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Abstract

Computational modeling of protein/surface systems is challenging since the
conformational variations of the protein and its interactions with the surface need to be
considered at once. Adoption of ab initio methods to this purpose is overwhelming and
computationally extremely expensive so that, in many cases, dramatically simplified
systems (e.g., small peptides or amino acids) are used, at the expenses of modeling non-
realistic systems. In this work we propose a cost-effective strategy for the modeling of
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peptide/surface interactions at a full quantum mechanical level, taking the adsorption of
polyglycine on the TiO2 (101) anatase surface as a test case. Our approach is based on the
plenty use of the periodic boundary conditions for both the surface model and the
polyglycine peptide, giving rise to full periodic polyglycine/TiO; surface systems. By
proceeding this way, the considered complexes are modelled with a drastically reduced
number of atoms compared with the finite-analogous systems, modeling at the same time
the polypeptide structures in a realistic way. Within our modeling approach, full periodic
DFT calculations (including implicit solvation effects) and ab initio molecular dynamics
(AIMD) simulations at the PBE-D2* theory level have been carried out to investigate the
adsorption and relative stability of the different polyglycine structures (i.e., extended
primary, B-sheet and a-helix) on the TiO: surface. It has been found that, upon adsorption,
secondary structures become partially denatured because the peptide C=0 groups form
Ti-O=C dative bonds. AIMD simulations have been fundamental to identify these
phenomena because thermal and entropic effects are of paramount importance.
Irrespective of the simulated environments (gas phase and implicit solvent), adsorption
of a-helix is more favorable than that of B-sheet because in the former more Ti-O=C
bonds are formed and the adsorbed secondary structure results less distorted with respect
to the isolated state. Under implicit water solvent, additionally, adsorbed [-sheet
structures weaken with respect to their isolated states, as the H-bonds between strands are
longer due to solvation effects. Accordingly, results indicate that the preferred

conformation upon adsorption is the a-helix over the 3-sheet.

Introduction



The modeling of protein/surface interactions is a compelling issue for
computational chemistry.!* For these cases, in addition to the large conformational
variability of the biological partner, the interaction with the solid surfaces also comes into
play, inferring an enormous complexity in the considered systems. Because of such a
complexity, one can find different strategies to computationally model protein/surface

systems. On one hand, there is the use of simplified biological systems, e.g., oligopeptides

5-10 11-25

with a reduced number of residues, single amino acids, or even amino acid
analogues.?**3 This allows adopting high-quality ab initio methods and to focus on the
specific contribution of the various constituting components in the interaction. However,
a biological system is not a mere collection of simplified monomers and accordingly this
modeling approach overlooks long-ranged and cooperative effects that can greatly
contribute to the stability of the protein/surface systems. On the other hand, there is the
use of large polypeptides or the actual proteins. However, due to the extremely large size
of the systems, the use of ab initio methods is out of reach. Consequently, cheaper but
more approximated methods (semi-empirical or force field) must be used, at the expenses
of a lower accuracy and, in the case of molecular mechanics-based methods, the inability
to cope with bond breaking/making, which may well occur between side chain
functionalities and the surfaces. In that respect, force fields need to be tailored to properly
describe the specific physical properties and interactions of material surfaces and
biological molecules, since models and force fields designed for use in biomolecular

simulations are usually not directly transferable to protein/surface simulations. The

common types of surface materials in protein—surface computational studies are metal
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surfaces,’*37 metal oxides and minerals, polymers and carbon allotropic

surfaces.*0-30



The interaction between proteins and surfaces is of great relevance in many
fields,! including bionanotechnology,’? >3 biomedicine,>* and biomaterials.>®> Moreover,
the interest of this topic is not limited to these applied fields, but it is also of importance
in fundamental research as it has implications in prebiotic chemistry and origin of life
studies.’® 7 Indeed, it has been long postulated that mineral surfaces could have played a
central role in the synthesis of biopolymers (e.g., polypeptides from amino acid
condensation reactions) by catalyzing the processes.’®°! Additionally, the interaction of
polypeptides with naturally-occurring surfaces could have induced their folding into
biologically active states, namely, a-helix and [-sheet secondary structures, this way
helping to fine tune the machinery that triggered the first biocatalytic reactions needed
for the emergence of life.%?% Intriguing questions are devoted to know how and why
polypeptides change their conformational state upon adsorption, which are related to

determine the binding mechanisms and anchoring points present at the interfaces.

Here we present a computational modeling strategy to investigate the interaction
of polypeptides with solid-state surfaces. In particular, we present results for the
adsorption of a primary extended (i.e., linear polymeric) structure and the secondary (i.e.,
a-helix and B-sheet) structures of a polypeptide model consisting only of glycine residues
(i.e., a polyglycine peptide) on the (101) TiO; anatase surface by adopting a full ab initio
periodic approach through both static and dynamic electronic structure simulations. The
key point of our modeling strategy is to take the advantage of the periodic boundary
conditions used to model the surface, which is also applied to the polyglycine peptide
model, in such a way that infinite peptide biopolymers folded in different biologically
relevant structures are naturally accounted for in the simulations. A similar strategy was
originally adopted to model helicoidal conformations of polyglycine chains,’® and more

recently to model the isolated collagen protein with ab-initio methods (using roto-



translational symmetry)®’7® and its adsorption on hydroxyapatite surfaces.”! This
procedure has allowed us to simulate the adsorption of polyglycine on the surface plenty,
i.e., without the need to use simplified or reduced model systems, by describing both

short- and long-range interactions consistently and at the same level of accuracy.

Ti0; is a very attractive material in modern science and technology and is widely
used in different fields, including those mentioned above. In nature, three TiO>
polymorphs can be found: rutile, anatase and brookite. Due to the distinctive catalytic and
semiconducting properties of the two former ones, they are the most studied TiO:
materials as photocatalysts in water splitting to produce green currency of energy (i.e.,
hydrogen), as assistants in photo degradation of organic molecules for purification and
disinfection of wastewater, and as principal components in photovoltaic dye sensitized
solar cells.”> Moreover, due to their chemical stability, non-toxicity and biocompatibility,
TiO> nanostructures are also used for biomedical purposes,’ such as being constituents
in drug delivery systems and as additive coating materials in orthopedic and dental
implants. Additionally, they are currently emerging as new antimicrobial agents, thereby
also having potential applications in the antibacterial field. In the particular topic of
peptide/surface interactions, it has been shown that TiO> nanoparticles can promote the

fibrillation of amyloid-B.”* This phenomenon seems to be correlated with a stabilization

of the peptide B-sheet structures,” which is the usual secondary structure of polypeptide
chains in fibrillary aggregates.”® Additionally, it has been demonstrated through theory
and experiments that TiO; can catalyse the formation of peptide bonds between glycine
molecules,””> ” in which long chain polypeptides (up to 16 monomers) were formed.
Moreover, experimental measurements also indicated that the resulting polypeptides
adopted helical structures, pointing out a plausible role of TiO; in inducing the peptide

folding into a bioactive conformation.



