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Abstract

The immobilization of enzymes in the cages of Metal-Organic Frameworks (MOF) is
important in biotechnology. In this context, the mechanism of translocation of proteins
through the cavities of the MOF and the roles played by confinement and MOF chem-
istry in giving rise to stable protein intermediates that are otherwise transiently pop-
ulated in physiological environment are important questions to be addressed. Herein,
these unexplored aspects are examined with Villin Headpiece (HP35) as a model pro-
tein confined within a mesopore of MIL-101(Cr) using molecular dynamics simulations.
At equilibrium, the protein is located farther from the center of the cavity and closer
to the MOF surface. Molecular interactions with the MOF leads to a partial unfolding
of helix-1 at its N-terminus. Umbrella sampling simulations inform the range of con-
formations that HP35 undertakes during the translocation from one cavity to another
and also provide the free energy differences at various stages of translocation. Rela-
tive to its equilibrium state within the cavity, the free energy barrier for the unfolded
protein at the cage window is estimated to be 16 kcal/mol. This study of MOF-based
protein conformation can also serve as a general approach to observing intermediates

in folding-unfolding pathways.

Keywords Metal-Organic Frameworks (MOF), Protein immobilization, Co-translocational

unfolding, Molecular Dynamics Simulations
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1 Introduction

Misfolded and unfolded proteins inside a cell are refolded and sometimes degraded by en-
zymes and chaperones to maintain protein homeostasis.’*¥ In certain aberrant cases, these
non-native protein intermediates are known to form pathologically toxic aggregates as in
Alzheimer’s and Parkinson’s diseases.® Understanding the mechanism of these aggregate
formations is often challenging experimentally because they are driven by conformations
that are short-lived.* Knowledge about these short-lived intermediates could shed tremen-
dous insights into the mechanisms leading to these pathological aggregates and other protein
activities driven by non-native conformations. Molecular dynamics simulations on these sys-
tems can assist in addressing these problems by providing information on the structures
and dynamics of these proteins.” Much like chaperones in a cellular context, non-protein
matrices such as metal-organic framework (MOF) can be used as laboratory-reconstituted
assays to trap protein intermediates in their folding-unfolding pathways. This reconstituted
pipeline provides a tremendous opportunity to explore the area related to the immobiliza-
tion of enzymes (proteins) and the functional implications of the process. This makes the

immobilization of enzymes (proteins) a topic of vital theoretical interest.

Immobilized enzymes are important for biotechnological industries. In an industrial environ-
ment, exposure to various stresses such as high temperature, pressure, organic solvents, pro-
teolytic, and chaotropic agents makes enzymes unstable apart from issues related to product
separation and purification.®” Approaches to mitigate such problems include the entrapment
of enzymes in different materials starting from bulk materials,” nanoparticles,®” hydro-
gels, ™! carbon nanotube,** DNA origami,™¥ covalent organic frameworks,*® hydrogen-bonded
organic frameworks,*? silica’® and metal-organic frameworks (MOF) utilizing covalent and
non-covalent interfacial interactions. Versatility in combining inorganic (metal nodes) and
organic (linkers) chemistry make MOFs one of the most used host platforms.®#1722 Sych

confinement also allows one to study transient intermediates under confinement (as in MOFs
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with porous cages). Due to the presence of multiple cavities, the MOF platform also allows
one to study the translocation of proteins from one cavity to the neighboring one. Translo-
cation phenomenon such as crossing the blood-brain barrier®*#* has its importance in the
spread of diseases along with the unfolding of proteins through biological nanopores. One
of the possible ways to understand these phenomena in a reconstituted system is to study

with a model protein.

One of the model systems extensively studied in protein folding-unfolding processes is the
chicken villin headpiece (HP35). HP35, which is an actin-bundling protein, contains two
domains: “core” and “headpiece”. The headpiece is the F actin-binding domain lying in the
C-TER of super villin.**2% HP35 is the 35-residue subdomain within the headpiece domain.
It is one of the smallest monomeric polypeptides, made of naturally occurring amino acids
that fold independently and autonomously into a unique and thermostable structure with
a melting temperature of 342 K.“™“J Suybdomains that fold independently are important
for studying protein folding. As shown by McKnight and co-workers, HP35 undergoes a
cooperative thermal unfolding transition (unlike molten globules).?” Like other small pro-
teins that fold at sub-microsecond timescale, HP35 also shows low folding cooperativity and
a low energy barrier.®V It displays the properties of a fully folded protein with a unique
structure (i.e. a clear secondary structure and a well-packed core). It has a three-helix (al-
pha helices) topology with a closely packed hydrophobic core involving three phenylalanine

residues. This structural architecture was revealed by both NMR and XRD experiments.2%31

