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Abstract

Aqueous-phase co-crystallization (also known as biomimetic mineralization or
biomineralization) is a unique way to encapsulate large enzymes, enzyme clusters, and enzymes
with large substrates in Metal-Organic Frameworks (MOFs), broadening the application of MOFs
as enzyme carriers. The crystallinity of resultant enzyme@MOF biocomposites, however, can be
low, raising a concern on how MOF crystal packing quality affects enzyme performance upon
encapsulation. The challenges to overcome this concern are: 1) the limited data base of enzyme
performance upon biomineralization in different aqueous-MOFs and 2) the difficulty in probing
enzyme restriction and motion in the resultant MOF scaffolds, which are related to the local crystal
packing quality/density, under the interference of the MOF backgrounds. We have discovered
several new aqueous-MOFs for enzyme biomineralization with varied crystallinity [ACS App.
Mater. Interfaces 2022, 14, 51619-51629]. Here, we address the second challenge by probing
enzyme dynamics/restriction in these MOFs at the residue level via site-directed spin labeling
(SDSL) — Electron Paramagnetic Resonance (EPR) spectroscopy, a unique approach to determine
protein backbone motions regardless of the background complexity. We encapsulated a model
large-substrate enzyme, lysozyme, in 8 newly discovered MOFs, which possess varied degree of
crystallization, via aqueous phase co-crystallization. Through EPR study and simulations, we
found rough connections between a) enzyme mobility/dynamics and MOF crystal properties
(packing quality and density) and b) the enzyme areas exposed above each MOF and their catalytic
performance. This work suggests that protein SDSL and EPR can serve as an indicator of MOF
crystal packing quality/density when biomineralized in MOFs. The method can be generalized to
probing the dynamics of other enzymes on other solid surfaces/interfaces and guide the rational

design of solid platforms (ca. MOFs) to customize enzyme immobilization.



Introduction

Metal-Organic Frameworks (MOFs) are advanced platforms for enzyme encapsulation and
the cell-free investigation of enzyme biophysics under spatial confinement.!'!'” The sizes of
enzymes and substrates are often smaller than MOF pores/apertures to allow sufficient diffusion.
For larger enzymes and enzyme clusters, co-crystallization can be applied which exposes a small
portion of an enzyme above the crystal surface, allowing large substrates (with respect to MOF
pores) to be catalyzed.!> 182° The reaction medium of co-crystallization is often an organic solvent
to enhance the crystallinity, which limits this approach to relatively stable enzymes with certain
protection.'® 3 Aqueous-phase co-crystallization of enzymes with metal ions and ligands recently
explored by us and other research teams removes this limitation.?* 33> Two practical drawbacks,
however, are 1) the sacrifice of crystallinity, which may also explain why this approach is less
popular in enzyme encapsulation, and 2) the instability of the formed enzyme@MOF composites
which, on the other hand, can be used for enzyme release.?’

The former often leads to questions on how MOF crystal packing quality influences
enzyme dynamics/function and how enzyme mobility is connected to/dependent on MOF
crystallinity. Establishing such connections is important for understanding the performance of
enzymes in the MOF scaffolds and building a database for the rational selection of metal ions and
ligands, and thus, crystallinity, to tune enzyme performance in MOFs via biomineralization.
Obtaining this information, however, is challenging due to 1) the lack of available MOFs to
encapsulate enzymes via biomineralization, 2) the interference of the MOF background and the
heterogeneity in enzyme orientation and dynamics, and 3) the difficulty in detecting the subtle
differences in enzyme dynamics in MOFs differing in crystallinity for most protein-probing

techniques. We recently discovered several new combinations of metal ions and ligands to



biomineralize enzymes in water with varied degree of crystallinity and packing quality.’® We have
also developed an experimental strategy to probe enzyme backbone dynamics in MOFs via site-
directed spin labeling (SDSL) — Electron Paramagnetic Resonance (EPR) spectroscopy and tested
it in other MOFs.3¢37 SDSL-EPR probes enzyme dynamics and structural information at the
residue level regardless of the complexities caused by the background and heterogeneity.*3** EPR
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is sensitive to protein backbone dynamics on ~ns order, which can rapidly report if a labeled

site is in contact with MOF crystal scaffolds or not; in the former case, EPR can also detect the
subtle differences in enzyme backbone dynamics caused by differences in MOF crystallinity.3!: 3
In a heterogeneous condition, EPR detects all contributions from different components; spectral
simulation can then deconvolute the contribution of each. Doing so on multiple surface sites of the
target enzyme can reveal the average motional restriction an enzyme experiences in a MOF and
areas of enzyme exposed above the surface of a MOF.* Meanwhile, the exposed area and
backbone dynamics of enzymes are indicators of MOF crystal property.