By modeling the polyglycine/TiO: interactions adopting the above-mentioned
strategy, present simulations allow us to provide unique insights on the structure and
stability of polyglycine structures once adsorbed on the (101) TiO anatase surface,
considering both gas-phase conditions and in the presence of water as solvent (using the
PCM implicit solvation model), in which, additionally, we show the relevance to include
dynamical effects to actually determine the structural stability of the considered
complexes. Overall, the main objective of the present work is to present a consistent, cost-
effective strategy to simulate the interactions of secondary structures of a protein with
inorganic surfaces. Simulating such interactions is a difficult task and the present
methodology overcomes, in part, this difficulty by exploiting the periodicity of the
secondary structure. This methodology is shown for polyglycine, the simplest system, but
it can be extended to secondary structures with different amino acid composition. Note,
however, that a high variability composition will imply a significant increase of
computational resources, due to the enlargement of the considered unit cell. Clearly, this
methodology would not be applicable, or would not suppose any benefit, to study the
adsorption of a whole protein enclosing different secondary structures. Nevertheless, this
approach may help disentangle the complex interaction of a real protein with a surface in
terms of its subunits, thereby providing new hints on how the adsorption process can

ocCcur.

Methods
Modeling polyglycine/TiO> complexes

The non-polar TiO; (101) anatase surface was modelled as a crystalline periodic
slab system, which was constructed by cutting out the TiO anatase bulk structure along

the [101] direction (see Figure 1). The cell parameters of the bulk were kept fixed to its
6



experimental values (a=b=3.784 A, c=10.239 A, a=B=y=90°).8! The surface slab model
consisted of 3 layers of TiO> (with a thickness of ca. 10 A), which is the optimum trade-
off between accuracy and computational cost.'” In all the calculations, only the internal
positions of the atoms were optimized, keeping the cell parameters fixed. The unit cell
used has parameters equal to a=7.569 A, »=10.239 A, y=90°. For some cases a (2x1)
supercell-based slab was used because of the size of the polyglycine structures and to
avoid fictitious lateral interactions. The ¢ value, which modulates the interlayer distance
between replicated slab images, was fixed at 30 A, thus ensuring an empty space of at

least 15 A among fictitious slab replicas.

As mentioned in the Introduction, the key point to model the polyglycine/TiO2
complexes by means of a full ab initio periodic approach is that the periodicity adopted
to model the slab surface was also adopted to model the polypeptide structures. By
proceeding this way, both the extended primary structure and the B-sheet and a-helix
secondary structures were also modelled as periodic systems (see Figure 2). For B-sheet
structures, in which both parallel and antiparallel conformations have been considered,
this modeling strategy was possible by imposing periodicity along both the a and b
directions. Periodicity along the former direction served to model a collection of infinite
B-strands, while along the latter direction to model the hydrogen bond (H-bond)
interactions between strands, in this case established between strands belonging to
adjacent unit cells. For the primary extended and a-helix structures, since there are no
interactions between structures of adjacent unit cells, periodicity was imposed only
through one direction to model the periodic structures. By proceeding this way, the
different periodic polyglycine structures were modelled with different glycine units (AA
unit) per unit cell: 2 for the extended primary structure, 4 for the -sheets, and 7 for the

a-helices. Such isolated periodic polypeptides were obtained by optimising their periodic



structures using an empty space of 20 A in the non-periodic directions. In these
calculations, both atomic positions and cell parameters were relaxed. Remarkably, this
strategy of modeling infinite biopolymeric systems has allowed us to significantly reduce
the computational cost of the simulations. Indeed, considering the a-helix as the largest
polyglycine structure, only 7 glycine residues per unit cell were needed, a total of 193
atoms if we consider the entire peptide/surface system. In contrast, by modeling a finite
(i.e., non-periodic) a-helix structure, at least 12 glycine residues should be used to arrive
at reasonable structure, meaning ~500 atoms that constitute the peptide/surface system.'®
We should bear in mind that an increase of the number of the residues is associated with
an increase of the unit cell size of the surface in order to model reasonably well the
adsorption, and hence the dramatic increase of the number of atoms in comparison with

our approach.

Finally, it is worth mentioning that this “all-periodic” modeling approach used
here is possible thanks to the good match between the cell dimensions of the TiO; surface
model and the isolated periodic polypeptide structures. That is, the unit cell of the
extended primary polyglycine system is ~7.3 A, which is almost the same value as the a
parameter of the surface unit cell (a=7.569 A); the unit cell of the B-sheet structures has
a~7.3 A and b~10.1/9.7 A (parallel/antiparallel conformation), which are very close to
the surface unit cell (a=7.569 A and b=10.23935 A); finally, the unit cell of the o-helix is
~10.4 A, which is very close to the b parameter of the surface unit cell (a=15.138 A and
b=10. 23935 A). Only for the a-helix a (2x1) supercell was used, in order to avoid lateral

interactions in the non-periodic direction of the a-helix.

Computational details



All periodic calculations were carried out with the Vienna Ab-initio Simulation
Package (VASP),32-% through which both static quantum mechanical (QM) optimizations
and ab-initio molecular dynamics (AIMD) simulations were performed. VASP, for the
description of the internal ionic cores uses the projector-augmented wave (PAW),3¢ while
for the valence electrons uses planewaves basis sets. The Perdew-Burke-Ernzerhof
(PBE)}” DFT method in combination with the D2*3% 8 empirical correction (a modified
version of the original Grimme’s D2 term for extended systems) to include dispersion

forces was adopted as the QM methodology of calculation.

For geometry optimizations, the cut-off energy was set to 500 eV, the self-
consistent field (SCF) convergence tolerance to AE=10 eV, and the tolerance for
geometry optimization convergence to 0.01 eV/A for each atom in any direction. For the
systems involving the extended primary and [-sheet structures (i.e., the smallest ones)
the k-point mesh was set to (3,3,1), while for those involving the a-helix (i.e., the largest
ones) to (2,2,1). In addition to gas-phase, geometry optimizations considering solvent
effects have been carried out through the implicit polarizable continuum model (PCM) as

implemented in VASP.%%-?!

Calculation of the vibrational frequencies on the optimized structures were also
carried out but only focused on the peptide C=0 group. Because of that, a reduced Hessian
matrix was built up at the I'-point by numerical differentiation of the analytical first
derivatives using the central difference formula (i.e., two displacements for each atom in
each direction), in our case following only the CO displacements. The SCF convergence

tolerance in this frequency calculation procedure was set to AE=10°¢V.

For AIMD simulations, the cut-off energy was set to 400 eV and the SCF

convergence tolerance to AE=10 eV. An equilibration period of 1 ps (1000 steps of 1 fs)



in the NVE microcanonical ensemble at the fixed temperature of T=300K was first
performed, in which the velocities were scaled at each step. This was followed by a
production period of 10 ps in the NVT canonical ensemble, in which the frequency of the
temperature oscillation was controlled by the Nosé mass. In order to avoid spurious
deformations of the slab structure (since real surfaces are linked to a rigid, macroscopic
bulk), only upper atomic layers of the surface model were allowed to move according to
the motion’s equations for both the equilibration and the production periods, the

bottommost atomic layer being at fixed positions.