43H49

Although there are many experimental®*“¥ and a few simulation studies on protein-

MOF composites, these have largely focused on studying interfacial interactions##4o4s:0
and structural influences at the active site of the enzymes.***¥ The current work, however,

has a distinctive focus, i.e., to model protein translocation in such a system. In this work,

where we model the co-translocational unfolding of HP35 in MIL-101(Cr), we explore (i)
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how MOF confinement affects the structure of HP35 while it moves from one cavity to the
neighboring one, (ii) how confined waters access the protein surface, (iii) and the free energy
barrier for protein translocation from the center of the cavity towards the window that sep-

arates two neighboring cavities of the MOF.

The outline of the paper is as follows. Following this introduction, we describe the method-
ology in detail, which includes equilibrium MD simulations as well as Umbrella Sampling
runs to obtain the free energy profile. In the Results and Discussion section, we provide de-
tailed analyses of protein conformations and interactions with the MOF framework and also
report on the free energy profile for protein translocation. We summarize our work in the
Conclusions section. Notations that have been used in the following sections are as follows
- center of mass of the protein = Pcon, center of mass of the cavity = Ccowm, and reference
NMR structure = Syyr and the corresponding definitions are explained in the Supporting

Information.

2 Materials and Methods

2.1 A hierarchically porous MOF: MIL-101(Cr)

MIL-101(Cr)=¥ possesses a MTN zeotype architecture formed by corner-shared super tetra-
hedra (ST) comprising 1,4-benzenedicarboxylate (BDC) linkers and Cr atoms; each Cr atom
has an octahedral environment consisting of four oxygen atoms from BDC, one pu3-O atom,
and one water molecule (Figure . The STs are microporous with an 8.6 A window aper-
ture. Through corner-sharing of STs, two types of mesoporous cages are formed with internal
diameters of 29 A and 34 A, respectively. The former has pentagonal windows with a free
aperture of 12 A diameter while the latter cages are accessible through either pentagonal or
hexagonal windows (14.5 x 16 A free aperture). MIL-101 has been used for the infiltration

of microperoxidase-8 (MP-8)%* and Aspergillus saitoi proteinase®® enzymes.
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2.2 HP35 as a model system for co-translocational unfolding

HP-35 has radii of gyration of 6.2 A x 7.4 A x 8.3 A along its principal axes and cannot
translocate across the cavities of MIL-101(Cr) without unfolding due to the smaller dimen-
sions of the intervening window (Figure . Hence it is a suitable model system to study

the process of co-translocational unfolding.

2.3 Preparation of protein containing MOF supercell

The initial structure of the protein for the simulations was the one with the lowest energy
among those solved via NMR, experiments (Sxyr) from RCSB (PDB ID: 1UNC).”® The
primitive unit cell of the MOF crystal structure (OCUNAC _manual; CCDC 605510) was
taken from a GitHub repository (https://github.com/scidatasoft/mof,03.01.2023),
where partial charges of cleaned MOF structures from the CoRE MOF database®? are
provided. As the sixth coordination of the metal (Cr) was missing in the primitive unit
cell, we added the water molecules manually to the secondary building unit (SBU) of the
MOF using Gaussview (version: 5.0.9), and subsequently performed geometry optimization
using periodic density functional theory (DFT) implemented in the QUICKSTEP module®®
of CP2K package (version: 7.1).°” In this method, a linear combination of atom-centered
Gaussian-type orbitals are used to describe the Kohn-Sham orbitals and the electron density
is described in an auxiliary plane-wave basis set in conjunction with Goedecker-Teter-Hutter
(GTH) pseudopotentials.®™® An accuracy of 107 was used for the self-consistent field (SCF)
convergence of both inner and outer loops. PBE exchange-correlation functional® was used
and dispersion corrections were incorporated using the DFT-D3 approach.®” The geometry-
optimized distance between the metal and the water was 2.30 A (Figure . We added the

