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In this resource article, Yang and colleagues introduce a general procedure that
can reveal the orientation and backbone dynamics of enzymes entrapped in
mesoporous materials based on metal-organic materials (MOMs) by using X-band
SDSL-EPR. They demonstrate the method by using recently published works
focusing on enzyme-MOM interfaces, as well as highlight cautions and potential
solutions at each step. They then summarize a variety of other EPR techniques and
spin labels in order to pinpoint their potential applications in heterogeneous
biocatalysis in the near future.
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Site-directed spin labeling-electron paramagnetic
resonance spectroscopy in biocatalysis: Enzyme
orientation and dynamics in nanoscale confinement

Yanxiong Pan,’ Hui Li,” Qiaobin Li," Mary Lenertz,' Xiao Zhu,** Bingcan Chen,” and Zhongyu Yang'>*

SUMMARY

Site-directed spin labeling (SDSL) in combination with electron para-
magnetic resonance (EPR) spectroscopy probes the otherwise inac-
cessible structural information in complex biological systems. We
recently extended SDSL-EPR to reveal the relative orientation and
backbone dynamics of enzymes upon encapsulation in mesoporous
nanostructures, which set the structural basis underlying the
observed biocatalytic activity. Our strategy had generated interest
in the biocatalysis community, and thus in this resource article, we
contribute an introduction to the principles and experimental pro-
cedure that generalize SDSL-EPR to heterogeneous biocatalysis.
We will focus on enzymes in mesoporous materials with examples
demonstrating the methods and cautions of potential pitfalls. The
ultimate goal is to provide the biocatalysis community with a power-
ful resource to fill in a long-standing knowledge gap in heteroge-
neous biocatalysis and the structure-function relationship of
enzymes at the interface of enzyme-mesoporous materials and uti-
lize the structural insights to guide the rational design of porous
platforms for enzyme immobilization.

INTRODUCTION

Enzymes are among the most critical players in biocatalysis because of their high spec-
ificity, selectivity, and biocompatibility, yet their high cost is a major hurdle limiting their
broader applications. Heterogeneous biocatalysis based on enzyme immobilization
can improve the reusability and recyclability and thus the cost efficiency.'> However,
most immobilization approaches rely on chemical linking or physical adsorption, which
faces chemical perturbation or leaching, respectively.®” Encapsulation of enzymes into
porous materials is an alternative that offers enhanced cost efficiency, reduced leach-
ing, and enzyme protection against harsh environments, although the substrate size
is often limited.®'° Unique platforms for enzyme immobilization are metal-organic
frameworks (MOFs) and covalent-organic frameworks (COFs), wherein enzymes can

17 the latter of which even allows for

be loaded via diffusion or co-precipitation,
large-substrate biocatalysis.”®?* Therefore, MOFs and COFs are by far the most
optimal platforms, offering desirable substrate selectivity and diffusivity and even

enhanced catalytic efficiency in certain cases.

Despite the exciting developments in enzyme-MOF and -COF research, a fundamental
knowledge gap has remained elusive: how does nanoscale confinement influence
enzyme performance, and what is the underlying structural basis?** Answering these
questions will not only improve our understanding of the structure-function relationship
of enzymes but also guide the rational design of porous materials with desirable
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The bigger picture

Enzyme immobilization in
nanoscale confinement offers
enhanced enzyme protection and
reusability, yet the structure-
function relationship of the
entrapped enzymes remains
elusive. Site-directed spin
labeling in combination with
electron paramagnetic resonance
(EPR) spectroscopy has primarily
been applied in determining
protein structural information in
complex biological systems. In
this resource article, we introduce
the extension of the X-band
continuous-wave EPR with a
methanethiosulfonate spin label
to reveal enzyme structural basis
upon immobilization into
nanoscale confinement. Using our
recent works as examples, we
demonstrate the method for
determining enzyme orientation
and backbone dynamics upon
immobilization with a special
focus on generalizing the method
to heterogeneous biocatalysis
and cautions in each step.
Furthermore, we summarize the
recent findings in other EPR
techniques and spin labels so that
the whole EPR toolbox can be
extended to heterogeneous
biocatalysis.
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functionality for enzyme immobilization. In a heterogeneous biocatalysis system, the
most important structural information is the conformational dynamics and relative
orientation of the enzyme with respect to the surfaces of the materials, which are related
to substrate recognition and binding as well as protein function. Determining this infor-
mation in a mesoporous material, however, is a challenging task for “surface”-based
techniques because the enzymes are “covered” by the pore walls. The dynamics and
heterogeneity in conformation limit crystallographic approaches, and the slow motion
challenges the NMR-based structural determination. Adding a “spy” or “probe” to the
enzyme seems promising,Z‘B'Z(3 yet most fluorophores are large in size and can interfere
with enzyme function or block enzyme loading.

Site-directed spin labeling in combination with electron paramagnetic resonance
(SDSL-EPR) could overcome these barriers. The EPR “spy,” often known as a spin la-
bel, is usually the size of a lysine, creating negligible perturbation to the host pro-
tein.?’ The most widely used EPR label, a methanethiosulfonate nitroxide, can be
conveniently attached to the protein thiols (i.e., cysteine) via disulfide bonds. By
creating cysteine mutations at the sites of interest via site-directed mutagenesis,
EPR spin labels can, in principle, be placed at any site of interest. For cysteine-rich
proteins, other labeling strategies are available.”®*” Once labeled, at room temper-
ature, the protein dynamics at the labeled site can be probed by the penetrating po-
wer of microwave radiation regardless of the heterogeneity and complexity of the
sample’®? as long as the water volume in the sample is sufficiently small (to avoid
microwave absorption by water).?*?> With two probes attached, the distance distri-
bution between the labels can be determined as well.>*>¢ Thus, SDSL-EPR is an ad-
vantageous approach to probing the structural information of enzymes in complex
systems, including heterogeneous biocatalysis.

Thus far, SDSL-EPR has mainly been applied in transmembrane proteins, protein-
DNA and protein-protein complexes, and proteins in real cells.***° Typical struc-
tural information obtained includes the large-scale domain motion of proteins
upon substrate or partner binding, orientation and relative arrangement of helices
in membranes, and local polarity and environments. There has been limited effort
in applying SDSL-EPR to the interface of enzymes and mesoporous materials, espe-
cially MOFs and COFs, yet this effort can reveal the interplay of enzyme orientation,
dynamics, and activity at these interfaces. Recently, our group has shown the poten-
tial of such extension??22¢14? (see Pan et al.®" in this issue of Chem Catalysis), which
has generated interest in the community. Thus, through this resource article, we
summarize the procedure and practical aspects of using SDSL-EPR to reveal key
structural information of enzymes in mesoporous MOFs and COFs. The ultimate
goal is to provide a resource that can be generalized to other heterogeneous bio-
catalysis systems so that the structural information of enzymes in heterogeneous
biocatalysis can be revealed and serve as a guide for the rational design of porous
platforms for enzyme encapsulation.

