
Unraveling the Structural Dynamics of an Enzyme Encapsulated
within a Metal−Organic Framework
T. N. A. Tuan Kob, M. F. Ismail, M. B. Abdul Rahman, Kyle E. Cordova, and M. A. Mohammad Latif*

Cite This: https://dx.doi.org/10.1021/acs.jpcb.0c02145 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Herein, we detail an atomic-level investigation of the
cutinase enzyme encapsulated within a model metal−organic framework
(MOF) platform using quantum mechanics calculations and molecular
dynamics simulations. Cutinase, when encapsulated in an isoreticularly
expanded MOF-74 (cutinase@IRMOF-74-VI), was proven to maintain its
structural stability at temperatures that would otherwise denature the
enzyme in its unprotected native state. Hydrogen bonding and salt bridge
interactions, most notably involving arginine residues at the surface of the
enzyme, were critical for stabilizing cutinase within the pore channels of
IRMOF-74-VI. The findings reported support the viability of enzyme
encapsulation in a porous material by demonstrating that a model enzyme
not only retains its structural integrity but also remains accessible and
active under extreme and foreign conditions.

■ INTRODUCTION
Enzymes are nature’s proven catalysts that, when exploited
properly, produce relevant, value-added chemicals.1 The past
several decades have witnessed rapid improvements in
enzymatic catalysis; however, the effectiveness of enzymes in
industrial applications remains limited as a result of their low
thermal stability, denaturation under practical conditions, and
lack of efficient recovery processes.2 It is well understood that
enzyme encapsulation serves as a viable strategy for
maintaining enzymatic function while at the same time
protecting the catalyst from external perturbing factors.3

Metal−organic frameworks (MOFs) are a class of porous,
crystalline materials that are recognized as ideal host platforms
for encapsulating important enzymes.4 Due to the modular
nature of MOFs, several encapsulation strategies have been
experimentally pursued and realized (e.g., surface attachment,
covalent linkage, physical adsorption, and co-precipitation, to
name a few).5,6 In comparison with other “traditional” porous
materials, such as mesoporous silica, sol−gel, and zeolites,
MOFs are proving to be superior with respect to retaining the
respective enzyme within its pores, thereby avoiding or, at the
very least, significantly reducing leaching while at the same
time effectively protecting the enzyme against denaturing
media and elevated temperatures.7−9 However, despite this
promise the integrity, stability, catalytic activity, and efficiency
of the enzyme remain at the mercy of the nature and outcome
of the encapsulation process.10 Accordingly, important
information on how the encapsulated enzymes behave within
the MOFs and what intermolecular interactions between them
influence a given enzyme’s structural stability once inside are
scarcely available, with only a handful of reports seeking to

understand this complex interplay at the molecular level.11−13

One such important study came from Zhang et al., who
employed molecular dynamics (MD) simulations in order to
study the binding of amino acid side chain analogues with the
internal surface of IRMOF-74-I (i.e., the parent MOF-74
structure).13 Their results demonstrated that binding was
primarily driven by van der Waals interactions, with the size of
the guest molecules being the critical factor affecting the
binding strength. In addition, a small protein, Trp-cage, was
demonstrated to undergo denaturation when encapsulated by
the IRMOF-74-VI. However, upon modulation of the polarity
of the MOF’s surface, Trp-cage’s conformation was success-
fully maintained even at 400 K. It is suspected that larger
enzymes, which possess stable inner-core conformations, will
show strikingly different behavior when encapsulated within
MOFs. This suspicion is in line with available experimental
evidence that demonstrates that larger enzymes typically gain
increased stability under extreme conditions in such circum-
stances.7 However, the underlying molecular reasons for why
this occurs have yet to be studied, and given the diversity of
size, shape, and surface topologies among enzymes there is a
real need for the further exploration of the structural dynamics
of encapsulated enzymes. Such information would inevitably
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provide a much-needed blueprint for judiciously choosing the
appropriate MOF platforms that meet the needs of the specific
enzymes to be encapsulated.
In this report, we detail an atomic-level investigation of a

large enzyme, cutinase, encapsulated within a model MOF
platform using quantum mechanics calculations and MD
simulations. Cutinase was chosen as the model enzyme due to
its widespread relevance in the biodegradation of plastics, the
production of renewable polyesters, the treatment of cotton
fabrics, and food treatment and flavoring.14−18 Similarly, the
isoreticularly expanded MOF-74 (IRMOF-74-VI) was chosen
due to its remarkably high stability and surface area as well as
its appropriately sized pore aperture (∼4 × 5 nm).19 By
employing the relevant computational techniques in regard to
this system, we were able to demonstrate the properties and
behavior of cutinase when encapsulated within IRMOF-74-VI.
Indeed, the reduced atomic displacement and atomic
fluctuation of cutinase within IRMOF-74-VI at high temper-
atures indicated that its thermal stability was largely improved
and, due to the atomic-level investigation, critical insights were
gleamed regarding the specific interactions that were the
primary contributors toward maintaining the stability.

