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ABSTRACT: The immobilization of enzymes in metal−organic framework (MOF) cages 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 chemistry in
giving rise to stable protein intermediates that are otherwise transiently populated in the
physiological environment are important questions to be addressed. These unexplored
aspects are examined with villin headpiece (HP35) as a model protein 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 partially unfold helix-1 at its N-terminus. Umbrella
sampling simulations inform the range of conformations that HP35 undertakes during translocation from one cavity to another and
associated changes in free energy. Relative 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 be a general approach to
observing intermediates in folding−unfolding pathways.

1. INTRODUCTION
Misfolded and unfolded proteins inside a cell are refolded and
sometimes degraded by enzymes and chaperones to maintain
protein homeostasis.1,2 In certain aberrant cases, these non-
native protein intermediates are known to form pathologically
toxic aggregates, as in Alzheimer’s and Parkinson’s diseases.3

Understanding the mechanism of these aggregate formations is
often challenging experimentally because they are driven by
conformations that are short-lived.4 Knowledge about these
short-lived intermediates could shed tremendous insights into
the mechanisms leading to these pathological aggregates and
other protein activities driven by non-native conformations.
Molecular dynamics simulations on these systems can assist in
addressing these problems by providing information on the
structures and dynamics of these proteins.5 Much like
chaperones in a cellular context, nonprotein matrixes such as
metal−organic frameworks (MOFs) 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 immobilization of enzymes (proteins) and the functional
implications of the process. This makes immobilizing enzymes
(proteins) a topic of vital theoretical interest.

Immobilized enzymes are important for biotechnological
industries. In an industrial environment, exposure to various
stresses such as high temperature, pressure, organic solvents,
and proteolytic and chaotropic agents makes enzymes unstable
apart from issues related to product separation and
purification.6 Approaches to mitigate such problems include
the entrapment of enzymes in different materials starting from
bulk materials,7 nanoparticles,8−10 hydrogels,11 carbon nano-

tubes,12 DNA origami,13 covalent organic frameworks,14

hydrogen-bonded organic frameworks,15 silica,16 and metal−
organic frameworks (MOF) utilizing covalent and noncovalent
interfacial interactions. Versatility in combining inorganic
(metal nodes) and organic (linkers) chemistry make MOFs
one of the most used host platforms.6,15,17−22 Such confine-
ment also allows one to study transient intermediates under
confinement (as in MOFs 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. Translocation phenomena such as
crossing the blood−brain barrier23,24 are important in
spreading diseases and unfolding 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, an actin-bundling protein, contains two
domains: “core” and “headpiece.” The headpiece is the F-
actin-binding domain in the C-TER of super villin.25,26 HP35
is the 35-residue subdomain within the headpiece domain. It is
one of the smallest monomeric polypeptides, made of naturally
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occurring amino acids that fold independently and autono-
mously into a unique and thermostable structure with a
melting temperature of 342 K.27−29 Subdomains 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).27 Like other small proteins that fold at a
submicrosecond time scale, HP35 also shows low folding
cooperativity and a low energy barrier.30 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 (α-helices) topology with a closely packed
hydrophobic core involving three phenylalanine residues.
This structural architecture was revealed by both NMR and
XRD experiments.29,31

Although there are many experimental32−43 and a few
simulation studies44−49 on protein−MOF composites, these
have largely focused on studying interfacial interac-
tions42,45−48,50 and structural influences at the active site of
the enzymes.44,49 The current work, however, has a distinctive
focus, i.e., to model protein translocation in such a system,
which has hitherto not been studied to the best of our
knowledge.

Among the several experimental reports of protein@MOF
systems, two merit specific attention. Chen et al.39

demonstrated the immobilization of cytochrome c (Cyt c) in
the mesopore of Tb-mesoMOF. While the dimensions of the
enzyme in its native state are 2.6 × 3.2 × 3.3 nm, that of the
window to the pore is just 1.7 nm. Thus, they argued that the
enzyme should unfold during its translocation across the MOF
pores, which was confirmed through changes in time-
dependent fluorescence spectra upon the uptake of the enzyme
by the MOF from an aqueous solution. Gkaniatsou et al.43

