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Abstract

Protein immobilization in mesoporous silica nanoparticles has attracted much atten-
tion due to its wide range of applications. However, it remains largely unexplored
how the use of mesopores can alter the spatial distribution of encapsulated biomol-
ecules so as to improve pulsed dipolar spectroscopy sensitivity. Here, we performed
electron spin resonance measurements for three different spin-labeled biomolecules
(including two different peptides and a protein) encapsulated in various types of
mesoporous materials differing in textural properties such as nanochannel length
(e.g., 0.2—4 pm) and average pore diameter (e.g., 611 nm, approximately). Our
results show that biomolecules are clustered somewhat upon the encapsulation into
mesopores, and that due to the clustering, instantaneous diffusion plays an impor-
tant role in the spin relaxation in nanochannels. The extent of molecular cluster-
ing exhibits a clear positive correlation with the length of nanochannels, whereas
it shows little correlation with pore diameters. Among the materials studied,
mesoporous materials with the shortest length of nanochannels are most effective to
reduce spin clustering, thus suppressing the unwanted instantaneous diffusion and
enhancing spin—spin relaxation time. This study has opened a possibility of improv-
ing the quality of pulsed dipolar spectroscopy with mesoporous silica nanoparticles.

1 Introduction

Mesoporous silica materials with high specific surface area and well-ordered
pore structures are of interest for a wide range of applications. The immobiliza-
tion and encapsulation of proteins in mesoporous materials has been extensively
investigated due to great potential applications, such as improving immobilized
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enzyme activity/selectivity and serving as a carrier of protein drugs [1-3]. The
porous structure provides a protective environment for proteins such that pro-
tein stability against denaturing effects can, in some cases, be enhanced [4-7].
However, it remains largely unexplored as to how the spatial distribution and
arrangement of the guest biomolecules are affected by the textural properties
of host mesoporous materials. The development of methods capable of count-
ing molecules and characterizing the spatial distribution of guest molecules in
mesoporous materials has been long desired [8].

Site-directed spin-labeling (SDSL) electron spin resonance (ESR) techniques
have been established as a powerful tool for determining structure and topol-
ogy of protein and protein complex [9-11]. In SDSL-ESR spectroscopy, the
introduction of a paramagnetic nitroxide side chain is accomplished through
cysteine-substitution mutagenesis. The nitroxide molecule serves as a probe of
local environment, hence providing site-specific information about local dynam-
ics and ordering in protein. SDSL-ESR has also been proven useful in study-
ing interfacial hydration and backbone dynamics along a polypeptide (or even
a protein) confined in mesoporous materials [12—14]. The local environment
in nanochannels has been studied by pulsed ESR techniques and found that the
nanoconfined environment can maintain solvent in an amorphous state suitable
for studying protein structure and dynamics at low temperatures [15]. However,
a systematic study of how the immobilized proteins are redistributed in nano-
channels according to the differences in textural property of materials has yet to
be reported.

The present study, therefore, aims to assess the use of mesoporous materials to
improve the measurement of pulsed dipolar spectroscopy in the aspects of opti-
mizing phase memory spin—spin relaxation time of spin-labeled biomolecules by
modulating the textural properties of mesoporous materials. We report an inves-
tigation of how the textural properties of mesoporous materials affect the spatial
distribution of spin-labeled biomolecules using pulsed ESR techniques. Various
mesoporous materials with differences in hexagonal platelet morphologies, aver-
age pore diameters, and nanochannel length are prepared to host spin-labeled
biomolecules, including two different types of polypeptides and one protein.
The local concentration of the encapsulated biomolecules is determined from
the measurements by double electron—electron resonance (DEER) technique and
then compared with the result of bulk solvent. As a result, we provide a quan-
titative description of how the spatial distribution of the guest biomolecules is
affected by the textural properties of the mesoporous materials. The information
is potentially valuable to the use of mesoporous materials for maximizing pulsed
dipolar spectroscopy sensitivity. Besides, we measure the spin-echo relaxation
time (7,,) of the samples in various mesoporous materials using electron spin-
echo (ESE) technique. Taken together the DEER and ESE measurements, a lin-
ear relation is revealed from the plot of 1/T,, versus the measured local spin
concentration. The linear relation provides important evidence to support the
role of instantaneous diffusion in the spin-labeled biomolecules encapsulated in
mesoporous materials.
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2 Materials and Methods
2.1 Biomolecule Sample Preparations and Encapsulation