These adopted computational parameters ensure a full numerical convergence on

all the computed properties presented in this work.
Energetics

The adsorption energies of the different polyglycine structures on the TiO» (101)
anatase surface, both in the gas phase and in implicit PCM water solvent, were calculated

as:

PGLY M (PGLY /a/B)
AE,ps = EépLX falf) _ (T) Epgry — Esurr (1)

where the notation (PGLY/a/B) indicates the polyglycine structure we refer to
(PGLY=extended primary, a=a-helix and f=B-sheet), E;p;x is the total energy of the
given polyglycine/surface complex, Eps y is the total energy of the isolated extended
primary polyglycine system, M is the number of AA units of the corresponding adsorbed
polyglycine structure in the unit cell, N is the number of AA units of the primary extended
structure in the unit cell (i.e., 2), and Egygp is the energy of the isolated surface with the
unit cell size adopted for the adsorption of each polyglycine structure (i.e., 1x1 for the
adsorption of the extended primary and [3-sheet structures and 2x1 for the adsorption of

the a-helix structures). By using equation (1), the adsorption energies were computed
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taking as peptide of reference the isolated extended primary structure in such a way that
all the adsorption energies are referenced from the same system, in this case, the simplest
structure. Additionally, by using the isolated extended primary as reference, AE,pg
accounts for the cost of the cell deformation when the polyglycine interacts with the
surface, and on the other hand, the stabilising effects due to the formation of the H-bond

interactions defining the a-helix and B-sheets secondary structures.

As the different periodic polyglycine structures were modelled with different
amino acidic units (AA units) per unit cell, for a proper comparison between computed
adsorption energies, the AE,,s values were normalized as a function of the AA units as

follows:

AE
AEADS/unit = I;DS (2)

where M, as mentioned above, are the number of AA units of each adsorbed polyglycine

structure in their unit cell.

Furthermore, we also calculated the energetic gain due to the formation of the H-
bond pattern of the secondary structure (a-helix or -sheet) with respect to the extended

primary structure (AEy /,n;¢) and the deformation energy of the secondary structures due

to the adsorption (AE ¢ /ynit) as follows:

m@/B) 1
AEH/unit = [Es(gig) - ( N )EPGLY] X M@/B) 3)
— | p@/B) (a/B) 1
AEdef/unit = [ESGLY//CPLX — EgeLy ] X M@/B) “4)

where Eg;;y is the total energy of the corresponding isolated secondary structure and

EscLy//cpLx 1s the total energy of the corresponding isolated secondary structure but in

their optimized geometry on the surface. The sum of the two terms gives the energy

11



balance of the H-bond gain and the deformation energy when the polyglycine secondary

structures adsorb on the surface with respect to the extended primary structure:
AEH+def/unit = AEH/unit + AEdef/unit Q)

In the case of the B-sheet/Ti0, complexes, it is interesting to evaluate all the most
important contributions to the total adsorption energy, i.e. not only the adsorption energy
of the whole B-sheets, but also the adsorption energy of each B-strand with the surface
and the interaction energy of the H-bond interactions between the B-strands. The aim is
to study the cooperative effects (positive or negative) among the strands. Figure 3
represents schematically a generic B-sheet/TiO> complex, which is formed by two B-
strands (P1 and P2) per unit cell interacting with the surface (S). This is a common three-
body problem, not resolvable analytically. However, to estimate each energy contribution
to the total adsorption energy with a good accuracy and shed some light into the likely
cooperative effects triggered by the adsorption, we have proceeded as follows. From a
given optimized f-sheet/TiO2 complex, we removed one or two of the three bodies, and
performed single-point energy calculations. By proceeding this way, we can decompose
the total adsorption energy as: i) AEn.vond, the interaction energy between P1 and P2
without S (i.e., the H-bond contribution), ii) AE1, the interaction energy of P1 with S
without P2, and iii) AE2, the interaction energy of P2 with S without P1. Considering that
Es, Ep1 and Ep; are the single-point absolute energies of the isolated S, P1 and P2 at the
optimized [-sheet/TiO> complex geometry, respectively, the calculation of each

contribution (AEH-bond, AE1 and AE2) was done as:
AEH-bond = Ep - (Ep1 + Ep2) (6)
where Ep is the single-point absolute energy of the B-sheet without S at the optimized 3-

sheet/TiO> complex geometry, and

12



AE1 = Epis — (Es + Ep1) (7
AE2 = Epzs — (Es + Ep2) (®)

where Epis is the single-point absolute energy of the P1/S complex without P2 and Epas
is the single-point absolute energy of the P2/S complex without P1, both cases at the

optimized B-sheet/TiO2 complex geometry.

Finally, we propose a way to assess the capability of the surface to induce peptide
folding into a specific secondary structure conformation and, more specifically, if, once
the peptide is adsorbed, the interconversion between secondary structures is possible, at
least according to the thermodynamics. To know which secondary structure is more stable
on the surfaces (i.e., the relative stability between B-sheet and a-helix on the TiO:
surface), this is possible by comparing the calculated AE,pg ;¢ values for each complex.

That is:

_ (B-PGLY) (a—PGLY)
AAEsurf/unit - AEADS/um't - AEADS/unit )

where AAEg,; ¢ junic gives the relative energy between the adsorbed B-sheet and o-helix

on, which is obtained by the energy difference between the adsorption energies (per AA
unit) of the a-helix and the B-sheet structures (computed using equations 1 and 2 and
accordingly referenced from the extended primary structure PGLY). This energy
difference arises from the energy cycle shown in Figure 4A, which connects the
adsorption energies (per AA unit) of the isolated extended primary structure on the
surface with the a-helix/TiO> — B-sheet/TiO> conversion process. Note that this direct
energy difference is only possible using the normalized adsorption energy values, as the
B-sheet/TiO; and o-helix/TiO; systems have different AA units in the periodic structure
and they are adsorbed on different surface unit cells. However, this straightforward

calculation does not provide any information on the energy cost involved in the
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conversion process. To have deeper insights onto that, we build up the energetic cycle
shown in Figure 4B, in which the conversion from the a-helix/TiO; to the B-sheet/TiO2
complexes is decomposed in three steps: i) desorption of the a-helix from the surface to
be in its isolated state, ii) conversion of the isolated o-helix into B-sheet, and iii)
adsorption of the isolated B-sheet on the surface. Each step is associated with an energy
cost/gain, the global balance indicating if the process is favourable or not. According to
the cycle, the reaction energy for the conversion of a-helix/TiO2 — B-sheet/TiO2 can be

expressed as:

AAEsurf/unit = AEﬁg)s/umt - AE,&E%/unit + AAEiso/unit (10)

where AE[E{% Junit and AE,%?@ Junit aT€ the adsorption energies (per AA unit) of the B-sheet

and a-helix structures, respectively, on the TiO; surface from their corresponding isolated

states, that is:

(@/B) _ [pa/B) (a/B) (a/B) 1
AEADS/unit - [ECPLX — Esery” — Esyrr | X M@/ B) (11)

and AAEjg, jynie 18 the energy associated with the a-helix — B-sheet conversion for the
secondary structures in their isolated states, i.e.,

(B) ()

_ Esgiy _ EsgrLy
AAEiso/unit —uM® T y@ (12)

in which the total energies are normalized by the AA units of each structure, i.e., M®=4
and M@=7. Remarkably, the AAE ¢ /yn;¢ term, irrespective of being computed through

equation (9) or equation (10), the result must be the same. For the sake of completeness,

more detailed expressions of equations (9), (10), (11) and (12) are provided in SI.