■ COMPUTATIONAL DETAILS
Model Construction and Potential Function. The

model construction of IRMOF-74-VI was based on its crystal
structure.19 The material’s crystallographic information file was
obtained from the Cambridge Crystallography Data Centre
(CCDC code: 841647). IRMOF-74-VI crystallizes in the
trigonal space group R3 (no. 146) with lattice parameters a = b
= 78.643 Å and c = 6.816 Å and a unit cell volume of 36505.5
Å3. The initial coordinates used to construct the cutinase
model were also based on data from its crystal structure, which
was obtained from the RCSB Protein Data Bank (PDB code:
1CEX). It is noted that the water molecules present in the
crystal structure of cutinase were removed prior to carrying out
the simulations. The topology of IRMOF-74-VI was generated
using OBGMX, a web-based generator for GROMACS
topology, and the AmberFF99sb-ILDN force field simulation
was employed in order to describe the energy for all
simulations.20,21 Amber force fields are among the most
commonly used in MD simulations for MOFs.22

Atomic Charge Derivation. Density functional theory
(DFT) calculations were performed with the Gaussian 09
software package using the crystal structure of IRMOF-74-VI
in order to determine the charge distribution among each atom
in the MOF structure.23 These single-point calculations were
performed using the 6-31+g* basis set, which includes one
polarization (*) and one diffuse (+) function on all atoms with
the exception of hydrogen. The employed method produced
charges that fit an electrostatic potential at specific points,
which were selected according to the CHELPG scheme.24

More detailed information on the interaction function force
field and the atomic charge calculations (and deviations
thereof) are provided in the Supporting Information, section
S3.25,26

Molecular Dynamics Simulations. All MD simulations
were performed using the GROMACS software (v 5.1.4) with
the rigid TIP3P water model and AMBER99SB-ILDN force
field simulation.27,28 Cutinase was simulated in a cubic box
with a periodic distance of 1.0 nm and filled with 11 392 water
molecules. Periodic boundary conditions were applied in all
directions. Two Cl− ions were added in order to neutralize the

net charge of the system. Covalent bonds to the hydrogen
atoms were constrained using the LINCS algorithm, and long
electrostatic interactions were treated by the particle mesh
Ewald (PME) method.29,30 Long-range van der Waals and
electrostatic interactions were cut off at 1.0 nm. The leapfrog
algorithm was used for potential energy integration at 2 fs
intervals. The force field parameters of IRMOF-74-VI were
validated by MD simulations in water for 5 ns under
isothermal−isobaric conditions. The simulation was used in
order to calculate the root-mean-square deviation (RMSD) of
the simulated IRMOF-74-VI from the crystal structure. For
cutinase@IRMOF-74-VI, a periodic simulation cell consisting
of IRMOF-74-VI, cutinase, and water molecules was used.
Initially, the energy minimization was conducted using the
steepest-descent method with a maximum step size of 0.01 nm
and a force tolerance of 10 kJ mol−1 nm−1. Next, the velocities
were assigned according to the Maxwell−Boltzmann distribu-
tion at 300 K. Covalent bonds to the hydrogen atoms were
constrained using the LINCS algorithm, and long electrostatic
interactions were calculated by the PME method. The cutoff
for the long-range van der Waals and electrostatic interactions
was set at 1.0 nm, and the time step was set to 2 fs. Each
system was examined at five temperatures (300, 350, 400, 450,
and 500 K). The temperature was controlled using the
velocity-rescaling method with a temperature coupling
constant of 0.1 ps.31 The pressure was coupled using
Parrinello−Rahman’s barostat at 1 atm.31 An anisotropic
pressure coupling with a large constant of 20 ps was applied in
order to better control the pressure for simulations of periodic
IRMOF-74-VI. The MOF was considered to be rigid; hence,
the framework atoms were position-restrained during the
energy minimization and MD simulations. During the
simulations, the IRMOF-74-VI unit cells coupled themselves
through periodic boundary conditions. The systems were
equilibrated in order by 500 ps of canonical and isothermal−
isobaric ensemble MD simulations. The second step was
repeated until a consistent plot of the potential energy was
achieved. The equilibrated systems were then subjected to 50
ns of MD simulation (production) in an isothermal−isobaric
ensemble.