water molecules at this distance to the primitive unit cell and replicated it to a supercell of
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size 2x2x2. The OBGMX code®! was used to generate the topology of the MOF supercell.
Subsequently, solvent water molecules were added using the GROMACS solvation module
to fill the supercell using a scaling factor of 0.467. The number of water molecules required
to fill the supercell (hence the scaling factor) was approximated from the void volume of the
supercell calculated using Biovia Materials Studio 2020.62 The protein was packed at the
center of a central big cavity in the equilibrated MOF supercell structure using PACKMOL
(version: 20.2.2)83 with a distance tolerance of 1 A. This was followed by the removal of

water molecules within 2.5 A of the protein (Figure [1)).
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Figure 1: (A) Simulation box (supercell) of MIL-101(Cr) with HP35 present in one of the
large cavities (highlighted in vdW representation along with the neighbouring cavity) hav-
ing dimensions 12.568 nm x 12.568 nm x 12.568 nm and 60°cell angles. Water molecules are
shown in CPK representation with reduced scale in Iceblue color. Counterion is not shown.
Inset shows geometric motifs of HP35. The hydrophobic core (residues 6,10,17) are high-
lighted in White Licorice representation. The PXWK motif (residues 21-24) is highlighted
in CPK representation. Helix-1 (residue 3-10), 2 (residue 15-19), and 3 (residue 22-33) are
in Blue, Green, and Red, respectively. (B) Flowchart for system preparation.
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2.4 General protocol for the simulations

All molecular dynamics simulations were performed using GROMACS 2022.3.%4% We em-
ployed the all-atom AMBER99sb-star-ildn%**™ bonded and non-bonded parameters for the
protein, UFF™ ™ honded and non-bonded parameters (except partial charges) for the MOF
and the rigid TIP3P model™ for water molecules. Periodic boundary conditions (PBC) were
applied in all the three directions. PBC for the MOF involved the inclusion of intramolec-
ular potential terms (bond, angle, torsion) across minimum images. Partial charges for
MOF atoms (except metal-ligated water) were taken from a repository (https://github.
com/scidatasoft/mof,03.01.2023), wherein they were assigned using a machine learning
model™ which had combined the high accuracy of density-derived electrostatic and chemical
charge (DDEC) method and the scalability of the charge equilibration (Qeq) method. TIP3P
charges were assigned to the metal-ligated water. For non-bonded interactions, real space
cutoffs for the Lennard-Jones (LJ) and Coulomb interactions were set to 10 A. Lorentz-
Berthelot mixing rules were used to obtain the LJ parameters between two different atom
types. The particle Mesh Ewald (PME)™ method with an interpolation order of 4 and a
relative tolerance of 10~ was used to calculate the electrostatic interactions for distances
above 10 A. Scaling factors for 1-4 non-bonded interactions were set following the AMBER

force field. Long range dispersion corrections were applied for energy and pressure.

Energy minimization was done using the steepest-descent algorithm with an initial step size

1

of 0.01 nm and force tolerance of 10 kJmol 'nm~!. Simulations were performed in the

isochoric-isothermal ensemble (NVT). For temperature coupling, Bussi-Donadio-Parrinello
velocity-rescaling thermostat™ with a coupling constant of 0.5 ps was used. The tempera-

ture was set to 298 K. Covalent bonds to hydrogen atoms were constrained using the LINCS

79180

algorithm with order 4 and warn angle 30°. During equilibration, heavy atoms were

2

position-restrained with a force constant of 10* kJmol 'nm~2. Equations of motion were

integrated using the leap-frog algorithm with a time step of 1.0 fs.

https://doi.org/10.26434/chemrxiv-2024-t0zn6 ORCID: https://orcid.org/0009-0001-8465-7311 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://github.com/scidatasoft/mof, 03.01.2023
https://github.com/scidatasoft/mof, 03.01.2023
https://doi.org/10.26434/chemrxiv-2024-t0zn6
https://orcid.org/0009-0001-8465-7311
https://creativecommons.org/licenses/by-nc-nd/4.0/

For equilibrium MD simulations, the following procedures were followed. Prior to the in-
sertion of the protein into the MOF cavity, the MOF supercell (cavities filled with water
molecules) was equilibrated. The steps followed were (i) energy minimization for solvent
water, (ii)) NVT annealing from 0 K to 298 K over 2 ns followed by equilibration at 298K
for 1 ns. (iii) A short production run for 5 ns under constant NVT conditions followed. For
the equilibration of the protein@MOF system (the complete system under study), an inter-
mediate step of energy minimization of the protein alone was carried out. During energy
minimization of the protein, water was position restrained and vice versa. Non-hydrogen
atoms of the MOF were position restrained in all equilibration steps. So, the general proto-
col was: (i) energy minimization of water, (ii) energy minimization of protein (iii) and NVT

equilibration.