Results and Discussion
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The TiO> (101) anatase surface model exhibits pentacoordinated Ti atoms (Tisc)
placed at the outermost positions of the slab (see Figure 1). Since these Tis. atoms are
coordinatively unsaturated they can act as acidic Lewis sites and, accordingly, they are
prone to establish covalent dative bonds with lone pairs as those provided by N and O
terminal atoms. Additionally, the surface also presents bivalent “bridge” O atoms (Ox:),
which bonds two surface Tisc atoms (see Figure 1). These Oy atoms can act as basic Lewis
sites, enabling the formation of H-bond interactions with adsorbate species. These
adsorbent properties of the surface are particularly appealing when dealing with the
adsorption of the polyglycine structures, since polyglycine presents chemical groups that
can interact with the surface through these interactions, in particular H-bonds with the
peptide N-H groups, and dative bonds with peptide C=0O groups. Interestingly, the same
NH and CO moieties interact one to each other defining the secondary structure.
Therefore, one can expect a competitivity between the internal N-H/CO interactions of
the peptide with the surface, which, depending on the surface composition and

morphology, may lead to a specific folding of the adsorbed peptide.

Extended primary structure

The simplest polyglycine conformation is its extended primary structure forming
a linear polymer. The complex of this structure in interaction with the TiO2 (101) anatase
surface (shown in Figure 5) will be named along the work as extended/TiO> complex. As
mentioned above, this primary structure was modelled within a periodic framework by
repeating 2 amino acidic units along the a direction of the unit cell. The biopolymer
interacts with the surface through a Ti—O dative bond, with AE,ps = -62.0 kJ mol™!' and

AE ps /unie= -31.0 kJ mol™ (see Table 1). However, by accounting for solvent effects,

these adsorption energy values drop down to AE,ps =-3.8 kI mol! and AE,ps jyynie= -1.9

15



kJ mol™! (see Table 1). In general, inclusion of implicit solvation leads to a significant
decrease of the adsorption energies. This is because, in order that the solvated peptide and
the solvated surface interact, many interactions with the solvent are lost, hence presenting
an energetic cost, which is only partly covered by the newly formed favorable interactions
between the two interacting partners. From the point of view of structural changes,
inclusion of implicit solvent does not affect the extended primary structure, both the

periodic isolated and extended/TiO2 complex (see Figure 2 and Figure 5).

This very simple system is enough to observe that interaction with the surface
induces structural changes on the peptide structure. Indeed, in absence of the surface, the
distances between two adjacent C=O/N—H groups (which we can understand as a weak
H-bond) are ~2.08 A (see Figure 2). On the surface, the distances increase to ~2.32/2.35
A and accordingly the adsorption weakens this interaction. In order to investigate this
significant structural change once the extended polyglycine adsorbs on the surface,
additional optimizations were run for the isolated extended primary polyglycine, in which
the periodic cell parameter was fixed to that of the TiO; surface. The computed values
for the C=O/N—H distances are now ~2.29 A (see Figure S3 and Table S1 of SI). Thus,
although adsorption leads to an increase of these distances, these results show that the
main contribution to the polyglycine deformation upon adsorption arises from the fact

that the polypeptide needs to adapt its unit cell to the different cell size of TiO».

[-sheet structures

The first secondary polyglycine structure analysed in this work is the -sheet, both
in its parallel and antiparallel conformations (hereafter referred to as B-sheet P and [-

sheet AP, respectively). The isolated periodic structures are shown in Figure 2. In f-
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sheet AP, the two B-strands run in opposite directions, so that the N-terminus of one [3-
strand is adjacent to the C-terminus of the other. In contrast, in B-sheet P, the two B-
strands run in the same direction and accordingly the N-terminus of one -strand is on the
other side with respect to the N-terminus of the other B-strand. Due to these dispositions
of the N- and C- termina, in B-sheet AP the H-bonds are aligned directly opposite to each
other, while in B-sheet P the geometry of the individual glycine residue forces the H-
bond to occur at an angle. Thus, H-bonds in B-sheet AP are stronger and more stable than

in B-sheet P.

Figure 6 shows the optimized structures of the P-sheet AP/TiO> and -
sheet P/TiO; complexes. In both systems, one B-strand interacts with the surface via a
Ti—O dative bond, while the other through dispersive forces, since neither Ti-O nor H-

bond interactions are established.

By comparing the structures of the isolated -sheets with those on the surface, for
both B-sheet conformations, adsorption induces an increase of the H-bond distances
(2.097 —2.098 A vs 2.297 — 2.587 A for the AP cases and 2.621 —2.622 A vs 2.668 —
2.802 A for the P cases), and even the breaking of H-bonds for those C=0 groups involved
in the formation of Ti—O dative bonds. Therefore, although the weakening, the H-bond
pattern in B-sheet AP/TiO» remains stronger than in B-sheet P/TiO> and the former
complex presents a higher adsorption energy than the latter (AE,ps = -120.8 and -115.7

kI mol'" and AE,pg/ynir = -30.2 and -28.9 kJ mol™, respectively). Interestingly, the
difference in the AE,ps/ynie between the two B-sheet conformations (1.3 kJ mol™) is
lower than the difference in the energetic gain of the -sheets with respect to the extended
structure, (5.1 kJ mol™!, as AEy jyn;e = -23.6 and -18.5 kJ mol™! for the antiparallel and
parallel B-sheets, respectively, see Table 1), meaning that the stability of the two B-sheets

is more similar upon adsorption than in their isolated states. This is due to the lower
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deformation energy of B-sheet P (AEgef ynic = 19.6 kJ mol') with respect to the -
sheet_ AP (AEgef/ynie = 23.0 kJ mol) in the complexes because the cell parameters of

the former are closer to those of the surface.

As mentioned in the Computational Details section, by performing single-point
energy calculations on the B-sheet/TiO2 complexes, we decomposed the single energetic
contributions to the total adsorption energy (see Figure 3). We name P1 as the B-strand
bound to the surface via Ti—O dative bond and P2 as the B-strand bound via dispersive
forces. Accordingly, we have calculated AE1, i.e. the interaction of P1 with the surface
(without P2), AE2, i.e. the interaction of P2 with the surface (without P1), and En-pond, i.e.
the energy of the H-bond pattern (without the surface). All data are calculated as single
points at the geometry of the complex and presented in Table 2. As expected, Ex-bond 18
larger for B-sheet AP than for B-sheet P, and AE1 is larger than AE2. To check whether
the B-sheet adsorption is accompanied by positive or negative cooperative effects, we
compared the sum of all the energies of the systems separately and their corresponding
interactions, i.e. Ecarc = Ep1 + Ep2 + Es + AE1 + AE2 + AEn.vond, with the actual total
energy of the complexes Eror (as computed by VASP). The analysis indicates that Etor
is slightly higher than Ecarc, thus showing a minor negative cooperativeness, meaning

that there is some competitiveness among the three bodies.