■ RESULTS AND DISCUSSION
The primary objective of this research program was to
understand the interplay among the enzyme, cutinase, and
the chosen metal−organic framework support at the atomic
level. It is our goal that, with the insights gleaned from this
study, informed decision making can then take place as to
which molecular interactions must be considered when
developing new enzyme−MOF systems.

Tertiary Structural Stability and Flexibility of
Cutinase@IRMOF-74-VI. The average atomic displacement
profiles for cutinase in its native state (denoted herein as “free
cutinase”) and encapsulated cutinase (denoted herein as
“cutinase@IRMOF-74-VI”) at five different temperatures
(300, 350, 400, 450, and 500 K) are shown in Figure 1. At
300 K, cutinase remained in its most stable conformation
regardless of encapsulation, as evidenced by the average RMSD
values calculated for free cutinase (0.158 ± 0.017 nm) and
cutinase@IRMOF-74-VI (0.139 ± 0.007 nm). Our results
agree with previous theoretical and experimental studies that
showed RMSD values of 0.13 nm when the cutinase structure
reaches a steady state at 300 K.32,33 When increasing the
temperature from 300 to 500 K, the average RMSD values also
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increased. Based on these values, a considerable change in the
atomic displacement profiles was observed when the temper-
ature increased above the optimum temperature for free
cutinase (450−500 K).34 Although both systems exhibited
increases in their RMSD values as a function of the increasing
temperature, the increase in values for cutinase@IRMOF-74-
VI within 50 ns of the MD simulation was significantly lower.
At 500 K, cutinase@IRMOF-74-VI (0.500 ± 0.133 nm)
produced a 0.51 nm-lower RMSD value than free cutinase
(1.011 ± 0.334 nm).
The trends in the behavior of the average RMSD values for

both sets of simulations are a consequence of the enhanced
motion between the atoms in the systems. It is noted that the
average kinetic energy of both systems at 500 K was calculated
to be 1.540 × 105 and 1.399 × 105 kJ mol−1 for free cutinase
and cutinase@IRMOF-74-VI, respectively. Indeed, the lower
average kinetic energy of cutinase@IRMOF-74-VI corresponds
to less structural motion between the atoms compared to a
scenario where cutinase is in its unprotected native state.
These results from 50 ns of MD simulations already provided
clear evidence that IRMOF-74-VI plays an important role in
restricting the atomic displacement of cutinase’s underlying
structure at elevated temperatures, which in turn means that
the enzyme’s stability and activity have the potential to be
maintained over a wider range of conditions.
In order to further explore the stability of cutinase in its

native and encapsulated forms, the atomic fluctuations of each
amino acid residue were investigated as functions of temper-
ature. Specifically, in order to gain a deeper understanding of
the conformational flexibility of cutinase, the root-mean-square
fluctuations (RMSFs) of each amino acid residue were plotted
by exploiting the interatomic displacement between each
amino acid residue in the cutinase structure. As expected, the
overall atomic fluctuations increased when the temperature
was increased for both free cutinase and cutinase@IRMOF-74-
VI. As shown in Figure 2a, the loop regions of free cutinase
(amino acid residues 17−33) as well as the N-terminal region
and loop (residues 212 and 213, respectively) fluctuated at
slightly higher levels than the other residues. As the
temperature increased from 300 to 500 K, the fluctuations

became significantly more pronounced and were nearly double
the RMSF values obtained for the same regions when cutinase
was encapsulated within IRMOF-74-VI (Figure 2b).
At 500 K, the fluctuation differences were at their most

extreme. This finding strongly indicates that using IRMOF-74-
VI as a support stabilizes the cutinase structure and function.
In the cutinase tertiary structure, two flexible loops (residues
80−90 and 182−189) bearing hydrophobic amino acids
constitute the binding site of the enzyme.32 As such, these
two loops have an ample amount of anisotropy and exhibit
flexibility in order to allow for meaningful interactions to occur
with prospective substrates.32 From our MD simulations, these
regions did, in fact, display a degree of flexibility. However,
IRMOF-74-VI was determined to reduce the atomic
fluctuations of these regions at higher temperatures; this
finding is favorable in terms of enhancing the structural
stability while retaining the ability of cutinase to interact with a
given substrate without denaturing (Figure 2).
A useful measure of the enzyme dynamics is the theoretical