were able to immobilize a mini-enzyme, microperoxidase-8
(MP8) whose native structure has dimensions 3.3 × 1.1 × 1.7
nm in MIL-101(Cr) MOF. Here again, the enzyme is larger
than the window between the pores; thus, the process of its
incorporation in the MOF pores must be accompanied by
conformational changes. However, in both platforms of (Cyt c)
@Tb-mesoMOF and the MP8@MIL-101(Cr), the enzymes
are shown to be functional. Thus, they should have folded back
to their native states within a pore. Herein, we seek a
microscopic understanding of the above experimental findings
through a well-constructed model system of HP35@MIL-
101(Cr), which shares the size-related characteristics of these
two experimentally studied platforms.

In the current work, where we model the cotranslocational
unfolding of HP35 in MIL-101(Cr), we explore (i) the
equilibrium location of the protein within the mesopore of the
MOF and the energy components that stabilize it, (ii) how
MOF confinement affects the structure of HP35 while it moves
from one cavity to the neighboring one, (iii) how confined
waters access the protein surface, and (iv) the free energy
barrier for protein translocation from the center of the cavity
toward the window that separates two neighboring cavities of
the MOF.

The outline of the paper is as follows. Following this
introduction, we describe the methodology in detail, including
equilibrium MD simulations and umbrella sampling runs to
obtain the free energy profile. In Results and Discussion, we
provide detailed 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. Notations that have been used in the
following sections are as follows: center of mass of the protein
= PCOM, center of mass of the cavity = CCOM, and reference
NMR structure = SNMR. 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)51 possesses an MTN zeotype architecture formed by
corner-shared supertetrahedra (STs) comprising 1,4-benzene-
dicarboxylate (BDC) linkers and Cr atoms; each Cr atom has
an octahedral environment consisting of four oxygen atoms
from BDC, one μ3-O atom, and one water molecule (Figure
S1). The STs are microporous with an 8.6 Å window aperture.
Through corner-sharing of STs, two types of mesoporous cages
are formed with internal diameters of 29 and 34 Å,
respectively. The former has pentagonal windows with a free
aperture of 12 Å diameter, while the latter cages are accessible
through either pentagonal or hexagonal windows (14.5 × 16 Å
free aperture). MIL-101 has been used for the infiltration of
microperoxidase-8 (MP-8)43 and Aspergillus saitoi proteinase52

enzymes. Experimentally determined powder X-ray diffraction
patterns of the MOF with and without the enzyme are
identical;43 thus, MIL-101(Cr) is expected not to have a
structural transformation upon the inclusion of the HP35
protein.

2.2. HP35 as a Model System for Cotranslocational
Unfolding. HP-35 has radii of gyration of 6.2 Å × 7.4 Å × 8.3
Å along its principal axes and cannot translocate across the
cavities of MIL-101(Cr) without unfolding due to the smaller
dimensions of the intervening window (Figure S2). Hence, it is
a suitable model system for studying the process of
cotranslocational unfolding. However, the dimensions of the
protein are much smaller than the diameter of the mesopore of
the MOF; thus, it can be well incorporated in the pore.

2.3. Preparation of Protein Containing MOF Super-
cell. The initial structure of the protein for the simulations was
the one with the lowest energy among those solved via NMR
experiments (SNMR) from RCSB (PDB ID: 1UNC).53 The
primitive unit cell of the MOF crystal structure (OCUNAC_-
manual; CCDC 605510) was taken from a GitHub repository
(https://github.com/scidatasoft/mof, accessed 2023-03-01),
where partial charges of cleaned MOF structures from the
CoRE MOF database54,55 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 module56 of the CP2K
package (version 7.1).57 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.58 An
accuracy of 10−7 was used for both inner and outer loops’
self-consistent field (SCF) convergence. PBE exchange−
correlation functional59 was used, and dispersion corrections
were incorporated using the DFT-D3 approach.60 The
geometry-optimized distance between the metal and the
water was 2.30 Å (Figure S1). We added the water molecules
at this distance to the primitive unit cell and replicated it to a
supercell of size 2 × 2 × 2. The OBGMX code61 was used to

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c05452
ACS Omega 2024, 9, 31185−31194

