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Abstract

Adsorption of enzymes on solid surfaces may lead to conformational changes that

reduce their catalytic conversion activity and are thus detrimental to the efficiency of

biotechnology or biosensing applications. This work is a joint theoretical and exper-

imental endeavor in which we identify and quantify the conformational changes that
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chymotrypsin undergoes when in contact with the surface of amorphous silica nanopar-

ticles. For this purpose, we use circular dichroism spectroscopy, standard molecular

dynamics and advanced-sampling methods. Only the combination of these techniques

allowed us to pinpoint a destabilization effect of silica on specific structural motifs of

chymotrypsin. They are linked by the possibility of theoretically predicting CD spec-

tra, allowing us to elucidate the source of the experimentally observed spectral changes.

We find that chymotrypsin loses part of its helical content upon adsorption, with mi-

nor perturbation of its overall tertiary structure, associated to changes in the aromatic

interactions. We demonstrate that the C-terminal helical fragment is unfolded as an

isolated oligopeptide in pure water, folded as an α-helix as terminus of chymotrypsin

in solution, and again partly disordered when the protein is adsorbed on silica. We

believe that the joint methodology introduced in this manuscript has a direct general

applicability to investigate any biomolecule - inorganic surface system. Methods to

theoretically predict Circular Dichroism spectra from atomistic simulations were com-

pared and improved. The drawbacks of the approaches are discussed; in particular

the limited capability of advanced-sampling MD schemes to explore the conformational

phase space of large proteins, and the dependency of the predicted ellipticity bands on

the choice of calculation parameters.

Keywords

Protein adsorption, Silica, Circular dichroism, Molecular dynamics, Free energy, Conforma-

tional changes

Introduction

Interactions at the abiotic/biotic interface have become of eminent interest in fields ranging

from basic research, pharmaceutical formulation development, up to industrial product de-
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sign, leaving several open challenges.1,2 The issue of biomolecules adsorption onto inorganic

surfaces in a wet environment is of great importance for the design and functionalization of

biomaterials in the context of biomedical implants, biosensors, drug delivery and antifoul-

ing surfaces.3–5 Enzymes, antibodies and nucleic acids combined with inorganic substrates,

for instance silica nanoparticles, are increasingly proposed for therapeutic and in vivo ap-

plications.6 Furthermore, protein-based drugs are often stored in glass vials, particularly

when they are solvated in aqueous solutions. Unwanted adsorption at the vials’ walls can

restrict the shelf life of the formulation due to concentration variations, changes in activity

and evolution of undesirable effects.7 Additionally, the functionalization of materials surfaces

with enzymes have found a wide range of applications in biotechnology and biosensing, for

instance to impart catalytic or antimicrobial properties to otherwise inert materials.8,9

Proteins might undergo changes in their conformation (denaturation) upon interaction

with a solid material surface, which can detrimentally affect their biological or enzymatic

activity.10 How these changes can be predicted, described and correlated to physico-chemical

features of the material is however still unclear. Protein denaturation is commonly induced

by adsorption on hydrophobic surfaces, whereas hydrophilic surfaces in general better pre-

serve the native protein structures.11–15 However, even small conformational changes can

reduce the enzymatic activity, as frequently observed on functionalized oxide nanoparticles

of alumina, titania or silica.16,17 The present work aims at giving a precise, atomic-level in-

sight into the conformational changes that a well-known enzyme (chymotrypsin) experiences

when it adsorbs on the surface of a widely employed oxide, amorphous silica (SiO2).

In previous studies18,19 we have shown that chymotrypsin adsorbs on silica in a very

well defined orientation, namely with its two helical regions facing the surface. There, it

attaches strongly via the anchoring action especially of its positively charged and neutral

polar residues, which exhibit high affinity towards the surface’s terminal groups, in particular

the deprotonated silanols. Here we investigate whether and to what extent this anchoring

promotes a structural change in the helical regions in contact with the surface. Other authors
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have indeed reported a loss of the helical structure upon adsorption of chymotrypsin on SiO2,

as inferred from Circular Dichroism (CD) experiments.20 On the other hand, adsorption

seems to not significantly affect the tertiary structure of chymotrypsin.21

The C-terminal α-helix of chymotrypsin may be prone to unfolding after interaction with

silica.18 Helices can change their conformation dramatically when moving from a bulk solu-

tion to a solid/liquid interface. For instance, the C-terminal fragment of lysozyme is helical

in the native protein, assumes a random-coil structure when put alone in aqueous solvent,

and recovers the original helical fold after immersion in trifluoroethanol.22 A fragment of

collagen XIV assumes a predominantly random conformation in pure water or adsorbed at a

hydrophilic silicon/water interface.23 However, adsorption at hydrophobic organic surfaces24

or on hydrogen-terminated silicon23 results in stabilization of an α-helical conformation.

Other studies have investigated the stabilization of helical motifs after adsorption on ei-

ther hydrophobic25 or hydrophilic26,27 surfaces. These effects are strongly dependent on the

surface affinity of the sequence of individual amino acid residues. For instance, the well-

studied 4DAR5 peptide is helical in aqueous solution, but readily unfolds after adsorption

on silica.28,29

Experimental investigation of the secondary structure of a protein in an adsorbed state

is not trivial, and CD spectroscopy is one of the few techniques that has been successfully

employed for this aim.30,31 Regarding simulations methods, all-atom Molecular Dynamics

(MD) based on classical force fields may be very promising, given its proven ability to

predict the dynamics of biomolecular systems with high precision. However, standard MD

simulations access time scales typically of the order of 100 ns to 1 µs, which is not sufficient

to overcome potential energy barriers associated with conformational changes taking place

over seconds to hours. For example, chymotrypsin adsorbed on silica did not show any

substantive conformational change in MD simulations of 300 ns at room temperature.18 So

called advanced-sampling MD methods are required to capture the rare events leading to

conformational changes in proteins and improve the ergodicity of the simulation.32,33

4
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Replica Exchange with Solute Tempering (REST) in combination with MetaDynamics

(MetaD)34 is an advanced-sampling MD method that has been successfully used to pre-

dict the conformational ensemble of oligopeptides in solution or adsorbed on materials sur-

faces.29,35,36 REST enhances the sampling of the conformational phase space by coupling

the pristine system to a fictitious set of replicas at higher temperatures. The temperature

rescaling (tempering) can be applied only to a portion of the system (the “solute”), to avoid

dealing with the very large number of degrees of freedom of its surrounding environment

(the “solvent”).33,37 Metadynamics, on the other hand, ensures accurate sampling along a

pre-defined reaction coordinate, or Collective Variable (CV), by accumulating repulsive bias

potentials along this coordinate while the system dynamically evolves.34,38 The combination

of both methods is very effective, as it leads to accurate profiles of the system’s free en-

ergy along the CV, while ensuring that the orthogonal degrees of freedom are explored with

sufficient accuracy thanks to the enhanced sampling of the high-temperature replicas. In

this way, the biased evolution of the lower-temperature replicas provide accurate refinement

of the predicted free-energy profiles, whereas the higher-temperature replicas ensure that

energy barriers, acting on a priori unknown degrees of freedom, are easily overcome.