B-factor, whose value reflects the fluctuation of atoms about
their average position. As such, the theoretical B-factor was
calculated for each amino acid residue in free cutinase and
cutinase@IRMOF-74-VI (Table S7). The B-factor values were
also found to increase as a function of temperature. In
agreement with the trends in the RMSD and RMSF values, the

Figure 1. RMSD values that resulted from the MD simulations. The
RMSD is shown for free cutinase (red triangles) and cutinase@
IRMOF-74-VI (blue diamonds) in water as a function of time at
different temperatures. Data were averaged from the last 10 ns of 50
ns MD simulations. Included error bars indicate uncertainty.

Figure 2. Root-mean-square fluctuations (RMSFs) resulting from the
MD simulations. The RMSFs for (a) free cutinase and (b) cutinase@
IRMOF-74-VI are shown as functions of time at temperatures from
300 to 500 K. The RMSFs of the amino acid residues were calculated
from a 0 to 50 ns simulation time. The RMSF results for temperatures
of 300, 350, 400, 450, and 500 K are colored black, yellow, green,
purple, and red, respectively.
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B-factor values were lower for cutinase@IRMOF-74-VI than
free cutinase. As presented in Figure 3, higher B-factor values
were observed at specific regions of the enzyme’s structure.
These regions (residues 96, 151, 154, 156, and 182) are
consistent with the residues that were previously demonstrated
to produce the highest fluctuations in the atomic position
(Figure 2a and b).
Secondary Structure Analysis. In order to gain a better

understanding of the structural dynamics, the STRIDE
algorithm was employed in order to assess the elements of
the secondary structure of cutinase.35 As illustrated in Figure 4,
the free cutinase structure experienced extensive changes in its

secondary structural elements when placed in water at 500 K.
In general, when cutinase was encapsulated within IRMOF-74-
VI, the secondary structure was retained at a higher degree
than for free cutinase. Throughout the MD simulations, the
percentage of helices was found to remain higher for
cutinase@IRMOF-74-VI at temperatures below 500 K. It is
noted that the secondary structural profiles for all the systems
studied are available in the Supporting Information, Figure
S11. As shown in Figure 4, the majority of the α-helices were
maintained for cutinase@IRMOF-74-VI at 500 K, and only a
slight reduction in the helicity of residues 51−53 and 60−63
was observed. In comparison, the free cutinase lost α-helices at

Figure 3. The residual RMSFs were converted to theoretical B-factors and rendered using a spectrum of colors. Dark blue indicates the lowest
structural flexibility (rigid), and red denotes the highest structural flexibility (flexible).

Figure 4. Secondary structural analysis of cutinase. The underlying structural elements are shown for cutinase in (a) its ideal crystal structure form,
(b) its free native state, and (c) encapsulated within IRMOF-74-VI. Note that these structural changes were observed after 50 ns of molecular
dynamics simulations. The amino acid numbering is sequential from Arg17 to Ser213. The colors in the graphs correspond to the bridge (yellow
with an arrow), α-helix (red), π-helix (green), 3−10 helix (blue), and coil and turn (yellow).
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450 K (residues 164−166). This loss of α-helices was even
more prominent at 500 K, at which point almost all the α-
helices were absent with the exception of residues 96−98.
These residues formed a hydrophobic core and appeared to be
remarkably stable despite the thermal unfolding.
The average fraction of α-helices in free cutinase and

cutinase@IRMOF-74-VI and the distance between the two
amino acid ends of cutinase (Dend) were used in order to
further evaluate the enzyme’s secondary structure (Figure 5).

The fraction of α-helices for free cutinase decreased from 97.6
at 300 K to 33.5 at 500 K. At temperatures higher than 450 K,
there was an abrupt decrease in the fraction of α-helices,
whereas the Dend values increased. These results indicate that
free cutinase was already unfolded during the 50 ns MD
simulation at 450 K. For cutinase@IRMOF-74-VI, a higher
secondary structure stability was apparent. Although cutinase@
IRMOF-74-VI exhibited a high level of dissociation of α-
helices, there was less detachment of the remaining α-helices
from the other loops.
Using the STRIDE algorithm, the total solvent accessible