All peptides of this study were custom-synthesized by Kelowna International
Scientific Inc. (New Taipei, Taiwan) with purity greater than 95%. n3 peptide is
a linear 26-mer polypeptide with a sequence of GNDYEDRYYRENMYRYPN-
QVYYRPVA, where the first 25 residues correspond to the domain 142—-166 of
the human prion protein and the underlined letters represent the segments that
correspond to helix H1 and B-strand S2, respectively, in the normal prion struc-
ture [16]. It is highly soluble and exhibits an intrinsic propensity to a B-hairpin
conformation at neutral pH in the PB buffer (10 mM sodium phosphate, pH 6.5)
and in pure water [17]. In this study, the third and ninth sites of n3 peptide were
substituted with cysteine and the resulting spin-labeled mutant was denoted as
n3-d. PP-s is a 14-mer-long polyproline model peptide, with the seventh residue
substituted with cysteine. Each peptide had an acetylated N terminus and an ami-
dated C terminus.

To prepare the recombinant Bid proteins, the full-length mouse Bid was cloned
into Ndel/Xhol site of pET28a vector (New England Biolabs, Inc.) and then trans-
formed into the E. coli BL21(DE3) expression strain (Novagen). The recombinant
proteins fused with six-histidine residues at the N terminus were expressed and
purified by an affinity Ni column, as previously described [18]. Briefly, bacte-
rial culture was grown at 37 °C in Luria—Bertani medium containing kanamy-
cin (30 pg/mL) until OD600 reached 0.6—0.8. Protein expression was induced by
addition of 1 mM of IPTG (isopropyl 1-thio-f-p-galactopyranoside) at 30 °C for
4-6 h. The cell pellet was collected by centrifugation and resuspended in ice-cold
lysis buffer (20 mM Tris, 100 mM NaCl, 20 mM imidazole, pH 7.4 and cOm-
plete Protease Inhibitor Tablets). The resuspended pellet was sonicated on ice for
5 min, followed by centrifugation at 13,000g for 40 min. The supernatant was
filtrated through a 0.22 pm filter and then loaded onto an affinity Ni column using
HisTrap HP (GE Healthcare) at a flow rate about 1 mL/min. The column was
washed with 10 column volumes of wash buffer (50 mM Tris, 500 mM NacCl,
and 40 mM imidazole, pH 7.4). Bid fractions were eluted with ten column vol-
umes of elution buffer-1 (20 mM Tris, 100 mM NaCl, and 100 mM imidazole,
pH 7.4) and elution buffer-2 (20 mM Tris, 100 mM NaCl and 500 mM imidazole,
pH 7.4). Purified protein was confirmed by sodium dodecyl sulfate—polyacryla-
mide gel electrophoresis with coomassie blue staining. Imidazole was removed
using a PD-10 desalting column (GE Healthcare) equilibrated with storage buffer
(20 mM Tris and 100 mM NaCl, pH 7.4), and protein concentration was esti-
mated via absorption spectroscopy at 280 nm.

