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ABSTRACT: It has been demonstrated for the first time
that the heme protein cytochrome ¢ (Cyt ¢) can enter the
interior of a MOF despite the larger molecular dimension
of the protein relative to the access pore sizes. Mechanistic
studies suggest that the Cyt ¢ molecules must undergo a
significant conformational change during translocation into
the MOF interior through the relatively small nanopores.

rotein transport is an essential mechanism in living cells."

For protein translocation into organelles such as
mitochondria,” the endoplasmic reticulum,® and chloroplasts,4
the proteins are typically transported through protein-
conducting channels comprising nanopores smaller than the
dimensions of the protein.” Thus, in order for the protein to
enter the organelle, it must undergo significant conformational
changes during the translocation process.® The biological
mechanism associated with protein transport through mem-
branes suggests a mechanism through which proteins could also
be transported through porous solid-state materials,” including
metal—organic frameworks (MOFs), a new class of functional
materials with uniform nanopores.

MOFs are highly crystalline inorganic—organic hybrids that
are constructed by assembling metal ions or metal-containing
clusters with multidentate organic ligands via coordinate
bonds.® These materials feature structural diversity and
amenability to be designed with specific functionality.” Their
tunable but uniform pore sizes and functionalizable pore walls
allow the available nanospace to accommodate a variety of
guest species for applications in gas storage/separation,'®
catalysis,"" sensing,'> drug delivery,” etc. A relatively unex-
plored aspect of MOEF-based materials is their potential to
utilize the associated nanopores to encapulsulate large
biomolecules.'"* Encapsulation of biomolecules into MOF
nanopores postsynthetically would require a protein transport
process similar to that utilized for import into cellular
organelles. Thus, MOFs provide an exciting opportunity to
probe the mechanistic details of protein pore migration.

We recently demonstrated the successful immobilization of
microperoxidase-11 (MP-11) into a MOE." Although MP-11
is a “microenzyme” with relatively small molecular dimensions,
this study provided a proof of concept for the immobilization of
larger proteins into the interior of a MOF. In this contribution,
we report the encapsulation of the heme protein cytochrome ¢
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(Cyt ¢) in a nanoporous MOF despite the much larger
molecular dimension of the protein relative to the pore sizes of
the MOF. The data presented further indicate that the Cyt ¢
molecules enter the MOF through the narrow nanopores by
undergoing conformational changes, reminiscent of the process
of protein translocation into some organelles via small
nanopores.

Cyt ¢ is a relatively small, structurally robust heme protein
with molecular dimensions of ~2.6 nm X 3.2 nm X 3.3 nm that
serves as a component of the electron transport chain in
mitochondria and is involved as a signal associated with
apoptosis.'® The protein consists of a single polypeptide chain
of 104 amino acid residues containing a covalently attached
heme group (Figure 1)."” In view of the stability of its

Figure 1. Molecular structure of cytochrome ¢ (PDB entry 10CD).

framework in buffer solutions, the MOF known as Tb-
mesoMOF provides an excellent platform for investigating
the interaction between Cyt ¢ and MOF nanopores. Tb-
mesoMOF is based upon triazine-1,3,5-tribenzoate (TATB)
ligands (Figure 2a) that link Tb, moieties to form truncated
supertetrahedrons (STs) (Figure 2b). The truncated STs are
extended by TATB ligands to form a three-dimensional
network with the MTN topology (Figure 2c) in which two
types of nanoscopic cages exist: 3.9 nm diameter cages that are
surrounded by 20 truncated STs and have 12 pentagonal
windows (pink in Figure 2c) and 4.7 nm diameter cages that
are defined by 28 truncated STs and have 12 pentagonal and 4
hexagonal windows (green in Figure 2c). These nanoscopic
cages are interconnected through five- and six-membered-ring
pores (windows), which, on the basis of the van der Waals radii,
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Figure 2. (a) TATB ligand. (b) Truncated supertetrahedron in Tb-
mesoMOF. (c) MTN topology of Tb-mesoMOF. The two types of
cages are highlighted in green and pink. (d) A 3.9 nm diameter cage
and a 4.7 nm diameter cage interconnected through 1.3 and 1.7 nm
windows in Tb-mesoMOF. Color scheme: C, gray; O, red; N, blue;
Tb, turquoise.

have free diameters of 1.3 and 1.7 nm, respectively (Figure
2d)."® In view of the dimensions of the Cyt ¢ molecule as well
as the hydrophobic property of the Tb-mesoMOF framework,
Cyt ¢ import into the MOF interior would require the protein
to undergo a change in conformation initiated first by surface
contacts between the protein and the MOF crystal. Migration
of the protein through the relatively small nanopores to enter
the 3.9 and 4.7 nm diameter cages would require a partial
unfolding of the protein’s tertiary structure.

