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ABSTRACT: Enzyme immobilization in metal—organic
frameworks (MOFs) offers retained enzyme integrity and
activity, enhanced stability, and reduced leaching.
Trapping enzymes on MOF surfaces would allow for
catalysis involving large substrates. In both cases, the
catalytic efficiency and selectivity depend not only on
enzyme integrity/concentration but also orientation.
However, it has been a challenge to determine the
orientation of enzymes that are supported on solid
matrices, which is even more challenging for enzymes
immobilized/trapped in MOFs due to the interferences of
the MOF background signals. To address such challenge,
we demonstrate in this work the utilization of site-directed
spin labeling in combination with Electron Paramagnetic
Resonance spectroscopy, which allows for the first time
the characterization of the orientation of enzymes trapped
on MOF surfaces. The obtained insights are fundamen-
tally important for MOF-based enzyme immobilization
design and understanding enzyme orientation once
trapped in solid matrices or even cellular confinement
conditions.

nzyme immobilization improves biocatalysis, sensing,

biofuel, and biomedicine by enhancing enzyme stability
and cost-efficiency.' > Once immobilized, the catalytic
efficiency and selectivity of an enzyme depend not only on
its integrity/concentration but also on the orientation with
respect to the solid surface.””® Herein a proper orientation can
decrease the mass transfer limitation of the substrate and
enhance the efficiency/selectivity.” "' Therefore, knowing
enzyme orientation is important for not only understanding
the catalytic efliciency but also guidin§ the design of proper
platforms for enzyme immobilization.'”™'* Covalently linking
an enzyme to a surface can provide controllable orientation but
may encounter enzyme structure/function perturbation due to
the chemical modification to the enzyme.'>'® Physical
adsorption involves less perturbation but faces random enzyme
orientation and leaching. Steric trapping may create specific
orientation without enzyme chemical modification. In this
case, enzyme conformational changes may be needed in order
to enter the steric traps.17
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Metal—organic frameworks (MOFs) have recently been
demonstrated as advantageous platforms for immobilizing
enzymes which overcome most barriers mentioned above.'*~**
However, enzymes are mainly encapsulated in MOF cages/
channels, which prevent catalysis reactions involving large
substrates.'">*~** Zeolitic Imidazolate Frameworks (ZIFs) are
able to trap enzymes in their crystal defects*"****~** including
defects on the surface, which may allow for large substrate
catalysis. In addition, the enzyme is “loaded” from the inside of
the crystal, which does not require enzyme modification or
conformational changes. Lastly, enzymes trapped in ZIFs were
shown to be functional.”>***"*> While these promising
features solve most of the challenges discussed above, enzyme
orientation is still challenging to probe for most protein
investigation approaches due to the complexities caused by the
ZIF background signals. Lacking such orientation information
limits a better understanding of the catalytic behavior of
enzymes trapped on ZIFs and design of MOF-based materials
for trapping enzymes.”* ™’

These barriers can be overcome by site-directed spin
labeling (SDSL) in combination with Electron Paramagnetic
Resonance (EPR) spectroscopy.”® In SDSL, a protein site of
interest is mutated to a cysteine, followed by attaching a stable
nitroxyl moiety to form a spin label side chain (often known as
“R1”).*” Then, EPR’s “penetrating” power reports only the
dynamics of the R1 side chain, regardless of the interferences
from the background materials.””*°~* SDSL-EPR has been
applied to probe structural information on proteins adsorbed
to solid surfaces or porous materials.”' ~** For cysteine-rich
proteins, unnatural amino acids can be used to attach the spin
label side chain.** In this work, for proof-of-principle, we
determined the orientation of a model enzyme, lysozyme,
trapped on the surface of ZIF-8 using SDSL-EPR. Lysozyme
cleaves the 1,4-glycosidic bond of bacterial cell walls (size of
~pum).** Lysozyme is a good model for our purpose because
its substrate size is much larger than the pore size of ZIF-8, so
any activity from the enzyme/ZIF-8 composites would indicate
the presence of active enzymes trapped on the ZIF-8 external
surface. Once trapped, the backbone dynamics of lysozyme
were probed site-specifically via SDSL-EPR. The regions
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exposed to solvents have increased dynamics compared to
those that are buried, which is the principle used to reveal the
enzyme orientation on ZIF-8 surfaces. This work represents
the first report of orientation and dynamics of an enzyme
trapped on MOF surfaces. The structural insights are
fundamentally important for MOF-based biomaterials design.