RESULTS AND DISCUSSION

A brief introduction to EPR

Continuous-wave (CW) EPR, the most commonly seen EPR, detects the absorption
of microwave radiation by samples containing paramagnetic species. Different
from optical spectroscopy, in EPR, the paramagnetic sample is hosted in a resonator,
which “reinforces” the microwave energy to enhance the absorption of the radiation.
Usually, resonators are cavities formed by a metal box, although other types of res-
onators are available.®*“* Without a paramagnetic sample, all microwave radiation
will be reflected back by the resonator. Upon loading of a sample, its position can be
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Figure 1. Basis of EPR principles and application in protein dynamics

A) A typical design of an EPR cavity resonator. The sample is placed in the green cylinder.

B) EPR transition frequency, v, is proportional to the external magnetic field, Bo.

C) Illustration of field modulation, which results in first-derivative peaks.

D) Definition of the molecular frame of a nitroxide spin center, which approximately overlaps the p orbitals of the nitrogen atom.

(
(
(
(
(E) Three typical motions that can affect the EPR signal.
(

F—H) Conceptual illustration of the effects of protein motion on the energy level splitting and resultant EPR transition linewidth. As the motion slows
down, the linewidth becomes broader, resulting in an enhanced number of transitions allowed by the EPR selection rule.

tuned to the maximum magnetic field (minimum electric field) in the resonator
(Figure 1A) so that the radiation is “concentrated” on the sample, leading to an ab-
sorption (often shown as a tuning “dip"). Note that the microwave radiation can
penetrate the backgrounds of and be absorbed by all paramagnetic spin centers
within the effective region of the resonator. Thus, EPR can detect the unpaired elec-
trons in the entire ensemble of the sample regardless of sample phase and hetero-
geneity. It is cautioned that for aqueous protein samples, the sample and water
volume should be properly selected. This is because the water molecules have a
high imaginary part of the complex permittivity at microwave frequencies, leading
to additional absorption and reduced cavity quality factor. The real part of water
permittivity is also high, leading to field redistribution within the cavity.***> Thus,
practically, the sample diameter and volume should be sufficiently small. Reduced
sample volume usually does not affect the signal strength given the high sensitivity
of most modern EPR spectrometers.

For a free electron, an EPR transition occurs according to the following equation:

hv = geBeB()?

wherevis the frequency, By is the external magneticfield, g. is the g factor of the elec-
tron spin (2.0023), h is the Planck constant, and B, is the Bohr magneton (Figure 1B).
The most commonly seen EPR spectrometer is at the X band, which has ~0.34 T field
and thus ~9.6 GHz absorption. Therefore, X-band EPR in principle is sensitive to mo-
tions on the order of subnanoseconds to tens of nanoseconds (reciprocal of the fre-
quency). In most EPR spectrometers, a field modulation is needed because the
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magnetic field is generated by alternating current (AC), and it is difficult to control the
absolute AC and corresponding field. Instead, the change in the amplitude of the
current over a short duration can be determined accurately. Thus, in most EPR spec-
trometers, the amplitude of absorption change is plotted over the modulated field,
scanning over the latter of which results in the first-derivative spectrum (Figure 1C).

Practically, the electron has to be hosted or delocalized in an orbital, the nature of
which also decides the resultant EPR signal. In general, nitroxide spin labels with
an average g factor of ~2.0067 are the most commonly used for detecting protein dy-
namics at room temperature, although other paramagnetic species are also
possible.”**>=” For a nitroxide spin center, the spin-orbital coupling makes the g fac-
tor orientation dependent. The resultant g tensor can be expressed as a 3 X 3 matrix:

Gxx gxy Iz
gyX gyy gyZ b
Yax gzy 9z

which is a square matrix with the diagonal elements of g, gy, and g, in the molec-
ular frame (overlaps with the nitrogen p orbitals; Figure 1D).°% In addition, the
magnetic dipole-dipole coupling between the electron and the nuclear spins, the
hyperfine interaction, contains an orientation-independent term, the Fermi contact,
as well as an orientation-dependent term. This results in the hyperfine or A tensor,
whose coordination approximately overlaps the nitrogen p orbitals as well:

Axx Axy sz
Ayx Ayy Ayz
Azx Azy Azz

The final EPR absorption depends on the relative orientation of the molecular frame
and the external magnetic field as well as the motions that can affect these
orientations.

At room temperature, where proteins retain conformational flexibility and dynamics for
function, three motions—rotational tumbling of the protein (correlation time ), back-
bone fluctuation at the labeled site (correlation time Ty,), and intrinsic motion of the spin
label (correlation time 7))°"—can change the relative orientation of the molecular frame
with respect to the field (Figure 1 E).2%8 In this resource article, because we are focused
on enzymes immobilized in mesoporous materials, the rotational tumbling time (r,) of
the enzyme is sufficiently long such that the only contributions to the spin label’s motion
are the domain motion at the labeled site and the intrinsic motion of the R1 side chain.

For an enzyme placed in a buffer without any immobilization, in order to use CW EPR
to determine protein structural information, the contribution from enzyme rotational
tumbling should also be sufficiently long (r, > 20 n).%” 7, depends on the enzyme size
and the buffer viscosity. For a protein with a molecular weight of ~20 kDa at room
temperature in water, T, is ~6 ns. In this case, the 7, can be increased to 20 ns by be-
ing mixed with common viscogens such as sucrose or Ficoll (30% or 25% w/w,
respectively). A caution is that the osmotic and crowding effects can influence
enzyme conformation and should be carefully analyzed.”°

In addition to the rate of motion, the order of the motion of the spin label, S, which
describes the angular amplitude of an anisotropic motion (S = 0, isotropic motion;
S = 1, extremely anisotropic motion), can also influence the EPR spectrum. The de-
tected ensemble EPR spectrum depends on the rate and order (spatial restriction) of
the net effect of these motions. For a free protein in solution, the rapid rotational
tumbling averages out the orientation-dependent terms of the A tensor. The
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Figure 2. Site selection and SDSL reaction

Multiple enzyme surface sites are needed in order to pinpoint the relative orientation of the enzyme
on the surface of a flat (A) or curved solid (B) or if the enzyme is partially entrapped in porous
materials (C).

(D) Reaction of SDSL of an enzyme with the most popular labeling reagent to generate the R1 side
chain. Surface residues are often selected, one at a time, to provide multiple contact points for
orientation detection.

hyperfine splitting of each spin state (mg = +1/2 or —1/2) becomes three energy
levels separated by only the Fermi contact. The EPR selection rule thus leads to three
transitions and an EPR spectrum with three shape peaks (Figure 1F). Upon immobi-

'

lization on a solid support, protein rotational tumbling is “frozen,” resulting in
broader energy levels separated by the sum of the Fermi contact and the orienta-
tion-dependent terms of the hyperfine tensor, leading to a broader spectrum (Fig-
ure 1G). Upon contact with a solid surface with the labeled site (e.g., MOF and
COF backbone), all three motions are restricted, resulting in an even broader spec-
trum (Figure TH). On the basis of these principles, enzyme behavior can be probed at
the molecular level or even higher resolution. In heterogeneous systems, the contri-

bution from each motion can be reflected in the resultant spectrum.

