

However, the anthropogenic synthesis of such minerals often requires extreme temperature, 

pressure, and pH, while maintaining limited control over crystallinity and morphology.11–15 

Hence, new synthetic routes that allow for more fine-tuned control are necessary.  

In contrast to synthetic methods, many biological organisms produce inorganic materials, 

such as bone, teeth, exoskeletons, and shells, through a process known as biomineralization. 

Specialized proteins are commonly used to direct mineral formation with precise control over the 

size, structure, and morphology all under ambient temperature and biological pH. Understanding 

the molecular mechanisms involved in biomineralization processes may aid in the discovery of 

novel synthetic routes for the production of complex inorganic materials. 

Diatoms are a unicellular microalgae that produce SiO2 under mild conditions from the 

precursor silicic acid, resulting in material of tailored size and structure.16–22 One of the most 

widely studied silicifying organisms is the marine diatom Cylindrotheca fusiformis. The protein 

implicated in regulating the process of SiO2 biomineralization is silaffin sil1p, shown in Figure 

                                                
1 Portions of this chapter have been adapted from (1) Buckle, E.L.; Roehrich, A.; Vandermoon, B.; Drobny, G.P. 
Comparative Study of Secondary Structure and Interactions of the R5 Peptide in Silicon Oxide and Titanium Oxide 
Coprecipitates Using Solid-State NMR Spectroscopy. Langmuir 2017, 33 (40), 10517-10524. and (2) Buckle, E.L.; 
Lum, J.; Roehrich, A.; Stote, R.; Vandermoon, B.; Dracinsky, M.; Filocamo, S.; Drobny, G.P. Serine-Lysine 
Peptides as Mediators for the Production of Titanium Dioxide: Investigating the Effects of Primary and Secondary 
Structure Using Solid-State NMR Spectroscopy and DFT Calculations. J. Phys. Chem. B. Manuscript JP-2018-
00745p, currently submitted.  
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1.1. The primary structure of sil1p has a repetitive peptide sequence between residues 108 and 

271, composed of seven units.21 The fifth of these repeating units, a 19 amino acid peptide 

 

 
Figure 1.1. The primary structure of sil1p. The sequence is depicted in a way to emphasize 

residue homology. The repeats within residues 108-271 are labeled R1 to R7, and are indicated 

by the red box. The R5 fragment is shown in red. Adapted from Kröger, Deutzmann, and 

Sumper.19 

 

known as R5 (SSKKSGSYSGSKGSKRRIL), has the ability to precipitate SiO2 nanospheres in a 

manner similar to its parent silaffin (sillafin-1A) without the need for post-translational 

modifications.21 Figure 1.2 shows SEM images of SiO2 precipitates formed with silaffin-1A 

(Figure 1.2a) and R5 (Figure 1.2b).  
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Figure 1.2. SEM images of SiO2 precipitated by (a) silaffin-1A (adapted from Kröger, 

Deutzmann, and Sumper19) and (b) R523. Protein and peptide concentration are 5 mg/ml. 

 

 Much of the literature focuses on silicifying organisms (i.e. diatoms and sponges), 

identifying proteins involved in biosilicification (i.e. R5), and biotechnological and materials 

science applications of silicifying proteins and the resultant SiO2 material.16,19,20,24–31 There are 

some atomic-level studies of silicifying peptides, LKα14 for example, but to a lesser extent.32 

This thesis builds on these atomic-level studies while focusing on not only biomimetic SiO2 

formation, but also biomimetic TiO2 formation. The role of R5 in both SiO2 and TiO2 formation 

will be investigated in Chapter 2, focusing on molecular-level interactions, such as secondary 

structural changes and peptide side-chain interactions. Various serine-lysine (S-K) peptides are 

designed and tested for TiO2-precipitating activity in Chapter 3, and two of these peptides are 

also investigated on a molecular level.  

 

1.2 SURFACE ADSORPTION. 

Molecular interactions at the organic-inorganic interface determine important behaviors, 

such as protein adsorption onto mineral surfaces and cell adhesion to biomaterials (i.e. medical 
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implant devices). These protein-mineral interfaces are quite complex, and, despite their 

importance, are poorly understood at a molecular and mechanistic level. An improved 

understanding of how proteins recognize and adhere to mineral surfaces could provide insight 

into the improvement of biomaterials and biocompatibility.  

 The growth of biominerals (i.e. bone, teeth, and shells) is controlled by specialized 

proteins. Many of the proteins that are involved in biomineral nucleation and growth contain an 

abundance of acidic residues, with few exceptions. Statherin, a small 43-residue salivary protein 

with the sequence DpSpSEEKFLRRIGRFGYGYGPYQPVPEQPLYPQPYQPQYQQYTF, 

inhibits the precipitation of calcium phosphate minerals and hydroxyapatite (HAP) crystal 

growth. The N-terminus of statherin contains acidic residues, including phosphoserine (pS), 

aspartic acid (D), and glutamic acid (E). The first five residues have been shown to be essential 

for HAP binding.33 Furthermore, the first 15 residues of statherin, referred to as SN15, show 

nearly the same binding affinity for HAP, even when the phosphoserine residues are replaced by 

aspartic acid (SNa15).33 Statherin has been widely studied and its structure is known neat and 

adsorbed onto HAP.33–36 However, SNa15 has been studied far less extensively.  

 This thesis examines the binding of SNa15 onto hydroxyapatite (HAP), silicon dioxide 

(SiO2), and titanium dioxide (TiO2) in Chapter 5. Binding isotherms are paired with an atomic-

level investigation of the binding of SNa15 to each mineral surface. ssNMR is used to elucidate 

the structure of SNa15 and to probe its interactions with the mineral surfaces.   

1.3 SOLID-STATE NMR EXPERIMENTATION. 

Solid-state nuclear magnetic resonance (ssNMR) spectroscopy is used to study these 

proposed systems on an atomic level.  Often, proteins and peptides are examined through X-ray 

crystallography or solution NMR. However, these techniques cannot be used to investigate the 
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structures of mineral-associated peptides. ssNMR, however, is uniquely suited for use in these 

types of systems and has been used readily to study protein-mineral complexes such as 

statherin34–40 and amelogenin41,42, as well as peptide-mineral complexes such as LKα1432, 

pentalysine clusters43, and titania binding peptide (TBP).44 This thesis uses ssNMR to study a 

variety of peptide-mineral complexes. The basics of the experimentation used in this thesis will 

be discussed below. This thesis will not discuss NMR theory, which can be found in focused 

texts elsewhere.45,46  

1.3.1 Magic-Angle Spinning.  

One of the difficulties posed by ssNMR is broad lineshapes, resulting from orientation-

dependent interactions, or anisotropy, and dipolar couplings. In ssNMR, the samples most often 

studied are powders, which contain molecules with random orientations. The different molecular 

orientations all result in slightly different spectral frequencies, which overlap and result in broad 

lines. This lack of resolution renders the data virtually unusable. Therefore, it is necessary to 

apply techniques to overcome this barrier and to achieve high-resolution spectra.  

 Magic-angle spinning (MAS) is the solution to this problem; it is routinely used in the 

majority of ssNMR experiments to remove the line-broadening effects of anisotropy. The basic 

principles of MAS were discovered by E.R. Andrew.47 He found that by introducing artificial 

motion, via spinning the sample at 54.74° with respect to the applied magnetic field, the (3cos2θ-

1) term in the dipolar coupling Hamiltonian averages out to zero, reducing line broadening.46,47 

The chemical shift anisotropy (CSA) averages out to a non-zero term, reducing its effects, yet 

some line-broadening still remains. Figure 1.3 shows the basic set-up of an MAS experiment. 
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Figure 1.3. The basics of a magic-angle spinning experiment. The sample is spun rapidly in 

the rotor about a spinning axis θ with respect to the magnetic field B0. MAS removes the effects 

of CSA and heteronuclear dipolar coupling to decrease line-broadening.  

 

An example of the effects of MAS is shown in Figure 1.4. In the static spectrum, the line-

shape is so broad it is impossible to obtain any analytical information. However, as the sample is 

spun, the peak shape narrows. At slow spinning speeds, sets of spinning sidebands are evident; 

these are peaks separated from the isotropic chemical shift by the spinning speed. As the 

spinning speed is increased, the number of spinning sidebands decreases. In order for spinning 

sidebands to be eliminated, the sample must be spun at a rate 3-4 times faster than the 

anisotropy. This may not be possible with many probes due to their physical limitations. Even at 

a spin rate of 15 kHz, some side-bands are still evident (Figure 1.4).  
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Figure 1.4. 1D 13C CP MAS of 13C-enriched glycine at differing spinning speeds.  

 



 

 

8 

1.3.2 Cross Polarization.  

Cross-polarization (CP) is a technique used to assist in the observation of dilute spins, or 

spins with a low natural abundance. The observation of dilute spins poses problems, including 

low signal-to-noise and long relaxation times. Both problems can be solved using CP, where the 

polarization of an abundant spin (i.e. 1H) is transferred to a dilute spin (i.e. 13C and 15N).  

 
Figure 1.5. A basic 1D CP MAS pulse program with acquisition of 13C. Each block is a 

radio-frequency (RF) pulse and is labeled with the type (i.e. π/2, CP, decoupling).  

 

Figure 1.5 shows a basic CP pulse program. The abundant nucleus, in this case 1H, is 

excited by a π/2 RF pulse. Then, during contact time, both the abundant and dilute spins are 

subjected to RF pulses, labeled CP in Figure 1.5. It is during this contact time that polarization is 

transferred. The polarization transfer is possible due to the matching of Hartmann-Hahn 

conditions. The contact pulse amplitudes must be set so that the energy gaps between the rotating 

frame spin states of the abundant (1H) and dilute (13C) spins are equal, as shown in Figure 1.6. 
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Figure 1.6. (a) The typical difference between 1H and 13C rotational frequencies. (b) The 

Hartmann-Hahn matching of energy levels and rotational frequencies of 1H and 13C. The 

matching of rotational frequencies enables the transfer of polarization from 1H to 13C spins. 

 

This thesis utilizes 1D CP MAS experiments to observe both 13C and 15N spins. However, 

even with the benefits of CP, these 1D spectra are not always sufficient. Often, the line-shapes in 

peptide-mineral complexes remain broad, and overlap of multiple peaks is common. In these 

scenarios, 2D spectroscopy is necessary. 

 

1.3.3 2D Dipolar Assisted Rotational Resonance Experiments.  

In the solid-state, 1D spectra often lack the resolution to resolve peaks with similar 

chemical shifts. Under these circumstances, 2D correlation experiments are necessary. 

Correlation experiments can be heteronuclear or homonuclear, and many different pulse 

sequences are used. This thesis focuses on Dipolar Assisted Rotational Resonance (DARR)48,49 

experiments, a homonuclear dipolar coupling experiment.  
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 A typical pulse program for DARR is shown in Figure 1.7. The π/2 pulse on the 1H 

channel excites the protons, and the polarization is transferred to the 13C spins during the CP 

pulse. After the evolution period (t1), a π/2 pulse places magnetization along the z-axis. Then, 

during the mixing time, spins interact and exchange magnetization, resulting in the cross-peaks 

in the 2D spectrum. There is no decoupling during the mixing time. A final π/2 pulse returns 

magnetization to the transverse plane, where the acquisition takes place. With short mixing 

times, intra-residue interactions are observed exclusively. At longer mixing times, inter-residue 

peaks can be observed, making DARR a versatile experiment.48,50,51  

 
Figure 1.7. A typical pulse program for a DARR experiment. Each block is a radio-frequency 

(RF) pulse and is labeled with the type (i.e. π/2, CP, decoupling). Adapted from Takegoshi, et. al. 
48,50 

 

13C spins that are close in space experience the effects of dipolar coupling. This results in 

the formation of cross-peaks in the 2D spectrum. A DARR spectrum of 13C-enriched glycine is 

shown in Figure 1.8. The diagonal peaks result from contributions of magnetization that have not 

been changed by mixing, meaning they are from contributions which remain on the same 
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nucleus. These diagonal peaks act to divide the spectrum into two symmetrical halves. On either 

side of the diagonal are the cross-peaks, which result from the interaction of two distinct nuclei, 

originating when magnetization is exchanged during mixing time. Therefore, the cross-peaks 

contain the essential information in a 2D spectrum. The cross-peaks allow for the unambiguous 

assignment of chemical shifts. 

 

 
Figure 1.8. 13C-13C DARR spectrum of 13C-enriched glycine.  
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1.3.4 Chemical Shifts.  

The isotropic chemical shift is defined as the resonant frequency of a spin in reference to 

a standard, either directly or indirectly, typically tetramethylsilane (TMS) for 13C experiments. 

The isotropic chemical shift is expressed mathematically as: 

δiso ( ppm) =10
6 x
v − vref
vref

     (1.1) 

where ν is the spectral frequency of the spin of interest and νref is the spectral frequency of the 

standard. Chemical shifts (CS) are typically reported in parts per million (ppm).  

  The CS for a particular spin is affected by its local magnetic environment. Because of 

this, analysis of CS can provide information on the local electronic environment of the spin in 

question, and chemical shifts of typical spins fall in identified regions of the spectra. For solid-

state 13C ssNMR of peptides, the downfield region (deshielded, higher ppm) contains the 

carbonyl spins, while the upfield region (shielded, lower ppm) contains the aliphatic spins. 

Furthermore, it is widely accepted that the chemical shifts of backbone 13C spins (13CO, 13Cα, 

and 13Cβ) are affected by the secondary structure of the peptide.52–58 Therefore, structural 

information can be gleaned through analysis of chemical shifts and chemical shift perturbations. 

 

1.4 TALOS-N. 

Once chemical shift assignments have been made, a means of interpreting them is 

necessary. A couple different methods of interpretation will be used in this thesis. First, ΔCS (the 

difference in chemical shifts for a particular spin in a neat versus mineral-complexed peptide) 

will be evaluated. ΔCS help quantify the degree to which the mineral perturbs the peptide 

structure. The changes in chemical shift can indicate a change in conformation, environment, 
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and/or mobility, and is particularly helpful in the understanding of side-chain behavior. Second, 

we will use TALOS-N, a program that predicts protein/peptide backbone torsion angles from 

experimentally-obtained NMR chemical shifts.59 

TALOS-N uses database-derived empirical methods along with an artificial neural 

network to make ϕ and ψ torsion angle assignments. It makes the assumption that homologous 

peptide sequences have similar chemical shifts. It searches a database (comprised of a plethora of 

proteins pared with complete backbone NMR chemical shifts and atomic information extracted 

from the BMRB60, PDB61, and X-ray structures) for the 10 best matches to the chemical shifts of 

a residue along with the residue’s immediate neighbors. TALOS-N also provides error for its 

assignments and rates each assignment based on consistent matching within a single area of the 

Ramachandran plot (Figure 1.10).62,63 

 The torsion angles predicted by TALOS-N allow for the determination and visualization 

of peptide secondary structure. The torsion angles are input into Chimera64, a program used to 

visualize and analyze molecular structures. With the use of TALOS-N and Chimera, we are able 

to produce three-dimensional images of the peptides studied via ssNMR. 

 

1.5 PROTEIN STRUCTURE. 

It is necessary to include a brief overview of protein structure considering the significant 

emphasis placed on it in this thesis. The primary structure of a protein is the amino acid 

sequence. Each amino acid is linked together via a peptide bond, which joins the amino group of 

one residue to the carboxyl group of the neighboring residue through a dehydration reaction. The 

primary structure directs the intramolecular bonding and thus the protein folding, determining 

the 3D conformation of the protein.  
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 The secondary structure is the 3D structure in localized regions of the protein. Hydrogen 

bonds form between amino groups and carboxyl groups in neighboring regions, and often result 

in specific folding patterns, such as α-helices and β-sheets. The torsion angles ϕ and ψ (Figure 

1.9) essentially dictate the protein folding, causing the backbone to adopt a specific 

conformation. The torsion angle ω is essentially flat and is fixed at 180°. 

 
Figure 1.9. A fragment of a peptide backbone showing the torsion angles ϕ, ψ, and ω. R 

represents an amino acid side-chain.  

 
The torsion angles ϕ and ψ are restricted to a set of values, as shown in the 

Ramachandran plot (Figure 1.10). Theoretically, the average ϕ and ψ values for α-helices are -57 

and -47, respectively and the average ϕ and ψ values for β-sheets are -80 and +150, respectively. 