It is worth mentioning that, for some cases, the B-sheet secondary structure
adsorbed on the surface is strongly affected by implicit solvent. As said above, the H-
bond pattern becomes weaker by the adsorption, and, because of the larger distance
among the strands, screening effects by the solvent are more effective, which further
increases the distance between them (increments up to 0.4 A). Calculated adsorption

energies (AEps jyni¢ = -0.1,-0.9 and -4.1 kJ mol ™!, for B-sheet_AP/TiO», B-sheet_P/TiO»
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and B-sheet BRK/TiO», respectively, see Table 1) strongly decrease with respect to the

gas-phase calculations (AE,ps jynie = -30.2, -28.9 and -30.8 kJ mol ™).

Finally, in view of the large AE,pg /ynir Shown by the extended/TiO2 complex due
to the Ti-O dative bonds (see above), we have carried out AIMD simulations on both 3-
sheet/TiO> complexes to check if transformation from the B-sheets to the extended
structure takes place by rotation of the two strands with respect to the normal surface,
enabling a new Ti-O dative bond in the P2 strand. However, AIMD simulations indicate
that both systems prefer to maintain the H-bond patterns rather than establishing
additional Ti—O bonds (see Figures S4 and S5 of SI). In view of that, from the [-
sheet AP/TiO; complex, we have manually built a structure in which the peptide adopts
a primary-like conformation by rotating the two B-strands (hereafter named as [-
sheet BRK/TiO2, see Figure 6A). The optimized resulting structure for p-
sheet BRK/Ti0O; is slightly more favourable than B-sheet AP/TiO; and B-sheet P/TiO»
(AEaps = -123.2 kJ mol"! and AEaps/unit = -30.8 kJ mol!). To check the stability of B-
sheet BRK/Ti0; accounting for dynamical effects, we have executed AIMD simulations
to assess the evolution of this structure over time (see Figure 7B and 7C). Following the
evolution of the O—H and Ti—O distances, since the very first step of the simulation,
the two strands rotate to restore the P-sheet AP conformation. Therefore, we can
conclude that, despite that potential energy values indicate B-sheet AP/TiO; as less stable
than B-sheet BRK/TiO; (2.4 kJ mol!), when thermal and entropic effects are accounted
for, the B-sheet AP structure adsorbed on the surface is found to be the most stable
complex. However, when AIMD simulations are carried out in PCM (AIMD-PCM), the
B-sheet BRK/TiO; complex is maintained along the whole simulation (see Figure S6), in
line with static PCM calculations, indicating that this configuration, more exposed to the

solvent, becomes stabilized when solvent effects are included. AIMD-PCM simulations
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of the B-sheet AP/TiO> complex (see Figure S7) also show that the peptide remains
attached on the surface keeping their secondary structures. Note, however, that the
structures present higher root mean square deviations (RMSD) with respect to the gas
phase because the solvent competes with the mutual interaction of the B-strands and with

the surface.

o-helix structures

The other very common secondary structure found in proteins is the a-helix. The
a-helix structure presents typically i + 4 — i H-bonds. That is, the NH group of one
residue forms a H-bond with the C=0 group belonging to fourth previous residues (see
the isolated periodic structure of the polyglycine a-helix in Figure 2). Figure 8A shows
the optimized structure of the a-helix on the TiO2 (101) anatase surface (hereafter referred
to as a-helix 1/Ti0y). As one can see in this complex, the periodicity along the b direction
of the surface unit cell has been used to model the infinite a-helix. By comparing the
isolated a-helix with that adsorbed on the surface, the main structural change is the
breaking of one H-bond due to the formation of a Ti—O bond. The rest of H-bonds are
not significantly altered due to the surface interaction, being around 1.86 — 1.87 A. The
calculated adsorption energies are AE,ps = -220.1 kJ mol™ and AE,pg/ynic = -31.5 kJ
mol”!, very similar to the values obtained for the extended/TiO> and B-sheet AP/ TiO;

complexes.

In the presence of implicit solvent, the energetics for the a-helix complexes follow
the same trend as for the other structures, i.e. the adsorption energy decreases with respect

to gas phase conditions (AE;ps = -80.8 kJ mol! and AE,ps/ynie = -11.5 kJ mol™).

However, at variance with the B-sheets structures, the H-bond pattern does not undergo
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significant distortions. This is because most of the H-bonds are not affected by the
presence of the surface and accordingly, the solvent cannot “interpose” between the H-
bond groups as it happens for B-sheets, this way the H-bonds remaining almost unaltered

by the presence of solvent.

In view of the relevance to include dynamic effects in the -sheet/TiO2 complexes,
AIMD simulations have been also carried out for the a-helix 1/TiO2 complex. During the
simulations, one can identify some denaturation of the peptide; i.e. the a-helix structure
is partly lost (see Figure 9). Indeed, new Ti-O dative bonds are formed, at expenses to
break the i + 4 — i H-bonds close to the surface. Due to that, the NH groups involved in
the broken i + 4 — i H-bonds lead to form a i + 5 — i H-bond; that is, the NH establishes
a H-bond with a C=0 group five residues earlier, with a H-bond distance of about 2.7 A.
Because of the formation of the new Ti—O bond, we have chosen the last snapshot of the
AIMD simulation as the initial structure for a new geometry optimization. The optimized
structure is shown in Figure 8B (a-helix 2/Ti0,), which indeed presents the different Ti-
O bonds and both i + 4 — i and i + 5 — i H bond patterns. The calculated adsorption
energy for o-helix_2/TiOz (AE;ps = -235.9 kI mol™! and AE,ps/ynie = -33.7 kJ mol™) is
larger than for o-helix_1/TiO2 (AE4ps = -220.5 kJ mol™ and AE,p yni¢ = -31.5 kJ mol*
1, indicating that this structure is more stable on the surface, although the helix structure
is more distorted. Interestingly, calculated AEy ,n;; values are the same for a-
helix_1/TiO; and a-helix 2/TiO; complexes, indicating that in both complexes the energy
gain due to the formation of the helix structure is the same even on the surface,
irrespective its distortion on the surface. However, AIMD-PCM simulations converts the
a-helix_2/Ti02 complex into a-helix 1/TiO> during the very first part of the equilibration
(see Figure S8), i.e., it passes from exhibiting two Ti-O dative bonds (per unit cell) to

only one. This is in line with PCM static calculations as a-helix_1/TiO; results to be
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slightly more stable than a-helix 2/TiO; (see Table 1). After 3 picoseconds (see Figure
S8) also the last Ti-O dative bonds is lost and the helix fully restores its H-bond pattern,
the interaction with the surface being only through dispersive forces. Furthermore, we
want to highlight that, despite the Ti-O distances continuously increase during the
simulation, this does not mean that the helix desorbs from the surface. This simply reflects
that the helix is moving on the surface due to the decreasing number of dative bonds as

anchoring points.