surface areas (SASAs) of free cutinase and cutinase@IRMOF-
74-VI were calculated as a function of temperature.35 In
general, the total SASAs for each system increased propor-
tionally with temperature (Table S8). For all the temperatures
investigated, the interactions between cutinase and IRMOF-
74-VI reduced the total SASA. The hydrophobic interactions
are of particular interest given the hydrophobic nature of
IRMOF-74-VI, since its organic linker, which contains six
phenylene rings, forms the basis of the pore channels. The
hydrophobic SASA value for free cutinase remained relatively
constant from 300 to 450 K but suddenly increased by 73%
when the temperature increased from 450 to 500 K. For the
encapsulated cutinase, the hydrophobic SASA value was higher
overall than for free cutinase as the temperature increased from
350 to 450 K; however, this SASA value did not experience the
same sudden increase (19.3%) when the temperature increased
from 450 to 500 K. This finding again demonstrates the
capability of IRMOF-74-VI to stabilize the enzyme’s structure
at temperatures that would otherwise would denature it.

Enzyme-MOF Interactions. Table 1 lists the specific
interactions that occur when cutinase is encapsulated within
IRMOF-74-VI at temperatures from 300 to 500 K. The focus
here is the interactions between the pore walls of IRMOF-74-
VI and the residues at the surface of cutinase. Here, the most
dominant interactions were hydrophobic and increased with
temperature (Table 1). This finding is consistent with the
outcomes from the SASA analyses (Tables S8 and S9). From
these results, it was clear that hydrophobic interactions
provided the greatest contribution to binding specificity and
strength in the cutinase@IRMOF-74-VI system. It is noted
that arginine (Arg) was the amino acid residue most involved
in the interactions between cutinase and IRMOF-74-VI.
It is known that certain amino acid residues that are

commonly located at the surface of cutinase (e.g., Arg, Lys,
Asp, and Glu) are able to form multiple interactions with an
external species.36 When comparing these residues, the unique
geometric features of Arg’s side chain afford it the ability to
contribute more toward cutinase’s structural stability. Arg is an

Figure 5. Secondary structural analyses from the molecular dynamic
simulations. (a) The fraction of α-helices in free cutinase (red
triangles) and cutinase@IRMOF-74-VI (blue diamonds). (b) The
distance (Dend) between the two ends of cutinase’s secondary
structure as a function of temperature.

Table 1. Specific Interactions Formed between the Amino Acid Residues of Cutinase and IRMOF-74-VI at Various
Temperatures

interactions 300 (K) 350 (K) 400 (K) 450 (K) 500 (K)

H-bonding Arg96 Arg158,
Thr173

Arg78 Arg158, Arg196, Asn27, Arg96 Arg158, Arg96, Asn27

hydrophobic Pro193,
Thr45,
Arg17,
Ile24

Pro187,
Pro160,
Pro193,
Asn161,
Asn27

Ile183, Ala190, Ala93,
Asn161, Leu189, Pro193,
Ala91, Pro198, Thr45,
Ala136, Arg196

Ala79, Asn84, Ala185, Ala186, Ala79,
Pro187, Leu189, Arg96, Leu153, Lys108,
Ala29, Thr80, Pro193, Arg78, Asn161,
Pro193

Pro87, Pro187, Ala85, Pro87, Thr90, Leu182,
Leu189, Thr43, Leu51, Ala85, Leu86, Asn172,
Leu189, Thr45, Leu101, Arg196, Ala209,
Ile24

salt bridges Arg96 Arg158 Arg78 Arg196, Arg158 Arg96, Arg158

π-cation Arg156 Arg156,
Arg96

Arg196
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amphipathic amino acid with a hydrophobic side chain and a
positively charged guanidinium group at the end of its
structure. The guanidinium is exposed to the surface, while
the hydrophobic portion is buried within the structure.37 For
this reason, Arg residues are found in a higher concentration at
the surface of cutinase than other similarly related amino acids
and, as such, are involved to a greater degree in the interactions
with IRMOF-74-VI when cutinase is encapsulated (Figure
S17). Specifically, Arg’s positive charge is delocalized on the
guanidinium group, which allows for the formation of
hydrogen bonds (H-bonds) through interactions with the
oxygen atoms of IRMOF-74-VI’s linker. Furthermore, the
guanidinium group on Arg has the exclusive ability to form H-
bonds with water molecules that also exist within IRMOF-74-
VI. It is also noted that the guanidinium group in arginine
introduces interactions in three possible directions through its
three asymmetrical nitrogen atoms, which allows arginine to
form a large number of electrostatic interactions.37 Indeed,
these unique geometric features of Arg enable the residue to
contribute to the structural stability of cutinase when
encapsulated.38