To explore the possibility of Cyt ¢ immobilization within Tb-
mesoMOF, freshly prepared Tb-mesoMOF crystals were
immersed in a solution of bovine heart Cyt ¢ solubilized in 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
buffer, and the solution was placed in an incubator at 37 °C.
The uptake of Cyt ¢ by Tb-mesoMOF at different time points
was determined using the bicinchoninic acid (BCA) method for
protein determination.'” As shown in Figure 3a, a saturated
loading of ~10.2 ymol/g was reached after ~45 h. The Cyt ¢/
Tb-mesoMOF sample (hereafter denoted as Cyt c@Tb-
mesoMOF) was then washed with fresh buffer solution until
the supernatant became colorless to fully remove loosely bound
Cyt ¢ molecules. Inductively coupled plasma mass spectrometry
(ICP-MS) and atomic absorption (AA) studies on the washed
Cyt c@Tb-mesoMOF sample revealed a Cyt ¢ uptake ~9.8
pumol/g, in good agreement with the loading amount
determined by the BCA method. The successful immobilization
of Cyt ¢ into Tb-mesoMOF was confirmed by crystal optical
images and UV—vis spectroscopy. The Tb-mesoMOF crystals
became distinctly colored after being saturated with Cyt ¢
(Figure 3b), strongly indicating the association of Cyt ¢
molecules with Tb-mesoMOEF. Solid-state UV—vis absorption
spectroscopy studies revealed that Cyt ¢@Tb-mesoMOF
exhibited a Soret band at ~410 nm, which is consistent with
the Soret band of ~411 nm for Cyt ¢ in buffer solution (Figure
3c). Fracturing the crystal revealed that the crystal interior also
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Figure 3. (a) Profile of Cyt ¢ uptake by Tb-mesoMOF in HEPES
buffer at 37 °C. (b) Optical images of (top) a Tb-mesoMOF crystal
and (bottom) a Cyt c@Tb-mesoMOF crystal (left) before and (right)
after fracturing. (c) UV—vis absorption spectra of Cyt c@Tb-
mesoMOF (black) and free Cyt ¢ in HEPES buffer solution (red).
(d) N, sorption isotherms of Tb-mesoMOF (black) and Cyt c@Tb-
mesoMOF (red).

displayed optical images retaining the color of the heme
macrocycle (Figure 3b), indicating diffusion of Cyt ¢ molecules
into the interior pores of the Tb-mesoMOF crystal. As the
heme is covalently attached to the protein, any indication of the
presence of heme also indicates the protein is present as well.
N, sorption isotherms (Figure 3d) measured at 77 K indicated
that the Brunauer—Emmett—Teller (BET) surface area of Tb-
mesoMOF decreased from 1935 to 348 m?/ g after association
with Cyt ¢, further supporting the successful immobilzation of
Cyt c into the interior cavities of Tb-mesoMOF. Tb-mesoMOF
retained its framework integrity after encapsulation of Cyt ¢, as
evidenced by powder X-ray diffraction (PXRD) studies (Figure
S1).

The successful immobilization of Cyt ¢ into the interior of
the Tb-mesoMOF can only take place if the protein undergoes
a conformational change that reduces the overall dimensions of
the protein, allowing migration through the open pores at the
crystal surface. Steady-state fluorescence spectroscopy provides
a convenient method for determining conformational changes
within a protein.”® In the case of Cyt ¢, the polypeptide chain
contains a single tryptophan residue (Trp59) and four tyrosine
residues (Tyr48, -67, -74, and -97) that contribute to the
fluorescence spectrum of the protein.>' The Trp59 residue is
located ~5 A from the heme edge, and the emission is highly
quenched in the folded protein.