In the spin-labeling experiments, peptides/proteins were labeled with a tenfold
excess of (1-oxy-2,2,5,5-tetramethyl-3-pyrroline-3-methyl) methanethiosulfonate
spin label (MTSL) (Alexis biochemicals, San Diego, CA, USA) per cysteine resi-
due for overnight in the dark at 4 °C. They were further purified by reverse phase
HPLC as previously described [17]. MALDI-TOF experiments were conducted
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to confirm the identity of the peptides. The solution volume used in the bulk sol-
vent study was 40 pL [ca. 0.5 mM in a mixture of 30% glycerol (cryoprotectant)
and PB buffer]. The encapsulation of spin-labeled biomolecules into nanochan-
nels was prepared as previously described [13, 15, 19]. Briefly, 20 pL of biomol-
ecule solution was mixed with 12 mg of mesoporous materials, then the sample
was directly loaded into a quartz tube (3 mm o.d.) sealed with Parafilm and then
sent for ESR measurements. We performed the following experiments to verify
that the spin-labeled peptides/proteins were not adsorbed/left on the outer sur-
face of the materials and that the molecules were trapped adequately well within
the nanochannels. An excess buffer was added into the ESR tube containing the
mesoporous materials. The tube was sent for ESR measurements at room tem-
perature. The collected spectra were found to remain identical to the spectra col-
lected before the addition of the excess buffer; that is, the spectra show typical
slow-motional line shapes, indicating the presence of the nanoconfinement effect.
This study also confirmed that no ESR signal was obtained for the supernatant
liquid after centrifugation. ESR signals were not detected in the supernatant liq-
uid until the materials were incubated in excess buffer for longer than 2 weeks.

2.2 Mesoporous Materials

MSU-H mesoporous silica (abbreviated as MSU) material was purchased from
Aldrich. Two different SBA-15 mesoporous silicates were prepared. One is the con-
ventional fiber-like SBA-15 (denoted as SBA-15) purchased from ACS (Advance
Chemicals Supplier, USA) and the other is the plate-like SBA-15 (referred to as
SBA-15-p) synthesized as previously described [20, 21]. Briefly, tetraethoxysi-
lane (TEOS) was added to a hydrochloric acid (HCI) solution of a triblock copol-
ymer (Pluronic P123, EO,,PO,;,EO,,) and zirconium oxychloride octahydrate
(ZrOCl,-8H,0). The mixture was stirred at 35 °C for 24 h, further added with sul-
furic acid (H,SO,), and then aged at 90 °C for 24 h and then filtered and dried.
The molar composition of the final mixture was 1 TEOS:0.017 P123:5.9 HCI:193
H,0:2.9 H,S0,:0.05 ZrOCl,. The final product was further heated to 350 °C to
obtain the calcined sample (denoted as SBA-15-pl). A series of plate-like SBA-
15-p-type materials with identical unit cell size, but different pore diameters (i.e.,

Table 1 Textural properties of

. Mesoporous material Pore diameter Unit cell size Channel
mesoporous materials (nm) (nm) length
(pm)
MSU 7.1 11.6 0.5-1
SBA-15 8-10 N.A. 1-4
SBA-15-pl 7.6 11.6 0.2
SBA-15-p2 6.5 13.4 0.2
SBA-15-p3 8.1 13.4 0.2
SBA-15-p4 9.1 13.4 0.2
SBA-15-p5 10.4 13.4 0.2
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SBA-15-p2~-p5) were prepared following the reported procedures [21]. The tex-
tural properties of the mesoporous materials are listed in Table 1.

2.3 Pulsed ESR Measurements

All of the ESR measurements were performed at X-band frequency (9.4 GHz).
DEER experiments were carried out using the typical four-pulse constant-time
DEER sequence as previously described [13, 22]. The detection pulses were set
to 32 and 16 ns for z and #/2 pulses, respectively, and pump frequency was set to
approximately 70 MHz higher than the detection pulse frequency. The pulse ampli-
tudes were chosen to optimize the refocused echo. The #/2 pulse was employed with
+x/—x phase cycle to eliminate receiver offsets. The duration of pumping pulse was
about 32 ns, and its frequency was coupled into the microwave bridge by a com-
mercially available setup (E580-400U) from Bruker. All pulses were amplified via
a pulsed traveling wave tube amplifier (E580-1030). The field was adjusted, such
that the pump pulse is applied to the maximum of the nitroxide spectrum, where it
selects the central m;=0 transition of A,, together with the m;=0,+1 transitions.
The sample tube was plunge-cooled in liquid nitrogen and then transferred into the
ESR probehead (ER4118X-MS3), which was pre-cooled to a desired temperature
(50-80 K) using the helium flow system. Accumulation time was 6-10 h at tem-
perature 50-70 K for peptide samples, and 6-9 h at 80 K for protein samples. The
ESE experiments were carried out using the Hahn echo sequence [23]. The field was
adjusted to optimize the spin echo, and the duration time of #/2 and 7z pulses was set
to 16 and 32 ns.