The hen lysozyme (hL)/ZIF-8 composite was prepared as
described in the Supporting Information, SL>* Transmission
Electron Microscopy (TEM) images of the cocrystals show
that the surface of the hL/ZIF-8 composite in methanol or
buffer (Figure 1C and D) is not as smooth as the ZIF-8 alone

Figure 1. TEM images of ZIF-8 in MeOH (A) and PBS buffer (B)
and hL/ZIF-8 composites in MeOH (C) and PBS buffer (D).

(Figure 1A and B), consistent with a previous report.”” Powder
X-ray Diffraction (PXRD) analysis (Figure 2A) shows that the
incorporation of hL did not cause major changes in the crystal
scaffold.
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Figure 2. (A) PXRD data of ZIF-8 (black) and hL/ZIF-8 composite
(red). (B) TGA data of ZIF-8 (black) and hL/ZIF-8 composite (red)
confirm the encapsulation of enzyme. (C) Nitrogen absorption
experiments of ZIF-8 (black) and hL/ZIF-8 composite (red). (D)
Activity assay of hL (black squares), hL/ZIF-8 composite (red dots),
and hL/ZIF-8 composite after one round of catalysis (green
triangles).

Thermal gravimetric analysis (TGA) shows an ~8.7%
weight loss (Figure 2B, 215 to 400 °C) consistent with the
loss of hL. ZIF-8, hL/ZIF-8, and polyvinylpyrrolidone (PVP)
degradation are also present (Figure 2B, 587 and 609 °C peaks
are due to hL/ZIF-8 and ZIF-8 degradation, respectively, and
the ~420 °C peak is due to PVP degradation).”” hL reduced
the stability of the ZIF-8 which lowers the decomposition
temperature. Nitrogen absorption experiments indicate a
decrease in the porosity of the crystal upon hL trapping
(Figure 2C and SI).

Lysozyme activity test was done by monitoring the optical
density of bacterial cell wall at 450 nm (OD450).” Upon
confirming no change in OD450 was caused by ZIF-8 alone
(Figure S1), we observed a substantial decay of OD4S0
(Figure 2D red dots) from hL/ZIF-8. The decay rate is slower
than that of hL in buffer (Figure 2D black squares) under the
same conditions, indicating hL trapped on ZIF-8 is only
partially active. This is reasonable because the protein could be
both buried inside and trapped on the surface of ZIF-8. Also,
after one round of catalytic reaction (~2 h; see the SI), the
remaining hL/ZIF-8 was sill catalytically active, indicating the
reusability of hL/ZIF-8 (Figure 2D green triangles).

Next, we proceeded to probe the orientation of the trapped
enzyme (principle vide supra). In doing so, we utilized the
same synthetic procedure to incorporate recombinant T4
phage lysozyme (T4L). We created 6 cysteine mutants, one at
a time, scanning most regions of the enzyme (Figure 3A;
activity test see the SI). Then, we confirmed that T4L/ZIF-8
cocrystals showed similar properties as hL/ZIF-8.

To probe the backbone dynamics of each labeled site, we
employed continuous wave (CW) EPR in PBS buffer (Figure 3
blue traces). For all sites, CW EPR results show first derivative
spectra with the low-, mid-, and high-field regions (due to the
hyperfine splitting). Within each region, we observe an
immobile and a mobile component as indicated by “im” and
“m” of the low-field region (example simulations see Figure
3B). In general, a CW EPR spectral component depends on
three motions: protein rotational tumbling, backbone dynam-
ics, and the intrinsic motion of R1.>* When protein rotational
tumbling is restricted (with no other interactions™®), the
resultant spectra are shown in Figure 3C—G (dotted curves).
Furthermore, if the labeled site is in contact with some species
(ca. ZIF scaffolds), the spectrum becomes even broader (see
the populated “im” peak of blue curves in Figure 3C—G).
Essentially, we observed two components for all sites on ZIF-8.
For each site, both buried and surface enzymes were detected.
Buried enzymes contribute the immobile spectral component
due to their highly restricted motion (Figure S6A). For surface
enzymes, if the labeled site is buried below the crystal surface
(Figure S6C), then it will also contribute an immobile spectral
component. A solvent-exposable site (Figure S6B) will result in
a mobile component. This is the basis of the two observed
spectral components for all sites. Control experiments on
enzyme in buffer (Figure 3 green curves) confirm that the
selected sites are not intrinsically immobilized.