2.5 Prescription for performing translocation experiment in MOF

Initial configurations of the protein for translocation through the hexagonal window of the
MOF were generated using Steered Molecular Dynamics (SMD) simulations. As a starting
point, HP35 was placed at the center of one of the big cavities of the supercell. During
equilibration, a harmonic potential was applied between the Pcoy and Coonm along with a
restraining potential for ‘MOF and protein’, ‘MOF and water’ and MOF alone, respectively
in the first three stages of the general protocol (described earlier). This was followed by
an additional step of NVT run at 298 K removing position restraints on the MOF. During
the SMD runs, the non-hydrogen atoms of MOF were position-restrained. In these runs, a
harmonic spring with a force constant of 10° kJmol~'nm~2 attached to the Pcow, was pulled
with a speed of 0.02 nm/ns along a defined (direction) unit vector towards the hexagonal
window. This direction vector was obtained as the cross product of two edges (vectors) of

the hexagonal window. 15 SMD runs, each initiated with a different seed for generating
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Table 1: Details of Simulation of HP35 in MIL-101(Cr) water system

H System name Run type # of MOF atoms # Protein atoms # of Water molecules # of Ions Total atoms Production run H
MOF NVT 33184 0 36935 0 143989 5 ns
Protein-MOF  Equilibrium (NVT) 33184 574 36629 1 143646 680 ns
Protein-MOF  Umbrella Sampling 33184 574 36629 1 143646 TableEl

initial random velocities of the atoms, were generated. The work profiles from each were
examined and the one displaying the lowest work value was chosen as the putative ‘path’ for

the Umbrella Sampling runs.

Taking the initial positions and coordinates of the protein from the chosen SMD run, 54
umbrella windows that covered the distance from the center of the cavity to the hexagonal
window (that connects two adjacent cavities of the MOF) were identified. A harmonic po-
tential was applied to the distance between the Ccon and Poowr, with a force constant of 10°
kJmol 'nm~?2 at each of these positions. The non-hydrogen atoms of the MOF were position
restrained for all the windows during umbrella sampling simulations with a force constant of
103 kJmol~'nm~2. The run lengths in different umbrella windows are presented in Table [S1]

The cumulative MD run length over all the Umbrella Sampling windows amounts to 6.54 us.

At each window, the run length was chosen such that the amplitude of fluctuation of the
backbone RMSD of the protein lied between 0.5 to 1.0 A around a mean value for a duration
of at least 5 ns. Thus, the last 5 ns of the molecular dynamics trajectory for each umbrella
window was used for further analysis. This procedure ensured that the PMF value at each
window was obtained from a converged orientation and conformation of the protein. The
free energy surface was reconstructed by reweighting configurations from umbrella windows
using the weighted histogram analysis method (WHAM)®!' implemented within gmx mpi
wham code. The number of bins for the histogram was 200 and for estimating error in the
potential of mean force (PMF) or the free energy profile, Bayesian bootstrapping was carried

out with 200 bootstraps. Table [I] presents a summary of the simulations performed.

10

https://doi.org/10.26434/chemrxiv-2024-t0zn6 ORCID: https://orcid.org/0009-0001-8465-7311 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-t0zn6
https://orcid.org/0009-0001-8465-7311
https://creativecommons.org/licenses/by-nc-nd/4.0/

3 Results and Discussion

3.1 HP35 is located near the surface of the MOF cavity and not at

its center

Although this remains to be verified, an enzyme within the MOF is invariably assumed to
be located at the centre of the MOF cavity.®#®¥ To understand the behavior of HP35@MIL-
101(Cr), we first performed equilibrium MD simulations at 298 K. The initial location of
the protein was with Pooy at the centre of one of the larger cavities (Figure ) Even
during the equilibration stage (Figure 2B inset), the protein moved around 4 A from this
location. Subsequently, this distance, dyior_protein, reached a value of 7.5 A in about 400 ns
(Figure [2B), and maintained the same for a further duration of 280 ns. This observation
demonstrates that the equilibrium position of the protein is not the center of the cavity but

closer to the cavity surface of the MOF as seen from Figure 2C.