The steady-state fluorescence spectra of Cyt ¢ in buffer
solution (50 mM phosphate, pH 7.5), Cyt ¢ in buffer containing
6 M guanidine HC] (GdnHCl), and Cyt c@Tb-mesoMOF are
displayed in Figure 4a. As discussed above, the spectrum of Cyt
¢ in buffer was nearly completely quenched by the heme group.
Upon unfolding of the protein in GdnHCI, emission maxima
centered at 303 and 353 nm (with nearly equal intensity) were
observed, corresponding to solvent-exposed Tyr and Trp
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Figure 4. Fluorescence spectra of (a) Cyt ¢ in HEPES buffer, Cyt ¢
denatured by GdnHCl, and Cyt c@Tb-mesoMOF and of (b) Cyt c@
Tb-mesoMOF after different incubation times.

residues, respectively, that are much farther from the heme
group. Interestingly, Cyt c@Tb-mesoMOF displayed an
emission spectrum with a maximum at ~353 nm and a
lower-intensity band centered at ~307 nm (I3p3 nm/Lis3 am = 1
for Cyt ¢ in GAnHCl and 0.6 for Cyt c@Tb-mesoMOF). These
results indicate that the protein located within the Tb-
mesoMOF interior exists in a non-native conformation that is
distinct from that of the GdnHCl-unfolded protein.

Figure 4b displays the progression of fluorescence changes
associated with confinement of Cyt ¢ within Tb-mesoMOF. At
early times, the fluorescence spectra resemble that of the
GdnHCI-denatured protein but with a progressively red-shifted
Trp fluorescence maximum. These data support a mechanism
for Cyt ¢ translocation into Th-mesoMOF (Scheme 1) in which

Scheme 1. Tentative Mechanism for the Translocation of
Cyt c into the Cavities of Tb-mesoMOF*
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“The red coil represents the heme part of Cyt c. The mechanism
involves surface adsorption of the protein (top left) followed by partial
unfolding (top right); the partially unfolded protein is partitioned
between the surface and exterior pores (bottom right) and then
migrates into the large interior cavities (bottom left).

Cyt ¢ molecules first adsorb onto the surface of the MOF
crystals. Cyt ¢ is known to undergo conformational
perturbation upon binding to surfaces, resulting in cleavage of
the Met80—Fe bond of the heme group and tertiary structure
destabilization.”* ** The partially unfolded protein (charac-
terized by the Trp emission at ~345 nm) can adopt a size and
an orientation that is more amenable to migration through the
surface pore, leading to partitioning of the protein between the
surface and the exterior nanopores (pore entry). At longer

incubation times, the protein continues to be partitioned into
the interior cavities through the relatively small nanopores
(pore migration) and is stabilized through the exposure of
hydrophobic amino acids from the protein’s interior to the
hydrophobic interior of the Tb-mesoMOF cavities, resulting in
a new protein conformation exhibiting a distinct fluorescence
emission centered at ~353 nm. The position of the Trp
emission is indicative of water exposure, suggesting that the
protein entrapped within the Tb-mesoMOF cavities retains
significant water content despite the hydrophobic nature of the
interior cavities.”> Furthermore, the color of the fractured Cyt
c@Tb-mesoMOF crystals indicates that the encapsulated
protein likely retains a six-coordinate low-spin heme ¢
macrocycle.

In summary, we have demonstrated for the first time that the
heme protein Cyt ¢ can enter the interior cavities of a MOF
with pore sizes that are small relative to the molecular
dimensions of Cyt c. The results of fluorescence studies further
have suggested that Cyt ¢ undergoes conformational changes
during the immobilization process and adopts a conformation
that is distinct from either its native conformation or that of the
GdnHCl-denatured protein. A protein transport mechanism
that contains the salient features of protein translocation into
cellular organelles has been proposed. This work lays a
foundation for employing MOFs as a new class of platforms
for protein translocation studies. Ongoing work in our
laboratory includes investigations of the biocatalysis perform-
ance of Cyt c@Tb-mesoMOF and the processes of trans-
location of other protein molecules into porous MOFs.
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