In this paper we complement the application of RESTmetaD with CD experiments to

quantify the partial unfolding of chymotrypsin after adsorption on amorphous SiO2 nanopar-

ticles. SiO2 (especially Stöber silica) is particularly suitable as an adsorption material in CD

experiments because its refractive index (1.42) is very similar to that of water (1.33), so

that light scattering does not significantly affect the measurements. As a result, CD analy-

sis of a suspension of silica nanoparticles with proteins adsorbed on their surfaces provides

only protein-specific information, thus giving the possibility of estimating the amount of

secondary structure in the adsorbed state. An important link between the experimentally

measured spectra and the simulations can be made via the theoretical calculation of the CD

spectra based on the atomic positions of the sampled trajectory by using a dedicated web

interface such as Dichrocalc39 or calculate the CD spectra from the secondary structure com-
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position, e.g., by using the basis spectra of BeStSel.40 In the following we will demonstrate

that combined RESTmetaD and CD studies can provide new insights into conformational

changes of proteins adsorbed at silica/water interfaces with atomic-scale precision.

Materials and Methods

Circular dichroism (CD) experiments

CD experiments were performed with α-chymotrypsin from bovine pancreas purchased from

Sigma-Aldrich (Purity ≥ 85 %, LOT:110M7009V) and an oligopeptide with sequence RV-

TALVNWVQQTLAAN, corresponding to the chymotrypsin’s helical C-terminal fragment,

synthezised by JPT (purity ≥ 95 % Berlin, Germany). The as-purchased protein was dis-

solved in ddH2O (18MΩ, MilliQ, Synergy, Millipore, Germany) at a stock concentration of

20mg ml−1, as quantified by absorbance at 205 and 214 nm.41,42 The as-purchased oligopep-

tide was dissolved in ddH2O at a concentration of 1mg ml−1, as quantified by absorbance at

205 and 214 nm.

CD spectra were recorded with an Applied Photophysics Chirascan spectrometer running

the Pro-Data Chirascan software (v4.2.22). At least three repeat scans for each sample were

measured at 25◦C, over the wavelength range of 190 to 250 nm using intervals of 1 nm, in

Suprasil quartz cells (Hellma UK Ltd.) with pathlengths ranging from 0.001 to 0.1 cm.

The scans were averaged, the respective baseline subtracted and the resulting net spectra

smoothed with a Savitsky-Golay Filter using smoothing windows of 5 to 10 data points.

The mean residue ellipticity (ΘMRE) was defined as43

ΘMRE =
Θ

c · l · n
(1)

where Θ is the raw CD ellipticity, n is the number of amino acids in the solvated protein or

peptide, l is the pathlength of the used quartz cuvette and c the concentration of the protein.

6
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To estimate the contribution of specific secondary structure components in the samples, the

CD spectra were analysed using the BeStSel webserver.40 Micsonai et al. published an

extended set of eight secondary structure components that have contribution to the CD

spectra with special emphasis on the different β-sheet elements defined by different twists.40

The temperature ramping experiments were performed at a protein concentration of

1mgml−1 in ddH2O and a pathlength of 0.1 cm, using the stepped ramp mode starting from

25◦C and increasing the temperatures in steps of 5◦C with a heating time of 3min per step.

At every step, three spectra were collected and averaged.

The fumed silica nanoparticles for the adsorption study were purchased from Sigma-

Aldrich (purity ≥ 99.8 %, LOT: SLBG4255V), with a BET surface area of 192.4m2 g−1 (Bel-

sorp min, BEL Japan, Inc.). The zeta-potential and hydrodynamic diameter in ddH2O were

determined with a Delsa Nano C Particle Analyzer (Beckman Coulter, US). The nanopar-

ticles showed a zeta potential of -32 ± 2mV and a hydrodynamic diameter of 189 ± 9 nm.

Prior to each experiment, the nanoparticle suspension was treated with an ultrasonic ho-

mogenisator (Sonoplus HD 3400, Amplitude 50%, Pulse 0.5 s, Bandelin, Berlin, Germany) for

5min, to prevent agglomeration. A CD measurement of the concentration of silica nanopar-

ticles is performed prior the adsorption study to obtain a baseline, which allows for a removal

of their absorbance influence on the measurements of the protein.

CD spectra of α-chymotryspin adsorbed on amorphous silica were collected after incuba-

tion of the protein stock solution in a suspension containing 10mgml−1 of silica nanoparticles,

leading to a protein concentration of 10mgml−1. After an incubation time of 24 h in an over-

head shaker at 30 rpm (Loopster digital, IKA, Germany) the suspension was centrifuged at

14000 g for 10min (Microcentrifuge 1814, VWR, Germany). The supernatant was removed

completely and analyzed with respect to its absorbance at 205 and 214 nm as well as its

CD spectrum. Additionally, α-chymotrypsin was incubated for 24 h in an overhead shaker

and the CD spectrum and the concentration were analyzed to ensure that potential spectral

changes were not related to degradation of the protein or interaction with the reaction vial.

7
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The adsorbance analysis was used to determine the concentration of chymotrypsin remain-

ing in solution (80% of the starting concentration) and, by subtraction from the original

amount, the concentration of adsorbed chymotrypsin (20% of the starting concentration)

(c.f. S.I., Fig.S1)

The pellet was resuspended in the same amount of ddH2O as previously removed, and CD

spectra were collected in the shortest possible time (three spectra within less than 5min),

to avoid as much as possible the desorption of the adsorbed proteins from the nanoparticles.

The baseline obtained from the nanoparticle suspension is subtracted from the measured CD

spectrum to remove the contribution of the nanoparticles. The as-determined ellipticities

were converted to ΘMRE values based on the determined respective concentrations, allowing

for their direct comparison before and after adsorption. We performed a second centrifu-

gation step following the measurement of the re-suspended nanoparticles with the adsorbed

proteins after waiting for 1 h. The CD measurement on the corresponding supernatant enable

us to determine the protein desorbed from the nanoparticles (c.f. S.I., Fig.S1). We find that

a maximum of 50% of the protein detaches in comparison to the adsorbed concentration.

We note that the procedure is not completely free from possible uncertainties caused by

the potential partial desorption of proteins after resuspension and the adsorbance from the

SiO2 nanoparticles themselves, despite the care taken to ensure that the reference samples

(baselines) contained the same amount of silica as the chymotrypsin-containing samples.

Atomistic models for chymotrypsin and silica

The α-chymotrypsin structure was taken from the Protein Data Bank archive (PDB entry:

4CHA). The two missing residues, GLY12 and LEU13, were inserted to the sequence using

the LEAP tool included in the AMBER simulation package.44 The protonation states of ASP,

GLU, HIS were adjusted employing the constant-pH simulation method44 to a neutral pH,

which results in a protein net charge of +3 e (histidine protonation state: HIS38: HIE; HIS55:

HID). The resulting protein model is shown in Fig. 1. In addition to whole chymotrypsin

8
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Figure 1: Schematic representation of chymotrypsin in close contact with the silica surface model
(Si, yellow; O, red; H, white). The two h0 and h1 helices are highlighted in red. The β-sheets are
colored in blue, while the other secondary structure components are visualized in cyan.

we have also simulated its isolated C-terminal fragment with sequence RVTALVNWVQQT-

LAAN, corresponding to residue numbers 230 to 245, at the same protonation conditions.