31186

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c05452/suppl_file/ao4c05452_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c05452/suppl_file/ao4c05452_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c05452/suppl_file/ao4c05452_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c05452/suppl_file/ao4c05452_si_001.pdf
https://github.com/scidatasoft/mof
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c05452/suppl_file/ao4c05452_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c05452?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


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)63 with a distance tolerance
of 1 Å. This was followed by the removal of water molecules
within 2.5 Å of the protein (Figure 1).
2.4. General Protocol for the Simulations. All

molecular dynamics simulations were performed using
GROMACS 2022.3.64−68 We employed the all-atom AM-
BER99sb-star-ildn69−71 bonded and nonbonded parameters for
the protein, UFF72−74 bonded and nonbonded parameters
(except partial charges) for the MOF, and the rigid TIP3P
model75 for water molecules. Periodic boundary conditions
(PBC) were applied in all three directions. PBC for the MOF
included intramolecular 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, accessed 2023-03-01),
wherein they were assigned using a machine learning
model76 which had combined the high accuracy of the
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. Real space cutoffs for the Lennard-Jones (LJ) and
Coulomb interactions were set to 10 Å. Lorentz−Berthelot
mixing rules were used to obtain the LJ parameters between
two atom types. The particle mesh Ewald (PME)77 method
with an interpolation order of 4 and a relative tolerance of 10−5

was used to calculate the electrostatic interactions for distances
above 10 Å. Scaling factors for one to four nonbonded
interactions were set following the AMBER force field. Long-
range dispersion corrections were applied to calculate energy
and pressure.

Energy minimization was done using the steepest-descent
algorithm with an initial step size of 0.01 nm and a force
tolerance of 10 kJ mol−1 nm−1. Simulations were performed in
the isochoric−isothermal ensemble (NVT). For temperature
coupling, the Bussi−Donadio−Parrinello velocity-rescaling
thermostat78 with a coupling constant of 0.5 ps was used.
The temperature was set to 298 K. Covalent bonds to
hydrogen atoms were constrained using the LINCS
algorithm79,80 with order 4 and warn angle 30°. During
equilibration, heavy atoms were position-restrained with a
force constant of 103 kJ mol−1 nm−2. Equations of motion were
integrated using the leapfrog algorithm with a time step of 1.0
fs.

For equilibrium MD simulations, the following procedures
were followed. Before the insertion 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 and (ii) NVT annealing
from 0 to 298 K over 2 ns followed by equilibration at 298 K
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 intermediate 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 protocol was (i) energy
minimization of water, (ii) energy minimization of protein, and
(iii) NVT equilibration.

2.5. Prescription for Performing Translocation Ex-
periment in MOF. Initial configurations of the protein for
translocation through the hexagonal window of the MOF were
generated using steered molecular dynamics (SMD) simu-
lations. 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 PCOM and CCOM
along with a restraining potential for “MOF and protein”,
“MOF and water”, and MOF alone, respectively, in the first

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 neighboring cavity) having dimensions 12.568 nm × 12.568 nm × 12.568 nm and 60° cell angles. Water molecules fill all the pores of the
MOF and are shown in CPK representation with reduced scale in ice blue color. The counterion is not shown. The inset shows geometric motifs of
HP35. The hydrophobic core (residues 6, 10, 17) is highlighted in white licorice representation. The PXWK motif (residues 21−24) is highlighted
in CPK representation. Helix-1 (residues 3−10), helix-2 (residues 15−19), and helix-3 (residues 22−33) are in blue, green, and red, respectively.
(B) Flowchart for system preparation.
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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 105 kJ mol−1 nm−2 attached to the PCOM was pulled
with a speed of 0.02 nm/ns along a defined (direction) unit
vector toward the hexagonal window. This direction vector was
obtained as the cross-product of the hexagonal window’s two
edges (vectors). Fifteen SMD runs, each initiated with a
different seed for generating 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 potential was applied to the
distance between the CCOM and PCOM, with a force constant of
105 kJ mol−1 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 kJ mol−1 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 μs.

At each window, the run length was chosen such that the
amplitude of fluctuation of the backbone RMSD of the protein
lay between 0.5 and 1.0 Å 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 potential of mean
force (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)81 implemented within
the gmx_mpi wham code. The number of bins for the
histogram was 200, and for estimating error in the PMF or the
free energy profile, Bayesian bootstrapping was carried out
with 200 bootstraps. Table 1 presents a summary of the
simulations performed.