Experimental values are often clustered around these averages but can also diverge from the 

norms. For example, glycine ϕ/ψ angles often differ from the accepted values. Glycine does not 

have a side-chain, allowing for more flexibility along the peptide backbone. This makes 

otherwise forbidden ϕ/ψ angles acceptable. For this reason, glycine residues are often found in 

regions containing loops or turns. 
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Figure 1.10. A traditional Ramachandran plot. The horizontal axis shows ϕ values while the 

vertical axis shown ψ values. The defined boundaries show the torsion angles allowed for each 

type of secondary structure: α-helix (α), β-sheet (β), and left-handed α-helix (Lα). Figure adapted 

from Lovell, et. al.65  

 

The tertiary structure of a protein is the folding of the entire protein chain, including each 

secondary structure. The tertiary structures of proteins are often held together through the 

interactions of amino acid side-chains via ionic interactions, hydrogen bonds, van der Waals 

forces, or disulfide bridges. This thesis will not discuss tertiary structure, as the peptides studied 

are too small to have a tertiary structure.  
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 Quaternary structure is the assembly or aggregation of multiple protein units. This thesis 

does not focus on quaternary structure, per se, but does discuss peptide aggregation. 

 

1.6 SUMMARY. 

This thesis will use the ssNMR techniques described along with TALOS-N to probe the 

secondary structures of biomineralization/biomimetic peptides and surface-adsorbed peptides. 

Chapter 2 will focus on the role of peptide structure on silica (SiO2) and titania (TiO2) 

morphologies, which was investigated through the R5 peptide domain. R5 produces uniform 

SiO2 and TiO2 nanostructures from the precursors silicic acid and titanium bis(ammonium 

lactato)dihydroxide (TiBALDH), respectively. The resulting biosilica and biotitania 

nanostructures are characterized using scanning electron microscopy (SEM). To investigate the 

process of R5-mediated SiO2 and TiO2 formation, we carry out 1D and 2D ssNMR studies on R5 

samples with uniformly 13C- and 15N-labeled residues to determine the backbone and side-chain 

chemical shifts. 13C chemical shift data are in turn used to determine peptide backbone torsion 

angles and secondary structure for the R5 peptide neat, in silica, and in titania. We are thus able 

to assess the impact of the different mineral environments on peptide structure, and we can 

further elucidate from 13C chemical shifts changes the degree to which various side-chains are in 

proximity to the mineral phases. 

Chapter 3 focuses on the identification of a series of serine-lysine (S-K) peptides as 

candidates for the biomimetic production of TiO2 nanostructures. We have assayed various S-K 

peptides for TiO2-precipitating activity upon exposure to TiBALDH and have characterized the 

resulting co-precipitates using SEM.  A subset of these assayed peptides efficiently facilitates the 

production of TiO2 nanospheres. This thesis investigates the process of TiO2 nanosphere 
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formation mediated by the S-K peptides KSSKK and SKSK3SKS using 1D and 2D ssNMR, 

which is used to assign 13C chemical shifts site-specifically in each free peptide and TiO2 co-

precipitated peptide. The chemical shifts are used to derive secondary structures in the neat and 

TiO2 co-precipitated states. The backbone 13C chemical shifts are used to assess secondary 

structural changes undergone during the co-precipitation process. Side-chain 13C chemical shift 

changes are analyzed with Density Functional Theory (DFT) calculations and used to determine 

side-chain conformational changes that occur upon co-precipitation with TiO2 and to determine 

surface orientation of lysine side-chains in TiO2-peptide composites. 

Chapter 4 focuses on how SNa15 interacts with a variety of mineral surfaces. Adsorption 

isotherms characterize the binding of SNa15 to HAP, SiO2, and TiO2. 1D 13C CP MAS, 1D 15N 

CP MAS, and 2D 13C-13C DARR experiments on SNa15 samples with uniformly 13C- and 15N- 

enriched residues are used to assign backbone and side-chain chemical shifts. Backbone 13C 

chemical shift data are used to determine ϕ/ψ torsion angles. The torsion angles are used to 

visualize secondary structures for neat and adsorbed SNa15. We are able to evaluate the impact 

of the surfaces on SNa15 structure through the analysis of secondary structure and backbone 

chemical shift perturbations. Furthermore, we use side-chain 13C and 15N chemical shift data to 

assess the degree to which various side-chains are close to and interacting with each surface, and 

we hypothesize a binding domain for SNa15.  
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Chapter 2. BIOMINERALIZATION AND THE R5 PEPTIDE.2 

R5 is a fragment of the silaffin sil1p, the protein implicated in regulating the process of 

SiO2 biomineralization in the diatom Cylindrotheca fusiformis. The primary structure of sil1p 

has a repetitive peptide sequence between residues 108 and 271, composed of seven units.21 The 

fifth of which is a 19 amino acid peptide known as R5, with the sequence 

SSKKSGSYSGSKGSKRRIL.  

2.1 R5 PRECIPITATES SILICA AND TITANIA NANOSPHERES. 

R5 has the ability to precipitate SiO2 nanospheres in a manner similar to its parent silaffin 

without the need for post-translational modifications.21 Mutation studies by Knecht and Wright21 

have shown that R5 self-assembles to produce SiO2, and that the C-terminal RRIL motif is 

integral to this process. The authors suggest that the RRIL motif encourages a micellar self-

assembly due to the arginine’s guanidinium groups in close proximity to hydrophobic leucine 

and isoleucine residues.21 Although this claim has been questioned recently by Senior et. al.,66 

whose DLS study found no evidence of aggregate formation in solutions of R5, mutation studies 

by Lechner and Becker67 support the need for the RRIL motif, however not necessarily at the C-

terminal position or in the native order. Lechner and Becker also demonstrated the importance of 

the amino groups of the lysine residues in SiO2 formation. Their study found the structure of the 

resulting SiO2 is dependent on the number as well as position of lysine residues within the R5 

sequence.67 An alternative mechanism of R5-SiO2 precipitation involves R5 self-assembly driven 

by salt bridges that form between the guanidine groups of arginine residues and phosphate 

                                                
2 This chapter has been reproduced from Buckle, E.L.; Roehrich, A.; Vandermoon, B.; Drobny, G.P. Comparative 
Study of Secondary Structure and Interactions of the R5 Peptide in Silicon Oxide and Titanium Oxide 
Coprecipitates Using Solid-State NMR Spectroscopy. Langmuir 2017, 33 (40), 10517-10524.  
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anions. Cationic amino groups then bring silicic acid and SiO2 particles into close proximity, 

which promotes the condensation reaction.21,67 Additionally, peptides rich in lysine and various 

cationic polymers have been used to facilitate SiO2 production with various morphologies.68–71 

Biomimetic approaches are also being applied to the synthesis of non-biological 

materials, specifically TiO2, using the precursor titanium bis(ammonium lactato)dihydroxide 

(TiBALDH).72–79 An example of such an approach is that of Sewell and Wright,79 who have 

shown that R5 can produce TiO2 nanospheres under mild conditions when introduced to 

solutions containing TiBALDH.  

Although much effort has been put forth to characterize the mechanism of R5's role in 

SiO2 precipitation, significantly less work has been done to elucidate the role it plays in TiO2 

precipitation. Elucidating the structure of R5 within both SiO2 and TiO2 co-precipitates of similar 

morphology is an important first step in understanding how R5 directs the formation of TiO2. 

This study is focused upon the following questions: 

• What is the secondary structure of R5 within each mineral co-precipitate (SiO2 and 

TiO2)? 

• How do the co-precipitated structures differ from free, neat R5? 

• Which residues interact with the surrounding SiO2 or TiO2? 

• To what degree do the structural principles that underlie the TiO2-precipitating 

activity resemble those of the SiO2-precipitating activity? 

By comparing the lesser-studied R5-TiO2 to R5-SiO2, we augment our understanding of the R5-

TiO2 system.  These questions will be explored further in this chapter through analysis via 

ssNMR and other methods. 
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2.2 EXPERIMENTAL METHODS. 

All natural and uniformly labeled 13C and 15N amino acids were purchased from Sigma 

Aldrich (St. Louis, MO). Preloaded 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. 

 

2.2.1 Peptide Synthesis.  

Peptides were synthesized on a CEM Liberty Blue peptide synthesizer using a standard 9-

fluorenylmethoxycarbonyl (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 (TFA): triisopropylsilane (TIS): water mixture 

per 1.0 gram of peptide/resin. The resulting filtrate was added dropwise into cold tert-butyl 

methyl ether, followed by centrifugation and three rinses of the resulting solids with 40 mL of 

cold tert-butyl methyl ether. Peptides were purified using RP-HPLC (Varian ProStar HPLC, 

Alltima WP C4 column, 5 mL/min, eluent A: water with 0.2% TFA, eluent B: acetonitrile with 

0.2% TFA), using a gradient of 15-35% B over 40 minutes. Chromatograms were generated by 

observing the UV absorbance at 274 nm, and the analyte was verified by mass spectrometry. The 

fractions were then lyophilized, resulting in the pure peptide. 

 

2.2.2 SiO2 Precipitation. 

Orthosilicic acid (Si(OH)4) was freshly made before each precipitation by dissolving 0.15 mL 

tetramethyl orthosilicate in 0.85 mL 1 mM HCl to form 1 M Si(OH)4. Orthosilicic acid (100 µL 
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per 5 mg R5) was added to a solution of R5 dissolved in phosphate-citrate buffer (1.00 mL, 100 

mM, pH=7.0) and vortexed. The solution was incubated for 5 minutes at room temperature. The 

precipitated R5-SiO2 was separated from the mixture via centrifugation at 15000 x g for 10 

minutes. The resulting precipitate was rinsed with Millipore water 3 times and dried in vacuo. 

2.2.3 TiO2 Precipitation.  

TiBALDH (100 µL per 5 mg R5, 1M) was added to a solution of R5 of varying concentrations 

dissolved in phosphate-citrate buffer (1.00 mL, 100 mM, pH=7.0) and vortexed. The solution 

was incubated for 30 minutes at room temperature. The precipitated R5-TiO2 was separated from 

the mixture via centrifugation at 15000 x g for 10 minutes. The resulting precipitate was rinsed 

with Millipore water 3 times and dried in vacuo. 

2.2.4 SiO2 and TiO2 Morphology Characterization. 

SEM images were taken on a FEI Sirion XL30 scanning electron microscope operating at 

variable voltages. Precipitates were dispersed onto a carbon tap, mounted on aluminum studs, 

and sputter-coated for 60-90 seconds with Au/Pd. 

2.2.5 Solid-state NMR. 

All solid-state NMR experiments were conducted using a 16.4 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 cross-polarization (CP) with a 1H-13C 

contact time of 1.1 ms, and a magic angle spinning (MAS) rate of 10-15 kHz ± 5Hz was 

maintained with a Bruker MAS controller unit. One-dimensional 13C CP-MAS experiments were 

performed with a proton 90 degree pulse time of 2.75 µs and a recycle delay of 2s. The number 



 

 

22 

of scans for the neat R5 and the R5-TiO2 complex ranged from 2k-32k. To obtain the resolution 

needed to confidently assign all the chemical shifts in the R5 samples, 2D 13C-13C dipolar 

assisted rotational resonance (DARR)48 experiments were performed. The 2D spectra were 

collected with 30 or 60 ms mixing times and a recycle delay of 1.5s, with 128 points in the 

indirectly detected dimension and 512 points in the directly detected dimension. All chemical 

shifts reported were indirectly referenced to tetramethylsilane (TMS) in the solid-state using 

adamantane (δ=38.48 ).80 

 

2.3 PEPTIDE-MINERAL PRECIPITATION.  

Figure 2.1 displays SEM images of the R5-TiO2 (Figure 2.1a) and R5-SiO2 (Figure 2.1d) 

co-precipitates. Both peptide-mineral co-precipitates are approximately spherical, but with 

varying average diameters; an average diameter of 734 ± 180 nm for the R5-TiO2 co-precipitates 

and 594 ± 93 nm for the R5-SiO2 co-precipitates. The size distribution histograms for both the 

R5-TiO2 co-precipitates (Figure 2.1b) and R5-SiO2 co-precipitates (Figure 2.1e) are shown. The 

spherical morphologies of the R5-TiO2 particles are consistent with those observed by Sewell 

and Wright79, although the average size of the R5-TiO2 particles we observe is larger than they 

report. The average size of the R5-SiO2 particles we observe is consistent with those observed in 

the literature.17,21,67 
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Figure 2.1. (a) SEM image of R5-TiO2 co-precipitates showing spherical morphologies with 

a mean diameter of 734 ± 180 nm. (b) Size distribution histogram for R5-TiO2 co-precipitates. 

Particle sizes are measured using ImageJ.81 (c) TiO2 produced as a function of R5 concentration. 

The concentration of TiBALDH was held constant at 0.1 M. Data are a mean from two 

independent repeats. (d) SEM image of R5-SiO2 co-precipitates showing spherical morphologies 

with a mean diameter of 596 ± 93 nm. (e) Size distribution histogram for R5-SiO2 co-

precipitates. Particle sizes are measured using ImageJ.81 (f) SiO2 produced as a function of R5 

concentration. The concentration of Si(OH)4 was held constant at 0.1 M. Data are a mean from 

two independent repeats. 

 
Figure 2.1c and Figure 2.1f illustrate the differences in R5 activity between the TiO2 and 

SiO2 systems. TiO2 is only precipitated above 1 mM R5, while SiO2 is precipitated above 0.5 

mM R5. While both systems appear cooperative in nature based on the shape of the curves, it is 

more pronounced for the R5-TiO2 system, suggesting that in order to induce TiO2 formation, 

more R5 molecules must aggregate. This is consistent with the larger particle sizes seen for R5-

TiO2 co-precipitates, see Figure 2.1b and Figure 2.1e. There may also be significant electrostatic 
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contributions to the larger amounts of SiO2 precipitation at lower concentrations; the cationic R5 

may have a stronger attraction to the more anionic SiO2 than to TiO2.82 SiO2 precipitation levels 

out at a much lower concentration of R5 than TiO2 precipitation, which also produces more 

product at the highest concentration tested. 

Both R5-TiO2 and R5-SiO2 consist of R5 peptide that is embedded in a mineral 

nanostructure. Inductively coupled plasma optical emission spectrometry (ICP-OES) (Table 2.1) 

reveals that phosphorus is present in both mineral co-precipitates after extensive washing of the 

precipitated samples. The only source of phosphorous is phosphate anions present in the buffer, 

so logically it must be attributed to phosphate embedded within the co-precipitate, indicating an 

incorporation of the phosphate-citrate buffer within the co-precipitates. Examining the secondary 

structures of R5-TiO2 and R5-SiO2 can provide insight into how R5 interacts with the phosphates 

present in each mineral environment. 

 

Table 2.1. Percentages (m/m %) of the elements phosphorous, silicon, and titanium in the R5 

–silica and –titania co-precipitates as determined by ICP-OES. 

Sample 
Phosphorous  

(m/m %) 

Silicon 

(m/m %) 

Titanium 

(m/m %) 

R5-TiO2 11.2 N/A 32.8 

R5-SiO2 17.5 32.1 N/A 

 

 

2.4 CHEMICAL SHIFT ASSIGNMENTS. 

1D 13C CP MAS experiments were performed in conjunction with 2D 13C-13C DARR 

experiments in order to obtain site-specific chemical shift assignments. We resolved and 
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assigned most of the 13C spectrum of R5 in TiO2 containing up to three uniformly 13C- and 15N-

enriched amino acids. The structures of the amino acids examined are shown in Figure 2.2. 

 
Figure 2.2. Structures of the amino acids for which chemical shift assignments are made in 

R5. Structures are shown for neutral pH (pH=7). Conventional side-chain atom labels are shown. 

 
 
To assign the chemical shifts for the entire peptide, seven isotopically enriched samples were 

analyzed, as shown in Table 2.2. The only amino acids not assigned by this study were S7, Y8 

and the C-terminal L19. Roehrich and Drobny17 conducted the same set of experiments on the 

same seven enriched samples for both the neat R5 peptide and on the R5-SiO2 co-precipitate, to 

which comparisons will be made.17 
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Table 2.2. R5 peptides synthesized in this study. (*) Indicates that the preceding amino acid 

is uniformly 13C and 15N enriched. 

Sample Name Label Position 
R5-S S*SKKSGSYSGSKGSKRRIL 
R5-SK SS*K*KSGSYSGSKGSKRRIL 
R5-KSG SSKK*S*G*SYSGSKGSKRRIL 
R5-GSKm SSKKSGSYSG*S*K*GSKRRIL 
R5-GSKc SSKKSGSYSGSKG*S*K*RRIL 
R5-R SSKKSGSYSGSKGSKR*RIL 
R5-SRI SSKKSGSYS*GSKGSKRR*I*L 

 

All 1D 13C spectra are shown in Appendix A. Stacked plots allow for the direct 

comparison of chemical shift and peak shape between the three peptide states: neat, R5-SiO2, and 

R5-TiO2. The downfield region (larger ppm) contains the carbonyl 13C spins, and the upfield 

region (smaller ppm) contains the aliphatic 13C spins (13Cα, 13Cβ, 13Cγ, 13Cδ, 13Cε, and 13Cζ).  