As in previous work,18,19 the structure of the amorphous SiO2 surface was taken from

Cole et al.45 The surface slab, lying in the xy plane of the periodically repeated simulation

box, had a thickness of 21 Å and an area of 90×90 Å2. The surface slab was separated

from its periodically repeated image along the z coordinate perpendicular to the xy plane

by about 74 Å, resulting in a free volume above the surface which was filled with water

molecules and chymotrypsin. This surface has a silanol surface density of 4.4OHnm−2. The

surface charge was adjusted by deprotonating a number of silanol terminal groups up to a

surface charge of -0.07C m−2, in line with several potentiometric titration experiments.46–49

A surface segment is included in Fig. 1.
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Molecular Dynamics (MD) simulations

All MD simulations were performed with GROMACS,50 employing the AMBER14SB force

field44 in combination with the ionsjc_tip3p force field for the ions51 and the force field of

Butenuth et al.52 for the SiO2/water interface. Lorentz-Berthelot combination rules were

applied to the van der Waals parameters. Bonds involving hydrogen atoms were constrained

by means of the LINCS algorithm.53 All surface atoms except the silanol hydrogens were

kept fixed in their equilibrium positions. The simulation box used to model the dissolved

RVTALVNWVQQTLAAN peptide (with net charge +1 e) included 6558 H2O molecules and

1 Cl− ion to ensure charge neutrality. The simulation box used for dissolved chymotrypsin

included 21337 H2O molecules and three Cl− ions. The simulation box used for chymotryspin

interacting with the SiO2 surface included 21071 H2O molecules and 69 Na+ counterions.

The Particle Mesh Ewald (PME) method was used for the calculation of the electrostatic

interactions, using a cutoff distance of 1.2 nm for the real-space part of the Ewald sums and

the van der Waals interactions.

In all systems, the solvent density was adjusted to the equilibrium TIP3P water density at

300K and 1 atm, i.e. 0.983 ± 0.001 g cm−3.18 Prior to the production runs, the protein and

peptide were equilibrated in a series of NVT, NPT and NVE runs for about 1 ns, according to

standard protocols. Constant-temperature simulations were performed in an NVT ensemble

with a modified Berendsen thermostat with a coupling constant of 0.1 ps.54 Keeping the

volume constant was necessary to avoid instabilities of the simulation cell caused by the

high water temperature. Since the simulations at temperatures higher than 300 K were used

only to obtain qualitative information about the unfolding behaviour of chymotrypsin, the

resulting increase of pressure was not significant for the interpretation of the results. A

Verlet integration time step of 2 fs was used. Visualization and analysis of the trajectories

were performed with VMD.55
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Advanced-sampling molecular dynamics simulations

Free energy profiles associated with the helical unfolding of chymotrypsin were computed

with Replica Exchange with Solute Tempering (REST)33,37,56 combined with Metadynamics

(MetaD),34 as employed in previous works.29,36 We focused on the change of conformation of

the C-terminal fragment h1 (residues 230-245), which is helical in the equilibrium structure

of chymotrypsin in solution (colored red in the scheme in Fig. 2).

Solely this part of the system was defined as the ‘solute’ in the REST simulations, whose

temperature was scaled in the different system replicas (‘hot’ system region). The rest of

the protein, the water and the salt ions remained at the base temperature T0 = 300K (‘cold’

system region). We used 12 replicas at temperatures Ti corresponding to 300.0, 324.0, 350.0,

378.0, 408.3, 440.9, 476.3, 514.4, 555.6, 600.1, 648.1, and 700 K, respectively. Defining

βi = 1/(kBTi), where kB is the Boltzmann constant, the Lennard-Jones parameters ε of

the hot atoms in the i-th replica were scaled by the factor βi/β0, and their charges q by

the factor
√
βi/β0. Of the bonded interactions, only the dihedral force constants kψ were

scaled. If both distal atoms of a dihedral bond (atoms 1 and 4 in Fig. 2) belonged to the hot

region, the scaling factor was βi/β0. When one atom was hot and the other cold, the scaling

factor was
√
βi/β0.37 Exchanges between the replicas were attempted every 400 fs, following

a Metropolis-Hastings acceptance criterion. The geometric progression of the temperatures

Ti ensured a nearly uniform overlap of the potential energy distributions and thus a uniform

acceptance probability across the replica ladder,57 with average values between 46% and

48% in the simulated systems. The round-trip time, which is defined as the time needed

by one replica to move along the complete temperature ladder from 300 to 700K and back,

amounted to 0.48 ± 0.04 ns for the dissolved oligopeptide, 0.77 ± 0.84ns for the dissolved

protein and 0.51± 0.12ns for the protein/surface system.

Further conformational sampling was achieved by means of the ‘well-tempered’ meta-

dynamics method introduced by Barducci et al.34 The helicity H of the C-terminal chy-

motrypsin fragment was used as the collective variable (CV). This was defined, as in PLUMED 1,58
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by the deviation of the dihedral angles Φj and Ψj from the ideal angles of an α-helix,

Φ0 = −68.75◦ and Ψ0 = −45.0◦ :29

H =
1

N − 2

N−1∑
i=2

i+1∏
j=i−1

1

4
[ cos(Φj − Φ0) + 1][ cos(Ψj −Ψ0) + 1] (2)

with N corresponding to the total number of amino acids in the helix (N = 16 for helix

h1 and N = 8 for helix h2) and the index i spanning between residue numbers 231-244 (14

residues) and 166-171 (6 residues) for the helices h1 and h2, respectively. An ideal helix

assumes a value H = 100%, whereas a completely unordered structure assumes a value H

= 0%. We have implemented this CV in PLUMED 2 by using the matheval library.59 The

starting configuration of all MetaD simulations was chosen as the one with H = 0. Control

simulations were also run starting from opposite initial conditions (H = 100%, S.I., Fig. S2)

to check that the same free energy profile was obtained. Along the CV, Gaussian hills

with width of 0.35 rad were deposited with a frequency of 1 ps−1. The initial height of the

Gaussians, added every N=300 steps, in each i-th REST replica was hi = (kB∆Ti/τ)N∆t,60

where ∆t is the simulation time step (2 fs), τ is the characteristic time for the bias evolution

in the well-tempered scheme (3 ps), and ∆Ti is the boosting temperature. The latter was

defined as ∆Ti = Ti(γi−1),38,60 with bias factors γi equal to 4, 4.6, 5.4, 6.2, 7.2, 8.3, 9.6, 11.1,

12.9, 14.9, 17.3, 20 in the 12 replicas, respectively. This resulted in boosting temperatures

along the CV ranging from 900 to 5700K.