CO frequency calculations.

The stretching vibration of the peptide C=0O bonds, v(CO), is an interesting
property to analyze, since it can be experimentally traced by infrared spectroscopy.
Indeed, free peptide C=0O groups present an intense stretching vibrational band at about
1600-1700 cm!. This region of the IR spectrum is usually clean so that v(CO) IR band
does not overlap with other vibrational frequencies. Accordingly, it is used as a fingerprint
reference mode frequency in C=0-containing molecules; in experimental measurements,
the hypsochromic/bathochromic shifts in the C=O stretching frequency allow to figure
out the kind of interaction with the surrounding (either surfaces or other molecules). In
our polyglycine/TiO; systems, two main features can perturb the v(CO) values: 1) the H-
bond interactions with N—H groups involved in the secondary structures, and ii) the
dative interactions of the CO group with Tisc atoms. It is worth mentioning that the PBE
functional underestimates the absolute value of the vibrational stretching frequencies, so
that our values are down-shifted by 50/60 cm™!' with respect to the experimental values.
Simulated IR spectra centered to the v(CO) region of the polyglycine structures, for both
the periodic isolated and adsorbed on the TiO; surface, are shown in Figure 10. Computed
values are reported in Table S3 of SI.
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In the isolated extended primary structure, calculated v(CO) are 1655 and 1622
cm!. This extended peptide has two independent C=0 groups (one per glycine residue in
the unit cell) but the v(CO) motions are coupled since the first and second v(CO) values
correspond to the antisymmetric and symmetric stretching modes, respectively. As
expected, on the TiO; surface, these values are bathochromic -shifted to 1599 and 1619

cm’! due to the Tisc-OC bonds.

Experimentally, B-sheet systems present two v(CO) bands at 1685 and 1629 cm!.
In our isolated B-sheet structures, the v(CO) values are bathochromic shifted with respect
to the values of the extended primary structure due to the H-bonds between the B-strands.
In the antiparallel conformation the v(CO) frequency range is 1656 — 1578 cm’!, while in
the parallel one is 1650 — 1592 cm’!, in agreement with the stronger H-bond interactions
in the former. When the -sheets are adsorbed on the surface, a bathochromic shift of all
the v(CO) modes is observed. The bathochromic shift is particularly important for C=O
groups engaged in the Tis.-O bonds with the surface: for instance, in B-sheet AP/TiO.,
the frequency at 1578 cm™ moves to 1547 cm™ (Av =-31 cm™) and in B-sheet AP/TiO;

the frequency at 1592 cm™ moves to 1544 cm™ (Av =- 48 cm™).

In the isolated a-helix system, an overall bathochromic shift of the v(CO) values
with respect to the values of the extended primary structure is computed due to the H-
bond pattern defining the helical structure. In the a-helix 1/TiO2, the frequency of the
C=0 group involved in the Tisc-O bonds passes from 1611 cm™ to 1558 cm™ (Av =-53
cm!). However, for the remaining v(CO) vibration frequencies both bathochromic and
hypsochromic shifts are computed. We attribute this behavior to the breaking of the
homogeneous a-helical content upon adsorption. In the isolated a-helix, the H-bond
distances involving the C=0 groups, range from 1.866 up to 1.872 A, whereas when

adsorbed on the TiO; surface the range increases from 1.754 up to 1.916 A. Therefore,
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the C=0 frequency shifts are modulated by the hydrogen bond features. For instance, the
highest v(CO) frequency mode (1679 cm'") is associated to the longest H-bond (1.916 A).
In the a-helix 2/TiO> system, the v(CO) frequency values of the C=O involved in the
Tisc-O bonds are close to those for the C=0 groups involved in simultaneous i + 4 — i
and i + 5 — i H-bond patterns (1599 cm! and 1601 cm™!, respectively). Therefore, the
electronic effect on the peptide C=0 bond interacting with the Tis. atoms is similar to
that involved in the two H-bond patterns. The highest v(CO) frequency (1662 cm™) is
indeed associated to a C=0 neither involved in Tis.-O bonds nor in H-bonding with the

N—H groups (see Figure 7B).

The vibrational frequencies have also been computed within the PCM solavtion
model. Results (reported in Table S3) indicate that, as a major trend, PCM frequencies
decrease compared to the values computed in the gas phase; however, the decrease is
similar for both the isolated systems and the adsorbed cases. This is the consequence of
the solvent dielectric continuum screening weaking the chemical bonds in the same way,

irrespective if the secondary structures are isolated or adsorbed.

Stability between secondary structures

Table 3 shows the results on the relative stability of a-helix and B-sheet in their
isolated states and on the TiO; surface in both gas phase and in PCM water phase,
according to the energy cycle presented in the Computational Details section. The
conformational change process defined by the cycle is the a-helix — B-sheet conversion.
Accordingly, negative values indicate that conversion into B-sheet is favorable, and vice

versa.
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Among the studied systems, in the gas phase, the isolated -sheet AP structure is
the most stable conformation, more than the a-helix ones. In contrast, upon adsorption,
also in the gas phase, the a-helix conformation is more favorable than the (3-sheet ones.
This is also reflected by the AEaps/unit values, the a-helix 2/ TiO2 complex presenting
the largest value (-33.7 kJ mol!) compared with the B-sheet P/TiO: and B-sheet AP/TiO;
complexes (-30.2 kJ mol! and -28.9 kJ mol'). Accordingly, a polyglycine system
adsorbed on the TiO> (101) anatase surface prefers the a-helix folding rather than the [3-
sheet one under gas-phase conditions. Moreover, the o-helix 1/TiO2 complex also

presents a higher AE,pg /ynic (-31.5 kJ mol™') than the B-sheet complexes, strengthening

even more the a-helix preference upon adsorption.

When implicit solvation effects are accounted for, the isolated -sheet AP and the
a-helix structures present almost the same stability, since the reaction energy conversion
adopting the energy cycle results in 0.8 kJ mol!' (below the chemical accuracy). In
contrast, in the presence of the TiO: surface, significant reaction energy values are
obtained (between 11-12 kJ mol!), clearly indicating that, under these conditions,
adsorbed a-helices are more stable than B-sheets. This is probably due to the weakening
of the B-sheet H-bond pattern caused by the solvation, while this is not the case for a-
helices. Thus, these results point out that, on the TiO» surfaces and in implicit PCM water

solvent, the a-helix is further stabilized upon adsorption with respect to the B-sheet.