Our analyses show that HP35 broadly maintains its native structure upon confinement. The
root mean squared deviation of the positions of backbone atoms (N, CA, C) of the protein
relative to Syyr remains largely (77% of the complete trajectory) within 3 A over 300 ns (see
the 350-650 ns segment of Figure 2D). Marginal differences in the conformation of helix-1
of HP35@MOF with that of the reference structure (Sxwmr) are seen ( [2F). Inter-molecular
interactions between the MOF sites and HP35 were examined to identify the origin of the

differences.

One of the ways to quantify the extent of van der Waals interactions between the protein and
the MOF is to count the number of heavy atom-heavy atom contacts (i.e., non-hydrogen)

that lie within a distance of 4 A. This quantity too increased over the length of the equi-
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librium trajectory and saturated to a value of around 40 (Figure inset). Furthermore,
as seen from Figure [2E, residues of helix-1 and helix-2 interacted more often with the MOF
than those of helix-3, as also those in the non-helical region (N-TER, residues joining helix1
and helix2, and residues joining helix-2 and helix-3). Within helix-1 and helix-2, no differ-
ence in interaction with the MOF between polar and non-polar residues was observed. An
overlay of the backbone atoms (N, CA, and C) of the protein in the last time frame of the
production run with Sxyr is presented in Figure 2F. Along with marginal reduction in the
alignment of helix-1, a different orientation for the three F residues of the hydrophobic core
is seen; however, the overall secondary structures and, in particular, helix-2 and helix-3 align

well.

12
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Figure 2: Results from the equilibrium MD simulation. (A) HP35 in its initial configuration
inside one of the MOF cavities. HP35 is shown in the New Cartoon representation with
helix-1, helix-2, and helix-3 in Blue, Green, and Red, respectively. MOF: Cr atoms and
13-Oxygens in Green and Mauve with vdW representation with reduced scale, metal-ligated
waters, and organic ligands in Licorice representation. Water molecules that fill the cavity
in the simulations are not shown for clarity. (B) Distance between the protein center of
mass (COM) and the cavity center of the MOF. The same but during equilibration stage is
in inset. (C) Same as in (A) but for the last time frame of the equilibrium MD run. (D)
Fraction of time spent by a residue (non-hydrogen atoms) within 4 A of any MOF non-
hydrogen atom. Inset: Total number of protein-MOF atom contacts vs simulation time. (E)
Backbone RMSD with respect to solution NMR structure. (F) Overlay of NMR structure
of the protein (Green) and that of the last time frame of the protein@MOF run. (Backbone
atoms N, CA, C, and O have been used for alignment). The hydrophobic core is highlighted
in Licorice representation.
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3.2 Existence of a "constriction region" in the protein translocation
pathway

In order to understand the conformational heterogeneity of the protein inside the MOF cav-
ity during translocation, we examined various geometrical parameters of the protein along
its path of migration from one cavity to the other. The progress of the protein on this
path is captured herein from MD trajectories through the sequence of Umbrella Sampling
windows. Figure [S5| provides milestones on this path, which are used in the present discus-
sion. The window index increases as the protein moves from the center of the cavity towards
the hexagonal aperture that connects two neighboring MOF cavities. Here, we describe the

conformations adopted by HP35 during its translocation.

For a few central umbrella windows (windows 18-29), the root mean square deviation of
protein backbone from Syyr (Figure 3)) lies between 2-3.5 A. Here, the protein explores its
conformational space around its native state. The same is reflected in the plateau region of
the helicity plot (Figure [3|) wherein the alpha-helical content of the protein was the highest
and has nearly the same value as in its native state, Sxyr (Blue horizontal dotted line).
The medians of solvent accessible surface area of the protein (Figure [4)) remain close to the
two specific SASA values (3056 and 3109 A?) corresponding to two folded conformations of
HP35 in neat water reported in an earlier study.® The latter was described as a "dry molten
globule".®¥ These two values are labelled in the SASA plot (Figure |4]) with dashdotted and
dotted line in Blue, respectively. This central zone is termed as the "constriction region" in

our study.