Structural cluster analysis

Cluster analysis of the structures present in the RESTmetaD trajectories was performed

using the GROMOS algorithm,61 according to the differences in the root-mean square dis-

placement (RMSD) values of individual frames, with an RMSD cutoff of 0.3 nm. The helix

peptide in selected ranges of helicity H (Eq. 2) was aligned by a rigid rotation and translation

of the whole system to minimize the RMSD variation prior to clustering.
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Figure 2: Parameter scaling of a solute tempering simulation of one protein part following the
REST2 approach. (left) Schematic of four bonded atoms (1-4) and one non-bonded atom (5). Atoms
defined as “hot” are red. The Lennard-Jones parameter ε as well as the charge q of the “hot” atoms
are scaled by the presented formula. The dihedral interactions are scaled differently if both or just
one distal atom is “hot”. (right) The C-terminus helix of chymotrypsin is defined as “hot” (red).
Interactions are separated into cold-cold, hot-hot and hot-cold interaction types. βi = 1/(kBTi).

Calculation of theoretical CD spectra

Theoretical CD spectra were calculated using the DichroCalc web interface39 and the BeStSel

method40 for individual frames of the simulated trajectories. The calculation with Dichro-

Calc involves the construction of an exciton Hamiltonian matrix, which models how electronic

transitions interact with one another;62 the sign and magnitude of the interactions is dictated

by the relative orientation and separation of chromophores, i.e., by the precise structure of

the protein. The matrix elements were computed using three different parameter sets mod-

eling the n→ π∗ and πnb → π∗ transitions of the peptide bond chromophore, namely: a set

derived from semi-empirical calculations,63 a set based on ab initio calculations,64 and an-

other ab initio set in which the vibrational structure of the πnb → π∗ transition is explicitly

included.65 The vibrational structure, arising from the Franck Condon progression of the
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πnb → π∗ transition, is one of the mechanisms that contributes to the broadening of bands

in the CD spectrum. Only two backbone electronic transitions were considered; the πb → π∗

transition and charge transfer transitions were not included. The calculated line spectra

were convoluted with Gaussian bands of bandwidth 12.5 nm, except for the spectra calcu-

lated with the parameters incorporating vibrational structure, where a narrower bandwidth

of 10 nm was applied, to avoid double-counting.

The BeStSel method estimates the secondary structure of proteins from their experi-

mental CD spectra by fitting basis spectra sets representing eight secondary structure com-

ponents.40 The basis spectra of BeStSel were optimized on a reference set of CD spectra

of proteins with known X-ray structure and are therefore fully empirical. Having model

structures from MD simulations, it is then possible to calculate the theoretical CD spectra

by using the basis spectra of BeStSel. To obtain the secondary structure composition, the

structures from MD simulations were analyzed by DSSP66 and then the BeStSel secondary

structure contents were derived. Theoretical CD spectra were calculated using two different

approaches. The first approach uses the secondary structures based on the BeStSel basis

spectra sets. BeStSel does not account for aromatic contributions and the basis spectra

reflect an average low aromatic content of the CD reference proteins with known structures.

However, chymotrypsin has a high aromatic content, thus the need for a second approach.

This employs as starting point the CD spectrum of the native chymotrypsin having known

X-ray structure and modifies it with the spectral contribution of the structural differences

shown by the model structures calculated using the BeStSel basis spectra. This second type

of calculated spectra will contain the native aromatic contribution of chymotrypsin.

De novo secondary structure prediction

To investigate the intrinsic conformational propensities of the C-terminal fragment RV-

TALVNWVQQTLAAN based on its primary structure, we applied three different secondary

structure prediction servers. The PEP-Fold server predicts first Structural Alphabet (SA)
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letters from the sequence using a hidden Markov model approach. These fragments are as-

sembled by a Greedy procedure driven by a modified OPEP coarse-grained force field energy

score followed by a clustering procedure leading to a maximum of five 3D structures.67,68 The

iterative threading assembly refinement server (I-Tasser) is a hierarchical approach, which

identifies structural templates from the PDB database. The full-length atomic models are

constructed by iterative template fragment assembly using Replica Exchange Monte Carlo

simulations.69 The QUARK prediction tool is a protein folding algorithm based on a Replica

Exchange Monte Carlo simulation under the guide of an atomic-level knowledge-based force

field.70 The major difference in comparison to the two other approaches is the prediction

without homologous templates. The 16mer peptide sequence required an extension via a

GGGG linker since the minimum number of amino acids is 20 for the usage of this server.

Results

Circular dichroism experiments

We first report the experimentally measured CD spectra of chymotrypsin in solution, ad-

sorbed on SiO2 nanoparticles, and subjected to a temperature increase leading to partial

denaturation in solution (Fig. 3). The CD spectrum of native chymotrypsin is characterized

by two distinct minima at about 205 and 230 nm, separated by a rather flat region with

a barely noticeable shoulder at 215 nm.20 The minimum at 205 nm is associated with the

π → π∗ transition.71 The one at 230 nm, on the other hand, has been tentatively assigned

to the coupling of aromatic residues, namely Trp-Trp couplings or to Trp coupling with

Phe.72–74 Adsorption of chymotrypsin on silica leads to disappearance of the minimum at

230 nm and a red shift of the minimum at 205 nm, which also moves towards smaller ab-

solute values of ellipticity. The disappearance of the 230 nm band suggests an enhanced

flexibility of peptide chains around aromatic residues (Trp, Phe) causing a destabilization

of their mutual interactions.74 A slight overall decrease of the signal intensity is also visible,
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but not quantifiable due to the uncertainty associated with the precise determination of the

concentration of adsorbed proteins (see Methods). Analysis of the spectra via the BeStSel

webserver40 revealed a 26% decrease of the protein’s helicity (from 10.0 ± 1.9 % to 7.4 ±

2.3 %) upon adsorption. The amount of parallel β-sheets is also slightly decreased, while the

number of residues in unordered structures (‘others’ in the tables in Fig. 3) correspondingly

increases. The CD spectra collected from the supernatant after re-desorption experiments

reveal that these adsorption-induced structural changes are fully reversible (c.f. S.I., Fig.S1,

panel (e)).

% in solution adsorbed
Helix 10.0 ± 1.9 7.4 ± 2.3
Antip. β-sheet 23.6 ± 1.9 23.8 ± 2.3
Parallel β-sheet 8.1 ± 1.9 6.2 ± 2.3
Turn 14.0 ± 1.9 13.8 ± 2.3
Others 44.3 ± 1.9 48.8 ± 2.3

% 25°C 65°C
Helix 10.0 ± 1.9 5.0 ± 1.5
Antip. β-sheet 23.6 ± 1.9 27.8 ± 1.5
Parallel β-sheet 8.1 ± 1.9 5.1 ± 1.5
Turn 14.0 ± 1.9 15.0 ± 1.5
Others 44.3 ± 1.9 47.0 ± 1.5

a) b)

Figure 3: CD spectra of chymotrypsin dissolved in ddH2O and adsorbed on SiO2 nanoparticles (a);
and dissolved in ddH2O subjected to a temperature ramping from 25◦C to 65◦C (b). The amount of
secondary structure elements obtained by spectral analysis is reported in the inserts.