 The overlap of the carbonyl 13C spins and many of the aliphatic 13C spins illustrates the 

need for 2D spectroscopy. Figure 2.3 shows a typical DARR spectrum obtained from the 

selectively 13C labeled peptide R5-GSKc TiO2, which demonstrates the assignment of the 13C 

spins in G13, S14, and K15. The horizontal and vertical lines delineate cross-peaks, which 

indicate networks of dipolar-coupled 13C spins. To ensure the observation of only intra-residue 

cross-peaks, DARR spectra were taken with mixing times of 30 ms and 60 ms. In a few cases, 

however, unique chemical shifts could not be assigned; for example, it was not possible to assign 

the two δ 13C shifts for I18. 
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Figure 2.3. 13C-13C DARR spectrum for the R5-GSKc in the TiO2 co-precipitate. Vertical and 

horizontal lines indicate assignments of 13C spins in G13, S14, and K15. 

 

Changes in chemical shift (ΔCS) for backbone and side-chain 13C nuclei in the neat versus in 

co-precipitated samples occur to varying degrees at sites along the peptide backbone and side-

chains. The 13C chemical shift perturbations of the backbone 13CO, 13Cα, and 13Cb chemical 

shifts are associated with a change in secondary structure as a result of precipitation with SiO2 or 

TiO2. To study systematically the degree to which R5 peptide 13C chemical shifts have been 

perturbed upon co-precipitation with SiO2 and TiO2, ΔCS values are obtained by subtracting the 
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chemical shift of the 13C spin in neat R5 from the corresponding 13C spin in the R5-TiO2 or R5-

SiO2 co-precipitate. A positive ΔCS indicates a downfield perturbation of the chemical shift 

(higher ppm, less shielded) in the co-precipitate versus the neat solid peptide, while a negative 

ΔCS indicates an upfield perturbation of the chemical shift (lower ppm, more shielded). Bar 

charts of backbone ΔCS values are shown in Figure 2.4. In both R5-SiO2 and R5-TiO2, 

significant perturbations are observed in the S1, S2, and I18 13CO shifts, the K3, K4, and S5 13Cα 

shifts, and the S5, S14, and R17 13Cβ shifts. The chemical shift perturbations in R5-TiO2 and R5-

SiO2 are similar for the S1 13CO, S2 13CO, and K4 13Cα shifts, indicating similar structural 

changes in R5 in both systems in these regions. The perturbations in the I18 13CO, the S5 13Cβ, 

and the R17 13Cβ are larger in magnitude for R5-SiO2 than for R5-TiO2, while the perturbations 

in the K3 13Cα, and the S14 13Cβ are larger in magnitude in R5-TiO2 than in R5-SiO2. 

 
Figure 2.4. Backbone ΔCS plots showing chemical shift perturbations for (a) 13CO shifts, (b) 

13Cα shifts, and (c) 13Cβ shifts. ΔCS for R5 co-precipitated with TiO2 (black) and SiO2 (gray) are 

in reference to the neat peptides. Positive changes indicate a downfield shift while negative 

changes indicate an upfield shift relative to the neat peptide. 

 

Bar charts of side-chain ΔCS values are shown in Figure 2.5 for both the R5-SiO2 and 

R5-TiO2 systems. In R5-TiO2, K3 ΔCS > 6 ppm for the 13Cε, while in R5-SiO2 ΔCS values for 
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13Cγ, 13Cδ, and 13Cε range from 0 ppm to -2 ppm. In previous ssNMR studies of poly-lysine 

adsorbed onto SiO2,83 an upfield perturbation of lysine 13Ce spin chemical shift was attributed to 

proximity to the negatively-charged SiO2 surface. Downfield perturbation of the side-chain 13C 

spin chemical shifts has been similarly interpreted as indicating proximity to positive charge 

centers in mineral surfaces.83 Side-chain chemical shift trends in R5-SiO2 and R5-TiO2 suggest 

similar close associations between amino acid side-chains and the inorganic oxide components.  

Based on these data, K3 is likely interacting with the mineral in both the SiO2 and TiO2 systems. 

In contrast, the 13Cγ/13Cδ/13Cε spins for K12 and K15 in R5-SiO2 show much smaller or 

negligible ΔCS. However, we observe a significant upfield shift for 13Cδ of K15 in R5-TiO2, 

which is not present in R5-SiO2.  

As mentioned earlier, previous work has shown the arginine residues in R5 are necessary 

for peptide self-assembly, either by the arginine side-chain’s involvement with adjacent 

hydrophobic residues to effect micelle-like self-assembly21 or by formation of phosphate salt 

bridges between the arginine guanidinium groups.67 The occurrence of guanidinium-phosphate 

interactions would be expected to perturb the electronic environment of the arginine side-chains.  

Accordingly, significant chemical shift perturbations are observed in R5-SiO2 and R5-TiO2 for 

13Cγ, 13Cδ, and 13Cζ in R16 and R17. 

 



 

 

30 

 
Figure 2.5. Side-chain ΔCS plots showing chemical shift perturbations for (a) 13Cγ shifts, (b) 

13Cδ shifts, (c) 13Cε shifts, and (d) 13Cζ ΔCS for R5 co-precipitated with TiO2 (black) and SiO2 

(gray) are in reference to the neat peptides. Positive changes indicate a downfield shift while 

negative changes indicate an upfield shift relative to the neat peptide. 

 

2.5 COMPARISON OF PEPTIDE STRUCTURE. 

The chemical shifts obtained from the 13CO, 13Cα, and 13Cβ spins in neat R5, R5-TiO2, 

and R5-SiO2 DARR spectra were used to produce TALOS-N59 input files. TALOS-N59 output 

files consist of predicted torsion angles, which were used to visualize the changes in secondary 

structures for both R5 neat, R5-TiO2, and R5-SiO2 peptides using Chimera64 (Figure 2.6). ϕ/ψ 
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torsion angle values for R5-SiO2 and R5-TiO2 generated by TALOS-N59 are shown in Appendix 

A. Based on the TALOS-N59 analysis of 13CO, 13Cα, and 13Cβ chemical shifts, the majority of ϕ 

torsion angles occur between -80 degrees and -150 degrees in the neat R5 peptide. Furthermore, 

the majority of ψ torsion angles occur between 40 and 180 degrees. Outliers occur at K4-S5, and 

near the glycine residues G6-S7 and G10-S11. Aside from these amino acids, the majority of the 

peptide chain of the neat R5 peptide from S7 to I18 is in an extended conformation. The 

observed secondary structures for R5 in TiO2 and SiO2 are relatively similar and deviate from the 

neat structure in similar ways. In particular, R5 in SiO2 and in TiO2 both have significant 

changes in ϕ values at the K3-K4 and K4-S5 positions. There is also a significant change in both 

ϕ/ψ at G13-S14. In general, most of the aforementioned large torsion angle changes in R5-TiO2 

are matched by R5-SiO2, with the exception of K3-K4 where the change in the ϕ torsion angle in 

SiO2 is not as large as in TiO2. As a result of these torsion angle changes, both forms of mineral-

associated R5 adopt extended structures of the N-terminal S2-K3-K4-S5 segment, but deviate 

from an extended conformation in the G6-I18 region.  

In both R5-SiO2 and R5-TiO2, perturbations in the backbone torsion angles near S2, K3, 

K4, and S5 are accompanied by a large ΔCS for the side-chain of K3 and to a somewhat lesser 

extent in the side-chain of K4 (Figure 2.5c). It is also interesting to note that the ΔCS for the 13Cζ 

spins in the side-chains of R16 and R17 in R5-SiO2 and R5-TiO2 (Figure 2.5d) are also 

accompanied by structural changes of the backbone in the immediate vicinity of these residues, 

but appear to be more modest than the structural changes that occur at and around K3 and K4. 

Although chemical shifts of side-chain 13C spins beyond 13Cβ are not correlated with protein 

secondary structure, a large ΔCS for these more distal sites do reflect changes in electronic 

environment associated with peptide precipitation with SiO2 and TiO2. While we cannot quantify 
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the origins of the ΔCS for 13Cγ/13Cδ/13Cε/13Cζ spins to the degree that we can quantify the ΔCS 

for 13CO/13Cα/13Cβ, we can combine our ΔCS results with data from other studies of peptide 

interactions with SiO2 and TiO2 to obtain insight into how R5 interacts with SiO2 and TiO2 

precursors. This will be discussed further in the next section. 

 

 
Figure 2.6. Chimera64-generated models of (a) R5-neat, (b) R5-TiO2, and (c) R5-SiO2 using 

TALOS-N59-generated torsion angles from experimentally obtained chemical shifts. The models 

are shown with ϕ of -119 and ψ of 113 (values consistent with the ϕ/ψ angles of surrounding 

residues and localized secondary structure) for the S7, Y8, and L19 positions, since the backbone 

chemicals shifts for these residues were not determined in this study.  
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2.6 DISCUSSION. 

Solid-state NMR has been used extensively to study the structure and interactions of 

peptides in biosilica composites.17,32,43,84–86 This is due in part to the occurrence of spin ½ nuclei 

in the peptide side-chains, and the occurrence of 29Si, a spin ½ species with 4% natural 

abundance, in the mineral component, which together enable the study of peptide-silica 

interactions by solid-state NMR heteronuclear correlation methods. The interactions of peptides 

with the non-biological oxide TiO2 are also of great interest, but solid-state NMR studies of such 

interactions is complicated by the fact that recoupling to 47Ti and 49Ti nuclei is impractical, 

making the heteronuclear correlation approach used in peptide-silica studies infeasible. In 

addition to a comparative study of R5 secondary structure in SiO2 versus TiO2, we have also 

used 13C chemical shifts to probe how the R5 peptide interacts with SiO2 and TiO2 in the 

respective R5-mineral composites, as well as the degree to which the R5 peptide interacts with 

other components of the composite, including phosphate ions and other peptides.  

The presence of the spin ½ nucleus 29Si in SiO2 makes possible direct determination of 

peptide-mineral contacts using heteronuclear NMR correlation methods (HETCOR), which in 

turn provides a means to interpret directly ΔCS trends for R5 in SiO2 and to infer environmental 

origins for similar ΔCS trends for R5 in TiO2. Several NMR studies have shown that molecules 

containing amine and/or amino groups make close contact with SiO2 surfaces via these 

functional groups. Schmidt and coworkers84 used 15N{29Si} REDOR to show that monomeric 

amino acids interact with SiO2 surfaces via the NH3
+ functional group.  Brunner and coworkers85 

used 1H-13C-29Si double CP-based HETCOR NMR techniques to show that organic polyamines 

in biosilica from the diatom species Thalassiosira pseudonana are closely associated with SiO2. 

And recently Goobes and coworkers43 used 1H-29Si HETCOR experiments in combination with 
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NMR signal enhancement via Dynamic Nuclear Polarization (DNP) to show that lysine side-

chain amine protons in the peptide PL12 (KAAKLFKPKASK) co-precipitated with SiO2 are also 

in close contact with the SiO2. These NMR studies generally support the hypothesis that the ΔCS 

observed in the K3 and K4 side-chains of R5 in SiO2 originate from interactions between these 

side-chains and the negatively charged SiO2 surface. The general absence of significant ΔCS in 

the side-chains of K12 and K15 in R5-SiO2 in turn indicate absence of interactions with SiO2 at 

these sites. Furthermore, it is possible that the secondary structural rearrangements observed in 

the N-terminus of R5-SiO2 co-precipitates, occur to optimize contacts between K3, K4, and the 

adjacent SiO2 interface.   

Significant ΔCS trends are also observed for the 13Cζ spins of R16 and R17 in SiO2. The 

upfield shift for the 13Cζ spins in the arginine guanidinium groups may be due to SiO2 contacts, 

but the absence of similar contacts at the adjacent K15 argues against this scenario. Given the 

affinity of guanidinium groups for phosphate ions,86,87 the fact that R5 and other unmodified 

silaffin peptides will not precipitate SiO2 in the absence of phosphate,29 and the apparent role 

played by arginine residues in R5 self-assembly via phosphate bridges,67 it is reasonable to 

assume  that the upfield shifts we observe for the 13Cζ spins in R16 and R17 in R5-SiO2 are due 

to interactions with phosphate ions. 

The ΔCS map for R5-TiO2 is somewhat more complicated to interpret than that of R5-

SiO2. Studies of peptide binding to oxidized titanium surfaces find that the surface oxide film 

consists of amorphous and non-stoichiometric TiO2.72,88 In contrast to surface SiO2 where 

surface hydroxyl groups have pKa’s of 2.8, and thus exist predominantly as O- at neutral pH, 

hydroxyl groups in TiO2 have pKa’s of 2.9 and 12.7, and thus exist as O- and OH2
+ at neutral 

pH.72,88,89 The fact that amorphous surface films of TiO2 will accumulate both positively charged 
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lysine90 and negatively charged aspartate91 supports the amphoteric nature of TiO2. Thus, while 

13C spins in the distal positions of peptide side-chains interact predominantly with acidic 

hydroxyl groups in SiO2 at neutral pH, in TiO2 peptide side-chains are exposed to a more 

complicated electronic environment consisting of both acidic and basic hydroxyl groups. 

Accordingly, there are similarities and differences in the ΔCS maps for 13C spins located at the 

distal positions of lysine and arginine side-chains in R5-SiO2 versus R5-TiO2.  As in R5-SiO2, 

structural changes in the N-terminus of R5-TiO2 correlate with the ΔCS in the K3 and K4 side-

chains, indicating that a secondary structural change may occur to optimize contacts between 

peptide side-chains and TiO2 precursors. Also, as in R5-SiO2, the 13Cζ spins in the guanidinium 

groups of R16 and R17 in R5-TiO2 display significant ΔCS but only modest structural changes.   

There are some differences between the ΔCS observed for the 13Cε lysine spins of K3 and 

K4 in R5-TiO2 versus R5-SiO2 that indicate differences in the two peptide-mineral interfaces. 

For example, while 13Cε of K3 shows a ΔCS of almost -2 ppm in SiO2, the same spin has a ΔCS 

of +6 ppm in TiO2. Downfield chemical shift changes observed for 13C spins in peptides 

adsorbed onto inorganic surfaces have been attributed to proximity to positive charge centers.84 

A possible explanation for the downfield shift observed for the 13Cε in TiO2 is that the distal 

portion of the lysine side-chain of K3 is laterally oriented relative to the TiO2 surface, exposing 

the NH3
+ group of the lysine side-chain to an acidic hydroxyl group, while the 13Cε is oriented 

closer to a basic hydroxyl group or a Ti4+ ion. The same orientation of the lysine side-chain on a 

SiO2 surface would result in exposure of both the NH3
+ and the 13Cε to acidic hydroxyl groups 

and an upfield shift of 13Cε would result, as observed. The 13Cζ spins in R16 and R17 also have a 

more complicated ΔCS pattern in R5-TiO2 than R5-SiO2. Unlike the R5-SiO2 system, R5 will 

precipitate TiO2 in the absence of phosphate, albeit at lower levels.79 This raises the possibility 
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that there are alternative mechanisms for the interaction of R5 with TiBALDH, and the upfield 

and downfield shifts observed for the 13Cζ spins in R16 and R17 may result from interactions 

between guanidinium groups and phosphate in addition to direct interactions with TiO2 

precursors. 

 

2.7 CONCLUSION. 

This is the first solid-state NMR study of the structure and interactions of the silicifying 

peptide R5 in both in a biosilica composite, i.e. R5-SiO2, and in a non-biological metal oxide 

composite, i.e. R5-TiO2. This study has produced site-specific chemical shifts assignments for 

the majority of 13CO, 13Cα, and 13Cβ spins in the neat peptide, and for the peptide in the two 

inorganic oxides, enabling a comparative study of R5 structure in all three environments. 

Numerous studies conclude that lysine residues in R5 are necessary for interactions with 

SiO2/TiO2 precursors. Thus the curvatures induced in the peptide structures in the two mineral 

environments, which we derive from a TALOS-N59 analysis of the 13CO, 13Cα, and 13Cβ 

chemical shifts, may function to maximize exposure of the K3 and K4 side-chains at the surface 

of the peptide aggregate to SiO2/TiO2 precursors.   

This study has also acquired chemical shift assignments for the majority of the side-chain 

13C spins in neat R5 and for R5-SiO2 and R5-TiO2. The ΔCS trends for the lysine 13Cε spins and 

the arginine 13Cζ spins in the R5-SiO2 precipitate are interpreted using a model in which the N-

terminal lysines are exposed at the surface of the peptide aggregate while the lysine 13Cε spins 

nearer the C-terminus show smaller ΔCS, suggesting K12 and K15 are removed from SiO2 

contacts, while the arginine 13Cζ spins show ΔCS that most likely indicate contacts with 

phosphate anions. While the secondary structure of R5 in TiO2 resembles the structure of the 
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peptide in SiO2, ΔCS trends observed for lysine 13Cε and arginine 13Cζ spins in R5-TiO2 indicate 

contact with a more complicated electrostatic environment, perhaps arising from proximity of 

some of these side-chains to acidic hydroxyl groups and others to positive charge centers. 
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Chapter 3. DESIGNING SERINE-LYSINE PEPTIDES FOR 

BIOMIMETIC TITANIA FORMATION.3 

 
The demonstrated ability of peptides, such as R5, with basic and polar residues to 

precipitate silica and/or titania prompted the investigation into serine-lysine (S-K) peptides and 

titania formation. The design of short S-K peptides offers the opportunity to focus on certain 

peptide qualities (i.e. peptide length, primary structure, K:S ratio, contiguity of K residues, and 

secondary structure) and their affect on TiO2 precipitation.  