Before the constriction region, i.e., closer to the center of the cavity (windows 1-17), the he-
licity of the protein is reduced (Figure . The median values of the protein SASA displays
an undulated profile in this zone (Figure [4). Further, the deviation of the backbone atoms
(RMSD) from Syug is within 2-5 A (Figure . On the other hand, the number of non-

14
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Figure 3: Black: RMSD of protein backbone with respect to Sxyr across Umbrella Sampling
windows. Green: Alpha Helical content across windows. The horizontal dotted line in Blue is
the value of helicity of Sxyvr. The vertical dotted lines in Blue enclose the constriction region.
The five number summary statistic, namely Box Plot®®®% has been used for representation
of the distribution of different quantities across umbrella sampling windows.

hydrogen contacts between the protein and the MOF (Figure {)) displays a steady increase.
As the protein is farther from the MOF surface in this zone, the former is more accessible
to water molecules. Hence, both the facts — (i) the spontaneous tendency of the protein
to have van der Waals contact with the cavity surface of the MOF and (i) interaction of
the confined water molecules with the surface of the protein results in a zig-zag traversal
path of the protein (Figure 5[ A)). However, the protein did remain intact in its native state,
as the medians of SASA of the hydrophobic core (Figure were close to that of the Syuvg.

Beyond the constriction region, i.e., towards the hexagonal window (windows 30-54), the
helicity of the protein decreased drastically, while the RMSD of the backbone atoms as well
as the SASA of the protein increased. The non-hydrogen contacts between the protein and
the MOF atoms reached the highest value at the hexagonal window. In this region, there

existed a sub-zone (approximately, windows 30-41) where the RMSD of the backbone atoms
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Figure 4: Black: Number of Protein-MOF non-hydrogen atom contacts (with a cutoff of 4
A) across Umbrella Sampling windows. Solvent accessible surface area of the protein across
windows is shown in Green (for the horizontal dashdotted and dotted lines in Blue, see
text). The vertical dotted lines in Blue enclose the constriction region. The five number
summary statistic, namely Box Plot®8) hag been used for representation of the distribution
of different quantities across umbrella sampling windows.

lay within 4 A; the number of protein-MOF contacts was steady, while the helicity reduced
and SASA increased. This region marks the initiation of protein unfolding due to its translo-
cation. The unfolding exposes the hydrophobic core which interacts with the non-polar linker
groups of the MOF. Beyond this sub-zone, the protein accesses more extended structures,

driven by the favorable van der Waals contacts with the MOF surface (SASA of the protein

accessing values greater than 3700 AQ)
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Figure 5: (A) Zig-zag excursions of the protein shown as Blue arrows obtained by concate-
nating the last time frame of all Umbrella Sampling windows. It provides a glimpse of the
reaction coordinate. The path traversed during the SMD run (one-way trip) is shown with
Yellow arrows. Inset: Zoom-in image of the path. Water molecules and ion are not shown
for clarity.”? (B) New Cartoon representation of the secondary structure of HP35 in a few
Umbrella Sampling windows during its translocation. Red to Blue show structures with
increasing time. (C) Free Energy profile for the translocation of HP35 from the center of the
cavity of MIL-101(Cr) to the hexagonal aperture connecting the neighboring cavity.
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3.3 Potential of mean force reveals that unfolding of HP35 during
translocation is regulated by both cage geometry and confined

waters

The free energy profile of the system during the translocation process obtained through um-
brella sampling simulations shows an interesting behavior. Here, the reaction coordinate is
the distance between Pooy and Ceooy. The potential of mean force (PMF) displays a mini-
mum at a distance of around 9.5 A, which lies within the constriction region (approximately
24" window in umbrella sampling). In this region, the conformations of the protein are
influenced both by solvent water molecules as well as by the atoms of the MOF framework.
An optimal arrangement leads to the minimum in the PMF, where the free energy value
with respect to the protein at the cavity center is around -9 kcal /mol. Notably, the distance
from the cavity center where the PMF minimum is observed matches that obtained from the
equilibrium MD simulations and thus serves as an internal consistency check between these
two categories of MD runs. The PMF attains its highest value at the hexagonal window
where HP35 is in the most extended conformation. With respect to its equilibrium position,
the free energy barrier for the co-translocational unfolding of the protein is estimated to be

16 kcal/mol (Figure [5)).