Heating the dissolved protein results in a slightly different behavior. Namely, in agree-

ment with a previous study,20 the minimum at 205 nm undergoes a blue shift, accompanied

by an increase of the absolute ellipticity value in the region from 190 to 205 nm. However,

also in this case the minimum at 230 nm disappears (Fig. 3 (b)), suggesting similar influ-

ence on the aromatic residues. At 65◦C, the helicity is reduced by 50%. Other structural

changes involve an enrichment in antiparallel and a depletion in parallel β-sheets, as well
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as an increase of the disordered structures. The spectral changes obtained from the heating

procedure are found to be irreversible on the timescale of the experiment (see Supplementary

Information, Fig.S1, panel (g)).

We note that the determination of secondary structure contributions from the CD spectra

is strongly dependent on the method applied and the associated basis sets.40 The basis

sets are developed based on CD spectra with a known associated structure from XRD or

NMR measurements. However, the application of an extended parameter set considering

the spectral variability of structures associated with β-sheets within the BeStSel approach

reduces the deviations in the calculation of secondary structure components for proteins40

and peptides75 in comparison to other approaches.

Partial loss of helicity due to either adsorption or heating is intriguing, given that in a

previous study we have predicted that chymotrypsin adsorbs on silica in an orientation which

brings both its helical fragments (h0 and h1, see Fig. 1) in contact with the surface. Therefore,

silica could perturb the protein’s native structure inducing partial helical unfolding. Since the

h1 helix is located at the C-terminus, it is also conceivable that its structure would easily be

altered at high temperature, which would be consistent with our structural analysis. In order

to shed light on these issues, in the following we perform a detailed MD investigation, first

on the basis of simple trajectories at high temperatures, and later making use of advanced-

sampling methods accessing the whole free-energy landscape of the protein.

Standard molecular dynamics simulations at high temperature

A total of eight standard MD simulations were performed with the protein either in solution

or adsorbed on SiO2, at simulated temperatures of 300K, 400K, 500K and 600K. Simula-

tions were preceded by a 50 ns temperature ramping and equilibration. Temperatures higher

than 300K were used as a simple way to overcome local energy barriers and observe protein

denaturation within a short simulation time.76 In Fig. 4 we report the evolution of the helic-

ity of the two helical fragments h0 (residues 165 to 172 in the chymotrypsin sequence) and
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Figure 4: Results of standard MD simulations of chymotrypsin dissolved in water and adsorbed on
the SiO2 surface at 300K, 400K, 500K and 600K. The evolution of the helicity in the two helix
regions h0 and h1 is shown in (a, d, g, j) together with the final snapshots after 120 ns in water (b,
e, h, k) and on the surface (c, f, i, l). The helicity is reported as percentage of the ideal H value
for α-helices computed via Eq. 2. Simulations were preceded by a 50 ns temperature ramping and
equilibration. Smoothing on the curves has been applied for clarity.
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h1 (residues 230 to 245), computed via Eq. 2, together with snapshots of the final structures

after 120 ns of MD.

No obvious conformational changes can be observed during the simulations at 300K and

400K, in which the helicity of both h0 and h1 remains close to the ideal values for α-helices.

On the contrary, at the highest temperature, 600K, severe unfolding within about 20 to 40 ns

takes place both in water and on the surface during the simulations. More interesting is the

behavior observed at 500K, where only the C-terminal helix h1 unfolds after about 50 ns,

whereas the other helix h0 maintains 80% of its helicity during the whole simulation. This

behavior of helicity, as defined in Eq. 2, with temperature matches the behavior observed

by looking at a more general secondary structure assignment via the STRIDE server77 (S.I.,

Fig. S3).

These results suggest that heating of chymotrypsin is likely to induce unfolding of its

C-terminal helix fragment before more severe denaturation takes place, which is consistent

with the experimental CD analysis above (Fig. 3). Interestingly, preferential conformational

changes at the C-terminus upon adsorption have been also reported in literature for the case

of RNase A on COOH- terminated self-assembled monolayers and tentatively explained by

electrostatic repulsion.78 Secondary structure variations in terminal residues have also been

reported for other proteins in interaction with charged surfaces.79 Furthermore, analysis of

the trajectories revealed a high sensitivity of some aromatic residues (Trp, Phe), close to

the helical segments, to the observed conformational destabilization (S.I., Fig. S4). Namely,

Trp-Trp and Trp-Phe couplings are lost or undergo rearrangements at 500K (both in solution

and adsorbed), which could explain the loss of the 230 nm minimum observed in experiments

(Fig. 3). On the other hand, the aromatic residues located in the protein’s β-sheet core are

unaffected.

In these simulations no qualitative difference is observed in the presence or absence of the

silica surface, apart from the fact that the h1 fragment does seem to adsorb on the surface

when it unfolds (Fig. 4(i)). Before addressing whether surface-induced unfolding can actually
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take place, in the following we study the structural stability of the C-terminal fragment in

more detail and the influence of its unfolding on theoretically predicted CD spectra.

Calculation of CD spectra during helical unfolding

CD spectra of proteins can be computed from first principles by means of exciton theory, in

which the coupling of electronic excitations of individual chromophores is modelled through

electrostatic interactions calculated using approximations of transition charge densities, e.g.,

sets of charges. Electronic transitions of the protein are, thus, linear combinations of the

transitions of the isolated chromophores. This is the approach implemented in the Dichro-

Calc web-server.39 Comparison between so-obtained spectra with experimental data is only

reliable under the condition that the considered structure is a very deep minimum of the en-

ergy landscape associated with possible conformational changes of the molecule. Otherwise,

the spectra of all accessible structural conformations need to be computed and weighted by

their Boltzmann factors, which can be done for small peptides,29 but not for larger proteins,

due to the excessive computational time required.

Alternatively, CD spectra of proteins can also be predicted through a statistics-based

approach, by a superposition of a basis set of spectra associated with elementary secondary

structure elements (helices, sheets, coils, etc.), weighted according to the amounts of those

elements present in the protein structure, which needs to be determined a priori. This

second approach can be applied using the basis spectra of e.g. the BeStSel method.40 Given

a certain molecular structure, its related CD spectrum can be theoretically predicted.

In this work, we generated a set of snapshots of the entire chymotrypsin forcing the

unfolding of the h1 helix by means of a variable constraint associated with its helicity,

as defined in Eq. 2, during an MD simulation at 300 K. For each of those snapshots we

computed theoretical CD spectra using both DichroCalc with three different parameter sets

and BeStSel with two different approaches, as described in Section 2.6. Namely, either by

calculating the spectra directly from the BeStSel basis (that reflects low aromatic contents),
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DichroCalc 
(semi-empirical)

DichroCalc 
(ab initio)

DichroCalc
(ab initio + vib)

BeStSel 
(no aromatics)

BeStSel 
(aromatics)

Figure 5: MD simulation at 300K of chymotrypsin with a variable constraint applied to the helicity
H of the h1 helix, which is forced to unfold from an ideal helix (H = 100%) to a fully unordered
structure (H =0%) over 30 ns. The theoretically predicted CD spectra associated with 100 selected
snapshots along the trajectory are reported, computed with the DichroCalc server using three param-
eter sets (semi-empirical, ab initio, ab initio + vib) and with the BeStSel server using two different
basis sets (without and with aromatic contributions). See for the details. Selected snapshots of the
h1 structure (red ribbons) are shown in the bottom right.

or calculating the spectral deviation from the secondary structure change with respect to

the native structure and subtracting it from the CD spectrum of the native protein, which

better accounts for the the native aromatic contributions. We note, however, that in none

of these methods is the true aromatic coupling between side-chain residues properly taken

into account, which limits the theoretical CD analysis. The results are presented in Fig. 5.