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 center of the MOF cavity.82,83 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 PCOM at the center of one of the larger
cavities (Figure 2A). Even during the equilibration stage
(Figure 2B inset), the protein moved around 4 Å from this
location. Subsequently, this distance, dMOF−Protein, reached a
value of 7.5 Å in about 400 ns (Figure 2B) and maintained the

same for a further duration of 280 ns. This observation
demonstrates that the protein’s equilibrium position is not the
cavity’s center 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-square deviation
of the positions of backbone atoms (N, CA, C) of the protein
relative to SNMR remains largely (77% of the complete
trajectory) within 3 Å over 300 ns (see the 350−650 ns
segment of Figure 2D). Marginal differences in the
conformation of helix-1 of HP35@MOF from that of the
reference structure (SNMR) are seen (Figure 2F). Intermo-
lecular 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 Å. This quantity,

Table 1. Details of Simulation of HP35 in MIL-101(Cr) Water System

system name run type no. of MOF atoms no. of protein atoms no. of water molecules no. of ions total atoms production run

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 Table S1

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 μ3-oxygens in
green and mauve with vdW representation with reduced scale, metal-
ligated waters, and organic ligands in licorice representation. Water
molecules filling the cavity 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 the equilibration stage, is in the 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 Å 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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too, increased over the length of the equilibrium trajectory and
saturated to a value of around 40 (Figure 2E, 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 nonhelical region (N-TER, residues
joining helix-1 and helix-2, and residues joining helix-2 and
helix-3). Within helix-1 and helix-2, no difference in interaction
with the MOF between polar and nonpolar 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
SNMR is presented in Figure 2F. Along with a 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.

3.2. Existence of a “Constriction Region” in the
Protein Translocation Pathway. To understand the
conformational heterogeneity of the protein inside the MOF
cavity during translocation, we examined various geometrical
parameters of the protein along its migration path 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 discussion. The
window index increases as the protein moves from the center
of the cavity toward the hexagonal aperture that connects two
neighboring MOF cavities. Here, we describe the conforma-
tions adopted by HP35 during its translocation.

For a few central umbrella windows (windows 18−29), the
root-mean-square deviation of protein backbone from SNMR
(Figure 3) lies between 2 and 3.5 Å. Here, the protein explores

Figure 3. Black: RMSD of protein backbone with respect to SNMR across umbrella sampling windows. Green: α-Helical content across windows.
The horizontal dotted line in blue is the value of the helicity of SNMR. The vertical dotted lines in blue enclose the constriction region. The five-
number summary statistic, namely box plot,86−89 has been used to represent the distribution of different quantities across umbrella sampling
windows.

Figure 4. Black: Number of protein−MOF non-hydrogen atom contacts (with a cutoff of 4 Å) across umbrella sampling windows. Solvent
accessible surface area of the protein across windows is shown in green (for the horizontal dash−dotted 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,86−89 has been used for the
representation of the distributions of different quantities across umbrella sampling windows.
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its conformational space around its native state. The same is
reflected in the plateau region of the helicity plot (Figure 3)
wherein the α-helical content of the protein was the highest
and has nearly the same value as in its native state, SNMR (blue
horizontal dotted line). The medians of the solvent accessible
surface area (SASA) of the protein (Figure 4) remain close to
the two specific SASA values (3056 and 3109 Å2)
corresponding to two folded conformations of HP35 in neat
water reported in an earlier study.84 The latter was described as
a “dry molten globule”.85 These two values are labeled in the
SASA plot (Figure 4) with dash−dotted and dotted lines 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 helicity of the protein is reduced
(Figure 3). The median values of the protein SASA display an
undulated profile in this zone (Figure 4). Further, the deviation
of the backbone atoms (RMSD) from SNMR is within 2−5 Å
(Figure 3). On the other hand, the number of non-hydrogen
contacts between the protein and the MOF (Figure 4) 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 facts�(i) the spontaneous tendency
of the protein to have van der Waals contact with the cavity
surface of the MOF and (ii) interaction of the confined water
molecules with the surface of the protein�result in a zigzag
traversal path of the protein (Figure 5A). However, the protein
did remain intact in its native state, as the medians of SASA of
the hydrophobic core (Figure S10) were close to that of the
SNMR.