Extending SDSL-EPR to heterogeneous biocatalysis

Extending SDSL-EPR to heterogeneous biocatalysis requires some special planning.
Here, we summarize a brief procedure to cover most of the needed considerations
based on our experience (Scheme 1). Depending on the enzyme, mesoporous ma-
terials, and/or purpose of study, certain steps can be skipped or further expanded.

Step 1: SDSL of the target enzyme

Step 1.1: Selection of the labeled site.
tation of an enzyme in a nanoscale mesopore is to identify the regions and residues
that contact the pore walls or scaffolds (Figures 2A-2C) so that the enzyme “sits” on

The general strategy to determine the orien-

the solids via these residues while pointing the rest away from the contact surface.
Thus, multiple enzyme surface residues should be selected for labeling depending
on enzyme size and number of subdomains. Typically, we select one residue for
each helix or B strand. For example, for one of our model proteins, T4 phage lyso-
zyme (T4L), we usually selected six to eight sites that cover most of the protein sur-
face regions (Figure 2D).?%°" Depending on the length of the helix or strand, more
than one residue might be needed.

¢? CellPress
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Figure 3. Enzyme location and activity characterization prior to dynamics and orientation
measurements

One way to confirm the location of the enzyme in a compartment is the morphology. Scanning
electron microscopy (SEM) images of COF-OMe in the absence (A) and presence (C) of lysozyme
enzyme show identical morphology, suggesting that the enzyme is loaded into the pores of COF-
OMe. Similarly, SEM images of COF-OH in the absence (B) and presence (D) of lysozyme also show
identical morphology.

(E) The activity assay is needed to confirm that the entrapped enzyme is active, keeping in mind that
small substrates are required to diffuse into the nanoscale pores.

Step 1.2: Site-directed mutagenesis. Site-directed mutagenesis allows amino
acids to be replaced, inserted, or deleted in proteins within 1-2 weeks. In SDSL,
we replace the native residue(s) of interest with a cysteine instead of inserting new
residues to minimize alteration to the host enzyme. One caution is that the free
native cysteines of the enzyme, unless participating in disulfide bonds, should be
mutated to a serine or alanine to avoid labeling at undesired positions. This does
not generate a large amount of additional work given the low natural abundance
of cysteine.®” For a cysteine-rich enzyme, an unnatural amino acid can be employed
(see below). Another caution is that each site of interest needs to be mutated one ata
time because the CW EPR spectra of the nitroxide spin label overlap one another if
more than one label is attached, making it difficult to distinguish the contribution
from each. This, meanwhile, is also not a hurdle given that multiple mutants can
be prepared simultaneously, whereas the rate of CW EPR data acquisition is rapid
(5-30 min per sample).

Step 1.3: EPR spin labeling. The cysteine mutants of the target enzyme prepared
above are expressed and purified one at a time. The caution is that during purification,
a reducing reagent (e.g., 5 mM dithiothreitol or tris(2-carboxyethyl)phosphine) is
needed in the buffers to prevent protein dimerization and is removed via desalting right
before reacting with a labeling reagent.”’ The best nitroxide labeling reagent is (1-oxyl-
2,2,5,5-tetramethylpyrroline-3-methyl)methanethiosulfonate (MTSSL) because of its
small size (such as a lysine), which minimizes the perturbation to the protein.’”*” For
a surface cysteine, the reaction usually completes within 20 ms under a 10-fold excess
of MTSSL. Although partial labeling does not affect the EPR spectra, because unlabeled
proteins are EPR silent, we usually strive to ensure complete labeling (e.g., reacting
overnight at 4°C under foil cover). Excess MTSSL needs to be removed completely
via filtration-centrifugation or desalting.

Step 1.4: Ensure the integrity of the labeled enzyme. To do so, we usually deter-
mine the molecular weight and purity, secondary structure, and activity via
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electrophoresis, circular dichroism, and the standard activity assay, respectively.
Should a mutation or label generate a major disturbance to the protein, a nearby res-
idue (e.g., in the adjacent helical turn) should be selected for labeling in order to
represent the same region or subdomain. Once labeled, each enzyme mutant is usu-
ally stocked at 0.2-0.5 mM to avoid protein aggregation (this can differ depending
on the enzyme).

Step 2: Loading enzymes

Depending on the porous materials, the labeled enzymes can be loaded via either
diffusion or co-precipitation (as in the case of enzyme@ZIF)."" The reaction condition
is mild (to retain enzyme stability) in a proper aqueous buffer that does not react or
disturb the porous materials. In our best experience, HEPES buffer works well for
most MOFs and COFs. Gentle shaking is suggested to enhance the loading effi-
ciency. The loading should be monitored according to the enzyme concentration
in the supernatant over time to ensure the completion of loading. Most MOFs and
COFs can be saturated in 30 min to 2 days. All unloaded enzyme should be removed
via centrifugation and resuspension.

This step is also the time to confirm the location or position of the enzyme. For porous
materials, if the desired location is in the mesopores, then the morphology and sur-
face charge of the materials should be retained before and after loading. For
example, in a recent study, we found identical net surface charge and morphology
of three COFs before and after enzyme loading, indicating that the enzyme was
encapsulated into the channels of COFs (Figures 3A-3D).°? Characterizations of
MOFs and COFs are also necessary to confirm that enzyme loading does not disturb
the materials. Should there be additional enzymes adhered to the surface of the ma-
terials, gentle sonication and extensive wash are often sufficient to remove them.

Step 3: Confirm enzymatic activity

The caution is to ensure that the substrate can sufficiently contact the enzyme. For
example, lysozyme's physiological substrate is bacterial cell walls, which cannot diffuse
into the pores of most mesoporous materials. Thus, in our study of lysozyme in COFs, we
chose a small substrate, 11-chitosan, to evaluate the activity (Figure 3E).®” On the other
hand, when attempting to entrap enzymes on the surface of MOFs (for partial enzyme
exposure and partial protection; see below), we directly use the commercial bacterial
cell walls because the enzyme can contact the cells directly.?

Step 4: Acquire CW EPR spectra

Step 4.1: Instrumentation. Most of our orientation and dynamics studies were con-
ducted ona CW EPR spectrometer (Varian E-109), which is also accessible at several na-
tional and regional EPR centers and Bruker Biospin. Typical brands and models include
the Varian series (E-4 and E-109), Bruker E-580, Bruker EMX, and some benchtop spec-
trometers. For each measurement, ~1 ng of protein is needed in the porous materials
after the removal of surface-adsorbed proteins. The sample holder has to be diamag-
netic; we found borosilicate tubes to be the most accessible at a reasonable cost. At
room temperature, the rapid tumbling of water magnetic dipoles can influence the ab-
sorption of microwave radiation by the sample. Thus, the amount of water should be
minimal. We found tubes with 0.6 i.d. X 0.8 o.d. (available at Wilmad-LabGlass) and
2 cm height to be a good combination to minimize water influence while offering suffi-
cient signal. Depending on the equipment, the sample volume can vary.