Evident is the large variability of spectra predicted by the different methods and param-

eters or basis sets employed. Notably, the variability observed when changing the fraction of

helical residues from 0% to 100% is less than that observed in the experiment. For native

chymotrypsin (blue curves in the spectra of Fig. 5), all methods reproduce the deep mini-

mum at about 205 nm, although shifted towards 210 nm in some cases (semi-empirical, ab

initio in Fig. 5).

With DichroCalc, only the parameter set including vibrational transitions (ab initio +

vib in Fig. 5) is able to reproduce a second minimum, although at about 225 nm and not
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230 nm, and much less pronounced than in the experiments. During the unfolding process

(blue to red in the spectra of Fig. 5), all DichroCalc parameter sets predict a red shift and

a decrease in intensity for the 205 nm minimum, which is consistent with the changes in the

experimental spectra (Fig. 3) induced by adsorption on silica.

BeStSel, without consideration of aromatic contributions, shows for H = 100% a mini-

mum at 205 nm and a shoulder at about 220 nm, which is roughly in correspondence with the

experimentally observed shoulder between the deeper minima (see Fig. 3). With decreasing

helicity, it predicts a blue shift and an increase of the intensity for the 205 nm minimum,

while a decrease in intensity in the 210-240 nm region, which is the behavior observed in the

experiments during chymotryspin heating. Upon consideration of aromatic contributions,

the BeStSel spectra are enriched by a minimum at 230 nm, in agreement with the experi-

ment. The fact that this component is not present when the spectrum is calculated only

from the pure BeStSel basis spectra, that consider only weak aromating contributions, is

supporting the hypothesis regarding the influence of aromatic couplings.72–74 This minimum

is conserved at all helicity values, at variance with what observed in the experiments during

heating or adsorption (see Fig. 3), further indicating that it cannot be assigned to a sec-

ondary structure component. However, the analysis of the aromatic residues in proximity of

the helical segments during the constrained MD simulation (S.I., Fig. S4) shows no variation

in the Trp-Trp and Trp-Phe couplings between H = 100% and H = 0%.

These predictions are therefore not entirely conclusive regarding the true conformational

changes responsible for the different experimental spectra. For this reason, in the following

we undergo a more thorough investigation using advanced-sampling methods that give access

to the full free-energy profile associated with the helical unfolding process.

Advanced-sampling simulations

In order to investigate the stability of the C-terminal fragment h1, we first perform an anal-

ysis of the structure of the isolated hexadecapeptide fragment with sequence RVTALVN-
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Figure 6: RESTmetaD free energy landscape (a) and experimental CD analysis (b) of the structure
of the isolated C-terminal fragment of chymoptrypsin (residues 230 to 245, sequence RVTALVN-
WVQQTLAAN) in pure water.

WVQQTLAAN. Various secondary structure prediction servers predict for this sequence a

predominantly, but not entirely, helical structure. For instance, the QUARK70 and I-Tasser69

tools suggest a helical conformation for 75.0% to 87.5% of the peptide; PEP-Fold67,68 pre-

dicts a 56.3% propensity for an α-helical conformation.

We computed the free-energy profile associated with the folding/unfolding of the hex-

adecapeptide in pure water using RESTmetaD with the peptide’s helicity (Eq. 2) as the

collective variable. The time dependence of the estimated free energy profile over a 500 ns

RESTmetaD simulation is shown in Fig. 6 (a). The converged profile is very shallow across

the entire range of helicity, with a series of 13 local minima (with depths of about 3 kJmol-1)

corresponding to the individual unfolding of the amino acid residues, as obtained before for a

similar system.29 The global minimum is located at H = 0%, but a secondary shallow mini-

mum only about 1 kJmol-1 higher is present at H values between 30% and 50%. Boltzmann

integration of the entire profile predicts an average value of helicity H = 36.7%.

In order to support this finding with experimental evidence, we measured the CD spec-

trum of the isolated RVTALVNWVQQTLAAN peptide in ddH2O and analysed its secondary

structure via the BeStSel server (Fig. 6 (b)). The analysis reveals a helical content slightly

smaller than 50%, which is in fair agreement with the results of the prediction servers and
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Figure 7: RESTmetaD free energy landscape of chymotrypsin during folding/unfolding of its C-
terminal helical fragment h1 in pure water (a) and adsorbed on amorphous silica (b), along with two
representative snapshots of the respective most probable conformations (c, d).

support the findings of our RESTmetaD simulation.

A different behavior is observed for the same sequence of residues embedded in its native

environment, namely as C-terminal region of chymotrypsin. In this case, the free-energy

profile predicted by RESTmetaD (Fig 7 (a)) does present a very well defined local minimum

at helicity values around 80%. In comparison, the native chymotrypsin structure, as taken

from the Protein Data Bank and briefly equilibrated in TIP3P water, presents an h1 helicity

of 70%.

These simulations thus suggest that the protein environment around the C-terminal frag-

ment h1 stabilizes it as an α-helix, which would partially unfold if placed in pure water. The

cause of this stabilization effect lies in the peculiar hydrophobic/hydrophilic matching be-

tween the side chains of the fragment and its neighbours, as shown in Fig. 8. In the folded

conformation, the hydrophilic side chains of the helix point towards the solvent, while the

hydrophobic ones are surrounded by the rest of the protein (Fig. 8 (a)), which is composed,
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in turn, mostly by hydrophobic residues (Fig. 8 (b)). The helix h1 is further stabilized by

internal hydrogen bonds that connect the backbone’s carbonyl and imide groups, while few

hydrogen bonds are present with the rest of the protein (Fig. 8 (c) and Fig. 9 (magenta)).

Unfolding results in a loss of the internal hydrogen bonds and concurrent formation of some

new hydrogen bonds with the rest of the protein (Fig. 8 (d, e) and Fig. 9 (green)). How-

ever, the favourable enthalpic driving force associated with the formation of these additional

hydrogen bonds when h1 unfolds is not enough to counterbalance the loss of helix-internal

bonds, resulting in a less stable conformation, in line with the predicted free energy pro-

file (Fig. 7 (a)). Based on these results, we suggest that the helical stabilization of h1 is

mainly due to an entropically-driven hydrophobic effect. The protein-fragment interactions

are probably also responsible for the smoother shape of the profiles in comparison with the

isolated fragment, where unfolding of each individual residue causes a small minimum in the

computed profile (see Fig. 6).