In this work, for proof-of principle, we apply this strategy to reveal the orientation and
dynamics of a model large-substrate enzyme, T4 phage lysozyme (T4L), upon encapsulations in 8
MOFs via biomineralization.>> These MOFs possess varied degree of crystallization (single-
crystals, multi-phase crystals, and amorphous, gel-like crystals) based on the combination of 4
metal ions and 2 ligands. We found that the restriction in the motional dynamics of the labeled
sites on the surface of TAL increases as the packing quality/density is increased. Also, we revealed
the exposed areas of the entrapped protein above the surface of each MOF crystal, which is roughly
consistent with the catalytic performance of the model large-substrate enzyme, T4L. This work

not only demonstrates the established strategy for probing enzyme orientation and dynamics upon

biomineralization in MOFs but also offers a molecular “indicator” to probe MOF properties. The



strategy can be generalized to probing the orientation and dynamics of other enzymes on other
solid surfaces and guide the rational design of solid platforms (ca. MOFs) to customize the enzyme
immobilization.

Results and Discussion

Experimental design. The co-crystallization procedures of our model enzyme, T4 phage
lysozyme (T4L), with 4 metal ions, Zn**, Ni**, AI**, and Zr*', and 2 ligands, terephthalate sodium
(BDC—Na,) and biphenyl-4,4-dicarboxylate sodium (BPDC—Nay),*>? published in our recent
work are directly applied here to prepare samples in this work.*> T4L is selected because of its
large substrates (bacterial cell walls) which require partial enzyme exposure to delivery its
biocatalytic function.*>3*3* The MOFs are selected due to their difference in crystallinity: single
crystal (Zn-BDC/BPDC), multi-phase crystals (Ni-BDC/BPDC and AI-BDC/BPDC), and
amorphous crystals (Zr-BDC/BPDC).>>® To probe the enzyme’s contact with MOF scaffold and
expose above MOF crystals, we selected eight surface sites of T4L to cover most of the protein
regions (Figure 1A), mutated each to a cysteine, one at a time, and spin labeled each with a
nitroxide spin label (Figure 1B). Details are provided in the Supporting Information and our recent
work (SI).> Each mutant was then co-crystallized in each of the eight MOFs, followed by CW
EPR studies using published protocols. The raw data of all 64 spectra are shown in the SI (Figures
S1-S4). To analyze these data, CW EPR spectral simulation based on established algorithms and
software were carried out.*” ® Details of simulation method and representative simulation result
are presented in the SI (Tables S1-S8 and Figure S5; example fitting is shown in Figure S6). Here
we summarize the strategies employed in this work when analyzing the results from our

simulations.
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Figure 1. (A) Eight surface sites of the model enzyme, T4L, involved in this work. (B)
Schematic illustration of SDSL of a representative site, 72C to generate a spin label sidechain

(named as “D72C-R1”).

The key simulation results include: 1) the relative population of the “mobile” and
“immobile” components originated from exposed and contact/restricted labeled sites, respectively,
2) the rates characterizing protein backbone motion, and 3) the relative spaces available/allowed
for the motion (order parameter) of each component. Although the population was often used to
depict the exposed area of an enzyme entrapped in a MOF to explain the catalytic activity in most
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in this work we will also explore the correlation between enzyme mobility and
crystallinity. First, the average rate of the “mobile” components for all labeled sites serves as an
indicator of the overall mobility of the protein above a MOF surface. Comparing the average
“mobile” rate among all MOFs will then result in the relative mobility of the portions of the
enzyme exposed above all MOFs, which will report MOF crystal quality because a MOF with low

crystallinity or loose packing could place less restriction on the “anchor” of the protein (Figure

2A).
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Figure 2. Schematic illustration of the key structural information from an EPR spectrum of a
labeled protein and its sensitivity to crystal properties. Definitions of the “m” and “im”
components see the main text. (A) Illustration of the case where the “m” spectral component
reports packing quality at the crystal surface. (B) Illustration of the case where the “im” spectral
component reflects packing quality inside of the MOF crystal. (C) Schematic illustration of the
case where the relative populations of the “m” and “im” components pinpoint the enzyme

orientation.