2.4 Data Analysis and Theoretical Background

ESE decay signals were fitted to a stretched exponential function in Eq. (1) to extract
T, value from the ESE data [15, 23]:

V(2r) = V(0)exp [—(;—T> ], (1)

m

where V(27) and V(0) are the echo intensity at time 27, twice the time between the
two pulses, and echo intensity extrapolated to time zero, respectively. Some exam-
ples exhibiting the measurements and analyses are shown in the Online Resource
(Figure S1). The parameters x and T,, describe the shape of the echo decay and x
depends upon the mechanism of echo dephasing. In many cases, the observed sig-
nal decays can be fitted with a simple exponential decay (i.e., x=1) [23, 24]. The
obtained relaxation rate (i.e., 1/7,,) can be approximately considered, as a sum of all
relaxation mechanisms contributes to the spin-echo dephasing.

The contribution from the molecular motion of spin label itself inducing relaxa-
tion is usually minor to the overall spin dephasing at cryogenic temperatures [23].
For nitroxide radicals in the biological system, the following relaxation mechanisms
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can possibly be dominant: (1) spin diffusion (contributed from the nearby nuclear
spins flip-flop, usually from protons); (2) methyl protons rotation in the environment
(especially in the protein buried site); and (3) instantaneous diffusion (controlled
inversion of electron spins by a microwave pulse). The contribution of instantaneous
diffusion to the spin-echo relaxation is given by

2
TUEALBH
1 03A88H

T s 2
Tip 91/3n @

where Ty, is the echo dephasing time associated with instantaneous diffusion, y, is
the vacuum permeability, g, g are the effective values of the g-tensors of the spins,
ug is the Bohr magneton, 7 is the Planck constant divided by 2z, C is the concen-
tration, and A is the fraction of excited spins. Accordingly, in the case of high local
spin concentration, the contribution of instantaneous diffusion to electron spin-echo
dephasing would be significant.

In case of a homogeneous distribution in three dimensions, the baseline slope of
DEER signal can be used to estimate the local spin concentration using Eqs. (3) and
(4) [25-28]:

V(1) = exp(—ki) 3)
with
-3
K =1.0027 2 4)
’IDEERCd

where V(7) is the time-domain DEER background signal, Apggg is fraction of spins
inverted by the pump pulse in the DEER measurement (usually in the range of
0.2-0.3), and C, indicates the mean local spin concentration within the effective
DEER measurable volume (with a radius of ca. 6 nm, with the instrument setup of
the present study). The theoretical curves showing the local concentration change as
a function of the slope of DEER background trace are given in the Online Resource
(Figure S2). In addition, this study also obtained the interspin distance distributions
P(r) by performing the DEER time-domain data analysis using the Tikhonov regu-
larization (TIKR) method based on the L-curve method, followed by a data refine-
ment process using the maximum entropy method [29, 30]. The P(r) results are
shown in the Online Resource (Figure S3).

3 Results

Mesoporous silica materials with three different average pore diameters in the range
of 7-11 nm (MSU, SBA-15, and SBA-15-p, as detailed in Table 1) were used in
the present study. The mesoporous materials exhibit 2D-hexagonal arrangements of
pore channels with major differences in particle morphology (Fig. 1). The length
of nanochannels in the mesoporous materials was estimated from the SEM images
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Fig.1 Morphologies of
mesoporous silica materials

by SEM imaging. a MSU,
rod-shaped with a cross-linked
hexagonal pore structure. b
SBA-15, fiber-like structure
with hexagonally ordered pores.
¢ SBA-15-p-type materials,
platelet morphology with short
nanochannels running parallel to
the thickness of the hexagonal
platelets

(Fig. 1), displaying the respective lengths in this order: SBA-15>MSU > SBA-15-p.
The channels of SBA-15-p are parallel to the thickness of the hexagonal platelet and
are thus the shortest among the three materials studied. As detailed in “Materials
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and Methods”, two spin-labeled polypeptides (i.e., 26-residue-long n3 peptide and
14-mer polyproline) and one spin-labeled protein (i.e., Bid protein) were prepared
for the encapsulation in mesoporous materials in the following experiments.