The present simulations do not account for the role of explicit water molecules.
This is particularly relevant when specific interactions, like H-bond interactions, are
present as in the present case (vide supra).. To estimate the role of explicit water
solvation, a water monolayer is adsorbed on all the outermost Tisc atoms.The computed

adsorption energies are reported in Figure S9 and Table S4 of SI. The solvated TiO, was
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then computed adopting the PCM scheme. This scheme allows to describe the local
specific interactions by explicit water molecules, delegating the long range solvent effect
to the PCM Adsorbed water molecules do not dissociate, in agreement with previous
calculations by some of us.”? To calculate the adsorption energy, we have taken, as a
reference systems, the isolated extended primary structure, for the biological part, plus
the solvated surface, both treated with PCM. As a general trend, results indicate that the
adsorption is slightly more favorable when the surface is saturated by explicit water
molecules than for the bare surface, thereby suggesting that adsorption may be water-
mediated. Remarkably, the trend that a-helix adsorbs more favorably than B-sheet is
confirmed, irrespective of the degree of solvation, indicating that the insights provided

by the static calculations are somehow reliable.

It is worth mentioning that entropy effects may also play a role in the a-helix =
B-sheet interconversion. For polypeptides without side chains (like the polyglycines
adopted in this work), loss of the backbone entropy is expected to disfavour the a-helix
configuration as compared to the B-sheet. Nevertheless, considering the larger adsorption
energy of the a-helix on TiO2, we expect this configuration to be the preferred one at this
surface. For other polypeptides, side chains conformational entropy losses can also play
a role, the final stability being determined not only by the secondary structure® but also
by how side chains interact with the surface. Clearly, this matter is difficult and merits

further study to be carried out in the future.

Conclusions

In the present work, the adsorption and stability of primary (linearly extended)

and secondary (B-sheet and a-helix) peptide structures, here using polyglycine as a
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peptide model, on the TiO> (101) anatase surface have been theoretically studied with
periodic simulations at the DFT(PBE)-D2* level by performing static geometry
optimizations and AIMD simulations, both in the gas phase and in PCM implicit water
solvent). A crucial point to model the polyglycine/TiO> interactions in a computationally
affordable way without penalizing the reliability of the peptide structures has been the
application of the periodic boundary conditions to both the surface and the polyglycine,

this way obtaining infinite biopolymeric peptide structures adsorbed on the TiO» surface.

For a proper comparison among the adsorption of the different polyglycine
structures, calculated adsorption energies have been normalized per glycine unit (i.e.

AE ps unit), since each structure requires different units to be realistic enough, namely,

2 for the extended primary, 4 for B-sheet and 7 for a-helix. The academic case of the
adsorption of the extended primary structure indicates that the peptide C=0O groups are
prone to form covalent dative bonds with surface Tis. atoms. For 3-sheet and a-helix, the
adsorption presents a delicate trade-off between keeping the H-bond pattern of the

secondary structures and forming the Ti-O bonds.

Among the different considered complexes, the a-helix ones have been found as
the most stable ones in all the different simulated environments (gas phase, implicit and
explicit water solvent), the only difference between gas phase and implicit solvation being
the number of Ti-O dative bonds (two in a-helix 2/TiO;, one in a-helix 1/TiO>).
Remarkably, AIMD simulations were useful to identify the a-helix 2/TiO,, the most
stable complex in gas phase, where the formation of the second Ti-O dative bond along
the evolution of the system was observed. AIMD-PCM simulations confirm the results
obtained with static PCM calculations, i.e., starting from the a-helix 2/TiO,, it converts
into a-helix 1/TiO,, which is more stable in PCM. For the adsorption of the B-sheet

structures, considering only potential energy values, the -sheet BRK/TiO> complex is
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the most stable (AEjps/ynic = -30.8 (-4.1 in PCM) kJ mol™), closely followed by B-
sheet_AP/TiO2 (AE4ps unit =-30.2 (-0.1 in PCM) kJ mol™"). The difference between these
two complexes is that the former presents two Ti-O bonds at expenses to break several
H-bond interactions, partially disrupting the B-sheet structure, while in the latter, only one
Ti—O dative bond is present, thus keeping the B-sheet structure in place. However,
irrespective of the tiny energetic difference between these two complexes, AIMD
simulations taking [-sheet BRK/TiO> as the initial guess structure clearly show the
conversion from this complex to [-sheet AP/TiO;, thus indicating that -
sheet BRK/Ti0O; is not stable at 300 K, thus favoring the B-sheet AP/TiO, complex. In
constrast, B-sheet BRK/TiO:z is stable during AIMD-PCM simulations, as also predicted
by static calculations. As a general trend the RMSD during the AIMD-PCM simulations
is larger with respect to the gas phase, indicating that water strongly compete with the
surface in the interaction with the peptide. This is also confirmed by the presence of a
monolayer of explicit water molecules attached to the most exposed surface Ti ions,

suggesting a possible water-mediated protein/TiO; adsorption.

Upon detailed analysis of the computed adsorption energies both in gas phase and
in PCM by adopting an energy cycle, results point out that a-helix is the preferred
secondary structure conformation over [-sheet to adsorb on the TiO» (101) anatase

surface.

Finally, the peptide C=0 vibrational stretching mode has been calculated for all
the structures, in both their isolated and adsorbed states. The red-/blue-shifts undergone
by the v(CO) because of the adsorption have been analysed and interpreted from an
atomistic perspective. The same calculations performed in PCM show that water (even

modelled with an implicit solvent) affects the results by bathochromically shifting the gas
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phase v(CO) calculated frequencies. These vibrational data can guide the interpretation
of the infrared spectroscopy measurements apt to elucidate the TiO»-induced peptide

folding.

The computational approach here proposed to model peptide/surface interactions
has been applied in the present work only for a polyglycine peptide model on the (101)
anatase surfaces. However, it can also be extended to other polypeptides systems, this
way opening up a fertile ground to study the adsorption of more realistic polypeptide
systems (i.e., containing different amino acidic residues) on the same surface, which will
be useful to check the stability and possible conformation variations (even conversions)

of their secondary structures upon adsorption.

Data and Software Availability

All the simulations have been performed with the Vienna Ab-initio Simulation
Package (VASP) commercial code (https://www.vasp.at), version 5.2. Visualization and
manipulation of the structures have been carried out with the MOLDRAW package
(https://www.moldraw.unito.it) and figures rendered with the POVRAY program

(http://www.povray.org/), both codes being publicly available software.

All the data published in this work is available free of charge as Supporting

Information.

- Energy diagrams for the conversion of o-helix/TiO; — [-sheet/TiO, and
expressions to compute the reaction energy; Optimized geometries of the isolated
periodic extended primary polyglycine structure using the cell parameters of the
TiO2 (101) anatase surface; Evolution of the H-bonds and Ti-O bonds along the

ab initio molecular dynamics simulations for the B-sheet AP/TiO, and -
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sheet P/TiO, complexes; cell parameters of the computed periodic systems;
relative energies (in kJ/mol) of the a-helix — B-sheet conformational change and
related energetic terms; vibrational C=O stretching for all the polyglycine/TiO-
systems studied.