 The comparative study of R5-SiO2 and R5-TiO2 determined that the structure of R5 

within the SiO2 and TiO2 co-precipitates, while similar to each other, differ from the structure of 

neat R5. However, do to the complexity of the systems, it is difficult to assign what exactly is 

contributing to the structural changes; peptide-peptide interactions, peptide-buffer interactions, 

peptide-mineral interactions, and structural changes are all possibilities. A simpler system may 

aid in the understanding of the nuances of peptide-mineral interactions.  

3.1 DESIGNING THE S-K PEPTIDES.  

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.21,66,92 Kroger and coworkers 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, 

                                                
3 This chapter has been reproduced from Buckle, E.L.; Lum, J.; Roehrich, A.; Stote, R.; Vandermoon, B.; Dracinsky, 
M.; Filocamo, S.; Drobny, G.P. Serine-Lysine Peptides as Mediators for the Production of Titanium Dioxide: 
Investigating the Effects of Primary and Secondary Structure Using Solid-State NMR Spectroscopy and DFT 
Calculations. J. Phys. Chem. B. Manuscript JP-2018-00745p, currently submitted.  
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all with similar spacing.93 These 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, Kroger 

found that PLC1, a pentalysine cluster from Sil1, exhibited efficient silica-targeting activity.93 

PLC1 has a higher number of hydroxylated resides 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.93 Goobes and coworkers precipitated silica 

in vitro using PL12 (KAAKLFKPKASK), a pentalysine cluster from Sil3.43  

 In addition to silaffins and their peptide fragments, many silicification methods involve 

the use of poly-L-lysine (PLL) chains94,95, polyamines20,73,96,97, peptides rich in amino groups, or 

amphiphilic peptides rich in lysines, such as LKα14.32,98,99 The results of these varied 

silicification procedures indicate the importance of lysine residues in these processes.  

Biomimetic approaches are being applied to production of other oxides, with a specific 

emphasis on TiO2.31,72–77,79,100–102 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.21,92,103,52 The design of the S-K peptides 

was inspired by these lysine-rich systems frequently encountered in the literature.  

Here, we investigate the effects of primary structure of S-K peptides on TiO2 precipitation. 

The relative numbers of S and K residues within the primary sequence result in TiO2 co-

precipitates of varied size and morphology. To understand how these S-K peptides direct 

formation of specific TiO2 morphologies, we pair a molecular-level solid-state NMR 

investigation of peptide structure with resultant TiO2 morphology and precipitation isotherm 
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studies. We use an iterative process in which peptide sequences are modified and resulting 

morphologies are determined, followed by solid-state NMR (ssNMR) to characterize the 

structures of a selection of the S-K peptides both in their neat form and within the TiO2 co-

precipitate. We use 13C cross-polarization magic-angle spinning (CP MAS) in one-dimensional 

(1D) and two-dimensional (2D) experiments, allowing for the assignment of chemical shifts (CS) 

to backbone and side-chain 13C spins. The CS data is input into TALOS-N59, 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 co-

precipitation induces any changes in the peptides while also providing information on the 

proximity of side-chains to the TiO2 surface. The latter properties are determined from changes 

in lysine side-chain 13C chemical shifts 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 similar morphology. 

3.2 EXPERIMENTAL METHODS.  

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 minutes was used in quantification procedures. An 

EON microplate reader (BioTek U.S., Winooski, Vermont) was utilized to measure absorbance 

values. All natural and uniformly labeled 13C and 15N amino acids were purchased from Sigma 
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Aldrich (St. Louis, MO). Preloaded 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. 

3.2.1 Peptide Synthesis.  

Peptides were either purchased from New England Peptide or synthesized on a CEM Liberty 

Blue peptide synthesizer using a standard 9-fluorenylmethoxycarbonyl  (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 

(TFA): triisopropylsilane (TIS): water per 1.0 gram 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.  

3.2.2 TiO2 Assay. 

15 µL of TiBALDH (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 (final solution volume in 

microplate well is 75 µL.) The solution was incubated for 23 hours, 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 minutes at 4 °C, and 20 µL of 

supernatant were 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 minutes, visualized by the formation of a yellow complex between TiIV 

and Tiron.78,104 Solutions were equilibrated for one hour before absorbance values were 
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measured at 380 nm using an EON microplate reader (BioTek U.S., Winooski, Vermont). Data 

are a mean from three independent repeats.   

 

3.2.3 KSSKK-TiO2 Precipitation. 

TiBALDH (1M, 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 hours. After centrifugation at 2500 rpm for 10 

minutes, the solution was decanted. The resulting precipitate was rinsed with Millipore water 3 

times and dried in vacuo.   

3.2.4 SKSK3SKS-TiO2 Precipitation. 

TiBALDH (1M, 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 hours. After centrifugation at 2500 rpm for 10 

minutes, the solution was decanted. The resulting precipitate was rinsed with Millipore water 3 

times and dried in vacuo. 

3.2.5 TiO2 Nanoparticle Characterization. 

SEM images were taken on a FEI Sirion XL30 scanning electron microscope operating at 

variable voltages. Precipitates were dispersed onto carbon tape, mounted on aluminum studs, and 

sputter-coated for 60 seconds with Au/Pd. 

3.2.6 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 cross-polarization (CP) with a 1H-13C contact 
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time of 1.1ms and a magic-angle spinning (MAS) rate of 10 kHz ± 5 Hz was maintained with a 

Bruker MAS controller unit. One dimensional 13C CPMAS experiments were performed with a 

proton 90 time of 2.75 µs and a recycle delay of 2s. The number of scans for the neat and TiO2 

complex ranged from 2k-16k. DARR48 experiments were run with 60 ms mixing times and a 

recycle delay of 1.5s, with 2048 slices in the F2 dimension and 512 in F1. All chemical shifts 

reported were indirectly referenced to tetramethylsilane (TMS) in the solid-state using 

adamantane (δ=38.48).80 

3.2.7 Density Functional Theory (DFT) Calculations.  

The geometry of protonated N-acetyl-L-lysine-methylamide was optimized at the DFT 

level of theory, using B3LYP functional105,106 and a standard 6-31+G(d,p) basis set. The NMR 

parameters were calculated using the GIAO method with polarizable continuum model used for 

implicit water solvation107,108 The Gaussian16 program package was used throughout this 

study.109 To estimate the effect of side-chain conformation on carbon chemical shifts, the 

conformation of L-lysine 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 anatase structure. A cluster of six Ti atoms and 

18 O atoms was cut out of the structure and nine hydrogen atoms were put on dangling oxygen 

atoms on the ‘inner face’ of the cluster, no hydrogen atoms were put on three ‘surface face’ 

oxygens leaving the total charge of the cluster –3. 
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3.3 EFFECTS OF PRIMARY STRUCTURE ON TIO2 PRECIPITATION. 

The effects of K:S ratio and contiguity of K residues on TiO2 precipitation activity are 

explored through the design of a series of S-K peptides and their corresponding 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 minutes using a colorimetric assay, visualized by the formation of a yellow 

complex between TiIV and Tiron.78,104 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 3.1, along with the resultant morphologies determined via SEM (images 

not shown). 

 

Table 3.1. Peptide Sequences with their Percentage of Reacted TiBALDH and Resultant 

TiO2 Morphologies upon Co-precipitation. 

 

 

Peptide K:S Ratio Contiguous K 
Residues 

% TiBALDH 
reacted 
(stdev) 

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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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. Two of these peptides, SKSK3SKS and 

KSSKK, both of which form spherical morphologies but display the highest (SKSK3SKS) and 

lowest (KSSKK) percentages of TiBALDH reacted, are investigated further.  

Figure 3.1 shows an SEM image of the KSSKK-TiO2 co-precipitate (Figure 3.1a) and a 

corresponding size distribution histogram (Figure 3.1b). The co-precipitates are approximately 

spherical with a mean diameter of 201 ± 46 nm. The SKSK3SKS-TiO2 co-precipitates are also 

approximately spherical (Figure 3.1d), 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 3.1e), the nanospheres are relatively 

polydisperse in comparison to those of the KSSKK-TiO2 co-precipitates. 
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Figure 3.1. (a) SEM image of KSSKK-TiO2 co-precipitates showing spherical morphologies 

with a mean diameter of 201 ± 46 nm. (b) Size distribution histogram for KSSKK-TiO2 co-

precipitates. Particle sizes are measured using ImageJ.81 (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 co-precipitates showing 

spherical morphologies with a mean diameter of 511 ± 202 nm. (e) Size distribution histogram 

for SKSK3SKS-TiO2 co-precipitates. Particle sizes are measured using ImageJ.81 (e) 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. 

 
 

Precipitation curves were also obtained for varying concentrations of KSSKK and 

SKSK3SKS, with TiBALDH held at constant concentrations of 2mM and 0.1 mM, respectively. 

These precipitation curves are shown in Figure 3.1c and Figure 3.1f. A striking feature of these 

data is that the precipitation curves have markedly different forms. The KSSKK precipitation 

curve in Figure 3.1c has roughly hyperbolic form with TiO2 precipitate appearing at relatively 

low concentrations of peptide. In contrast the SKSK3SKS data in Figure 3.1f appear to follow 

sigmoidal behavior with little or no precipitate appearing until peptide concentration reaches 
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2mM, and then rises rapidly. Hyperbolic and sigmoidal precipitation curves are generally 

attributed to non-cooperative and cooperative mechanisms, respectively. These data are 

discussed further below. 

3.4 SKSK3SKS CHEMICAL SHIFT ASSIGNMENTS AND STRUCTURE ANALYSIS. 

In order to gain insight into the secondary structure of SKSK3SKS-neat and SKSK3SKS 

embedded within the TiO2 co-precipitate, we make site-specific 13C chemical shift assignments 

for the entire peptide using five 13C and 15N enriched samples (Table 3.2). Both 1D 13C CP MAS 

and 2D DARR 13C-13C experiments were performed on SKSK3SKS -neat and -TiO2. All 1D 13C 

CP MAS spectra are show in Appendix B. The downfield region (larger ppm) contains the 

carbonyl 13C spins, and the upfield region (smaller ppm) contains the aliphatic 13C spins (13Cα, 

13Cβ, 13Cγ, 13Cδ, and 13Cε). Stacked plots allow for the direct comparison of chemical shift and 

peak shape between the two peptide states: neat and co-precipitated with TiO2. 

 

Table 3.2. SKSK3SKS peptides synthesized in this study. (*) Indicates that the preceding 

amino acid is uniformly 13C and 15N enriched. 

Sample Name Label Position 
S1K2 S*K*SKKKSKS 
S3K4 SKS*K*KKSKS 

K5 SKSKK*KSKS 
K6S7 SKSKKK*SKS 

K8 SKSKKKSK*S 
 

The stacked 1D plots highlight the peak broadening upon co-precipitation with TiO2. 

When broadening this severe occurs, it is not possible to unambiguously assign all chemical 

shifts; 2D spectroscopy is required. This need for 2D spectroscopy is further emphasized through 

Figure 3.2. In the 1D CP MAS (Figure 3.2a), we are not able to resolve each shift, as there is 
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overlap in both the carbonyl and aliphatic regions. However, with 2D 13C-13C DARR (Figure 

3.2b), we can resolve and assign all of the 13C shifts, which are provided in Appendix B.  

 

 
Figure 3.2. (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. 

 

Once all 13C shifts are assigned for both the neat and TiO2-embedded peptide, changes in 

backbone and side-chain chemical shifts (ΔCS) are analyzed. 13C chemical shift perturbations of 

the backbone carbons (13CO, 13Cα, and 13Cβ) are typically associated with a change in secondary 

structure, which can result from co-precipitation with TiO2, while side-chain perturbations can be 
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attributed to peptide aggregation, proximity to the TiO2 surface, or buffer effects. To study the 

degree of perturbation of 13C chemical shifts, ΔCS values are obtained by subtracting the CS of 

the 13C spin in neat SKSK3SKS from the corresponding 13C spin in the SKSK3SKS-TiO2 co-

precipitate. A positive ΔCS indicates a downfield perturbation (higher ppm, less shielded), while 

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 3.3. 

 

 
Figure 3.3. ΔCS plots for SKSK3SKS showing chemical shift 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 co-precipitated with TiO2 are in reference to the neat peptide. Positive 

changes indicate a downfield shift while negative changes indicate an upfield shift. 

 

There are significant backbone CS perturbations upon co-precipitation 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 
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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-N59, which 

generates output files containing predicted  torsion angles (Appendix B). These torsion angles 

are used to visualize the secondary structure of SKSK3SKS-neat and SKSK3SKS-TiO2 using 

Chimera64 (Figure 3.4). In the neat peptide, the entire chain is extended in random coil. However,  

 

 
Figure 3.4. Chimera64-generated models of (a) SKSK3SKS neat and (b) SKSK3SKS-TiO2 

using TALOS-N59 –generated torsion angles from experimentally obtained chemical shifts. 

 

upon co-precipitation with TiO2, the chain kinks at K2, causing S1 and S3 to fold inwards, 

exposing the K2 side-chain. These perturbations are accompanied by large ΔCS for S1 backbone 

13C spins as well as K2 13Cβ, 13Cγ, and 13Cδ (see Figure 3.3). 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 
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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. 

3.5 KSSKK CHEMICAL SHIFT ASSIGNMENTS AND STRUCTURE ANALYSIS. 

Analogous to the SKSK3SKS system, 1D 13C CP MAS and 2D DARR 13C-13C 

experiments are utilized to make site-specific 13C chemical shift assignments (Appendix B) for 

the both the KSSKK-neat and KSSKK-TiO2 peptides using two isotopically enriched samples 

(Table 3.3). 

 

Table 3.3. KSSKK peptides synthesized in this study. (*) Indicates that the preceding amino 

acid is uniformly 13C and 15N enriched. 

Sample Name Label Position 

K1S2 K*S*SKK 

S3K4 KSS*K*K 

 

Figure 3.5 shows the 1D 13C CP MAS spectra for KSSKK in both peptide states: neat and 

co-precipitated with TiO2. The peak shapes remain very similar for the neat and co-precipitated 

form for both the K1S2 and S3K4 samples. The extent of line broadening is not as severe as for 

the SKSK3SKS spectra upon co-precipitation with TiO2, yet there is still peak overlap in the 

carbonyl and aliphatic regions. In order to unambiguously assign all 13C spins, 2D 13C-13C 

DARR spectra are collected. As with the SKSK3SKS peptide, ΔCS are used to gain insight into 

the structural conformations and perturbations of the neat and embedded peptides. 
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Figure 3.5. Stacked 1D 13C CP MAS spectra for (a) K1S2 and (b) S3K4 in their neat and 

TiO2 co-precipitated forms. 

 
The ΔCS plots for KSSKK are shown in Figure 3.6. No significant ΔCS values are 

observed for any of the 13CO spins. Many of the remaining backbone ΔCS range from 0-2 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 

chemical shift of the 13Cε spin of K4 upon co-precipitation with TiO2. This apparent difference 

in the surface orientations of closely spaced lysine side-chains will be considered in the section 

on DFT calculations. 
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Figure 3.6. ΔCS plots for KSSKK showing chemical shift 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 co-precipitated with TiO2 are in reference to the neat peptide. Positive changes indicate 

a downfield shift while negative changes indicate an upfield shift. 

 

TALOS-N59 and Chimera59 are used to visualize the secondary structure of KSSKK-neat 

and KSSKK-TiO2 (Figure 3.7). ϕ/ψ torsion angle values are shown in the Appendix B.  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 conformational 

changes upon co-precipitation 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 due to 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 exposure. 
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Figure 3.7. Chimera59-generated models of (a) KSSKK neat and (b) KSSKK-TiO2 using 

TALOS-N59 –generated torsion angles from experimentally obtained chemical shifts. 

 
 

3.6 DFT CALCULATIONS. 

The secondary structures and interactions of peptides in co-precipitates 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 ½ nucleus with a natural abundance of 4.7 %,43,85 

so 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 gyromagnetic ratios, low natural abundances, 
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and relatively large quadrupole moments, all resulting in low detection sensitivity. Due to these 

factors, direct measurements of peptide interactions with the TiO2 surface via heteronuclear 

dipolar recoupling experiments from spin ½ nuclei in protein side-chains, such as 13C or 15N, to 

47Ti and 49Ti are not practical.  