Beyond the constriction region, i.e., toward the hexagonal
window (windows 30−54), the helicity of the protein
decreased drastically, while the RMSD of the backbone
atoms and 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 subzone (approximately, windows 30−
41) where the RMSD of the backbone atoms lay within 4 Å;
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 translocation. The
unfolding exposes the hydrophobic core, which interacts with
the nonpolar linker groups of the MOF. Beyond this subzone,
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 Å2).

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 umbrella sampling simulations shows interesting
behavior. Here, the reaction coordinate is the distance between
PCOM and CCOM. The potential of mean force (PMF) displays a
minimum at a distance of around 9.5 Å, which lies within the
constriction region (approximately the 24th window in
umbrella sampling). In this region, the protein’s conformations
are influenced by solvent water molecules and 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 cotranslocational unfolding of the protein is estimated to
be 16 kcal/mol (Figure 5).

4. CONCLUSIONS
While the translocations of ions, molecules, and macro-
molecules across lipid membranes have been studied using
MD simulations,91 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
those 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
cotranslocational unfolding. As shown in 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 6). This key result
observed in our equilibrium MD simulations is further
confirmed by 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

Figure 5. (A) Zigzag excursions of the protein shown as blue arrows
obtained by concatenating the last time frames 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
ions are not shown for clarity.90 (B) New cartoon representation of
the secondary structure of HP35 in a few umbrella sampling windows
during its translocation. Red and 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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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 toward
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
surfaces of both 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 is first translocated through the hexagonal window, the
same is seen in the umbrella sampling 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 con-
formations of the protein that were different from those
observed in neat liquid water. This was reflected in the SASA
(Figure 4). 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
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
protein. This interaction energy displayed a monotonic
increase in magnitude (Figure S12) as the protein approached
the hexagonal window during its translocation, unlike the
Coulombic interaction (Figure S11). Our observation that van
der Waals is the major interaction in the HP35@MIL-101(Cr)
system aligns with earlier studies of biomolecules confined in
MOF channels.46,47

The free energy barrier for the cotranslocational unfolding of
HP35 across the hexagonal window of two neighboring MIL-
101(Cr) MOF cavities is estimated to be 16 kcal/mol at
ambient conditions. The study also enabled us to examine

partially unfolded structures of the protein. Simulations of
other proteins with different topologies in such porous hybrid
materials could further our understanding of unfolded
intermediates present under confinement, mimicking living
cell milieu.
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(30) Muñoz, V. Conformational dynamics and ensembles in protein

folding. Annu. Rev. Biophys. Biomol. Struct. 2007, 36, 395−412.
(31) Chiu, T. K.; Kubelka, J.; Herbst-Irmer, R.; Eaton, W. A.;

Hofrichter, J.; Davies, D. R. High-resolution x-ray crystal structures of
the villin headpiece subdomain, an ultrafast folding protein. Proc. Natl.
Acad. Sci. U. S. A. 2005, 102, 7517−7522.
(32) Pisklak, T. J.; Macías, M.; Coutinho, D. H.; Huang, R. S.;

Balkus, K. J. Hybrid materials for immobilization of MP-11 catalyst.
Top. Catal. 2006, 38, 269−278.
(33) Liang, K.; Ricco, R.; Doherty, C. M.; Styles, M. J.; Bell, S.;

Kirby, N.; Mudie, S.; Haylock, D.; Hill, A. J.; Doonan, C. J.; et al.
Biomimetic mineralization of metal-organic frameworks as protective
coatings for biomacromolecules. Nat. Commun. 2015, 6, 7240.
(34) Zhu, W.; Guo, J.; Amini, S.; Ju, Y.; Agola, J. O.; Zimpel, A.;