3.1 Study of Double-Labeled n3 Peptides in Mesoporous Materials

To investigate how the DEER background signal of spin-labeled molecules depends
on the mesoporous materials, we performed DEER measurements for the double-
labeled n3 peptide (n3-d), which exhibits a B-hairpin conformation at pH 6.5 in a

= >
—— SBA-15-p1
[n3-d] (mM)
bulk sol. 05
05 — sga-is 05 }
— MSU 15
0 0.5 1 0 0.5 1
time, [us] time, [us]
(o]
- 1 o
‘3 1.5 njl\go -7
}:E e
1 mM el
= "o -
0.5 Pt O SBA-15-p1
05mM_ - O MsU
& SBA-15
[ === fit
0 0.5 1 1.5 2 25 3 3.5
Cd [mM]

Fig.2 a Time-domain DEER data of spin-labeled n3-d in vitrified bulk solvent versus three different
materials, SBA-15-pl, SBA-15, and MSU. Gray lines are the exponentials that best fit the DEER back-
grounds. [n3-d] is fixed at 0.5 mM prior to the encapsulation. b Time-domain DEER data of spin-labeled
n3-d peptides encapsulated in SBA-15-pl at varying [n3-d] from 0.5 to 1.5 mM. ¢ Correlation plot of
1/T,, versus Cg. Cy is the local spin concentration determined from the DEER background signals. A lin-
ear relation (as indicated by dashed line) between 1/T,, and C is clearly revealed, an important evidence
supporting the role of instantaneous diffusion in the measurements
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phosphate buffer. It was previously shown by ESR methods that n3 peptide retains
most of its hairpin structure when confined in the nanochannels of mesoporous
material [15, 17]. The concentration of n3-d peptides ([n3-d]) was fixed at 0.5 mM
prior to the encapsulation of the peptide solution into mesoporous materials. Fig-
ure 2a shows the DEER time-domain signals of n3-d recorded at 50 K in various
conditions, including the vitrified bulk solvent [i.e., the solution containing 30%
(v/v) glycerol] and the three mesoporous materials (MSU, SBA-15, and SBA-
15-p1). All of the DEER data exhibit a clear modulation depth, which indicates of
interspin distances in n3-d, in the early stage of the recorded DEER time evolution,
consistent with the expectation that n3-d retains most of its hairpin conformation,
whereas the background signals (indicated by gray lines in Fig. 2a) of the DEER
measurements are largely different. We found that although the same [n3-d] was pre-
pared prior to the encapsulation, the DEER background signal changes distinctly
with the mesoporous materials used. As the DEER background represents the inter-
molecular dipolar signal, which reflects the spatial distribution of spins in the ESR
tube [25, 31], our result indicates that the local spin concentration in the ESR tube
depends strongly on the mesoporous materials; the encapsulated peptides are spa-
tially redistributed according to the structure of the host materials. We found that
the background trace of SBA-15-pl is comparable with the result of the bulk sol-
vent and it decays much less rapidly than the results of other materials (SBA-15 and
MSU).