For all the MD simulations performed, Arg formed at least
one H-bond with IRMOF-74-VI (e.g., Arg96-O, Arg158-O,
and Arg196-O) on average. These H-bond interactions have
significant effects on the stabilization of the cutinase structure.
Salt bridges are the result of a combination of H-bonds and
electrostatic interactions.39 Both H-bonds and salt bridges are
important for maintaining cutinase’s structural stability for its
catalytic activity.40 In our simulations, we observed that the salt
bridge interactions increased proportionally with temperature.
As presented in Table 1, strong interactions between the
Arg158 residue and the O atom of the IRMOF-74-VI linker
were found at 350, 450, and 500 K. It is worth noting that an
Arg residue appeared in all the salt bridge interactions that
arose from both strong and weak interactions (e.g., Arg158 at
350 K, Arg158 at 450 K, and Arg158 at 500 K). Previous
theoretical and experimental studies have shown that π-cation
interactions are capable of being quite strong, both in the gas
phase and in the aqueous phase.41 In total, four π-cation
interactions were formed at 300, 350, and 500 K within the
cutinase@IRMOF-74-VI model. Interestingly, there were no π-
cation interactions found at 400 and 450 K. The π-cation
interactions were formed mostly between the positively
charged Arg residues and the aromatic ring of the MOF
linker. The strongest π-cation interaction found in this study
was between Arg156 and the MOF linker, with a distance of
5.31 Å.
In order to conceptually understand the specific interactions

between certain amino acid residues of cutinase and specific
atoms of IRMOF-74-VI, a correlation “heat” map was
constructed (Figure 6). As shown, the “heat” map describes
which interactions remained consistent throughout the 50 ns
MD simulations. One of the most dominant interactions
observed was between the Arg96 residue and the oxygen atom
of the MOF linker. Furthermore, the interaction between the
Arg156 residue and the CA atom of IRMOF-74-VI (an sp3

carbon bonded to an sp2 aromatic carbon) also showed a
significant interaction strength. The results obtained from the
correlation “heat” map agree with Table 1 in that the Arg
residue was the primary contributor to the maintenance of
cutinase’s stability and functionality when encapsulated within
IRMOF-74-VI, even at extreme temperatures.

■ CONCLUSION
The structural dynamics and properties of the cutinase enzyme
encapsulated in IRMOF-74-VI were investigated by MD
simulations at five different temperatures. Upon encapsulation,
cutinase@IRMOF-74-VI exhibited a higher structural stability
with smaller thermal fluctuations at elevated temperatures.
During 50 ns of the MD simulations, cutinase retained a larger
portion of its secondary structure even at temperatures
reaching 500 K, whereas free cutinase had already denatured.
The surface activity of the encapsulated cutinase was mostly
hydrophobic. IRMOF-74-VI’s pore walls consisted of hydro-
phobic linkers that interacted with the hydrophobic amino acid
residues of cutinase. Most of the interactions identified
originated from the Arg residues at the surface of the protein.
The interactions created by Arg were mostly hydrophobic, i.e.,
H-bonding and salt bridges. It is important to note that there
was no evidence of metal ion involvement from IRMOF-74-VI
in regard to stabilizing the protein structure. IRMOF-74-VI
showed that it could provide a suitable environment for
protecting cutinase, which led to an improvement in the
stability of the enzyme with an optimum range of interaction
strengths that prevented enzyme denaturation at extreme
temperatures. This indicates that the selective encapsulation of
large biomolecules, such as enzymes, can be achieved using
mesoporous MOFs with suitable pore sizes, appropriate
internal pore environments, and proper organic linker
utilizations. More atomic-level investigations of different
biomolecules are needed with different MOFs in order to
unravel the otherwise unknown behaviors or interactions that
occur when targeting potential biocomposites. Such informa-
tion will significantly contribute to the properly informed
utilization of these porous materials for biological applications.
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Figure 6. Correlation “heat” map for understanding the interactions
between cutinase and IRMOF-74-VI at 300 K as a function of time
(50 ns). Dark blue indicates few, if any, interactions, and red denotes
the strongest interactions. The atom type code is as follows: Zn, zinc
atom; CA, sp2 aromatic carbon; HA, aromatic hydrogen bonded to
CA; OH, hydroxyl oxygen; C, sp2 carbon bonded to oxygen; O,
oxygen bonded to sp2 carbon; CT, sp3 carbon bonded to CA; and
HC, hydrogen atom bonded to CT.
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