To probe peptide – TiO2 interactions in S-K peptides we use ΔCS data obtained from 13C 

spins in peptide side-chains to detect changes in the electronic environment of the peptide upon 

co-precipitation with TiO2.  Because TiO2 activity is observed to scale with the number of 

primary amines in the R5 peptide21 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, so to clarify the physical 

circumstances that give rise to these side-chain chemical shift perturbations we use Density 

Functional Theory calculations.  Protein side-chains may undergo conformational changes when 

adapting to mineral surfaces. In Table 3.4 are compiled DFT calculations of chemical shift 

changes for lysine side-chain 13Cγ, 13Cδ, and 13Cε spins that result from conformational changes 

of the side-chain. In Table 3.4, γ±60 indicates a change of the CαCβ-CγCδ dihedral angle by ±60 

degrees. Similarly, δ±60 and ε±60 indicate ±60 degree changes of the 

CβCγ−CδCε and CγCδ−CεNζ dihedral angles, respectively. All entries are in ppm, with positive 

numbers indicating downfield chemical shift changes and negative numbers indicating upfield 

chemical shift changes relative to the all-trans side-chain conformation. 

 
 
 
 
 
 



 

 

56 

Table 3.4. The influence of lysine side-chain conformation on the chemical shifts of the 13Cγ, 
13Cδ, and 13Cε spins (ppm). Positive table entries indicate downfield chemical shift perturbations 

with respect to the all trans conformation. 

 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 

 

 

In ssNMR studies of surface adsorbed amino acids and peptides, upfield perturbations of 

lysine side-chain 13C chemical shifts (i.e. ΔCS<0), and 13Cε in particular, have been attributed to 

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.110 They modeled the interaction of lysine with the silica surface as a lysine-

silanol complex and calculated 15N and 13C chemical shifts for lysine free and in the complex. 

Based on a comparison between calculated and experimental chemical shifts it was concluded 

that the lysine amine is the dominant hydrogen bonding interaction with the surface silanol 

groups.110 

 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 chemical shift 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 3.8. Figure 

3.8a 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 surface orientation, a DFT calculation shows a 2-3 ppm upfield 
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perturbation of the 13Cε chemical shift and weaker downfield perturbations of the 13Cγ and 13Cδ 

chemical shifts when the amine N to surface hydroxyl O distance approaches 4 Angstroms. 

Figure 3.8b 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 3.8b 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 3.8a. 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 Angstroms is somewhat too small for an H-bond 

interaction. For a more realistic N-O distance of 3.8-4.0 Angstroms, the upfield shift for 13Cδ is 

calculated to be in the range 0.5-1.0 ppm. 
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Figure 3.8. DFT calculation of lysine side-chain 13C chemical shift 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 chemical shift is indicated by ΔCS<0 and a downfield perturbation is therefore indicated 

by ΔCS>0. 

 

3.7 DISCUSSION. 

13CO, 13Cα, and 13Cβ chemical shift data indicate both S-K peptides SKSK3SKS and 

KSSKK are in extended secondary structures in 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 chemical shift perturbations in K1 differs from the pattern 

observed in K4. For K1, the chemical shift of 13Cε is perturbed upfield by about 1 ppm (i.e. 
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ΔCS=-1 ppm), the chemical shift 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= -

1ppm 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 three-fold symmetry axis of the side-chain amine group 

directed perpendicular to the surface as shown in Figure 3.8. 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 3.8a. 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 chemical shift is only weakly perturbed while 1-4 ppm upfield 

ΔCS effects are observed at 13Cγ and 13Cδ. The negligible change in the chemical shift of 13Cε 

precludes a close association with the TiO2 surface at least not in the orientation assumed in the 

DFT calculations shown in Figure 3.8a. The fact that both 13Cδ and 13Cγ are shifted upfield 

precludes an orientation of the type shown in Figure 3.8b. This pattern of ΔCS effects likely 

indicates conformational change of the K4 side-chain upon co-precipitation with TiO2, possibly 

involving a change of the CαCβ-CγCδ dihedral angle in the range ±60 degrees, which would 

exert only a small downfield change in the chemical shift of 13Cε.   

 Chemical shift 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 

co-precipitation 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 co-precipitation with TiO2, the side-chain of K2 13Cε is shifted 
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upfield by about 2 ppm (ΔCS=-2ppm) while 13Cδ and 13Cγ show upfield chemical shift 

perturbations of about 3-3.5 ppm. The upfield perturbation of the 13Cε chemical shift again very 

likely indicates an interaction with the TiO2 surface. Assuming an orientation as shown in Figure 

3.8a, the observed ca. 2ppm upfield shift corresponds to a N-O distance of about 4.5 Å. The 3-

3.5 ppm upfield chemical shift 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 degree 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 chemical shift of 13Cε changes in the upfield direction by 2.0 ppm (ΔCS=-2.0ppm) upon co-

precipitation with TiO2, and a change of the chemical shifts of 13Cδ and 13Cγ by -1 ppm and 2 

ppm, respectively. K6 shows a small change in the chemical shift of 13Cε upon co-precipitation 

with TiO2, while both 13Cγ and 13Cδ show downfield shifts of between 2-3 ppm. The trend in K8 

is different still with 13Cγ and 13Cδ showing upfield chemical shift perturbations in the 2-3 ppm 

range upon co-precipitation with TiO2 while 13Cε shows a large downfield shift.  

Although the 13C chemical shift data are not conclusive with regard to the nature of 

interactions between these 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.72,89,111 Therefore it is not surprising that in many cases 

upfield perturbations are observed for 13Cε spins in SKSK3SKS peptide-TiO2 co-precipitates. 

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 chemical shift trends of the types shown in Figure 
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3.8.  But in the SKSK3SKS peptide the chemical shift 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 these spins are remote from the surface or deviate 

from perpendicular orientation.  The large downfield perturbation to the chemical shift of 13Cε in 

K8 is striking because none of the DFT results in Table 3.4 or Figure 3.8 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.17,23,32,43  

Self-assembly of high phosphorylated silaffins has been observed and proposed as a 

mechanism for catalyzing silica formation72.  The self-assembly hypothesis has been extended to 

the silaffin-derived peptide R5 to explain its SiO2 forming30 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 the recent ssNMR study of the R5 peptide in SiO2 and 

TiO2 composites22, the variation in lysine side-chain chemical shift perturbations is suggestive of 

differential exposure of the protein side-chains to TiO2, which in turn may be the result of 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 in Figure 3.1. In Figure 3.1c, the precipitation curve of 

KSSKK is hyperbolic in form, with TiO2-peptide composite precipitating at extremely low 

concentrations of peptide, before reaching saturation at a peptide concentration of about 2mM. In 

contrast the precipitation curve for SKSK3SKS, shown in Figure 3.1f, is sigmoidal, with no 

appreciable amounts of precipitate forming until a peptide concentration of 2mM is reached. The 
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curve for SKSK3SKS saturates at about 8mM. 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 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 

anionic or neutral peptides at similar concentrations.73 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.74,75 In cases where interactions between peptide side-chains and 

inorganic oxide precursors compete with peptide-peptide interactions, sigmoidality of the 

isotherm is favored by higher populations of aggregate versus monomer, whereas hyperbolic 

behavior is favored by higher populations of monomer.75 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 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 
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require that the sites on the peptide for interactions with precursors are close to or identical to 

sites for peptide-peptide interactions.75 

 

3.8 CONCLUSION. 

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 non-biological oxide, i.e. 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, 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 

hyperbolic form and the curve for SKSK3SKS displays sigmoidal form.  

 Unlike silica or hydroxyapatite, TiO2 lacks a nuclear spin species which can be 

incorporated into heteronuclear dipolar correlation experiments, so 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 chemical shifts of 

lysine side-chain 13C and 15N spins to charged oxide surfaces have been used in place of dipolar 

recoupling experiments to determine peptide-surface proximity and orientation. Qualitative 

trends in ΔCS of side-chain spins observed upon co-precipitation 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. But in both peptides some 13Cε spins show little chemical shift perturbation or, in the 
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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.23 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 

such peptide-peptide and peptide-TiBALDH interactions occurring independently75 while these 

interactions may occur competitively in SKSK3SKS. If the chemical shift 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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Chapter 4. SURFACE ADSORPTION OF THE SNA15 PEPTIDE. 

4.1 INTRODUCTION. 

Many organisms are capable of producing inorganic materials (i.e. calcite, silica, and 

hydroxyapatite) through a process known as biomineralization. These organisms contain 

specialized proteins, which interact with biomineral surfaces to accelerate112, inhibit113,114, or 

shape19,20,28,29,115–117 the nucleation, growth, and structure of hard tissues, such as bone, teeth, and 

shells. However, it is often not clear how these proteins interact with the mineral surface, 

although it is thought that protein secondary structure is crucial.99,118,119 Furthermore, NMR, 

SFG, and NEXAFS studies suggest that amino acid side-chains directly interaction with 

biominerals.34,38–40,120–127 Studying the molecular-level interactions between proteins and 

inorganic minerals is crucial to understanding the processes of biomineral surface recognition 

and control of hard tissue growth. Furthermore, an enhanced understanding of how proteins 

recognize and adhere to mineral surfaces could lead to the development of new materials with 

enhanced biocompatibility. 

  Statherin, a small 43-residue salivary protein with the sequence 

DpSpSEEKFLRRIGRFGYGYGPYQPVPEQPLYPQPYQPQYQQYTF, inhibits the 

precipitation of calcium phosphate minerals and hydroxyapatite (HAP) crystal growth.128 

Statherin has been widely studied by adsorption isotherms,33,129 solution NMR,130,131 

ssNMR,17,34–36,38–40,122,124,126,127,132 and circular dichroism,33,133 and its structure is known neat and 

adsorbed onto HAP.33–36 Upon adsorption, the N-terminal binding domain adopts an α-helical 

conformation.36,134,135  

 The N-terminus of statherin contains acidic residues, including phosphoserine (pS), 

aspartic acid (D), and glutamic acid (E), which have been shown to be essential for HAP 
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binding.33 13C{31P} REDOR experiments measured the distance between the δ-carboxyl 13C 

spins of residues E4, E5, and E26 and 31P spins on the HAP surface.122 Ndao et. al. found that E4 

and E26 were farther from the surface than E5, which had a 13C-31P distance of about 4.25 Å.122 

Furthermore, T1ρ experiments show that E4 and E5 have more restricted motion than E26.122 The 

internuclear distances paired with the relaxation experiments indicate that E5 is closely 

interacting with the HAP surface, while E26 is likely far from the surface of HAP. Another 

13C{31P} REDOR experiment modeled the binding of poly-aspartic acid (PD) to HAP,136 and the 

strong dephasing of the side-chain γ-carboxyl 13C spin indicates close binding to the surface. 

This can be extrapolated to glutamic acid residues, as the only difference in the side-chains is a 

methylene group, thus supporting Ndao’s results. The random coil conformation in the acidic 

domain of statherin could allow most of these residues to interact with the HAP surface, an 

observation supported by rigid dynamics in this region.134 

 The effects of basic residues on HAP binding have also been studied. Mutations of the 

basic residues to alanine lowered the binding affinity, but did not affect the surface coverage or 

the adsorption enthalpy.34 However, simultaneous replacement of all of the basic residues (K6, 

R9, R10, and R13) with alanine did significantly lower the adsorption equilibrium and surface 

coverage. Goobes et. al. hypothesized that individually, the basic residues were not essential for 

binding, but as a group, they acted to decrease the overall peptide charge and reduce repulsive 

interactions.34 

 Many studies have also been conducted on the role of the phenylalanine 

residues,38,39,126,137 which have the highest affinity to HAP of the four hydrophobic residues (L, I, 

G, F).137 The side-chain of F14 is closer to the surface than F7, and is also more constrained, 

indicating that F14 likely interacts with the HAP surface via its aromatic ring.   
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Many of these studies have focused on the first 15 residues of statherin, referred to as 

SN15. Adsorption studies have shown that SN15 has nearly the same binding affinity for HAP, 

even when the phosphoserine residues are replaced by aspartic acid (SNa15).33 Despite this, not 

much research has been conducted on SNa15. This thesis uses adsorption isotherms and ssNMR 

to study the binding of SNa15 to multiple inorganic surfaces, including HAP, SiO2, and TiO2. It 

aims to answer the following questions: 

• What is the structure of surface-bound SNa15? 

• What part of SNa15 interacts with each surface? 

• How is SNa15 oriented on each surface? 

• How does the structure/interactions of adsorbed SNa15 change as a function of 

mineral surface? 

13C and 15N CP MAS and 13C-13C DARR experiments and TALOS-N59 –predicted torsion angles 

are used to characterize the secondary structures of SNa15 neat (i.e. lyophilized from Millipore 

water) and adsorbed to each of the three surfaces. The perturbation of side-chain 13C and 15N 

chemical shifts is used to obtain information on the proximity of various residues and on the 

orientation of SNa15 to each surface. Finally, the results for each surface are compared to each 

other and to recent work on the structure of statherin and SN15 adsorbed on HAP. 

 

4.2 EXPERIMENTAL METHODS. 

All natural amino acids were purchased from Sigma Aldrich (St. Louis, MO). All 

uniformly 13C and 15N labeled amino acids were purchased from Cambridge Isotope Laboratories 

(Tewksbury, MA). Preloaded FMOC-protected Wang resin was purchased from EMD Millipore 
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(Billerica, MA). All other reagents were purchased from Sigma Aldrich (St. Louis, MO) and 

used without purification. 

4.2.1 Peptide Synthesis.  

Peptides were synthesized on a CEM Liberty Blue peptide synthesizer using a standard 9-

fluorenylmethoxycarbonyl (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 (TFA): triisopropylsilane (TIS): water mixture 

per 1.0 gram of peptide/resin. The resulting filtrate was added dropwise into cold tert-butyl 

methyl ether, followed by centrifugation and three rinses of the resulting solids with 40 mL of 

cold tert-butyl methyl ether. Peptides were purified using RP-HPLC (Varian ProStar HPLC, 

Alltima WP C4 column, 5 mL/min, eluent A: water with 0.2% TFA, eluent B: acetonitrile with 

0.2% TFA), using a gradient of 15-50% B over 40 minutes. Chromatograms were generated by 

observing the UV absorbance at 254 nm, and the analyte was verified by mass spectrometry. The 

fractions were then lyophilized, resulting in the pure peptide. 

4.2.2 Surface Area Determination. 

The surface area of the HAP, SiO2, and TiO2 nanoparticles was determined using a Nova 4200e 

Surface Area and Pore Size Analyzer from Quantachrome Instruments. BET measurements 

showed a surface area of 34.4 m2/g for HAP, 331.9 m2/g for SiO2, and 28.6 m2/g for TiO2 

nanoparticles. 

4.2.3 Adsorption Isotherms.  

Known concentrations of SNa15 (1ml) were equilibrated with 10 mg of HAP, SiO2, or TiO2 

nanoparticles for 4 hours in phosphate buffer (100mM, pH=7.4). After adsorption, the solid 
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nanoparticles were separated from the mixture via centrifugation at 13000 x g for 15 minutes. 

The peptide concentrations in the supernatant solutions were measured using an Agilent 8453 

Diode Array UV-Vis Spectrophotometer and compared with the initial concentrations. 

4.2.4 Solid-state NMR Sample Preparation. 

SNa15 (2mM, 5ml) was equilibrated with 60 mg of mineral nanoparticle for 4 hours in 

phosphate buffer (100mM, pH=7.4). After adsorption, the solid was separated from the mixture 

via centrifugation at 13000 x g for 15 minutes. The supernatant was discarded, and the remaining 

solid was dried in vacuo. 

4.2.5 Solid-state NMR. 

All solid-state NMR experiments were conducted using a 16.4 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 Larmour frequency at this field is 176.07 MHz for 13C and is 70.95 MHz for 

15N. The spinning speed for all experiments is 15 kHz ± 5Hz, and is regulated by a Bruker MAS 

controller unit. All experiments were run at room temperature.  

 The basic CP pulse program is shown in Figure 1.5. For 15N CP MAS, the second 

channel (labeled 13C in Figure 1.5) was switched to 15N. Pulse lengths and powers were 

optimized on 13C, 15N -enriched glycine. 1D 13C CP MAS experiments were collected using a 4 

µs proton π/2 pulse, a contact time of 1.2 ms, and a recycle delay of 2 s. Neat samples required 

2k scans while adsorbed samples required 8k scans. 1D 15N CP MAS experiments were collected 

using a 4 µs proton π/2 pulse, a contact time of 2 ms, and a recycle delay of 2 s. Neat samples 

required 4k scans while adsorbed samples required 32 k scans. All 13C chemical shifts reported 

were indirectly referenced to tetramethylsilane (TMS) in the solid-state using adamantane 
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(δ=38.48 ppm).80 All 15N chemical shifts reported were indirectly referenced to NH3
+ in the 

solid-state using glycine (δ=33.4 ppm).138 

 2D 13C-13C DARR experiments were collected with a 1.2 ms contact time, a 4 µs proton 

π/2 pulse, and a 4 µs 13C π/2 pulse. Mixing times were 60 ms. For neat samples, there were 256 

points in the indirectly detected dimension (F1) and 1k points in the directly detected dimension 

(F2). For adsorbed samples, there were 128 points in F1 and 1k points in F2. The chemical shifts 

reported were indirectly referenced to tetramethylsilane (TMS) in the solid-state using 

adamantane (δ=38.48 ppm).80 

 

4.3. ADSORPTION ISOTHERMS. 

To determine how SNa15 interacts with the SiO2 and TiO2 surfaces, Langmuir adsorption 

isotherm curves were measured (Figure 4.1). Isotherms for SNa15 interacting with HAP can be  

 

 
Figure 4.1. Adsorption isotherms for SNa15 interacting with (a) SiO2 and (b) TiO2. Data are 

a mean from two independent repeats, and the standard deviation is shown. The disassociation 

constants obtained from the fitting are: Kd = 2.98 mM for SiO2 and Kd = 2.30 mM for TiO2.  
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found in the literature.33 The curves were fit with Equation 4.1, where Kd is the disassociation 

constant, f is the fractional saturation, A is a scaling factor, and [SNa15] is the concentration of 

free SNa15 (equilibrium concentration). The Kd obtained from these data were 2.98 mM and 

f = A [SNa15]
[SNa15]+ Kd

      (4.1) 

2.30 mM for SNa15 adsorbing onto SiO2 and TiO2, respectively. The maximum amounts of 

SNa15 adsorbed were 0.2 µmol/m2 and 1.2 µmol/m2 for SiO2 and TiO2, respectively. 