The DEER background signals were fitted to the model of homogeneous distribu-
tion (Egs. 3, 4) to estimate the local spin concentrations (i.e., C,4 as defined in “Mate-
rials and Methods”) after the redistribution of peptides in the materials. C4 values
estimated from the analysis of DEER backgrounds are listed in Table 2 together
with [spin] (i.e., the given spin concentration calculated from [n3-d] X2 Xlabeling
efficiency), providing a quantitative description of how the local spin concentra-
tion Cj is affected by the properties of mesoporous materials. With the same [n3-d]
(0.5 mM, approximately equivalent to [spin]~0.75 mM; Table 2), C, value is esti-
mated to be 3.18, 2.50, and 0.61 mM for SBA-15, MSU, and SBA-15-pl, respec-
tively, in which only the result of SBA-15-p1 is sufficiently close to 0.72 mM, the C,

Table 2 Experimental conditions and analysis results of n3-d peptides

Mesoporous material [n3-d] (mM) [spin]* (mM) Cy (mM) K° T,, (ns)
SBA-15-pl 0.5 0.75+0.05 0.61 0.813 3032
SBA-15-pl 1 1.5+0.1 1.25 0.833 1719
SBA-15-pl 1.5 2.25+0.15 2.04 0.907 1264
MSU 0.5 0.75+0.05 2.50 3.333 1052
SBA-15 0.5 0.75+0.05 3.18 4.240 817
Bulk solution 0.5 0.75+0.05 0.72 0.960 2838

“Labeling efficiency of n3-d is in the range of 70-80%
bk is calculated from C4/[spin] to reflect the extent of clustering

°T,, values are determined from the analysis of pulsed ESE measurements using a stretched exponential
function as described in “Materials and Methods”. Estimated errors are about 5-10%
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value obtained from the DEER data of bulk solvent. In terms of the extent of spin
clustering (i.e., k, defined by C4/[spin]), the results indicate that the number of spins
within the effective DEER measurable volume in SBA-15 is much greater than in
MSU and then SBA-15-pl; the respective x are 4.24, 3.33, and 0.813. The spatial
distribution of n3-d peptides, as reflected by « or Cy, depends critically on the host
materials, suggesting that the shorter is the nanochannel length, the less is x value.

To verify the above finding concerning SBA-15-p1, we performed DEER meas-
urements for the encapsulation of n3-d into SBA-15-p1 with a fixed volume of n3-d
solutions at varying [n3-d] (0.5, 1, and 1.5 mM) (Fig. 2b). We observed that the
DEER backgrounds obtained with SBA-15-p1 material change clearly with [n3-d];
the higher the [n3-d], the faster the DEER background decays. It appears that both
channel morphology (Fig. 2a) and the concentration of biomolecules (Fig. 2b) affect
the DEER background decay.

This study also performed ESE measurements to obtain the phase memory
spin—spin relaxation time (7,,; Table 2) for all of the samples studied. For [n3-d]
fixed at 0.5 mM, T,, values (in unit of ns) are 817 (SBA-15), 1052 (MSU), 2838
(bulk solvent), and 3032 (SBA-15-p1). Only in the studies with SBA-15-p1 can we
obtain 7, values comparable to the result of bulk solvent. Figure 2c shows a plot
of 1/T,, versus Cy, revealing clearly a linear correlation between them. The strong
dependence of spin—spin relaxation time on local spin concentration (Cy) is consid-
ered as an important indication that instantaneous diffusion plays a role in the spin-
echo decay, [24, 25] in view of the fact that instantaneous diffusion occurs in cases
of high spin concentrations causing dipolar interaction among on-resonant spins
(i.e., spins pumped by microwaves) [32, 33]. The linear relationship can be observed
for n3-d in the three mesoporous materials studied. It suggests that in the studies
with mesoporous materials, the spatial distribution of the encapsulated biomol-
ecules, reflected by C, or k, is determined by the textural properties of the materials
and that the main spin relaxation mechanism here is instantaneous diffusion.