Step 4.2: Key spectral acquisition considerations. The first step of data acquisition
is to tune the sample position to ensure the maximal absorption of the radiation

Chem Catalysis 1, 207-231, June 17,2021 213
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Figure 4. EPR data of lysozyme upon encapsulation in ZIF-8 and relative orientation on ZIF-8 surface

(A) CW EPR data (black) of 44R1 in the absence (top) and presence (bottom) of urea perturbation and associated spectral simulations (red). The two
components indicated by im and m were deconvoluted as shown by the dotted curves.

(B—F) Five additional lysozyme sites were studied with CW EPR upon SDSL in solution (green), in ZIF-8 (cyan), and in ZIF-8 and urea (orange) and upon
immobilization on a solid, non-porous surface (dotted). The percentage of the m component is labeled for each multi-component trace.

(G and H) The proposed enzyme orientation on the ZIF-8 surface based on the relative population of labeled sites. Adapted from Pan et al. with
permission.7O

(Figure TA). This can usually be leveraged by the tuning catalog wherein a symmetric
and deep "tuning dip” is reached upon adjusting the sample position. A nitroxide
spin label results in 50-75 G wide spectra depending on the protein state, which
leads to a typical scan range of 100 G. A 1 G field modulation is sufficient for nitro-
xides, although 0.2-0.5 G can also be used to probe the sharp peaks when protein
partial unfolding with urea is employed (see below). Signal averaging is often
needed to enhance the signal-to-noise ratio (SNR). Most modern EPR spectrometers
have the autosummation function so that the spectrum of each scan is the average of
all scans before. Each scan usually takes 30-60 s, and 5-30 min is often needed to
acquire a spectrum with sufficient SNR (e.g., 20-30) for spectral simulation or
analysis.

Step 4.3: CW EPR line shapes. A typical CW EPR line shape of a spin-labeled pro-
tein is a three-peak, first-derivative spectrum (see above). Because a labeled protein
site in a sample can contact the pores and scaffolds in some molecules and not in
others, we often observe clearly separated spectral components (as a result of their
significantly different rates and orders of motion; Figure 4). We define the contact
peak as “im,” standing for immobilized, and the non-contact peak as “m,” standing
for mobile. Therefore, in a real sample, for the whole ensemble, a complex, two-
component EPR spectrum is resolved; the contribution from each component can
be deconvoluted via spectral simulation (Figure 4A).

214 Chem Catalysis 1, 207-231, June 17, 2021



Chem Catalysis ¢ CelPress

im m

im m[| Ca-NH,-BPDC
44

65

Ca-BPDC + urea

44
65

D  Structral basis of large substrate activity Urea unfolds the exposed portion

sy

Ca-BPDC Unchange amics in “im”  Ca-BPDC

E  Structural basis of enhanced catalytic activity in Ca-NH,-BPDC

Enhanced dynamics in “im”

Figure 5. Probing the structural basis of the catalytic performance of enzyme@Ca-MOM composites

(A-C) EPR spectra of all labeled sites in the absence (left) and presence (right) of urea for lys@Ca-BDC (A), lys@Ca-BPDC (B), and lys@Ca-NH,-BPDC (C).
Shading indicates the two spectral components discussed in the text. Spectral range: 3,300-3,400 G.

(D) Illustration of EPR detection of the exposed (m component) and buried (im component) enzyme upon encapsulation on MOM surfaces (left) and
upon treatment with urea, which unfolds only the exposed portion of the enzyme (right).

(E) lllustration of EPR detection of the backbone dynamics of the buried (im component) enzyme. Adapted from Pan et al. with permission.®’

Ca-BPDC Ca-NH,-BPDC

For example, in our recent work, we found two components for all sites of TAL stud-
ied in a zeolitic-imidazolate framework (ZIF-8; Figures 4A-4F),?° a series of Ca-based
metal-organic materials (MOMs; Figures 5A and 5B),°' and COFs (Figure 6A).°* The
complex spectra were caused by the contact of the labeled site with the scaffolds of
ZIF-8 and Ca-MOMs and the inner walls of COF channels, resulting in the im peaks,
whereas the non-contact component yielded the m peaks.
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Figure 6. COF EPR data and deconvolution and orientation

(A) The EPR spectra of six labeled sites upon association with COF-OMe, COF-OH, and COF-ONa.
Gray and yellow shading labeled im and m represent the immobile and mobile spectral
components, respectively.

(B) Definitions of the three variables relevant to spin-exchange narrowing and illustration of
measurement of the key parameter (A,,) associated with the hydrophilicity of the immobile
component of each labeled site. A quantitative description of the extent of spin-exchange
narrowing using the ratio of the positive and negative peaks of the centerline (Ico/lc) and the ratio
of the amplitude of the low-field peak and that of the centerline peak (Io/(l¢p + Icn)) is provided. Gray
areas indicate typical parameter regions where no spin-exchange narrowing occurs, and lines are
guidelines for the eyes.

(C) The proposed host-guest interactions of the enzyme after association with various COF
materials derived from the EPR results. Yellow spheres indicate labeled sites with weak interactions
with the COF channels, and blue spheres represent sites that strongly interact with the channels.
Stronger host-guest interactions were detected in COF-ONa, followed by COF-OH and COF-OMe.
Adapted from Sun et al. with permission.®”

Step 4.4: EPR data interpretation. Spectral simulation is very important for inter-
preting the obtained EPR data and determining the parameters related to protein
motion and dynamics. In principle, determining the parameters of the spin label’s
motion would require CW EPR at multiple frequencies and/or under varied viscosity
conditions.”””’® However, for the R1 spin label attached to the solvent-exposable a
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Figure 7. Known modeling basis of R1 label on a helix surface

(A) The structure of the R1 label on a helix. Two dihedral angles, %4 and s, contribute to the
averaging.

(B) Rotations around y4 and ys lead to anisotropic averaging in a cone. The order parameter is
dependent on angle 6.

(C) Definition of the three coordinate systems (Zp, Zg, and Zy) related to the MOMD model.
Adapted from Altenbach et al. with permission.®”

helices of a small protein, e.g., T4L, the motion has already been understood to a
certain level, including the crystal structure of the R1 side chain (Figure 7A), the
typical ranges of the rate (1) and order (S) parameters of R1 on o helices, and how
these parameters change upon protein rotational tumbling changes.”%’®’” Herein,
the R1’s crystal structure helps us understand the origins of the “anisotropic” motion
of the spin label (Figure 7B).%? On the basis of this knowledge, we carried out our
simulation by using the established parameters (see below), which are highly likely
to be reliable and accurate. However, for an unknown protein labeled at a non-he-
lical region, X-band CW EPR together with multi-frequency EPR and varied viscosity
conditions are suggested to accurately determine the rate and order parameters of
the spin label, minimizing the potential errors.”? High-field and high-frequency EPR
spectrometers are currently available at multiple facility centers or labs.?”""®

The most widely used EPR simulation algorithm is that developed by Freed and co-
workers on the basis of the macroscopic-order microscopic-disorder (MOMD)
model, which relies on the spatial ordering potentials for the motion of R1.°® Herein,
we varied the rate and order parameters of the spin label’s motion within a cone
space (as well as the relative populations in the case of more than one R1 dynamic
mode) systematically to simulate the spectrum until the best fit was reached (Fig-
ure 7C). The detailed description of the algorithm is provided in the supplemental
information. A few open resources, such as EasySpin and Multicomponent, are avail-
able for carrying out the simulations.®”’? We chose Multicomponent, created by Dr.
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Figure 8. A general fitting procedure and the user interface at each key step of the simulation program
The "light” after each parameter indicates whether the parameter can be varied or fixed during the simulation. For details, see the main text.