4.4. CHEMICAL SHIFT ASSIGNMENTS. 

1D 15N CP MAS and 1D 13C CP MAS experiments were performed in conjunction with 

2D 13C-13C DARR experiments in order to obtain site-specific chemical shift assignments. We 

resolved and assigned most of the 13C spins and the side-chain 15N spins in SNa15 containing up 

to two uniformly 13C- and 15N-enriched amino acids. The structures of the amino acids examined 

are shown in Figure 4.2. 
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Figure 4.2. Structures of the amino acids for which chemical shift assignments are made in 

SNa15. Structures are shown for neutral pH (pH=7). Conventional side-chain atom labels are 

shown.  

 
To assign the chemical shifts for the entire peptide, seven isotopically enriched samples 

were analyzed, as shown in Table 4.1. The only amino acids not assigned by this study are D1, 

L8, I11, and the C-terminal G15. 

 

Table 4.1. SNa15 peptides synthesized in this study. (*) Indicates that the preceding amino 

acid is uniformly 13C and 15N enriched. 

Sample Name Label Position 
D2R9 DD*DEEKFLR*RIGRFG 
D3R10 DDD*EEKFLRR*IGRFG 
E4F7 DDDE*EKF*LRRIGRFG 
E5F14 DDDEE*KFLRRIGRF*G 
K6 DDDEEK*FLRRIGRFG 
G12 DDDEEKFLRRIG*RFG 
R13 DDDEEKFLRRIGR*FG 

 

An example of the data collected for each sample is shown in Figure 4.3. A 1D 15N CP 

MAS (Figure 4.3a), 1D 13C CP MAS (Figure 4.3b), and 2D 13C-13C DARR (Figure 4.3c) 

spectrum was collected for each sample in order to make complete, unambiguous chemical shift 
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assignments. The 15N amide spins had too much overlap and were therefore not able to be 

unambiguously assigned, so only the 15N side-chain spins were assigned. 

 

 
Figure 4.3. Representative set of the data collected for each labeled SNa15 peptide in each of 

the studied phases: neat and adsorbed on HAP, SiO2, and TiO2. The data shown are for neat 

D2R9 and are the following: (a) 15N CP MAS, (b) 13C CP MAS, and (c) 13C-13C DARR. 

 

As evident in Figure 4.3, the broad nature of the 13C lineshapes and the overlap in both 

carbonyl and aliphatic regions renders 2D spectroscopy necessary. Figure 4.4 illustrates how all 
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chemical shift assignments are made for the entire neat SNa15 peptide. As discussed in Chapter 

1, Section 3.3, the diagonal peaks in a DARR spectrum divide the spectrum into two nearly 

symmetrical halves. On either side of the diagonal are the cross-peaks, which result from the 

interaction of two distinct nuclei. The cross-peak interactions are highlighted by the dashed red 

lines and labeled with the corresponding 13C spins. These correlations allow for the assignment 

of unique chemical shifts. All 13C chemical shift assignments were made via this method for the 

entire SNa15 peptide in the four phases studied: neat, adsorbed on HAP, adsorbed on SiO2, and 

adsorbed on TiO2. 

 

 
Figure 4.4. 13C-13C DARR spectra of neat (a) D2R9, (b) D3R10, (c) E4F7, (d) E5F14, (e) K6, 

and (f) R13. The dashed lines show the correlation of spins. 
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Chemical shift changes (ΔCS) for backbone and side-chain 13C nuclei can provide 

information on the structural changes of the peptide as well as the changes in local environment 

experienced upon adsorption. Figure 4.5 shows the differences in 13C chemical shifts of D2R9 in 

the four phases studied. The dashed lines emphasize the more obvious chemical shift differences 

between these spectra. It should also be noted that upon adsorption, the resolution in the aliphatic 

region significantly decreases. This is yet another reason why 2D spectroscopy was required. 

 

 
Figure 4.5. 13C CP MAS spectra of D2R9 in four phases: neat, adsorbed to HAP, adsorbed to 

SiO2, and adsorbed to TiO2. The dashed lines highlight some of the more obvious chemical shift 

differences between the four spectra. 

 

ΔCS for backbone and side-chain 13C nuclei in the neat versus in adsorbed samples occur 

to varying degrees at sites along the peptide backbone and side-chains. The 13C chemical shift 

perturbations of the backbone 13CO, 13Cα, and 13Cβ chemical shifts are typically associated with 
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a change in secondary structure as a result of adsorption. To systematically study the degree to 

which SNa15 13C chemical shifts are perturbed upon adsorption to HAP, SiO2, and TiO2, ΔCS 

values are calculated. ΔCS is obtained by subtracting the chemical shift of the 13C spin in neat 

SNa15 from the corresponding 13C spin in the adsorbed SNa15 peptide. A positive ΔCS indicates 

a downfield perturbation of the chemical shift (higher ppm, less shielded), while a negative ΔCS 

indicates an upfield perturbation of the chemical shift (lower ppm, more shielded). Bar charts of 

backbone ΔCS values are shown in Figure 4.6. 

 
 

 
Figure 4.6. Backbone ΔCS plots showing chemical shift perturbations for (a) 13CO shifts, (b) 

13Cα shifts, and (c) 13Cβ shifts. ΔCS for SNa15 on HAP (black), SiO2 (hatched), and TiO2 (gray) 

are in reference to neat SNa15. Positive changes indicate a downfield shift while negative 

changes indicate an upfield shift relative to the neat peptide. 

 

Commonalities in ΔCS for 13CO between the three adsorbed phases occur at E4 (all 

upfield shifts) and G12 (all downfield shifts). All three adsorbed phases also experience a large 

downfield shift for G12 13Cα. Additionally, they all experience a pronounced downfield shift for 

the 13Cα spin of D2 and the 13Cβ spins of D2 and D3 and a pronounced upfield shift for the 13Cα 

spin of R13 and the 13Cβ spin of R10. The similarities in ΔCS in these residues indicate similar 

structural changes in these regions between neat SNa15 and SNa15 adsorbed on each surface. 
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Specifically, the N-terminus (D2-E4) and the C-terminus (R10, G12, and R13) experience 

similar conformational changes upon adsorption to HAP, SiO2, and TiO2.  

There are also pronounced backbone ΔCS changes for SNa15 that are unique to each 

mineral phase, or shared only between 2 of the mineral phases. These differences highlight the 

unique regional conformation of SNa15 adsorbed to each mineral phase. This will be explored 

further in Sections 4.5 and 4.6. 

 

 
Figure 4.7. Side-chain ΔCS plots showing chemical shift perturbations for (a) 13Cγ shifts, (b) 

13Cδ shifts, (c) 13Cε shifts, and (d) 13Cζ ΔCS. ΔCS for SNa15 on HAP (black), SiO2 (hatched), 

and TiO2 (gray) are in reference to neat SNa15. Positive changes indicate a downfield shift while 

negative changes indicate an upfield shift relative to the neat peptide. 
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Bar charts of 13C side-chain ΔCS values are shown in Figure 4.7. SNa15 experiences 

downfield shifts for the 13Cγ of D2 and D3 and the 13Cδ of E4 and E5 upon adsorption to all 

three mineral surfaces. These spins correspond to the side-chain carboxyl groups in the aspartic 

acid and glutamic acid residues in the N-terminus of SNa15. The acidic N-terminus of statherin 

is widely accepted as essential to binding. A study of poly-L-glutamic acid (PG) showed that the 

side-chain carboxyl group (13Cδ) experiences downfield shifts upon adsorption to SiO2 and 

HAP.83 The decreased shielding of the carboxyl groups indicates an interaction with positively-

charged surface sites.83 These results can also be extrapolated to aspartic acid. The side-chain 

carboxyl chemical shift changes for D2, D3, E4, and E5 suggest similar close associations with 

each of the mineral surfaces. The carboxyl 13C shifts of E4 and E5 are also accompanied by large 

downfield shifts of the 13Cγ spins for SNa15 upon adsorption to all three mineral surfaces. This 

is also likely due to close proximity to each mineral surface.  

The basic residues of SNa15 (K6, R9, R10, and R13) generally experience less 

pronounced and less consistent perturbations across the three surfaces. There is a consistent 

upfield shift for both the 13Cγ and 13Cδ spins of R13 in SNa15 adsorbed to each mineral surface. 

There is also an upfield shift of the 13Cε spin of K6 upon adsorption to HAP and TiO2, although 

not SiO2. Typically, upfield shifts of lysine 13Cε spins indicate proximity to a negatively-charged 

mineral surface.83 These modest perturbations likely indicate a minimal role in surface-

adsorption. Mutation studies of the 4 basic residues (K6, R9, R10, R13) of statherin have shown 

that individually, none are crucial to binding.34 However, as a group they act to decrease the 

overall charge of statherin, thus reducing repulsive protein-protein interactions and promoting a 

higher surface affinity and coverage.34 
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Figure 4.8. Side-chain ΔCS plots showing chemical shift perturbations for (a) 15Nε, (b) 15NH, 

and (c) 15Nζ. ΔCS for SNa15 on HAP (black), SiO2 (hatched), and TiO2 (gray) are in reference to 

neat SNa15. Positive changes indicate a downfield shift while negative changes indicate an 

upfield shift relative to the neat peptide.  

 
Bar charts of 15N side-chain ΔCS values are shown in Figure 4.8. Due to the broad nature 

of peaks in nitrogen spectra, the error bars are quite large. However, the peaks were Gaussian in 

shape, and a clear chemical shift could be assigned for each 15N spin. Downfield perturbations 

are observed for R9 15NH shifts upon adsorption to HAP (2.3 ppm), SiO2 (1.3 ppm), and TiO2 

(3.5 ppm), indicating interactions with the phosphate buffer and/or the surfaces. The K6 15Nζ 

spin also experiences a downfield perturbation, albeit less pronounced, upon adsorption to HAP 

(0.9 ppm), SiO2 (0.2 ppm), and TiO2 (0.2 ppm). 

4.5. SNA15 SECONDARY STRUCTURE. 

The backbone 13C chemical shifts for neat SNa15, SNa15-HAP, SNa15-SiO2, and 

SNa15-TiO2 were input into TALOS-N.59 The ϕ/ψ torsion angles predicted by TALOS-N59 

(Appendix C)  were used to visualize the secondary structures of SNa15 in each phase using 

Chimera64 (Figure 4.9 and Figure 4.10). SNa15 exhibits α-helical structure in each state, 

although only in the K6-R9 region when adsorbed to SiO2. For neat SNa15, the ϕ/ψ torsion 

angles for E4-I11 are clustered around the accepted α-helical values (-57/-47), while the ϕ/ψ 
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torsion angles for R13 and F14 are clustered around the accepted β-sheet values (-80/+150). For 

the most part, the torsion angles remain similar upon adsorption to HAP; residues E5-I11 exhibit 

α-helical character, while residues D2, and R13-F14 exhibit β-sheet characteristics. There are 

large changes in ϕ/ψ at D3-E4, which manifests as a lack of helical character in this region. In 

TiO2, the α-helix is extended farther into the N-terminus; the ϕ/ψ angles for D2-I11 are all 

clustered around -57/-47. The C-terminus remains β-sheet in nature. The structure of SNa15 

differs greatly upon adsorption to SiO2, as reflected in the many differences in ϕ/ψ angles in neat 

SNa15 and SNa15-SiO2. The helical region of SNa15 is limited to K6-R9 while the β-sheet 

region is extended to R10-F14, with the N-terminus in random coil. 
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Figure 4.9. Chimera64-generated models of (a) SNa15-neat, (b) SNa15-SiO2, (c) SNa15-

HAP, and (d) SNa15-TiO2 using TALOS-N59-predicted torsion angles from experimentally 

obtained chemical shifts. Each peptide is shown from N-terminus to C-terminus right-to-left.   

 

An end-view of each of the predicted SNa15 structures is shown in Figure 4.10. The end-

views clearly show which sections of SNa15 are helical and which are not. It is also easier to 

compare side-chain orientations in this view. In SNa15-HAP, SNa15-SiO2, and SNa15-TiO2, F7 

and F14 are pointing in different directions. This is consistent with chemical shift data and 

relaxation dynamics (T1/T1ρ)39,126, 13C{31P} REDOR126, 2H ssNMR39, and NEXAFS38 data for 

SN15, which all conclude that F7 is far from the HAP surface (at least 7 Å) while F14 is close to 

(within 4 Å) and interacting with the surface. It has been posited that in SN15, F14 is in a near-
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parallel orientation to HAP, thus exposing the delocalized electrons in the phenyl ring.137 The 

ΔCS values for the 13C aromatic spins also support this theory for SNa15, as there are 

perturbations for 13Cγ, 13Cδ, 13Cε, and 13Cζ of F14, yet typically much smaller perturbations for 

the same shifts of F7. 

 

 
Figure 4.10. End-view of (a) SNa15-neat, (b) SNa15-SiO2, (c) SNa15-HAP, and (d) SNa15-

TiO2 with each residue labeled. Structures are visualized with Chimera64 using torsion angles 

predicted by TALOS-N.59 

 

The ΔCS values and perturbations in ϕ/ψ angles in the N-terminal region of SNa15 upon 

adsorption indicate that this region is essential for binding. The carboxyl groups of E4 and E5 
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experience the largest ΔCS and are likely strongly interacting with the surfaces. Furthermore, E4 

and E5 are oriented on the same face of SNa15 (Figure 4.10) as F14 in SNa15-HAP, SNa15-

SiO2, and SNa15-TiO2. 

 

4.6. DISCUSSION. 

Peptide secondary structure is integral to the recognition of biomineral surfaces, and 

amino acid side-chains play a crucial role in surface binding. Ergo the determination of 

secondary structures on surfaces, the changes in structure undergone upon adsorption, and the 

proximity of various amino acids to the surface are all foundational goals in this field. We have 

used 1D and 2D ssNMR techniques to determine the secondary structure of SNa15 neat and 

adsorbed to HAP, SiO2, and TiO2 surfaces. In addition to comparing these secondary structures, 

we have used 13C chemical shifts to probe how SNa15 interacts with each surface, specifically 

which residues have side-chains likely in proximity to and interacting with each surface.  

13CO, 13Cα, and 13Cβ chemical shift data and resulting TALOS-N59 –predicted ϕ/ψ angles 

indicate that SNa15-neat, SNa15-HAP, and SNa15-TiO2 are mostly α-helical in nature with an 

unraveling of the helix at each terminus, while SNa15-SiO2 only has a short α-helical character 

around K6-R9. ΔCS are calculated for the side-chain 13C spins, which provide important insight 

into how SNa15 interacts with each surface.  

Most notably, ΔCS suggest that E4, E5, and F14 are interacting with each surface. There 

are large downfield perturbations for the side-chain 13Cγ and 13Cδ spins of E4 and E5 (Figure 

4.7a-b). In a study of PG adsorbed on HAP and SiO2, the 13Cδ spins experienced downfield shifts 

of about 2ppm.83 This CS perturbation is attributed to the decreased shielding of the carboxyl 

group due to its interaction with the surface. This is consistent with the ΔCS data shown in 
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Figure 4.7b. For SNa15-HAP, E4 experiences a downfield perturbation of about 3 ppm while E5 

is perturbed 4.3 ppm. The ΔCS for SNa15-SiO2 and SNa15-TiO2 are also downfield and range 

from 3.8-5.3 ppm. Furthermore, 13C{31P} REDOR and T1ρ experiments have determined the 

distances between the E4 and E5 side-chains of SN15 to the HAP surface and their mobility.122 

The REDOR data determined that E5 was closest to the surface, at a distance of about 4.25 Å, 

while T1ρ experiments demonstrated a slower relaxation rate for E5 than E4, indicating a 

restriction in side-chain dynamics and thus a closer proximity to the surface of HAP.122 For 

SNa15, it is likely that both E4 and E5 are interacting with the mineral surfaces, as both 

experience large downfield ΔCS upon adsorption with HAP, SiO2, and TiO2. The perturbations 

are roughly the same magnitude within error for both residues, suggesting a similar amount of 

contact. This differs from the studies with SN15 and statherin, where only E5 was proposed to 

interact with HAP.   