Next, to probe protein mobility and crystal packing quality inside of a MOF, we will focus
on the average rate of the “immobile” component of all labeled sites. The “immobile” component
is caused by a labeled site contacting the MOF scaffold, which creates restriction on protein
mobility and also depends on the crystallinity and packing density (the tighter the packing, the
lower the protein mobility; Figure 2B). Thus, the average rates of the “immobile” and “mobile”
components of all labeled site covering most of the protein surface are indicators of the overall

crystallinity and packing quality of the MOF.



Finally, focusing on one MOF, the population difference between the “immobile” and
“mobile” components tells the chance for a labeled site to be exposed (Figure 2C). Scanning all
labeled sites will reveal the areas (sites) with a higher chance to be exposed above MOF surface,
and thus, enzyme orientation on MOF surface. Below we will sequentially discuss the effects of
MOF crystallinity, linker, and metal ions on all simulation parameters and thus, enzyme orientation
and dynamics via EPR and simulation.

Packing quality and density inside of the MOF crystals. The motion of a spin labeled sidechain
buried inside of a MOF crystal depends on the restrictions of the sidechain motion, which further
depend on how tightly the scaffold is packed at the labeled site. Although different sites of a protein
within a MOF scaffold could face different extents of restriction, the overall restriction to a buried
protein, or, the average of the motion of the “im” component, should reflect the overall packing
inside of a MOF. Bearing this in mind, we found that for the same ligand (ca. BDC), the average
rates (definition see the SI; usually the higher the rate parameter, the faster the motion, and the less
restriction in motion) of the “im” over 8 labeled T4L sites in the four MOFs are ~6.00 (Zn-BDC),
~6.01 (Ni-BDC), ~6.03 (Al-BDC), and ~6.06 (Zr-BDC; Table 1). Although the difference seems
to be subtle, the trend follows a decrease in crystallinity (see Figure 3; Zn-BDC: single crystal -
Ni-BDC: multiphase crystal > Al-BDC: multiphase crystal with lower crystallinity = Zr-BDC:
amorphous crystal, gel-like).> The subtle differences suggest that the loss in crystallinity is not
significant. For MOFs formed by BPDC, the differences in the rate of the “im” component are
more significant: ~5.89 (Zn-BPDC), ~5.91 (Ni-BPDC), ~5.95 (Al-BPDC), and ~6.15 (Zr-BPDC),
also follows the same trend of decrease in crystallinity (see Figure 3; Zn-BPDC: single crystal =

Ni-BPDC: multiphase crystal 2 Al-BPDC: multiphase crystal with low crystallinity = Zr-BPDC:



amorphous crystal, gel-like). Thus, the motion of spin labeled protein sidechains is sensitive to and

reflects the packing quality/density of aqueous-phase MOFs (Figure 3).

Table 1. Average rates of the “m” and “im” components over all 8 labeled sites of T4L on each
involved MOF in this work. The higher the rate parameter, the faster the motion, and the less

restriction in motion

Zn- Zn- Ni- Ni- Al- Al- Zr- Zr-
BDC BPDC BDC BPDC BDC BPDC BDC BPDC
Rim 6.00 5.89 6.01 5.91 5.98 5.95 6.06 6.15
Rm 8.16 7.64 8.01 7.86 8.11 8.09 7.94 8.09
A. Single crystal B. Multi-phase crystal C. Gel-like crystal
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Figure 3. Schematic illustration of correlation between crystal packing quality and enzyme
mobility upon encapsulation in a single-crystal MOF (A), multi-phase MOF (B), and gel-like

amorphous MOF (C).

Effects of the ligand. An interesting finding is that the longer ligand, BPDC, did not necessarily
result in larger gaps and thus, enhanced motion in the "im" component. Instead, for the 3 out of
the 4 studied metal ions (Zn?*, Ni**, and A1*"), the rate of the "im" component is lower as compared
to that in the MOF formed with BDC (Table 1; 5.89 vs 6.00, 5.91 vs 6.01, and 5.95 vs 6.03 for

Zn?*, Ni**, and AI**, respectively). This is not a surprise because the packing density is not



necessarily proportional to the ligand size. The crystals of the MOFs formed by BPDC and Zn**,
Ni%**, and AI** display a layer-by-layer, 2-dimentional (2D) structures which would allow less
space if a protein is trapped.® In fact, these 2D materials should be more accurately named as
Metal-Organic Materials (MOMs) instead of MOFs; MOFs are often considered to be 3D
structures formed by the frameworks of metal ions and ligands.*> In our case, most likely the 2D,
layer-by-layer packing is more intense than the 3D cases. Note that the difference between Al-
BPDC and AI-BDC is small, which may be caused by the fact that AI-BDC seems to be close to a
layered structure as well.*® The rate of the "im" component of in Zr-BPDC, however, is faster than
that in Zr-BDC (6.15 vs 6.06). This is rationalized to the poor crystallinity so that the Zr-based
MOFs are more like gels formed by crosslinked linkers and joints (Figure 3C). The longer the
linker, the more spaces for a trapped protein and thus, the fast the rate of motion. Once again, the
sensitivity of CW EPR to the local motion of a protein trapped in a MOF/MOM/gel can report the
packing quality/density of the material.