Altenbach and available at his website: https://sites.google.com/site/altenbach/
labview-programs/epr-programs/multicomponent (user interface; see Figure 8). A
general procedure typically adapted in our data analysis is shown in Figure 8. In
particular, a careful baseline correction and signal normalization are needed prior
to simulation. Then, the data are loaded into the Multicomponent software (Fig-
ure 8A), where two components are activated to simulate the im and m components
(components A and B for im and m, respectively; Figure 8B). Switching tab to “ten-
sors,” the initial guesses of the g and hyperfine tensors, as well as the rate parame-
ters, are gy« = 2.0078, g,, = 2.0058, and g, = 2.0023 for both im and m components;
Ax=5.7GandA, =6.0G forbothimand m components;and A,, =34.5and37.5G
for the im and m components, respectively. In the rate tensor (due to anisotropy), the
R values instead of the actual effective correlation time, 1;, of R1 diffusion are the
input, wherein 1/6R = 1. The Rtensor is defined in Figure 8C, where the average con-
stant, Ry, is (R + Ry + R,)/3, Ry is R, — (R, — R,)/2, and Rz is R, — R,. In fact, in the pro-
gram, all tensors (g, A, and even the line-width tensor, W) can be defined similarly.
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For our case, where an axial symmetry is assumed, Ry and R, are non-zero. The
average rate constants, Ry, of 6.00 and 8.00 are often input for the im and m compo-
nents, respectively, with —0.5 to account for the anisotropic motion of both compo-
nents, R, (see Figure 8C). The g values and A, and A, are often fixed, whereas A,,
and the rate tensors are allowed to vary during the simulation (as indicated by the
activated green light). Next, key ordering parameters need to be put in (Figure 8D).
A restoring (ordering) potential (U) is appropriate to describe the extent of spatial
constraints of the spin label within the “cone.”®® The restoring potential U(8) =
—1/2kgTco? (3cos?0 — 1) + HOT, where co? is a scaling coefficient and HOT repre-
sents higher-order terms.®® The spatial ordering of the diffusion tensor, S, can be
computed according to Figure 7B. In our simulations, only the dominant term and
the first HOT were involved, leading to the order parameters S, and S,, , which
can be computed from the Cyo and C;; coefficients, respectively (Figure 8D). For
the im component, because of the strong contact of the label with some species
(e.g., the surface of mesopores), typical initial C9 and C;;, are approximately 40
and —40, respectively. For the m component, we find that 5 and —5 are usually
good initial guesses for Cyg and Cj;, respectively. The tilt of the diffusion tensor
with respect to the molecular axis of the nitroxide is specified by the Euler angles
(ap, Bp, and yp). For axially symmetric motion, only Bp and yp need be specified.
For z axis anisotropic motion, the diffusion tilt was fixed at Bp = 36°, yp = 0°. Cy9
and Cy; for the two components and fp are allowed to be altered during the simu-
lation (see the green light after each variable). Practically, the A and g tensors do not
always overlap, resulting in non-collinear tensors, which can be taken into account by
another three Euler angles. Such an action will certainly make the simulations more
accurate but extend the simulation time. Furthermore, such an effort usually does
not yield noticeable differences in the final rate and order parameters in the simula-
tion. Thus, we usually assume collinear A and g tensors in the simulation. Usually the
low-field region of the spectrum is the most informative area; thus, the central peak is
weighted by 50% (Figure 8E). Upon setting up all these parameters, we carry out a
Levenberg-Marquardt fit to quickly determine the parameters that best fit the spec-
trum (finding a minimal %2; Figure 8F). Often, this is followed by the Monte Carlo
fitting option in order to avoid falling into the local minima (Figure 8G). Finally, other
parameters such as the line-width tensor W (Figure 8G) are allowed to change to
fine-tune the fitting.

Step 5: Determine enzyme-relative orientation

Case I: Enzyme orientation in mesopores. On a solid surface, with either a positive
(e.g., nanoparticles) or a negative (e.g., porous materials; Figure 2B) curvature, we
can determine the enzyme orientation by revealing the residues and regions that
contact the surface.®” Such a contact will generate a high restriction to the motion
of the spin label, resulting in an im spectral component, the contribution of which
can be distinguished from the m component via spectral simulation (see step 4.4),
leading to the relative chance of each labeled site to contact. By scanning a number
of protein surface sites, we will be able to identify which regions contact the solid sur-
face, leading to the relative orientation of the protein.

Using this principle, we recently probed the encapsulation of T4L in a channel-shaped,
hydrophobic compartment, COF-OMe.®” As shown in Figure 6A, all six labeled surface
sites showed an im and an m component (as highlighted by gray and yellow shades,
respectively). Spectral simulations shown in our supplemental information indicate
similar rate and ordering parameters for each site (i.e., A,,im ~ 35.0 G, A, ,, ~ 35.5
G, R1im ~ 5.85, Ry m ~7.70, C30,im ~ 48, C22,im ~ —50, and population of the m compo-
nent ~ 50%). These data indicate thatalmost all labeled sites experience similarrate and
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spatial restrictions in the motion of the spin label. Furthermore, the similar populationin
the im component suggests that almost all sites of TAL have a similar chance of contact-
ing the inner walls of the COF-OMe channel, indicating a random orientation therein
(Figures 6A and 6C). This is reasonable given the close sizes of the channel (3.4 nm)
and the enzyme (2.5 X 3 x 5 nm), as well as the symmetric shape of the channel. This
explains the observed catalytic activity, wherein the active site of at least some enzyme
molecules is accessible to the substrate, 11-chitosan, which can diffuse into COF-OMe
and be hydrolyzed.®” We are certain that the im components of the spectra shown in
Figures 4, 5, and 6 originate from R1 in contact with the materials because of the nega-
tive controls carried out on each labeled mutantin buffer solution, which showed only an
m spectral component. These results are consistent with the literature on TAL EPR inves-