- Optimized fractionary coordinates and cell parameters of all the simulated

periodic structures.
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Table 1. Calculated total adsorption energies (AE,ps) and adsorption energy normalized per amino acidic unit (AEspg/yni¢) for each studied

complex, both in the gas phase and under PCM conditions. Other energetic terms of interest are also included: is the energetic gain due to the

secondary structure formation with respect to the extended primary polyglycine structure (AEy /ni¢), the deformation energy of the secondary

structure due to the adsorption (AE e /unit), and the sum of these two terms (AEy 4 gef /unic)- See the Methods section for more details on these

terms. Energy units are in kJ mol™.

System AA units | Gas-phase PCM
AEaps | AEsps/unil AEnjunit | AEaer junil AEntaes/{ AEaps | AEapsjuni AEnjunit | AEaes junil AEH+def

extended/Ti0> 2 -62.0 -31.0 0.0 15.3 15.3 -3.8 -1.9 0.0 13.7 13.7
B-sheet AP/TiO2 4 -120.8 -30.2 -23.6 23.0 -0.6 -0.5 -0.1 9.1 19.7 10.6
B-sheet P/TiO2 4 -115.6 -28.9 -18.5 19.6 1.1 -3.6 -0.9 -3.8 13.8 10.0
B-sheet BRK/TiO; | 4 -123.2 -30.8 0.0 11.8 11.8 -16.4 -4.1 0.0 10.4 10.4
a-helix_1/TiO2 7 -220.5 -31.5 -21.5 8.6 12.9 -84.1 -12.0 -9.9 5.9 -4.0
a-helix 2/TiO2 7 -235.9 -33.7 -21.5 14.1 7.4 -80.8 -11.5 -9.9 9.4 -0.5
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Table 2. Energy terms for the interaction of B-sheet AP and B-sheet P with the TiO:
(101) anatase surface. E1 is the interaction between P1 and S (the strand where Ti-O
bonds are present), E2 is the interaction between P2 and S (the strand with dispersion
forces only), Enbond i the interaction energy of the H-bond pattern. Ecarc is the sum of
all the systems separately and their interaction energies, i.e., Ep1 + Epo + Es + E1 + E2 +
En-bond (see the Methods section for more details). Etor is the absolute total energy of the
systems provided by VASP. |AE| is the difference in energy between Ecarc and Etor.

Units are in kJ mol™.

System El E2 EH-bond EcaLc Eror |AE]
B-sheet AP | -111.1 -35.1 -79.6 -80095.9 | -80094.9 1.0
B-sheet P -113.7 -33.2 -73.1 -80090.1 | -80089.8 0.3
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Table 3. Values of the reaction energies (in kJ/mol) of the a-helix — [-sheet
conformational change of the isolated secondary structuresAAE;g, /ni; and on the TiO;

(101) anatase surface (AAEgy; f /unit), including the involved energy terms according to

the energy cycles shown in Figure 4 (AAEgu,f/ynic = A

B)
EADS/unit

(@)
- AEADS/um't

+

AAE;so junit)> both in the gas phase and in implicit PCM water solvent. See the text and

SI for details on the definition of the energy terms.

Reaction Conditions | A Ejfl’;)s/unit A Ejg)'s/unit AAE ;5o junit | AAEgyrf junit
a-helix 2 — B-sheet AP | Gas-phase | -6.6 -12.2 -2.1 1.2

PCM 9.0 -1.6 0.8 11.9
a-helix 2 — B-sheet P Gas-phase | -10.4 -12.2 3.0 2.5

PCM 29 -1.6 6.1 11.1
a-helix 1 — B-sheet AP | Gas-phase | -6.6 -9.9 -2.1 1.2

PCM 9.0 -2.1 0.8 11.9
a-helix 1 — B-sheet P Gas-phase | -10.4 -9.9 3.0 2.5

PCM 29 -2.1 6.1 11.1
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b a

Figure 1. Crystalline models for the TiO> anatase bulk structure and the TiO: (101)
anatase surface model, representing the process of cutting out the bulk structure to
construct the surface. The unit cell of the surface (along the b axis) is represented in blue.
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Figure 2. PBE-D2* optimized geometries for the isolated periodic polyglycine structures:
A) extended primary, B) B-sheet (parallel and antiparallel conformations) and C) a-helix.
Bond distances are in A. Bare values refer to distances for optimized structures in the gas
phase, while values in parenthesis for those optimized with PCM. The unit cells are
represented in yellow. Atom colour legend: white, hydrogen; grey, carbon; blue, nitrogen;
red, oxygen.
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Figure 3. Schematic representation of the B-sheet/TiO> complexes and the interactions
involved. See text for details.
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Figure 4. Energy cycles to compute the reaction energy associated with the conversion
process of a-helix/TiO2 — B-sheet/TiO2. A) based on the energy balance between the
normalized adsorption energies of the a-helix and B-sheet to the surfaces from the

periodic isolated extended primary polyglycine structure (AAEgy, ¢ jynic = AEIY;;Z%;) -
AEX;;;EQL?); B) based on an energy cycle adopting a three-step process: 1) desorption of

the a-helix from the surface into its periodic isolated state, ii) conformational change
from a-helix to B-sheet in their periodic isolated states, and iii) adsorption of the B-sheet

to the surface from its periodic isolated state (AAE gy jynit = AEj/g)S Junit ~ AEjg)S Junit T
AAEl’so/unit)-
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Figure 5. PBE-D2* optimized structure of the extended/TiO> complex, along the a (left)
and b (right) axes. Distances are in A. Bare numbers refer to distances in the gas phase,
while those in parenthesis to values with implicit solvation.
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Figure 6. PBE-D2* optimized structures of the -sheet/TiO> complexes, adopting the
antiparallel (A) and the parallel (B) conformations. Distances are in A. Bare numbers

refer to distances in the gas phase, while those in parenthesis to values with implicit
solvation.
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Figure 7. A) PBE-D2* optimized structure of the 3-sheet BRK/TiO2 complex, Distances

are in A. Bare numbers refer to distances in the gas phase, while those in parenthesis to

values with implicit solvation. Evolution of the H-bonds (B) and of the Ti—O distances

(C) during the AIMD simulations, in both the equilibration and the production periods.

Atom colour legend: white, hydrogen; grey, carbon; blue, nitrogen; red, oxygen; cyan,

titanium.
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Figure 8. PBE-D2* optimized structures of the a-helix 1/TiO; (A) and a-helix 2/TiO»
(B) complexes. Distances are in A. Bare numbers refer to distances in the gas phase, while
those in parenthesis to values with implicit solvation.
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Figure 9. A) H-bond patterns and Ti-O distances present in the a-helix 1/TiO2 complex
Evolution of these H-bonds (B) and of the Ti—O distances (C) during the AIMD

simulations, in both the equilibration and the production periods. Atom colour legend:

white, hydrogen; grey, carbon; blue, nitrogen; red, oxygen; cyan, titanium.
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Figure 10. IR-spectra of the CO vibration for the secondary structures analysed in this

work, both in the isolated state and as adsorbed on the TiO> surface. Intensities (in

arbitrary units) were normalized to 1.
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