It is also likely that F14 is interacting with the mineral surfaces based on the large side-

chain ΔCS. The role of phenylalanine residues in the binding of statherin to HAP has been 

studied extensively.38,39,126 Gibson and coworkers126 studied the role of F7 and F14 in SN15 

adsorption to HAP through isotropic chemical shift perturbations, 13C{31P} REDOR, and T1ρ 

relaxation measurements. They found that F14 is closer to the surface and is more dynamically 

constrained than F7, which is oriented away from the HAP surface. A study by Weidner and 

coworkers38 used NEXAFS and SFG to determine that the phenyl ring of F14 points toward the 

HAP surface, while the phenyl ring of F7 points away. This is consistent with our data for HAP, 

where there are large ΔCS for F14 and minimal ΔCS for F7 (Figure 4.6, Figure 4.7).  

The side-chain ΔCS for the basic residues also provide information as to how SNa15 is 

binding. There are negligible perturbations for most of the side-chain 13C spins for K6, R9, and 
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R10. However, the R13 13Cγ and 13Cδ spins experience significant perturbations in the range of -

0.9 to -2 ppm. This suggests that R13 interacts with the surfaces while the remaining basic 

residues do not. This is supported by the structures shown in Figure 4.9 and Figure 4.10. The 

R13 side-chain is oriented on the same face of SNa15 as D2, E4, E5, and F14, all residues that 

are hypothesized to interact with the surfaces. This is true for SNa15 adsorbed to HAP, SiO2, and 

TiO2.  

Furthermore, for SNa15-HAP, D2 and D3 are oriented along the hypothesized binding 

face of SNa15. These residues experience a 13Cγ downfield shift of 1.2 and 1.3 ppm, 

respectively, upon adsorption. This is also true for SNa15-SiO2, and D2 and D3 both experience 

a 13Cγ downfield shift of 2 ppm. However, only D2 is oriented along the binding face for SNa15-

TiO2, and only D2 experiences a significant ΔCS for the 13Cγ spin.  Based on these perturbations, 

it is likely that the aspartic acid residues are interacting with the surfaces. Specifically, D2 is 

involved in the binding of SNa15 to HAP, SiO2, and TiO2, while D3 is involved in the binding of 

SNa15 to HAP and SiO2.  

Based on the secondary structures and side-chain ΔCS information, we hypothesize that 

the binding domain of SNa15 consists of the D2, D3, E4, E5, R13, and F14 residues for binding 

to HAP and SiO2 and consists of the D2, E4, E5, R13, and F14 residues for binding to TiO2. The 

residues composing the hypothesized binding domain are all oriented on the same face of SNa15 

and all experience significant side-chain chemical shift perturbations upon adsorption. The lack 

of α-helical character in the N-terminus allows consecutive acidic residues to all be positioned 

along the same face, thus allowing for maximum interactions of these residues with each surface.  
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4.7. CONCLUSION. 

This is the first ssNMR study of the structure and binding of SNa15 as a function of 

mineral surface. This study has produced site-specific chemical shift assignments for most of the 

backbone 13C spins in neat SNa15 and SNa15 adsorbed to HAP, SiO2, and TiO2, enabling a 

comparison of secondary structures between the four systems. Based on the torsion angles 

predicted by TALOS-N59, SNa15 adopts a mostly α-helical structure, with deviations around the 

termini, in its neat form and when adsorbed to HAP and TiO2. However, upon adsorption to 

SiO2, SNa15 unravels and only retains its α-helical nature in a small central region (K6-R9). 

Site-specific chemical shift assignments were also obtained for most of the side-chain 13C 

spins and all of the side-chain 15N spins. The ΔCS with respect to neat SNa15 provides 

information about the side-chain interactions. Residues with large perturbations, for example the 

side-chain carboxyl groups of the aspartic and glutamic acid residues, are interpreted as 

interacting with the surface. This interpretation is based on chemical shift and heteronuclear 

correlation experiments previously conducted on PD, PG, and SN15 adsorbed to HAP and/or 

SiO2. A hypothesized binding domain of SNa15 is proposed, and despite the differences in 

secondary structure upon adsorption to the different mineral surfaces, remains relatively 

consistent throughout each system. 

 

  



Chapter 5. CONCLUSION. 

The study of biomineralization proteins has relevance to many fields, ranging from the 

development of new materials to catalysis to medical implant devices. There has recently been a 

push to both identify biomineralization proteins and discover their mechanism(s) of action. The 

proteins involved in these processes interact with mineral surfaces to mediate hard tissue growth, 

yet these interactions are not yet well understood. Studying the molecular-level interactions 

between proteins and inorganic minerals is a crucial step towards understanding how these 

proteins recognize the biomineral surface and ultimately control its growth. ssNMR is well suited 

for the study of biomineralization proteins, as it can probe their structure when neat and when 

complexed with an inorganic mineral. This thesis utilizes various ssNMR experiments to probe 

the secondary structures of R5, S-K peptides, and SNa15 in their neat forms and when 

interacting with mineral phases such as HAP, SiO2, and TiO2. The work presented here 

approaches peptide-mineral interactions from two facets: biomineralization (i.e. R5 and S-K 

peptides) and surface adsorption (i.e. SNa15).  

Chapter 2 presented the comparative study of R5’s role in biosilica and titania formation. 

The structures of the resultant mineral materials were compared, as were the structures of R5 

upon co-precipitation. 13C backbone chemical shifts were used to determine ϕ/ψ torsion angles, 

which provide information on peptide secondary structure. The secondary structures for neat R5, 

R5-SiO2, and R5-TiO2 were determined and compared. ΔCS was used to quantitatively assess 

the perturbations in secondary structure upon co-precipitation with each mineral. Furthermore, 

13C side-chain chemical shifts and ΔCS were used to assess the proximity of various amino acid 

side-chains to the SiO2 and TiO2 surfaces, providing information on which residues are 
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interacting closely with the mineral, and are thus likely to be essential in mineral recognition, 

nucleation, and growth.  

Chapter 3 presented the design and activity of a series of S-K peptides. The two peptides 

with the highest and lowest TiO2-precipitating activities, SKSK3SKS and KSSKK, respectively, 

were studied on a molecular level via ssNMR. Akin to the R5 project, 13C backbone chemical 

shifts and ΔCS were used to probe the secondary structures of the peptides neat and co-

precipitated with TiO2. Additionally, 13C side-chain chemical shifts and ΔCS were used to 

determine which residues were likely interacting with the TiO2 surface. Since Ti is not a practical 

NMR nucleus, DFT calculations were conducted to support the analysis of lysine side-chain 

ΔCS.  

Finally, Chapter 4 presented the study of SNa15 adsorbed to three mineral surfaces: 

HAP, SiO2, and TiO2. Adsorption isotherms were conducted to determine the disassociation 

constants and the maximum coverage on each surface. Then, both 13C and 15N NMR experiments 

were conducted to probe the secondary structure of SNa15 on each surface as well as the side-

chain interactions with the surfaces. Probing the structure of SNa15 as a function of surface 

provides key information on the binding domain of SNa15 and how it changes or is altered 

between surfaces.  

In summary, this thesis uses 1D 13C/15N and 2D 13C NMR experiments to study: (1) the 

secondary structures of peptides when in contact with minerals, either in a co-precipitate or when 

adsorbed to a surface and (2) amino-acid side-chain proximities and interactions with buffer, 

other peptide monomers, or mineral phases. This data is crucial to furthering the atomic-level 

understanding of biomineral recognition, nucleation, and growth.   
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APPENDIX A 
 

 

 

 
Figure A.1. Stacked 1D 13C CP MAS spectra for (a) R5-S and (b) R5-SK in their neat, SiO2, 

and TiO2 co-precipitated forms. 
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Figure A.2. Stacked 1D 13C CP MAS spectra for (a) R5-KSG and (b) R5-GSKm in their neat, 

SiO2, and TiO2 co-precipitated forms. 

 

 
Figure A.3. Stacked 1D 13C CP MAS spectra for (a) R5-GSKc and (b) R5-R in their neat, 

SiO2, and TiO2 co-precipitated forms. 
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Figure A.4. Stacked 1D 13C CP MAS spectra for R5-SRI in its neat, SiO2, and TiO2 co-

precipitated forms. 
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Table A.1. 13C chemical shift assignments for backbone residues in the neat R5 peptide. 

Residue CO (ppm) Cα (ppm) Cβ (ppm) 

S1 165.6 52.6 58.7 

S2 167.7 52.8 59.2 

K3 169.1 37.6 27.9 

K4 170.3 59.3 27.9 

S5 168.5 61.5 64.7 

G6 167.3 40.7 n/a 

S7 169.7 56.5 59.4 

S9 170.2 53.3 58.9 

G10 167.0 40.8 n/a 

S11 167.4 52.6 61.8 

K12 169.8 50.4 32.0 

G13 169.3 39.7 n/a 

S14 167.4 58.9 73.1 

K15 171.3 52.4 28.7 

R16 170.7 50.7 24.5 

R17 169.6 - 19.8 

I18 164.3 55.5 34.4 
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Table A.2. 13C chemical shift assignments for backbone residues in the R5-TiO2 co-

precipitate. 

Residue CO (ppm) Cα (ppm) Cβ (ppm) 

S1 170.4 54.3 59.9 

S2 170.9 53.4 58.6 

K3 170.8 53.3 25.1 

K4 173.1 53.7 27.9 

S5 171.4 55.0 61.2 

G6 169.5 42.2 n/a 

S9 167.4 52.3 55.7 

G10 169.5 40.0 n/a 

S11 170.5 52.6 58.9 

K12 171.6 51.8 33.0 

G13 168.0 41.9 n/a 

S14 169.3 59.2 60.5 

K15 170.8 53.1 25.2 

R16 172.9 53.9 26.9 

R17 167.4 50.5 21.7 

I18 167.4 53.8 35.3 
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Table A.3. 13C chemical shift assignments for backbone residues in the R5-SiO2 co-

precipitate. 

Residue CO (ppm) Cα (ppm) Cβ (ppm) 

S1 169.4 52.5 59.0 

S2 173.4 52.8 58.8 

K3 172.4 37.6 27.6 

K4 171.3 52.2 24.1 

S5 169.9 58.8 63.9 

G6 168.1 40.5 n/a 

S9 169.9 51.3 58.1 

G10 169.8 40.2 n/a 

S11 170.6 58.6 62.5 

K12 171.4 55.3 28.1 

G13 169.5 40.3 n/a 

S14 171.0 58.9 - 

K15 172.8 52.6 27.7 

R16 169.5 50.3 22.9 

R17 170.7 - 25.5 

I18 170.3 52.3 34.2 

 
Table A.4. 13C chemical shift assignments for side-chain K and R residues in the neat R5 

peptide. 

Residue Cγ (ppm)  Cδ (ppm)  Cε (ppm)  Cζ (ppm)  

K3 20.4 24.8 31.3 n/a 

K4 20.1 24.6 37.5 n/a 

K12 19.8 24.8 37.4 n/a 

K15 21.5 25.0 37.7 n/a 

R16 22.8 38.6 n/a 154.7 

R17 12.7 37.7 n/a 156.9 
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Table A.5. 13C chemical shift assignments for side-chain K and R residues in the R5-TiO2 co-

precipitate. 

Residue Cγ (ppm)  Cδ (ppm)  Cε (ppm)  Cζ (ppm)  

K3 20.7 25.2 38.1 n/a 

K4 20.7 26.3 39.9 n/a 

K12 19.7 25.9 38.1 n/a 

K15 19.3 20.0 38.3 n/a 

R16 24.7 40.2 n/a 157.6 

R17 20.3 44.2 n/a 152.6 

 
Table A.6. 13C chemical shift assignments for side-chain K and R residues in the R5-SiO2 co-

precipitate. 

Residue Cγ (ppm)  Cδ (ppm)  Cε (ppm)  Cζ (ppm)  

K3 20.4 24.4 29.5 n/a 

K4 19.9 21.5 38.1 n/a 

K12 20.2 24.8 37.8 n/a 

K15 20.2 24.6 37.6 n/a 

R16 21.2 36.9 n/a 152.9 

R17 22.2 38.5 n/a 154.6 
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Table A.7. TALOS-N38 –generated torsion angles for the neat R5 peptide obtained from 

experimental chemical shifts. 

Residue ϕ (deg) ψ (deg) 

S2 -82.9±29.1 113.6±43.3 

K3 -87.4±18.4 55.2±56.8 

K4 54.5±9.7 42.8±15.8 

S5 -96.6±13.1 -26.3±12.6 

G6 118.4±47.0 -177.3±12.8 

S7 -81.2±9.0 104.4±22.0 

Y8 -106.4±28.1 142.0±18.1 

S9 -100.1±15.1 -11.8±17.2 

G10 157.1±76.4 -172.8±15.4 

S11 -115.5±38.3 138.3±28.8 

K12 -135.0±13.3 154.5±8.0 

G13 -142.5±38.6 174.1±24.2 

S14 -145.7±9.2 147.1±9.2 

K15 -106.7±11.7 124.6±11.5 

R16 -114.7±25.3 137.5±25.3 

R17 -99.5±18.9 122.6±18.1 
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Table A.8. TALOS-N38 –generated torsion angles for R5-TiO2 obtained from experimental 

chemical shifts. 

Residue ϕ (deg) ψ (deg) 

S2 -108.5±37.5 134.1±19.2 

K3 58.4±5.4 40.2±8.5 

K4 -88.9±10.2 98.0±23.6 

S5 -146.1±9.8 155.7±11.9 

G6 -177.6±26.5 -177.5±13.6 

S9 -126.4±27.2 130.9±36.5 

G10 -96.9±32.8 -159.8±32.1 

S11 -87.6±14.4 97.6±16.6 

K12 -116.3±27.3 97.6±59.6 

G13 67.3±8.4 -130.4±14.0 

S14 -96.7±13.8 2.2±23.0 

K15 -113.7±19.7 152.2±17.1 

R16 -104.3±22.3 128.9±17.1 

R17 -90.0±9.5 108.4±15.7 

I18 -102.9±15.1 130.1±12.1 
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Table A.9. TALOS-N38 –generated torsion angles for R5-SiO2 obtained from experimental 

chemical shifts. 

Residue ϕ (deg) ψ (deg) 

S2 -91.1±28.9 74.5±74.5 

K3 -92.8±14.9 72.7±14.9 

K4 -100.2±17.9 72.7±17.9 

S5 -87.2±42.1 145.4±16.2 

G6 -174.4±52.2 -177.4±13.8 

S9 -106.9±18.9 114.6±37.8 

G10 -159.5±59.5 -117.5±12.6 

S11 -97.6±38.8 156.8±13.5 

K12 -95.6±30.7 144.2±16.9 

G13 92.6±14.4 -5.6±21.1 

S14 -113.1±40.3 145.8±9.8 

K15 -94.9±33.5 137.1±15.5 

R16 -100.9±27.0 124.6±38.2 

R17 -107.3±29.9 134.8±12.5 

I18 - - 

  



 

 

108 

 

 
Figure A.5. Backbone ΔΔCS plots showing differences in chemical shift perturbations 

between the TiO2 and SiO2 systems for (a) 13CO shifts, (b) 13Cα shifts, and (c) 13Cβ shifts. ΔΔCS 

are obtained by ΔCS(TiO2)-ΔCS(SiO2). ΔCS(TiO2) and ΔCS(SiO2) are the chemical shift 

perturbations obtained by subtracting the chemical shift of the 13C spin in neat R5 from the 

corresponding 13C shift in the R5-TiO2 or R5-SiO2 co-precipitate, respectively. A positive ΔΔCS 

corresponds to ΔCS(SiO2) smaller than ΔCS(TiO2), while a negative ΔΔCS corresponds to 

ΔCS(SiO2) larger than ΔCS(TiO2). 
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Figure A.6. Side-chain ΔΔCS plots showing differences in chemical shift perturbations between 
the TiO2 and SiO2 systems for (a) 13Cγ shifts, (b) 13Cδ shifts, (c) 13Cε shifts, and (d) 13Cζ shifts. 
ΔΔCS are obtained by ΔCS(TiO2)-ΔCS(SiO2). ΔCS(TiO2) and ΔCS(SiO2) are the chemical shift 
perturbations obtained by subtracting the chemical shift of the 13C spin in neat R5 from the 
corresponding 13C shift in the R5-TiO2 or R5-SiO2 co-precipitate, respectively. A positive ΔΔCS 
corresponds to ΔCS(SiO2) smaller than ΔCS(TiO2), while a negative ΔΔCS corresponds to 
ΔCS(SiO2) larger than ΔCS(TiO2). 
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APPENDIX B 
 
Peptide Design. The design of the S-K peptides used in the TiO2-precipitation assay was based 
upon (1) the study of TiO2-precipitating ability of R5 mutants and (2) work with Kn (n=2-5) 
peptides. While it is widely accepted that K residues play a vital role in initiating mineral 
precipitation, studies have shown that S residues are integral in the morphological control of the 
TiO2 precipitate.103 Therefore, we decided to include 2 or more S residues in each S-K peptide in 
the assay. Because S residues can be contiguous or separate in R5, we decided to test the affects 
of S placement on morphology in the S-K peptides. We designed peptides with contiguous S 
residues and then increased the number of K residues between them. Based upon our hypothesis 
that a greater number of lysine residues would help promote TiO2 precipitation, we made the 
lysine residues more prevalent. The resulting K:S ratios range from 1.25-5. 
 