tigations on various sites.”%’¢77 %

Case llI: Enzyme orientation on a MOF surface. An important approach to enzyme
immobilization for large-substrate biocatalysis is to entrap enzymes in MOFs via co-pre-
cipitation, which results in partial exposure of some enzyme molecules on MOF surfaces
and thus allows for contact with large substrates. A critical factor for this strategy to suc-
ceed is to ensure that the active site of the enzyme is sufficiently exposed and correctly
oriented (toward the reaction medium). Thus, it is important to measure the enzyme
orientation on a MOF surface. The principle is similar to that in case | of this step, where
a protein residue buried under the MOF surface will possess significantly restricted
backbone dynamics as a result of contact, whereas an exposed residue will display an
m spectrum. The resultant spectra for an ensemble are also two-component spectra.
We demonstrated this approach in a recent work wherein TAL was entrapped on a
ZIF-8 surface. The EPR data shown in Figures 4A-4F for six surface sites labeled with
R1 show both the im and the m components. Using a simulation procedure introduced
in step 4.4, we were able to deconvolute the contribution of each component (see
dotted curves in Figure 4A). Interestingly, the rate and order parameters of each labeled
site were similar for both the im and the m components (i.e., A, im ~ 34.5G, A, ~ 37.0
G, Ry,m ~ 6.00, Ry 1, ~7.90, Cy0,im ~ 45, and Cyppim ~ —45; see the supplemental infor-
mation of Pan et al.?%). The major difference among different labeled sites was the rela-
tive population of the m component, wherein residues in the N terminus (such as 44R1
and 65R1) showed an ~25%-30% chance of being exposed. Also, residue 118R1
showed an ~40% chance of exposure. These are much higher than the N-terminal res-
idues represented by 131R1 and 151R1, which tend to be exposed by ~10%-15%.”
These findings suggest the preferential orientation of TAL on being entrapped on a
ZIF-8 surface so that the N terminus and the 118R1 area have a higher chance of being
exposed to the solvent than the N terminus. Such a high chance of exposing the N ter-
minus was the origin of the catalytic activity because the active site is in close proximity
(Figures 4G and 4H).

In our most recent work, we immobilized T4L in Ca-MOMs. Eight surface sites of T4L
were labeled, and then EPR spectra were acquired. After spectral simulation, we
found similar rate and order parameters for each labeled site for both the im and
the m components when the enzyme was immobilized on Ca-BDC and Ca-BPDC
(Figures 5A and 5B; A, im ~ 34.5 G, A, ~ 37.0 G, Ry jm ~ 6.10, Ry ;n ~ 6.60-7.10,
C20,im ~ 40, and Cyim ~ —40; see Table ST and the supplemental information of
Pan et al.°"). The major difference among different labeled sites was the relative
population of the m component, wherein T4L had a higher chance (>50% of the m
population) of exposing the N terminus in Ca-BPDC than in Ca-BDC (<40% of the
m population), which explains the relatively high catalytic efficiency in the former
(Figure 5A versus Figure 5B and Table 1).¢

220 Chem Catalysis 1, 207-231, June 17, 2021

Chem Catalysis



Chem Catalysis ¢? CellP’ress

Table 1. Percentage of the m component of T4L entrapped in Ca-BDC and Ca-BPDC

Percentage of m in Ca-BDC Percentage of m in Ca-BPDC
44R1 (N terminus) 36.9% 52.1%
65R1 35.7% 29.2%
72R1 49.8% 35.4%
89R1 54.4% 41.2%
109R1 44.1% 36.9%
118R1 39.3% 33.5%
131R1 47.7% 49.6%
151R1 (C terminus) 50.0% 47.5%

In Ca-BDC, the N terminus (close to the active site) has a lower chance of being exposed than the C ter-
minus, whereas both the N and C termini of the enzyme in Ca-BPDC have a high chance of being
exposed.

This strategy in both works was further supported by a urea-perturbation test, wherein
only the exposed residues were unfolded by urea, but the buried ones were unper-
turbed (Figure 5D). Such urea perturbation mainly resulted in an enhanced rate of the
m component (Rq,, increased from ~7.90 to ~8.40 in the ZIF-8 case but increased
from ~7.00 to ~8.00 in the Ca-BDC/Ca-BPDC case). However, the relative population
of the m population was close to that before urea addition for each mutant (within exper-
imental error), whereas the motion of the m component was significantly enhanced, as
judged by the sharp m peaks (Figures 4 and 5).?° The caution here is that if the enzyme is
encapsulated in relatively larger cavities or pores, urea could also unfold the portion of
proteins inside of the MOF or COF. Therefore, the urea test is suggested primarily in the
co-precipitation approach.

Step 6: Determine enzyme backbone dynamics of the contact residues

Case I: Probe the backbone dynamics difference. In addition to the fruitful orienta-
tion information underlying the m component, the im component is also worth probing.
As introduced in steps 4.3 and 4.4, the rate and order of the im component are depen-
dent on the local spatial restrictions and rate of rotational diffusion of the spin label. Both
decide the backbone dynamics of the enzyme allowed at the labeled site and possibly
the catalytic efficiency depending on how the labeled site is related to the active site
and/or substrate recognition. Note that even if a labeled site is distant from the active

site, the allosteric effect could still affect the overall catalytic performance.*%

The most intriguing example is our recent work. In a specific Ca-MOM (named Ca-
NH,-BPDC in the article), three of four studied enzymes (lysozyme, lipase, glucose
oxidase [GOx], and horseradish peroxidase [HRP]) displayed higher catalytic effi-
ciency than Ca-BPDC, although the crystal scaffolds (determined via powder X-ray
diffraction) and size of the composites were similar.®’ Because the substrates of
lipase, GOx, and HRP are all smaller than the Ca-MOM pores, the catalytic perfor-
mance must be primarily dependent on the enzymes buried within the MOM scaf-
folds. Thus, we investigated and compared the im component of a model enzyme,
TAL, trapped in these two Ca-MOMs—Ca-BPDC and Ca-NH,-BPDC—by using
SDSL-EPR.®" We found that although the rates of the m component in both Ca-
MONM s for all studied sites were close (Rq,,, ~ 7.00-7.10), the rate and order of the
im components for most labeled sites were different between the two Ca-MOMs.
In particular, the rates of the im component of several labeled sites (i.e., 65R1,
89R1, 118R1, and 151R1) were enhanced to ~6.50 in Ca-NH,-BPDC compared
with ~6.00 in Ca-BPDC. Furthermore, the ordering parameters, C5 and C,;, were
reduced to ~25.0 and —25.0 in Ca-NH,-BPDC, respectively, compared with ~45.0
and —45.0, respectively, in Ca-BPDC. Thus, most labeled sites showed a higher
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rate and lower order in the im peak in Ca-NH,-BPDC than in Ca-BPDC. The
enhanced enzyme dynamics could cause improved enzyme catalytic performance,
which was proposed to be the cause of the high catalytic efficiency for the entrapped
enzyme in the former Ca-MOM (Figures 5C and 5E).°’