Probing the interface of “trapping”. Although the “m” component is originated from the portion
of a protein exposed above the MOF crystal surface and can vary depending on labeled site, its
rate is also related to the packing of the MOF crystal. For example, in a tightly packed, layer-by-
layer Zn-BPDC, the motion of the exposed portion of the protein is also more restricted as
compared to the less intensely packed Zn-BDC (7.64 vs 8.06; Table 1), likely due to the less
wiggling room at the interface of protein and Zn-BPDC (Figure 2A). The detected rate of the “m”
component depends on not only the nearby substances (which may contact the labeled site) but
also the summation of protein tumbling, backbone motion, and spin label’s intrinsic motion; the
less the wiggling at the interface, the less protein tumbling, and thus, the slower the rate of the
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resultant “m” component’s motion. The same trend is true for Ni-BPDC and Ni-BDC (7.86 vs



8.01) as well as AI-BPDC and AI-BDC (8.09 vs 8.11), although the difference between Al-BPDC
and Al-BDC is small, which is also consistent with their close packing style (Al-BDC seems to be
close to a layered structure as well).* For Zr-based MOFs, the rate of the “m” component is faster
in Zr-BPDC as compared to that in Zr-BDC (8.09 vs 7.94), also consistent with the higher gaps
and longer linker in the former in a gel-like material.

Exposed areas of the trapped enzyme. The relative population of the “m” component is a direct
reflection of the chance for a labeled site to be exposed above a MOF crystal surface. Scanning
multiple surface regions of a target protein will result in the preference of protein regions being
exposed above MOF crystals. Taking Zn-BDC as an example, the difference among different
labeled sites in the percentage of the “m” component is small (all ~50%; Table S1), indicating that
the trapping is really a random process with almost equal preference for all protein regions to be
exposed. There are no preferred regions of T4L being exposed (Figure 4A). Note that the active
site of T4L in/near the N-terminus of the protein, which may be related to the catalytic activity
against a large substrate. Zn-BPDC, on the other hand, shows a favorable exposure region of C-
terminal 44 (50.0%) and 109 (65.4%), followed by 151 (>40%) as compared to the (near 30%)
chance of exposure of all other labeled sites. Thus, a proposed T4L orientation on Zn-BPDC is
shown in Figure 4B. The catalytic activities of T4L in the two Zn-based MOFs are close, consistent

with the similar chance of exposing the N-terminus (Figure 4C).
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Figure 4. The exposed regions of T4L upon encapsulation in Zn-BDC and Zn-BPDC
biocomposites and the associated catalytic performance. (A) On Zn-BDC, all labeled sites have
similar opportunities to be exposed so that no preferred orientation or exposed regions are
specified. (B) On Zn-BPDC, only 44 and 109 show a higher chance of being exposed, based on
which a preferred orientation is proposed. (C) The drops in optical density at 450 nm, especially
the slopes at the beginning region, in the activity assay of T4L on Zn-BDC and Zn-BPDC
suggest a close catalytic efficiency between these two biocomposites, which can be rationalized

to the similar extent of exposing the active site (yellow star) above the MOF crystal surface.

For Ni-BDC, the C-terminus, 151 shows the highest chance to be exposed (45.7%), while
the N-terminus representatives (44, 65, and 72) are exposed less (32.2, 42.2, and 20.1 %; Figure
5A). On Ni-BPDC, the N-terminal 44 (45.0%), 72 (35.1%), and 89 (54.9 %) regions are more

likely to be exposed (Figure 5B). T4L activity on Ni-BPDC is slightly higher than that on Ni-BDC



(Figure 5C; activity is approximately proportional to the slope),?® consistent with the chance of

exposing the N-terminus.
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Figure 5. The exposed regions of T4L upon encapsulation in Ni-BDC and Ni-BPDC
biocomposites and the associated catalytic performance. (A) On Ni-BDC, the C-terminus
representative, T151C-R1, has the highest chance to be exposed, based on which a preferred
orientation is proposed. (B) On Ni-BPDC, the N-terminus representatives, S44C-R1, D72C-R1,
and D89C-R1 show a higher chance of being exposed, based on which a preferred orientation is
proposed. (C) The drops in optical density at 450 nm, especially the slopes at the beginning
region, in the activity assay of T4L on Ni-BDC and Ni-BPDC suggest a higher catalytic
efficiency in T4AL@Ni-BPDC as compared to that in T4L@Ni-BDC, which can be rationalized to

the slightly higher extent of exposing the active site (yellow star) in the former.