To quantify the relative population of the two components,
we carried out spectral simulations.”* In brief, parameters
related to the rate and spatial restriction (order) of R1 motion
were varied to generate a CW EPR spectrum until a reasonable
fit was reached (details see the SI). Our rate and order
parameters from the simulation (see Tables S2—S7) indicate
that for all sites the immobile component is originated from a
highly ordered, slow motion, consistent with R1 in contact
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Figure 3. (A) Surface sites of T4L spin labeled with R1. (B) Example
spectral simulations of the mobile and immobile components of a
labeled site under two conditions. (C—G) CW EPR spectra of six
labeled sites under various conditions. The x-axis of each spectrum is
3300—-3400 G.

with ZIF-8. The mobile component shows relatively low order
and fast motion, consistent with R1 exposed to the solvent.
The relative population of the mobile component varies
between 12% and 40% depending on labeled sites (Table S8).

To confirm the “m” components are from exposed residues,
we employed urea (6 M), which does not influence enzymes
encapsulated inside of ZIF-8,>" to unfold the surface portion of
the protein. For all sites we observe an increase in the density
of the “m” peak (Figure 3C—G orange traces), consistent with
disordered protein backbones due to local enzyme unfolding.
A careful spectral simulation shows reasonable agreement in
the mobile component population of each site in the absence
and presence of urea (Table S8). The rate parameters of the
mobile component for each labeled site (see R, in Tables
$2—S7) also confirm the increase in the mobility. Furthermore,
these data confirmed that different labeled sites have different
tendencies to be exposed to the solvent. For example, 131R1
and 151R1 near the C-terminus show less mobile populations
than other sites, indicating these regions are less likely exposed

to the solvent. This is consistent with that more aromatic
residues exist near the C-terminus (Figure 4 blue stick models
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Red: residues more likely to be buried (72R1, 131R1, and 151R1);
Green: residues more likely to be exposed (44R1, 65R1, and 118R1);
Blue sticks: exposed aromatic residues;

Star: T4L active site; pink: ZIF-8 scaffold.

Figure 4. Proposed orientations of T4L on ZIF-8 crystal surface from
four angles differing by 90° clockwise. For details of model
construction and other possible orientations, see the SI.

and Figure S10) which tend to form more z—z stacking
interactions with ZIF-8 imidazole rings and bury the nearby
regions. Based on this finding (Table S8), we propose a
possible orientation preference of T4L on ZIF-8 surfaces
wherein the N-terminus (44R1 and 65R1; Figure 4A green
dots) tends to be exposed more to the solvent (orientation I),
while the C-terminus (131R1 and 151R1; Figure 4C red dots)
tends to be buried in ZIF (orientation III). An interesting site
is 118R1 which also tends to be exposed to the solvent (Figure
4B orientation II). A careful look at the structure indicates that
this orientation tends to bury more aromatic residues as well.
The metals in the ZIF-8 network (Zn**) may also contribute to
the trapping of enzymes in the crystal. However, since the Zn*"
binding residues are relatively uniformly distributed through
the protein (Figure S11 and associated analysis), it is less likely
for metal—residue interactions to contribute to the orientation
preference. The dominant factors of the orientation preference
are the steric hindrance and the m—n stacking interactions.
Orientations II and III (Figure 4B and C) are likely responsible
for the activity since these orientations place the active site
(Figure 4 stars) toward the solvent/substrates. Orientation I
likely suffers from hindrance for substrate access and is less
likely responsible for the activity although it has a higher
preference.

In conclusion, we demonstrated that enzymes can be
sterically trapped on the surface of ZIF-8 crystals. The formed
composites were stable under physical perturbation and
reusable. The backbone dynamics of enzymes trapped on the
ZIF surface can be determined site specifically via SDSL-EPR
in combination with spectral analysis, which revealed the
tendency of different regions that can be exposed to the
solvent. This information was used to depict the orientation
preference of T4L on the ZIF-8 surface. In comparison to EPR
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relaxation methods for solvent accessibility measurements,*’
our line shape analysis does not require the addition of
paramagnetic agents which simplifies the procedure and avoids
potential interactions between the ZIF-8 network and the
agents. The obtained orientation will guide our ongoing
research on optimizing the building blocks in order to tune the
orientation of enzymes on ZIF surfaces. Being able to control
enzyme orientation on the MOF surface may offer an
opportunity to enable substrate selectivity based on substrate
size and/or affinity to MOFs. For example, an orientation
facing the active site away from solvent bulk can select small
substrates over large ones (Figure S13A), while partially
blocking the active site can help distinguish small substrates
with different sizes (Figure S13B). For small substrates with
different affinities to ZIF/MOF surfaces, it is also possible to
select substrates via tuning orientation (Figure S13C). Of
course, an orientation facing the active site directly to the
solvents is good for large substrate catalysis (Figure S13D).
This effort is fundamentally important for MOF-based
biomaterials designs for biocatalysis, targeted enzyme delivery,
biofuel, and biosensing. The method presented here is
applicable to probe enzyme orientation once trapped in
cellular confinement conditions.
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