Shang, J.; Noureddine, A.; Caruso, F.; Wuttke, S.; et al. SupraCells:
living mammalian cells protected within functional modular nano-
particle-based exoskeletons. Adv. Mater. 2019, 31, 1900545.
(35) He, C.; Lu, K.; Liu, D.; Lin, W. Nanoscale metal−organic

frameworks for the co-delivery of cisplatin and pooled siRNAs to
enhance therapeutic efficacy in drug-resistant ovarian cancer cells. J.
Am. Chem. Soc. 2014, 136, 5181−5184.
(36) Chen, Y.; Han, S.; Li, X.; Zhang, Z.; Ma, S. Why does enzyme

not leach from metal−organic frameworks (MOFs)? Unveiling the
interactions between an enzyme molecule and a MOF. Inorg. Chem.
2014, 53, 10006−10008.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c05452
ACS Omega 2024, 9, 31185−31194

31192

https://pubs.acs.org/doi/10.1021/acsomega.4c05452?ref=pdf
https://doi.org/10.1126/science.1141448
https://doi.org/10.1126/science.1141448
https://doi.org/10.1016/j.bbadis.2014.06.024
https://doi.org/10.1016/j.bbadis.2014.06.024
https://doi.org/10.1016/j.bbadis.2014.06.024
https://doi.org/10.1016/j.tins.2005.02.001
https://doi.org/10.1016/j.tins.2005.02.001
https://doi.org/10.1038/335666a0
https://doi.org/10.1126/science.1214203
https://doi.org/10.1126/science.1214203
https://doi.org/10.1021/acs.chemrev.0c01029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c01029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adsc.200700082
https://doi.org/10.1002/adsc.200700082
https://doi.org/10.1186/1477-3155-3-1
https://doi.org/10.1186/1477-3155-3-1
https://doi.org/10.1002/elan.200503401
https://doi.org/10.1002/elan.200503401
https://doi.org/10.1016/j.biotechadv.2011.09.005
https://doi.org/10.1016/j.biotechadv.2011.09.005
https://doi.org/10.1016/j.ijpharm.2006.09.008
https://doi.org/10.1016/j.ijpharm.2006.09.008
https://doi.org/10.1016/j.ijpharm.2006.09.008
https://doi.org/10.1016/j.biotechadv.2011.07.007
https://doi.org/10.1039/D0CS00255K
https://doi.org/10.1039/D0CS00255K
https://doi.org/10.1021/jacs.0c00285?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c00285?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c00285?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202117345
https://doi.org/10.1002/anie.202117345
https://doi.org/10.1002/anie.202117345
https://doi.org/10.1039/c2cs35450k
https://doi.org/10.1039/c2cs35450k
https://doi.org/10.1126/science.1230444
https://doi.org/10.1126/science.1230444
https://doi.org/10.1039/D0CS00997K
https://doi.org/10.1039/D0CS00997K
https://doi.org/10.1021/acs.nanolett.0c04327?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ccr.2020.213651
https://doi.org/10.1016/j.ccr.2020.213651
https://doi.org/10.1021/acs.accounts.1c00707?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.1c00707?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.1c00707?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-023-36533-w
https://doi.org/10.1038/s41467-023-36533-w
https://doi.org/10.1038/s41467-023-36533-w
https://doi.org/10.1038/s41392-023-01481-w
https://doi.org/10.1038/s41392-023-01481-w
https://doi.org/10.1088/1478-3975/aa708a
https://doi.org/10.1088/1478-3975/aa708a
https://doi.org/10.1016/j.jmb.2005.10.066
https://doi.org/10.1002/cm.10027
https://doi.org/10.1002/cm.10027
https://doi.org/10.1006/jmbi.1996.0387
https://doi.org/10.1006/jmbi.1996.0387
https://doi.org/10.1016/S0022-2836(03)00519-9
https://doi.org/10.1016/S0022-2836(03)00519-9
https://doi.org/10.1038/nsb0397-180
https://doi.org/10.1038/nsb0397-180
https://doi.org/10.1146/annurev.biophys.36.040306.132608
https://doi.org/10.1146/annurev.biophys.36.040306.132608
https://doi.org/10.1073/pnas.0502495102
https://doi.org/10.1073/pnas.0502495102
https://doi.org/10.1007/s11244-006-0025-6
https://doi.org/10.1038/ncomms8240
https://doi.org/10.1038/ncomms8240
https://doi.org/10.1002/adma.201900545
https://doi.org/10.1002/adma.201900545
https://doi.org/10.1002/adma.201900545
https://doi.org/10.1021/ja4098862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4098862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4098862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic501062r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic501062r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic501062r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c05452?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(37) Chen, Y.; Lykourinou, V.; Hoang, T.; Ming, L.-J.; Ma, S. Size-
selective biocatalysis of myoglobin immobilized into a mesoporous
metal−organic framework with hierarchical pore sizes. Inorg. Chem.
2012, 51, 9156−9158.
(38) Deng, H.; Grunder, S.; Cordova, K. E.; Valente, C.; Furukawa,