On Al-BDC, the most favored region to be exposed is 118/131 areas (48.8 and 48.9%;

Figure 6A), while the N-terminal 44 and 65 are exposed in a much lower chance (35.3 and 34.7%).



On Al-BPDC, many residues are exposed with more than 55% chance including both the N-
terminus (S44C-R1: 58.2%; K65C-R1: 57.3%; D72C-R1: 53.3%) and the C-terminus (V131C-R1:
57.2%; T151C-R1: 48.9%; Figure 6B). The catalytic activity of T4L in AI-BPDC is also higher

than that in AI-BDC (Figure 6C), consistent with the chance of exposing the N-terminus.
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Figure 6. The exposed regions of T4L upon encapsulation in AI-BDC and Al-BPDC
biocomposites and the associated catalytic performance. (A) On Al-BDC, the C-terminus
representatives, L118C-R1 and V131C-R1, have the highest chance to be exposed, based on
which a preferred orientation is proposed. (B) On Al-BPDC, the N-terminus representatives,
S44C-R1, K65C-R1, and D72C-R1 show a higher chance of being exposed, based on which a
preferred orientation is proposed. (C) The drops in optical density at 450 nm, especially the
slopes at the beginning region, in the activity assay of T4L on Al-BDC and Al-BPDC suggest a
higher catalytic efficiency in T4AL@AI-BPDC as compared to that in T4AL@AI-BDC, which can

be rationalized to the slightly higher extent of exposing the active site (yellow star) in the former.



On the gel-like Zr-BDC, both the N-terminus (S44C-R1: 46.0%; K65C-R1: 60.9%) and
the C-terminus (T151C-R1: 59.1%) as well as 118 region tend to be exposed. On Zr-BPDC, most
residues are exposed >50 % including the N-terminus (S44C-R1: 58.9%; K65C-R1: 57.6%; D72C-
R1: 54.3%), the C-terminus (T151C-R1:49.7%), and the 89/109 region (69.8% and 56.1%). Taken
together, EPR data offer an opportunity to probe the chance of a trapped protein on a MOF surface
and thus, the chance to contact substrates larger than MOF pores. Note that the catalytic activity
of T4AL in these MOFs is not necessarily proportional to the percentage of exposing the N-terminus,
because other factors such as particle size of the MOF, surface charge, and surface hydrophobicity
may also influence the detected activity. However, the trend of activity when comparing T4L in
MOFs formed by the same metal ion seems to match the chance of exposing the N-terminus.
Conclusion
This work shows an approach to investigate the interface of proteins/enzymes upon encapsulation
in MOFs via biomineralization at the resolution of molecular to residue level. The key to do so is
to combine SDSL of enzyme with EPR spectroscopy, which probes the dynamics and order of
protein sidechain motion at the residue level regardless of the complexity caused by the MOF
background. We found a rough connection between protein mobility/dynamics and MOF crystal
properties (packing quality and density). In particular, the restriction in the motional dynamics of
8 labeled sites on the surface of a model protein increases as the packing quality/density is
increased when different metal ions are employed (gel-like amorphous crystals = multi-phase
crystals = single crystals). For the same metal ion, the ligand affects the packing and motional
dynamics of the labeled sidechain as well, so that BPDC which creates intensely packed, layer-by-
layer 2D MOMs results in higher restriction in the motion of the trapped protein as compared to

the 3D MOF crystals. However, when forming gel-like materials, the longer ligand BPDC results



in less restriction in protein motion than the shorter BDC does. Furthermore, we revealed the
exposed areas and extent of active site exposure of the entrapped enzyme above the surface of each
MOF crystal, which is roughly consistent with the catalytic performance of the model large-
substrate enzyme, T4L. This work indicates the power of SDSL-EPR in probing protein dynamics
in complex environments; the resultant findings not only lead to the rationalization of enzyme
function upon biomineralization but also serve as indicators of the packing quality of the MOF

crystals. This approach can be applied to other MOFs or packing platforms to immobilize enzymes.
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