We also observed TiO2 precipitation from the K5 peptide, but not from the K2, K3, or K4 
peptides. This led us to set our minimum peptide length at 5 residues. Our maximum length was 
set to 12 residues, as R5 has been shown to precipitate TiO2 in a truncated mutant of 12 
residues.103  
 
The selection of peptides for further study was based upon amount of precipitate, morphology of 
the precipitate, and unique peptide primary structure. 
 
 
 
 

 
Figure B.1. Stacked 1D 13C CP MAS spectra for (a) S1K2 and (b) S3K4 in their neat and TiO2 
co-precipitated forms.  
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Figure B.2. Stacked 1D 13C CP MAS spectra for (a) K5 and (b) K6S7 in their neat and TiO2 co-
precipitated forms.  
 

  
Figure B.3. Stacked 1D 13C CP MAS spectra for K8 in its neat and TiO2 co-precipitated form. 
 

Table B.1. 13C chemical shift assignments for backbone residues in the neat KSSKK peptide. 
Residue  CO (ppm)  Cα (ppm)  Cβ (ppm)  

K1 170.8 55.1 31.5 

S2 170.7 55.2 62.7 

S3 171.8 53.7 60.7 

K4 176.3 53.6 29.1 
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Table B.2. 13C chemical shift assignments for backbone residues in the KSSKK-TiO2 co-

precipitate. 
Residue  CO (ppm)  Cα (ppm)  Cβ (ppm)  

K1 170.5 53.5 29.8 

S2 169.7 61.0 71.8 

S3 171.2 58.1 61.1 

K4 173.8 53.9 29.2 

 

Table B.3. 13C chemical shift assignments for side-chain residues in the neat KSSKK peptide.  
 

Residue  Cγ (ppm)  Cδ (ppm)  Cε (ppm)  

K1 23.4 28.0 40.7 

K4 21.7 26.0 39.0 

 

Table B.4. 13C chemical shift assignments for side-chain residues in the KSSKK-TiO2 co-
precipitate. 

Residue  Cγ (ppm)  Cδ (ppm)  Cε (ppm)  

K1 21.5 26.8 39.7 

K4 20.6 21.7 39.1 
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Table B.5. 13C chemical shift assignments for backbone residues in the neat SKSK3SKS peptide. 
Residue  CO (ppm)  Cα (ppm)  Cβ (ppm)  

S1  166.6 60.3 61.1 

K2  170.0 53.8 33.3 

S3  165.7 59.9 63.8 

K4  169.9 52.5 33.5 

K5  169.8 52.0 37.7 

K6  175.1 51.3 38.6  

S7  170.4 52.6 53.4 

K8  171.5 52.3 33.2 

 

Table B.6. 13C chemical shift assignments for backbone residues in the SKSK3SKS-TiO2 
peptide. 

Residue  CO (ppm)  Cα (ppm)  Cβ (ppm)  

S1  168.2 52.2 52.9 

K2  169.3 51.9 24.1 

S3  171.6 59.2 60.3 

K4  174.1 53.8 26.9 

K5  170.5 52.0 37.6 

K6  173.9 54.0 39.6  

S7  170.6 55.5 59.5 

K8  170.8 52.9 37.9 
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Table B.7. 13C chemical shift assignments for side-chain residues in the neat SKSK3SKS co-
precipitate. 

Residue  Cγ (ppm)  Cδ (ppm)  Cε (ppm)  

K2  21.3 26.6 39.0 

K4  21.1 26.4 38.5 

K5  22.4 26.9 39.1 

K6 25.0 25.9 39.2 

K8  22.2 26.6 39.1 

 

Table B.8. 13C chemical shift assignments for side-chain residues in the SKSK3SKS-TiO2 co-
precipitate. 

Residue  Cγ (ppm)  Cδ (ppm)  Cε (ppm)  

K2  17.4 23.1 37.2 

K4  19.9 25.8 39.1 

K5  25.2 25.3 37.7 

K6 28.1 28.2 39.6 

K8  19.5 24.7 49.8 

 
Table B.9. TALOS-N38 –generated torsion angles for the neat KSSKK peptide obtained from 

experimental chemical shifts. 
Residue  ϕ (deg)  ψ (deg)  

S2  -107.0±23.3 133.5±19.0 

S3  -92.7±9.2 105.2±18.4 

K4  -86.9±9.3 92.1±12.2 
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Table B.10. TALOS-N38 –generated torsion angles for the KSSKK-TiO2 co-precipitate obtained 
from experimental chemical shifts. 

Residue  ϕ (deg)  ψ (deg)  

S2  -138.9±10.2 149.3±13.2 

S3  -109.8±40.0 139.6±30.9 

K4  -102.2±38.8 38.8±87.0 

 

Table B.11. TALOS-N38 –generated torsion angles for the neat SKSK3SKS peptide obtained 
from experimental chemical shifts. 

Residue  ϕ (deg)  ψ (deg)  

K2  -104.3±43.4 149.9±14.7 

S3  -65.6±24.5 139.6±9.5 

K4  -123.4±28.8 146.8±17.7 

K5  -131.8±14.2 144.8±8.6 

K6 -130.1±8.5 150.8±8.6 

S7  -140.4±17.1 153.6±20.6 

K8  -134.0±8.4 157.3±8.4 
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Table B.12. TALOS-N38 –generated torsion angles for the SKSK3SKS-TiO2 co-precipitate 
obtained from experimental chemical shifts. 

Residue  ϕ (deg)  ψ (deg)  

K2  -83.5±14.6 -11.3±31.5 

S3  -114.5±32.9 145.3±14.5 

K4  -94.1±28.7 146.1±21.2 

K5  -135.7±10.0 152.0±9.4 

K6 -140.1±9.7 148.9±7.9 

S7  -134.9±20.8 155.8±18.2 

K8  -137.6±11.1 150.7±8.9 
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APPENDIX C 
 

 
Figure C.1. 13C-13C DARR spectra of HAP-adsorbed (a) D2R9, (b) D3R10, (c) E4F7, (d) 

E5F14, (e) K6, and (f) R13.  
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Figure C.2. 13C-13C DARR spectra of SiO2-adsorbed (a) D2R9, (b) D3R10, (c) E4F7, (d) 

E5F14, (e) K6, and (f) R13.  
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Figure C.3. 13C-13C DARR spectra of TiO2-adsorbed (a) D2R9, (b) D3R10, (c) E4F7, (d) 

E5F14, (e) K6, and (f) R13.  
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Table C.1. 13C chemical shift assignments for backbone residues in the neat SNa15 peptide. 
Residue CO (ppm) Cα (ppm) Cβ (ppm) 

D2 174.1 51.1 36.1 

D3 175.1 51 35.9 

E4 176.4 58.4 26.8 

E5 176.3 57.2 25.9 

K6 175.8 58.4 31.3 

F7 175.3 60.4 37.4 

R9 176.4 57.9 28.1 

R10 176.5 58.9 28.4 

G12 168.4 39.3 n/a 

R13 174.8 56.4 28.6 

F14 174 55.8 37.3 

 
Table C.2. 13C chemical shift assignments for backbone residues in the HAP-adsorbed SNa15 

peptide. 
Residue CO (ppm) Cα (ppm) Cβ (ppm) 

D2 176.4 52.1 40.6 

D3 177.6 54 39.1 

E4 175.6 59.6 25.3 

E5 176.2 59.2 27.8 

K6 176 57.6 28.6 

F7 175.3 59.6 37.4 

R9 174.6 54.2 27.5 

R10 177.2 57.2 27.7 

G12 172.9 43.2 n/a 

R13 174.6 55.2 27.8 

F14 178.6 58.6 37.4 
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Table C.3. 13C chemical shift assignments for backbone residues in the SiO2-adsorbed SNa15 
peptide. 

Residue CO (ppm) Cα (ppm) Cβ (ppm) 

D2 174.9 53.7 38.3 

D3 176.4 51.2 37.8 

E4 175.4 58 27.1 

E5 174.5 55.8 26.1 

K6 176.2 57.7 30.9 

F7 177.9 60.4 34.6 

R9 175.4 56.3 28.4 

R10 175.9 55.1 26.9 

G12 173 43.1 n/a 

R13 174.4 54.7 28.5 

F14 173.8 55 37.2 

 
Table C.4. 13C chemical shift assignments for backbone residues in the TiO2-adsorbed SNa15 

peptide. 
Residue CO (ppm) Cα (ppm) Cβ (ppm) 

D2 172.8 53.5 39 

D3 175.3 56.8 39.9 

E4 175 59.5 26.8 

E5 175.5 57.6 27.4 

K6 175.7 58.2 30.9 

F7 175.7 59.7 35.6 

R9 176.4 57.9 28.5 

R10 176.6 58.4 27.6 

G12 173.2 43.4 n/a 

R13 174.3 55.4 28.5 

F14 174.3 54.2 37.1 
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Table C.5. 13C chemical shift assignments for side-chain residues in the neat SNa15 peptide. 
Residue Cγ (ppm) Cδ (ppm) Cε (ppm) Cζ (ppm) 

D2 177.2 n/a n/a n/a 

D3 176.7 n/a n/a n/a 

E4 30.5 177.3 n/a n/a 

E5 30.9 176.8 n/a n/a 

K6 24.2 28.1 40.7 n/a 

F7 136.8 129.7 129.5 129.3 

R9 27.3 42.3 n/a 158 

R10 26.8 42.4 n/a 157.6 

R13 27.5 42.5 n/a 157.8 

F14 137.8 129.7 129.3 129.3 

 
Table C.6. 13C chemical shift assignments for side-chain residues in the HAP-adsorbed SNa15 

peptide. 
Residue Cγ (ppm) Cδ (ppm) Cε (ppm) Cζ (ppm) 

D2 178.4 n/a n/a n/a 

D3 178 n/a n/a n/a 

E4 37.1 180.4 n/a n/a 

E5 37.1 181.1 n/a n/a 

K6 23.9 27.4 39.7 n/a 

F7 137.4 129.3 128.5 128.5 

R9 26.1 42 n/a 158.3 

R10 26.1 43.3 n/a 158.1 

R13 25.8 41.6 n/a 158.1 

F14 139.4 129.5 129.5 129.5 
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Table C.7. 13C chemical shift assignments for side-chain residues in the SiO2-adsorbed SNa15 
peptide. 

Residue Cγ (ppm) Cδ (ppm) Cε (ppm) Cζ (ppm) 

D2 179.2 n/a n/a n/a 

D3 178.7 n/a n/a n/a 

E4 36.2 181.8 n/a n/a 

E5 38.1 182.1 n/a n/a 

K6 22.7 27.5 40.6 n/a 

F7 136.7 129.5 129.3 128.8 

R9 27.2 42.7 n/a 158.1 

R10 26 41.7 n/a 157.5 

R13 25.5 41.6 n/a 157.5 

F14 136.9 129.6 128.3 128.1 

 
Table C.8. 13C chemical shift assignments for side-chain residues in the TiO2-adsorbed SNa15 

peptide. 
Residue Cγ (ppm) Cδ (ppm) Cε (ppm) Cζ (ppm) 

D2 177.9 n/a n/a n/a 

D3 177.1 n/a n/a n/a 

E4 37.1 181.3 n/a n/a 

E5 37.7 180.6 n/a n/a 

K6 24.7 27.9 40.3 n/a 

F7 137.5 129.8 129 129 

R9 26.7 42.1 n/a 158.4 

R10 26.1 43 n/a 158.2 

R13 25.6 41.3 n/a 158.1 

F14 138.7 130.1 129.3 128.2 
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Table C.9. 15N chemical shift assignments for side-chain residues in the neat SNa15 peptide. 
Residue Nε (ppm) NH (ppm) Nζ (ppm) 

K6 n/a n/a 33.7 

R9 85.1 72.9 n/a 

R10 85.7 73.1 n/a 

R13 85.4 72.9 n/a 

 
Table C.10. 15N chemical shift assignments for side-chain residues in the HAP-adsorbed SNa15 

peptide. 
Residue Nε (ppm) NH (ppm) Nζ (ppm) 

K6 n/a n/a 34.6 

R9 85 75.2 n/a 

R10 83.6 73.7 n/a 

R13 85.7 73.1 n/a 

 
Table C.11. 15N chemical shift assignments for side-chain residues in the SiO2-adsorbed SNa15 

peptide. 
Residue Nε (ppm) NH (ppm) Nζ (ppm) 

K6 n/a n/a 33.9 

R9 85.9 74.2 n/a 

R10 85.3 72.6 n/a 

R13 85.4 72.2 n/a 

 
Table C.12. 15N chemical shift assignments for side-chain residues in the TiO2-adsorbed SNa15 

peptide. 
Residue Nε (ppm) NH (ppm) Nζ (ppm) 

K6 n/a n/a 33.9 

R9 85.3 76.4 n/a 

R10 84.7 74.5 n/a 

R13 85 73.6 n/a 
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Table C.13. TALOS-N38 –generated torsion angles for the neat SNa15 peptide obtained from 
experimental chemical shifts. 

Residue ϕ (deg.) Ψ (deg.) 

D3 -99±14.9 61.7±31.2 

E4 -59.7±4 -41.9±7.1 

E5 -62.4±4.9 -39.1±6.7 

K6 -63.8±9.3 -40.5±8.6 

F7 -63.9±7.1 -40.4±8.7 

L8 -66±5.6 -36.8±8.1 

R9 -63.1±5.4 -34.6±5.4 

R10 -69.3±7.5 -28.1±8.6 

I11 -90.2±16.3 -20.8±15.6 

G12 88.9±15.8 -168±22.6 

R13 -82.8±27.5 137.1±10.3 

F14 -84±10.4 123±12.9 
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Table C.14. TALOS-N38 –generated torsion angles for the HAP-adsorbed SNa15 peptide 
obtained from experimental chemical shifts. 

Residue ϕ (deg.) Ψ (deg.) 

D3 -53.2±61.2 162.2±33.6 

E4 62.8±8.8 27.5±12.4 

E5 -57±23 -34±17 

K6 -62.4±6 -38.1±9 

F7 -69.3±6.7 -33.5±8.7 

L8 -82.1±15.2 -12.6±16.6 

R9 -77.2±14.7 -7.8±37.9 

R10 -90.3±24.2 -19.1±24.1 

I11 -75.7±14.1 -26.9±20 

G12 92.4±19.2 -164.7±20.9 

R13 -78.7±13.4 110.4±21.3 

F14 -65.3±7.8 138.6±10.2 
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Table C.15. TALOS-N38 –generated torsion angles for the SiO2-adsorbed SNa15 peptide 
obtained from experimental chemical shifts. 

Residue ϕ (deg.) Ψ (deg.) 

D3 -98.5±9.2 16.2±17.8 

E4 57.7±6.7 39.8±8.4 

E5 -95.1±19.6 81.1±23.3 

K6 -62.4±7 -35.2±8.3 

F7 -61.7±4.6 -30.6±7.9 

L8 -66.2±5.7 -27.2±7.9 

R9 -81.1±12.9 -5.8±11.6 

R10 -87.3±15.9 53.6±65.2 

I11 -103.1±22.1 139.5±13.2 

G12 -114.1±20.4 159.9±19.9 

R13 -82.9±13.7 129±13.7 

F14 -88.8±8.6 118.6±12.3 
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Table C.16. TALOS-N38 –generated torsion angles for the TiO2-adsorbed SNa15 peptide 
obtained from experimental chemical shifts. 

Residue ϕ (deg.) Ψ (deg.) 

D3 -73.7±17 -22.8±29.2 

E4 -69.3±13 -34.3±19.5 

E5 -69±13 -25.2±45.1 

K6 -60±5.6 -35±6.2 

F7 -68.4±7.7 -33.5±11.8 

L8 -64.9±7.9 -35.1±9.4 

R9 -63.3±6.3 -30.6±9.2 

R10 -74.9±11.8 -21.9±16.9 

I11 -82.9±19.3 -21.8±19.6 

G12 88.2±15.8 -166.7±24.9 

R13 -75±12.3 131.8±10.1 

F14 -90.7±9.1 115.5±15.4 
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