Two facts are now worth recalling. First, in the most favourable orientation for adsorp-

tion on silica, chymotrypsin presents its helical fragments h0 and h1 towards the surface.18,19

Second, the hydrophilic side chains of h1 point outwards (Fig. 8 (a)), providing good anchor-

ing sites for stable surface adsorption18 (e.g. ASN236, GLN240, ASN245). The extent of

unfolding induced by the SiO2 surface is now revealed with the help of RESTmetaD sim-

ulations. The free-energy profile as a function of h1’s helicity in the presence of SiO2 is

shown in Fig. 7 (b). Compared with the situation in pure water (Fig. 7 (a)), the surface does

indeed lead to a flatter free energy profile. While the global minimum is still around H =

75%, a rugged local minimum region, separated by a barrier of about 20 kJmol−1 and lying

about 10 kJmol−1 higher than the global minimum, is present around H = 17%. Boltzmann

integration of the profiles gives average helicity values of 77.7 and 68.9% in water and on

the surface, respectively, at 300K. Therefore, we can safely conclude that the surface desta-

bilizes the helical conformation of h1, but is not inducing a complete unfolding. This is in

line with the experimental CD analysis, which reveals only a moderate decrease of the total
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Figure 8: Stabilization of the helical conformation of the C-terminal h1 fragment exerted by chy-
motrypsin due to matching of hydrophobic (blue) and hydrophilic (red) side chains (a). The protein
residues (black labels) surrounding h1 (blue labels, green atoms) are highlighted in the LigPlot80

interaction scheme in (b). Covalent bonds are shown as straight lines, hydrogen bonds as dashed
lines, and hydrophobic interactions as red arcs. Panels (c,d,e) show superimposed structures of the
h1 backbone (red) corresponding to individual frames from the RESTmetaD simulations (Fig. 7 (a))
in three helicity windows (92-100, 42-50, 0-8 %, respectively), highlighting the hydrogen bonds (thin
blue lines) formed therein. A hydrogen bond is counted as present if the donor-acceptor distance is
smaller than 3Å and the donor-H-acceptor angle lies between 160◦ and 180◦.
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Figure 9: (a) Comparison between the distributions of the total number of internal hydrogen (H)
bonds of the h1 fragment, for low (green) and high (magenta) helicity. (b) Comparison between the
distributions of the total number of H-bonds between residues in the h1 fragment and the rest of
the protein, for low (green) and high (magenta) helicity. Lines are Gaussian fittings to help the
comparison. A hydrogen bond is counted as present if the donor-acceptor distance is smaller than
3Å and the donor-H-acceptor angle lies between 160◦ and 180◦.

chymotrypsin helicity (from 10% to 7.4%) upon adsorption (Fig. 3).

Structural cluster analysis

The free-energy profiles presented above give an estimate of the expected helicity H in the

h1 fragment alone, as part of solvated chymotrypsin, and as part of the protein adsorbed

on silica. To gain precise structural details about the conformations of the fragment in

these three cases, we performed a cluster analysis in selected regions of the helicity collective

variable (Fig. 10).

The isolated peptide, when unfolded (low H values), is able to access many different

conformations, which results in the most-populated clusters containing only 15% to 33%

of the total frames up to a helicity of 50%. The dominant structure is hairpin-like to

horseshoe-like (Fig. 10 (a), H<33%) before nucleation of a helix starts from the C-terminus

of the fragment (H = 42-50%). At higher H the helix further develops while the fragment

straightens, the most-populated cluster now including 80% (H = 67-75%) to all (H = 92-
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100%) frames. Note, as highlighted before, the ordered alternate arrangement of hydrophilic

(green) and hydrophobic (grey) residues on opposite sides of the formed helix.

When the h1 fragment is part of chymotrypsin (Fig. 10 (b)), at large H values it assumes

the same helical structure as in water. However, the constraints exerted by the rest of the

protein both through the covalent attachment at the fragment’s N-terminus and weaker

protein-fragment interactions (see Fig. 8) limit the conformational variability also at lower

H values. This is evident both from the much larger percentage of frames in the most-

populated clusters at 0%<H<50%, and from the onset of helical formation starting earlier

(H = 25-33%), this time from the bound N-terminus rather than the free C-terminus of the

fragment. The overall structures are more straightened, again due to the protein’s embedding

environment.

The embedding constraint is even larger when chymotrypsin is adsorbed on silica (Fig. 10 (c)),

leading to clusters containing 67% and 79% of all frames even at the lowest helicities. The

conformation at helicities close to the secondary local free energy minimum of the correspond-

ing profile (Fig. 7 (b), H = 25-33%) show a relatively large flexibility of the C terminus

and a kinked, boomerang-like fragment structure with already some degree of hydropho-

bic/hydrophilic order.

The RMSD minimization and alignment of all structures in this analysis, however, limits

our understanding about the affinity of the h1 for the silica surface. For this reason, in Fig. 11

we show a superposition of all frames in the same helicity windows without any alignment or

clustering. For clarity, only the different h1 fragment structures are actually superimposed,

whereas the surface and the rest of the protein are drawn from a single (t=0 ns) frame, which

best represents the embedding and constraining environment around the fragment.

At no value of helicity does the fragment firmly adsorb on the surface. It rather assumes

both adsorbed and detached configurations. At the highest helicities, two main configurations

(flat, adsorbed and tilted, desorbed) can be distinguished. At all lower helicities, including

the regions around the global and local free-energy minima, the fragment is only partially
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adsorbed, with the C-terminus often being in close contact with the main protein’s body.

Anchoring to silica thus takes place via only few of the potentially available side-chain

residues. Indeed, this is consistent with the chymotrypsin/silica anchoring sites revealed in

our previous studies,18,19 where the important anchoring role of also other protein regions,

in particular the second helix h0, has been underlined.

Discussion

The combined results of experimental CD analysis and advanced-sampling MD simulations

reveal that adsorption of chymotrypsin on silica surfaces leads to limited, but non-negligible,

changes of its secondary structure. Most evident is a partial unfolding of the helical C-

terminal fragment comprising the last 16 residues in the protein sequence, named h1 in this

work. This fragment, in fact, partially unfolds when solvated in water as an isolated hexade-

capeptide, because of its very flat free energy profile over the entire range of helical content

(Fig. 6 (a)). Being able to fold and unfold without significant energy penalty, it assumes, on

average, a helicity of about 50%, as revealed in CD experiments (Fig. 6 (b)), suggested by

structural de novo prediction servers, and quantified via RESTmetaD simulations. Its most-

probable unfolded conformations present a hairpin/horseshoe-like overall shape (Fig. 10 (a)).

When folded, its hydrophilic and hydrophobic side chain residues become ordered at opposite

sides of the nearly ideal α-helical structure (Fig. 10 (a)).