Case lI: Spin-exchange interaction and “strength” of contact with the pores. Theim
component can also indicate the relative strength of the enzyme that contacts the
compartment. For example, we found strong spin-exchange interactions in the
spectra of some labeled T4L sites upon encapsulation in COF-OH and COF-ONa,
which is indicated by the reduced peak intensity at the im region and the near-sym-
metrical central peak (Figure 6A).°% This is in line with the expectation when spin
exchange occurs so that the observed line shape looks like the "average” of the mul-
tiple spectra that are in fast exchange. The reason that spin exchange can occur in
these two COFs is that, upon strong contact of a labeled site with the COF wall,
the unpaired electron can enter the stacked  orbitals of the COF walls and be de-
localized through the whole chamber. This electron can then be exchanged with
another electron from another enzyme in the same chamber. Inspired by earlier

works, 5384

we utilized the relative peak intensity of the low-field peak versus the cen-
tral line (lo/(lep + lcn), as well as the positive and negative peaks of the central
peak (Icp/len; Figure 6B), to quantitatively assess the relative strength of the spin-ex-
change interaction. The smaller the lo/(lp + lcn), the stronger the exchange; the
closer the lcp/lcn to 1, the more symmetrical the central peak and the stronger the
spin exchange. Quantitively, we found that among all the EPR data we have on
T4L encapsulation in three COFs (COF-OMe, COF-OH, and COF-ONa), an l¢p/lcn
larger than ~1.4 usually does not show serious spin exchange. Also, an lo/(lcp + Icn)
larger than ~0.14 does not generate serious spin exchange.®” On the basis of these
criteria, we determined the number of residues that show strong exchange interac-
tion (and thus strong contact with the walls) to be 0, 2, and 4 in COF-OMe, COF-OH,
and COF-ONa, respectively (Figure 6C). This trend is the opposite of the relative cat-
alytic efficiency of lysozyme encapsulated in these three COFs, suggesting that the
catalytic performance is related to the conformational degree of freedom of an
enzyme upon encapsulation in porous materials so that the stronger the contact
(or the more residues that strongly contact the pore), the higher the restriction in
conformational flexibility and the lower the catalytic efficiency.

Other EPR labels

In addition to the R1 label, other spin probes and tags with different rigidity, attachment
chemistry, and resonance properties have been developed for determining the structural
and/or dynamic information in proteins.éo'gs'% For example, the RX label (see Figure 9),
which reacts with two protein cysteines in close proximity (residues i and i + 4 on a helix
oriandi+ 2 on a B strand), significantly restricts the intrinsic flexibility of the label so
that only the backbone motion affects the resultant spectra.”’ A direct application of
RX was to determine the rate of the “rocking” motion of a helix of a protein by using an
advanced EPR method: saturation recovery (SR; see below).”' RX can also be applied in
measuring distance distributions between two RX labels (and thus four cysteine mutations
are needed) via double electron-electron resonance (DEER) EPR (see below). The results
are often free of potential uncertainty caused by the label’s intrinsic flexibility and can lead
to more accurate backbone-backbone distances in a protein.”’ Finally, the restricted mo-
tion results in long relaxation times at room temperature (T, of RX on the order of 7-12 ps),
which had been used for determining distances between RX and a fast-relaxing spin cen-
ter via SR (see below; e.g., Cu?h.®’ Similarly, R1p, R8, and V1 (see Figure 9) also possess
relatively high restriction in the spin label’s intrinsic motion and can be used for deter-
mining distances and backbone dynamics with reduced uncertainty caused by the label’s
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Figure 9. Commonly seen spin labels and probes for EPR studies

In each label, Cg connects to the C, of a cysteine, unnatural amino acid, or histidine of a protein or
B y P
peptide. The structure of R1 is presented for comparison.

intrinsic flexibility.***” The TOPP label (see Figure 9) also contains highly restricted
intrinsic motion.?*® In addition to nitroxides, other spin centers have been developed.
For example, the trityl label (or the triarylmethyl [TAM] label), which can react with a pro-
tein cysteine (see Figure 9),%” displays extremely narrow line width. Although TAM is not
often used to probe the backbone dynamics of the labeled site, its long relaxation times at
room temperature allow for determining distances in a doubly labeled protein at room
temperature via SR or double quantum coherence (DQC).>7-87:89-73 Paramagnetic metals,
such as Gd**, in a chelating compound can also be applied as a spin probe (see C1 in Fig-
ure 9)*7¢%747 for determining interspin distances in a protein. An advantage of the C1
label is the protective effect of the chelating compound, which allows for in-cell protein
distance measurement.®”*> Under reducing conditions, the 3-(2-iodoacetamido)-
PROXYL (IAP) label, which does not form disulfide bonds and is therefore relatively stable
under reducing conditions, can be used to attach to protein cysteines (see Figure 9).%
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For a cysteine-rich protein, mutation of all native cysteines is often not ideal for pro-
tein function. Instead, unnatural amino acids become the choice of labeling. For
example, p-acetylphenylalanine with a ketone-specific reagent (HO-4120) and p-azi-
dophenylalanine have been demonstrated in protein spin labeling (see Figure 9) and
EPR studies.”®?” The labeling reagents often must be custom made. In addition, the
Cu?* labeling strategy based on double histidine and nitrilotriacetic acid compound
can avoid the need for cysteine (see Figure 9).'°9"1% Although Cu?* has mainly been
used in distance measurement, a recent contribution proved the use of Cu?* for
backbone dynamics measurements.®® Mn?* is another EPR spin probe demon-

strated to be effective for distance measurement (see below).'%3~1%°

All these alternative spin labels and probes can potentially be used in the future
research of heterogeneous biocatalysis to probe the backbone dynamics and global
structural changes of enzymes (see below) entrapped in mesoporous materials. A
caution is that compared with the popular R1, some alternative spin labels can
possess different intrinsic flexibility and thus sensitivity to the backbone motion of
the labeled site. However, upon contact with pore walls or MOF scaffolds, the mo-
tion of these alternative labels should also be highly restricted (and thus generate
the im peak), which can still be useful for distinguishing the contact component
from the non-contact component, leading to enzyme orientation information.

Intraprotein distance measurement using EPR

Although the backbone dynamics and relative orientation of the enzyme in porous ma-
terials are informative for revealing the underlying structural basis of the catalytic perfor-
mance to a certain level, an important aspect of structural information—the large-scale
structural changes—is also worth probing and will definitely improve the fundamental
understanding of the functionality of the immobilized enzymes. EPR offers an excellent
opportunity to probe for this information. The most powerful and widely used pulsed
EPR technique, DEER, is an example. DEER measures the magnetic dipolar interaction
between two spin centers (Figure 10A) separated by 2-8 nm.***® Typically, a set of
observe microwave pulses with the sequence (1t/2-t-1) shown in Figure 10B are applied
to excite a portion of the spins (Figure 10C) in the sample, and a “spin echo” is observed.
Then a pump pulse is applied at a certain duration (t,) after the second observe pulse,
and a certain frequency, usually ~70 MHz, is offset to modulate the spin echo (Fig-
ure 10C). A typical DEER signal is an integration of the spin echo over t,, which is an
oscillating time domain signal (Figure 10D):

V(t,) = // P(r)E(0){1 — cos[waq (1 — 3 cos 6%) +J |t,)dbdr, (Equation 1)

where P(r) is the distance distribution between the two spins, wqq is the magnetic
dipolar interaction between the two spins, ry; is the distance between the two spins,
0 is the angle between the vector of ry; and the external magnetic field, Jis the ex-
change interaction between the two spins, and £(0) is a factor depending on the rela-
tive orientation of the two spin centers. A Fourier transformation results in a Pake
pattern, the frequency of which depends on the interspin distance, rq, (Figure 10E).
When more than one distance is present in the target system, which is often the case
of proteins as a result of the protein intrinsic conformational flexibility, each distance
contributes to a set of peaks in the Pake pattern. Several user-friendly DEER data
analysis packages are available to facilitate the rapid P(r) extraction.””'%¢1%’ There-
fore, analyzing DEER data, which extract both the distances and their relative prob-
ability between the two labeled sites, can reveal the conformational flexibility

between the two labeled regions in a protein.”'#2:88:70.74.98
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Figure 10. Pulsed methods to measure the distance distribution between EPR spin centers

(A) lllustration of two spin centers separated by a distance, ry», in an external magnetic field, Bo. The
angle between Bg and rq, is 0.