H.; Hmadeh, M.; Gándara, F.; Whalley, A. C.; Liu, Z.; Asahina, S.;
et al. Large-pore apertures in a series of metal-organic frameworks.
Science 2012, 336, 1018−1023.
(39) Chen, Y.; Lykourinou, V.; Vetromile, C.; Hoang, T.; Ming, L.-

J.; Larsen, R. W.; Ma, S. How can proteins enter the interior of a
MOF? Investigation of cytochrome c translocation into a MOF
consisting of mesoporous cages with microporous windows. J. Am.
Chem. Soc. 2012, 134, 13188−13191.
(40) Lian, X.; Chen, Y.-P.; Liu, T.-F.; Zhou, H.-C. Coupling two

enzymes into a tandem nanoreactor utilizing a hierarchically
structured MOF. Chemical Science 2016, 7, 6969−6973.
(41) Li, P.; Moon, S.-Y.; Guelta, M. A.; Lin, L.; Gómez-Gualdrón, D.

A.; Snurr, R. Q.; Harvey, S. P.; Hupp, J. T.; Farha, O. K. Nanosizing a
metal−organic framework enzyme carrier for accelerating nerve agent
hydrolysis. ACS Nano 2016, 10, 9174−9182.
(42) Tai, T.-Y.; Sha, F.; Wang, X.; Wang, X.; Ma, K.; Kirlikovali, K.

O.; Su, S.; Islamoglu, T.; Kato, S.; Farha, O. K. Leveraging Isothermal
Titration Calorimetry to Explore Structure−Property Relationships of
Protein Immobilization in Metal−Organic Frameworks. Angewandte
Chemie Int. Ed. 2022, 61, No. e202209110.
(43) Gkaniatsou, E.; Sicard, C.; Ricoux, R.; Benahmed, L.;

Bourdreux, F.; Zhang, Q.; Serre, C.; Mahy, J.-P.; Steunou, N. Enzyme
encapsulation in mesoporous metal−organic frameworks for selective
biodegradation of harmful dye molecules. Angewandte Chemie Int. Ed
2018, 130, 16373−16378.
(44) Liang, J.; Bin Zulkifli, M. Y.; Yong, J.; Du, Z.; Ao, Z.; Rawal, A.;

Scott, J. A.; Harmer, J. R.; Wang, J.; Liang, K. Locking the ultrasound-
induced active conformation of metalloenzymes in metal−organic
frameworks. J. Am. Chem. Soc. 2022, 144, 17865−17875.
(45) Chapman, J.; Zoica Dinu, C. Assessment of Enzyme

Functionality at Metal−Organic Framework Interfaces Developed
through Molecular Simulations. Langmuir 2023, 39, 1750−1763.
(46) Zhang, H.; Lv, Y.; Tan, T.; van der Spoel, D. Atomistic

simulation of protein encapsulation in metal−organic frameworks. J.
Phys. Chem. B 2016, 120, 477−484.
(47) Tuan Kob, T.; Ismail, M.; Abdul Rahman, M.; Cordova, K. E.;

Mohammad Latif, M. Unraveling the structural dynamics of an
enzyme encapsulated within a metal−organic framework. J. Phys.
Chem. B 2020, 124, 3678−3685.
(48) Li, P.; Modica, J. A.; Howarth, A. J.; Vargas L., E.; Moghadam,

P. Z.; Snurr, R. Q.; Mrksich, M.; Hupp, J. T.; Farha, O. K. Toward
design rules for enzyme immobilization in hierarchical mesoporous
metal-organic frameworks. Chem 2016, 1, 154−169.
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