This ordered hydropathy pattern is key for the observed stabilization of the folded helical

conformation when h1 is embedded in the main protein’s body, which provides a predom-

inantly hydrophobic cleft in which h1 natively resides (Fig. 8). The entropic driving force

of the classical hydrophobic effect makes the destabilization of the helical conformation en-

ergetically unfavourable, so that the free energy profile of h1 along the helicity coordinate

presents a deep and well-defined minimum (Fig. 7 (a)) at values close to an ideal helix. The

average predicted helicity from the RESTmetaD simulations, 77.7%, matches very well the
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Figure 10: Representation of the most-populated clusters within H intervals of 0-8, 25-33, 42-50,
67-75 and 92-100 % for the h1 fragment as an isolated hexadecapeptide (a), as part of dissolved
chymotrypsin (b), and as part of adsorbed chymotrypsin (c) (see snapshots on the left). The number
and percentage of frames in the most populated clusters are reported underneath the corresponding
superimposed frames. Hydrophilic residues are shown in green, hydrophobic in gray, the fragment’s
N-terminus in blue.
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Figure 11: Superposition of all configurations of the h1 fragment accessed during a RESTmetaD
simulations of chymotrypsin adsorbed on silica (Fig. 7 (b)), in selected intervals of helicity H. The
rest of the protein and the surface are represented with a single frame (t=0 ns), as a reference.
Colors of h1 as in Fig. 10.

helicity of h1 in the native PDB crystal structure (70%).

When chymotrypsin adsorbs on silica, it does so in an orientation that brings both its

helices h0 and h1 in close contact with the surface.18,19 The hydrophilic side chains of h1

pointing outwards can now act as anchoring sites for the adsorbed protein, which causes

a perturbation of both the native conformation of the helix and the aromatic couplings of

neighbour Trp and Phe residues. This perturbation is not as strong as it would be required

to unfold the helix completely, and in fact the h1 fragment does not stably adsorb to the

surface, even if unfolded (Fig. 11). However, the associated free-energy profile (Fig. 7 (b))

is flatter than in solution, which suggests that a partial degree of destabilization is possible

at 300K. This is consistent with the partial helicity loss and changes in the aromatic cou-

plings estimated in our own experimental CD spectra of chymotrypsin adsorbed on silica

nanoparticles (Fig. 3 (a)), as well as in a previous work.20

Besides these effects, the CD spectra indicate only very minor changes of the protein’s

secondary structure. The stability of the globular tertiary structure of chymotrypsin is indeed

due to the large extent of β-sheet elements in its interior. Since these are hardly perturbed

after adsorption, we can infer that the overall tertiary structure of the protein remains

essentially the same, which is in line with suggestions of previous studies.21 Indirectly, this
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conclusion is supported by the much more evident spectral changes measured with CD upon

heating of chymotrypsin up to 65◦C, promoting irreversible structural changes (Fig. 3 (b)

and Fig.S1(g)).

Adsorption and heating have different effects on the ellipticity band at 205 nm, character-

istic of π → π∗ transitions in the peptide bond. The minimum shifts to larger wavelengths

and decreases its intensity in the first case, while it shifts to smaller wavelengths and in-

creases its intensity in the second case. In both cases, however, the secondary minimum at

230 nm evidently disappears. The disappearance of this minimum might be consistent with

changes in the aromatic contributions both upon adsorption and heating, as qualitatively

observed in our standard MD simulations at high temperature (Fig. 4 and Fig.S4 in S.I.).

A possible verification of this hypothesis could come from measurements of the near-UV

CD spectrum between 260 and 310 nm, which reflects purely the contribution of aromatic

side-chains that are located in asymmetrical environment and is very sensitive to any con-

formational changes.81 The theoretically calculated spectra reproduce qualitatively well the

shift of the 205 nm minimum as a consequence of selective unfolding of the h1 helix (Fig. 5).

It must be noted that both our experiments and our simulations present some limitations,

so that interpretation of the results must be taken with care. In the experiments, partial

desorption of previously adsorbed chymotrypsin may take place in the short time required to

re-disperse the silica particles, so that the measured spectra may contain contribution from

desorbed molecules. This means that the actual loss of helicity in the adsorbed state may

be larger than estimated here. Also, precise determination of the protein concentrations,

especially in the adsorbed state, is tricky and prone to errors. These lead to uncertainties in

the conversion from raw CD signal to ΘMRE, and, in turn, in the quantification of secondary

structural elements.

Additional contributions to the helicity loss could also be due to partial unfolding of the

h0 helix, despite it being apparently much more stable than h1 (Fig. 4). These contribu-

tions are not considered in our RESTmetaD simulations, which are limited only to helicity
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variations in h1. Finally, the simulations themselves contain some degrees of uncertainty.

First, the employed force fields neither include polarization effects, nor allow for proton ex-

changes between the protein and the surface after adsorption. Secondly, issues still remain

with the accuracy of force field predictions of protein secondary structure components. This

is particularly true for non-helical conformations, while the chosen parameter set has been

shown to give reliable results for the helical content of proteins.82 Finally, the ergodicity of

the conformational sampling is not guaranteed, not even under the strong biased provided

by the combination of replica exchange with metadynamics. In fact, although all investi-

gated systems explore the whole ranges of helicity well enough (as reported in Fig.S6 of the

Supporting Information), the sampling of single replicas is not always ideally homogeneous

(diffusive), as evident from the variation in the number of frames collected in equally large

windows of helicities (see Fig. 10). The convergence of the free energy profiles is, on the

contrary, rather good, as shown by their smooth evolution in Figs. 6 (a) and 7), and by con-

trol simulations starting from different initial conditions (S.I., Fig.S2). They point, however,

to the difficulties encountered when dealing with bulky protein systems rather than small

oligopeptides.29,36

Conclusions

In conclusion, we have shown that prediction of structural changes that enzymes undergo

upon adsorption on oxide surfaces can be rationalized at the atomic scale by means of a

combination of an accurate structure-dependent spectroscopic technique, Circular Dichroism,

with all-atom Molecular Dynamics simulations coupled with enhanced sampling methods

targeting free energy. As part of this joint effort, methods to theoretically predict CD

spectra from atomistic simulations were also compared and improved.

We have found that chymotrypsin loses part of its helical content, with minor perturba-

tion of its overall tertiary structure, associated to changes in the aromatic interactions, after
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adsorbing on silica. The observed structural changes could directly contribute to the experi-

mentally measured decrease of chymotrypsin’s enzymatic activity in the adsorbed state.16,17

The reported chymotrypsin case, however, should be considered as a proof of concept. We

believe that the joint methodology introduced in this paper has a direct general applicability

to the field of biomolecule - inorganic surface interactions. Indeed, our theoretical frame-

work, based on an original extension of REST,35 in which only a small portion of the protein

is sampled regarding its possible changes of conformation, could be applied to any part of a

protein or molecule, e.g. an enzymatically active site, a crucial hinge region involved in large-

scale protein motion, or a specific binding motif, to investigate their dynamical behavior on

an experimental time scale. However, key to the method is prior knowledge of a few puta-

tive pathways of structural rearrangement, which we have achieved in this work by means

of CD experiments and standard MD simulations at high temperatures. In fact, despite the

computational effort for the present work totaling as much as four million CPU-core hours,

quantitatively accurate, unbiased sampling of all conformational degrees of freedom of en-

tire enzymes after surface adsorption is still not within our reach. We envisage that progress

could be made with augmentation of advanced-sampling MD with artificial-intelligence tech-

niques that automatically recognize and select the regions of the conformational phase space

in which sampling may be required, as opposed to regions which would not contribute to

improvement of the simulation ergodicity.
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