(B) Pulse sequence of DEER.

(C) Illustration of the selective excitation of spins in a nitroxide-labeled system. The absorption
spectrum is a typical field swept of nitroxides.

(D) A typical DEER signal caused by the magnetic dipolar interaction between the two spins.
Variables: his the Planck constant, rq, is the interspin distance, g; and g, are the g factors of the two
spins, B is the Bohr magneton, and pg is the vacuum permeability.

(E) A typical Pake pattern after the Fourier transformation of the DEER signal.

(F) The pulse sequence of DQC. The pulse lengths in DQC are usually much shorter than those in
DEER.

A unique feature of DEER is an opportunity to extract the relative orientation of the spin
centers due to the presence of the £(6) term in Equation 1. This is especially important for
rigid polypeptides, membrane proteins, and metalloproteins.**>%'%% 198110 Tg probe
the orientation effect, the general strategy is to acquire DEER signal at multiple mag-
netic fields with varied frequency offsets and then perform a global data analysis to
simultaneously determine both P(r) and £(6).'%'""=""® The relative orientations of spin
centers among nitroxide, TAM, and Cu?* centers have been determined by this strat-
egy.”%""""" Finally, the spin-exchange interaction (the J term in Equation 1) can also
be separated from the dipolar interaction and determined, which yields more accurate
distance information.’">~""®

In addition to DEER, DQC is another powerful pulsed dipolar spectroscopy to deter-
mine distance distributions between spin centers.*’''?12° The advantage of DQC is
the high sensitivity due to the use of six strong pulses (to excite a sufficient number of
spins; Figure 10F), which also minimizes the orientation effects. The principles and

applications of DQC can be found in several elegant reviews.?’""?

As mentioned above, almost all spin labels discussed in Figure 9 have been demon-

strated to be feasible for DEER and/or DQC applications. A caution is that a full data
analysis procedure should be carried out when metal centers are studied by DEER so
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Figure 11. Saturation recovery-based interspin distance measurement

(A) Conceptual illustration of the principle of SR. A microwave pulse applied at the centerline of a
nitroxide absorption spectrum “saturates” the population difference. Over time, upon removal of
the pulse, the population difference is regained, and monitoring the signal re-gain results in an
exponentially increasing curve.

(B) lllustration of the SR pulse sequence and typical SR signals for a slowly relaxing spin (e.g., a
nitroxide) in the absence (green) and presence (purple) of a fast-relaxing spin.

(C) Typical spin-lattice relaxation time, Ty, at room temperature for three spin labels with restricted
intrinsic dynamics.

that the orientation effect can be accurately taken into account. Note that although
sample freezing and low temperatures are needed for pulsed dipolar spectroscopy
(to delay the signal decay), it has been proved possible to measure P(r) at room tem-

perature by using spin labels with long relaxation times.??"7°

Another pulsed EPR approach to determine distances in proteins is SR, which is
based on the distance dependence of the enhancement of a spin label’s relaxation
rate (Figures 11A and 11B).%”""#'"12° The principle is that the relaxation rate of a
slowly relaxing spin label will be enhanced if a fast-relaxing spin is present in close
proximity. The enhancement is proportional to 1/r®, where ris the distance between
the two spin centers. Thus far, SR is able to determine only the average distances
instead of the full distance distribution. The advantage of SR is that by using a few
slow-relaxing nitroxide or TAM spin labels, it is possible to measure the average dis-

122 which is useful

tances between spin centers at room temperature (Figures 11C),
for probing proteins under their physiological conditions. Typical applications of
SR on distance measurements in proteins and peptides include metal ions such as
Cu?* and lanthanides employed as the fast-relaxing spin, whereas TAM or nitroxides

have been used as the slowly relaxing center.”¢'#2124-127

For shorter interspin distances (e.g., <22 A), CW EPR can determine the P(n) at room
temperature.'?® The principle is that two spins in close proximity would result in line
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Scheme 1. A general flowchart highlighting the key steps and the timing of each

Six steps are usually taken in order to use SDSL-EPR on enzyme studies upon encapsulation in porous materials. Depending on the purpose of study,

certain steps can be skipped or expanded. For details, see the main text.

broadening of CW EPR spectra. The broadening is related to 1/r® and inputs a Pake
pattern on top of the regular CW EPR spectra. A simulation program to extract the
distance distribution, “ShortDistances” developed by Dr. Altenbach, is available at
https://sites.google.com/site/altenbach/labview-programs/epr-programs/short-
distances. Note that the measured distances are limited to less than 22 A; longer
than that would result in negligible broadening on the line shape.

In heterogeneous biocatalysis, all the techniques discussed above can certainly be
extended to probe enzyme structural information at the interface of enzymes and
mesoporous materials. Typical information includes subnanometer- to nanometer-
scale enzyme conformational changes upon encapsulation in porous materials
and/or contact with binding partners and substrates, as well as the relative orienta-
tion of spin centers, which would be related to enzyme function.

In conclusion, we have introduced the principle and general procedures of SDSL-
EPR to reveal the relative orientation and residue-level backbone dynamics of en-
zymes upon encapsulation in mesoporous materials. The goal is to extend the use
of this technique to heterogeneous biocatalysis in order to understand the underly-
ing structural basis of enzymes upon encapsulation and eventually help guide the
rational design of optimal immobilization platforms. Because of the uniqueness of
the technique, at each step of the procedure, we introduced fundamental rules
and principles together with typical criteria and parameters requested to optimize
the efficiency and accuracy of each step so that interested investigators in bio-
catalysis or biomaterials science can easily follow them to adapt the technique. In
addition, we utilized our own experience as examples to demonstrate our strategies
of measuring protein orientation and dynamics and how the structural basis is corre-
lated to the observed catalytic activities. We also offered cautions when carrying out
each step in order to avoid pitfalls. Finally, we briefly reviewed the potential of
applying alternative EPR spin labels and advanced EPR techniques in revealing
enzyme structural basis in biocatalysis in order to broaden the possible application
of the EPR technique in understanding enzyme behavior at the molecular level upon
encapsulation in various porous materials.

EXPERIMENTAL PROCEDURES
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