4 Conclusions

While the translocations of ions, molecules, and macromolecules across lipid membranes have
been studied using MD simulations,”! that of a protein (or an enzyme) through a porous
inorganic host such as a metal-organic framework has not been examined so far through
computational methods, despite the vast amount of experimental reports on enzyme@MOF
as functional biocatalytic platforms. The current work addresses this problem and provides

considerable insights into the changes in the secondary structure of the protein as well as
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that in the free energy along the transport path. This ensemble of structures of the HP35
protein and their interactions with the surface of the MIL-101(Cr) MOF cavity allows us
to draw a possible general mechanism for co-translocational unfolding. As shown in the
schematic (Figure [6), the protein (enzyme) closely resembles its native state when it is
present somewhere between the cavity center and the hexagonal window of the MOF (label
"2" in Figure @ This key result observed in our equilibrium MD simulations is further
confirmed by the presence of a free energy minimum away from the cavity center as seen in
the umbrella sampling MD runs. At least concerning HP35@MIL-101(Cr), the center of the
MOF cavity is not the equilibrium position for the protein. While the general applicability
of this observation needs to be verified, it is likely to be followed by proteins that are smaller
than the size of the cavity; after all, the macromolecule would prefer to interact with the

atoms of the MOF, if possible without unfolding, via dispersion interactions.

When restrained to stay at the center of the cavity, HP35 undergoes marginal changes in
its conformation towards partially unfolded structures in such a manner as to interact with
the MOF surface. While translocating through the aperture connecting two cavities, the
protein is present in an extended form stabilized by van der Waals contacts with the sur-
faces of both the MOF cavities. Since the initial configurations for the umbrella sampling
simulations performed here were chosen from one of the SMD runs in which helix-1 of the
protein translocated through the hexagonal window first, the same is seen in the US runs as
well. However, in other SMD trajectories (not reported here), we observed no preference for

any specific helix to cross through the hexagonal window of the MOF first.

The confinement of HP35 in the MOF, enabled conformations of the protein that were
different from those observed in neat liquid water. This was reflected in the SASA (Fig-
ure . Thus, the solvent water confined inside the MOF could access the protein surface

to a greater extent which was in turn made possible through increased protein-MOF direct
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Figure 6: A schematic for co-translocational unfolding of protein inside MOF pores. In the
context of HP35@MIL-101(Cr), when the protein is near the center of the cavity ("1" in
figure), its native structure is marginally affected due to the competing interactions with the
internal surface of the cavity. Near the aperture joining neighbouring cavities, the protein
accesses extended structures being partitioned between the two cavities as represented by
label "3". In between these two regions (labeled "2" in figure), the protein maintains its
native ensemble of structures fairly well in what we have defined as the "constriction region".

contact. MIL-101(Cr) lacks groups that can hydrogen bond with the polar side chains of the
HP35; thus, van der Waals is the dominant interaction type between the MOF and the pro-
tein. This interaction energy displayed a monotonic increase in magnitude (Figure as
the protein approached the hexagonal window during its translocation unlike the Coulombic
interaction (Figure . Our observation that van der Waals is the major interaction in
the HP35@QMIL-101(Cr) system aligns with earlier studies of biomolecules confined in MOF

channels. 2047

The free energy barrier for the co-translocational unfolding of HP35 across the hexagonal
window of two neighboring cavities of MIL-101(Cr) MOF is estimated to be 16 kcal/mol
at ambient conditions. The study enabled us to examine partially unfolded structures of
the protein as well. Simulations of other proteins with different topologies in such porous

hybrid materials could further our understanding of unfolded intermediates present under
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confinement mimicking living cell milieu.

Supporting Information

The Supporting Information contains definitions and abbreviations being used in the paper,
software used, and results from steered molecular dynamics (not shown in manuscript),
and additional results from umbrella sampling along with with a Table of run lengths for
umbrella sampling windows. The movie us.mp4 displays the translocation of HP35 through

the hexagonal window of MIL-101(Cr).
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