3.2 Study of Single-Labeled Polyproline Peptides in Mesoporous Materials

To further investigate the spatial distribution of biomolecules in nanochannels, we
performed DEER and ESE measurements for single-labeled polyproline peptides
(PP-s) in MSU and SBA-15 and compared the results with the bulk solvent study.
As PP-s is singly labeled and [PP-s] prior to the encapsulation is fixed (0.5 mM),
the only factor that affects the DEER background signal is the spatial distribution of
PP-s modulated by the textural properties of mesoporous materials. Figure 3a shows
the DEER time-domain signals for [PP-s] 0.5 mM in SBA-15, MSU, and bulk sol-
vent, displaying distinct differences in the DEER background signals. The DEER
signals were analyzed to obtain the respective C,4 values (Table 3); they are 2.25,
1.23, and 0.39 mM in the following order: SBA-15>MSU >bulk solution, which
coincides with the order of nanochannel lengths for SBA-15 and MSU. The result
provides a support for the finding of the n3-d study that the longer the length of
nanochannels is used, the greater the C, value is measured. In other words, we found
that spin-labeled molecules in the materials of longer nanochannels tend to become
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Fig.3 a Time-domain DEER data for single-labeled PP-s peptides in bulk solvent and two different
materials, MSU and SBA-15. [PP-s] is fixed at 0.5 mM. The DEER background signals (gray lines) are
clearly different between the three conditions. The concentration-dependent DEER results for single-
labeled PP-s peptides encapsulated in MSU (b) and SBA-15 (c). d Correlation plot of 1/T,, versus C4. A
linear relation between them is clearly revealed

Table 3 Experimental conditions and analysis results of singly labeled PP-s

Mesoporous material [n3-d] (mM) [spin]* (mM) Cy (mM) K° T, (ns)
MSU 0.5 0.4+0.025 1.23 3.075 1421
MSU 0.75 0.6+0.375 1.32 2.200 1368
MSU 1 0.8+0.05 1.45 1.825 1235
SBA-15 0.5 0.4+0.025 2.25 5.625 853
SBA-15 1 0.8+0.05 2.7 3.375 742
Bulk solution 0.5 0.4+0.05 0.39 0.975 3543

“Labeling efficiency of PP-s is in the range of 70-80%
b is calculated from C,/[spin] to reflect the extent of clustering

T, values are determined from the analysis of pulsed ESE measurements using a stretched exponential
function as described in “Materials and Methods”. Estimated errors are about 5-10%
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more clustered, which leads to an increase in the measured local spin concentration
C,. The same observation can be made from « values as they are 5.625 (SBA-15),
3.075 (MSU), and 0.975 (bulk solvent).

Next, we performed the concentration-dependent DEER measurements ([PP-s] in
the range of 0.5-1 mM) with the materials MSU (Fig. 3b) and SBA-15 (Fig. 3c).
Interestingly, the DEER background signals were observed to change little with
the concentration of spin-labeled molecules, inconsistent with the finding for the
SBA-15-p1 study, as shown in Fig. 2b. The observation for the little change in the
background decay can be quantitatively described by C, values as follows. C, for
the MSU study (Fig. 3b) is determined to be 1.23, 1.32, and 1.45 mM when [PP-s]
is varied from 0.5 to 0.75 and 1 mM; C, for the SBA-15 study (Fig. 3c) is deter-
mined to be 2.25 and 2.7 mM when [PP-s] is varied from 0.5 to 1 mM. However, C,
obtained for MSU is consistently about half of those obtained for SBA-15. Collec-
tively, the type of the mesoporous materials plays an important role in determining
the decay of DEER background signals (reflected by C,), hence the spatial distribu-
tion. In the studies with MSU and SBA-15 materials, PP-s peptides tend to clus-
ter (as reflected by large « values) and the sensitivity of DEER background signals
to local spin concentration is somewhat hampered by the morphologies of the two
materials.

T,, of PP-s was measured in the ESE experiment and found to decrease with
increasing [spin] of PP-s (Table 3), in good agreement with the result of the n3-d
study (Table 2). Likewise, a linear dependence between 1/T,, and C, values (Fig. 3d)
is obtained for the PP-s study with MSU and SBA-15 materials. It confirms our ear-
lier finding that instantaneous diffusion is the dominant relaxation mechanism in the
studies of mesoporous materials.

3.3 Effects of Pore Size on the Spatial Distribution of Proteins

In the above sections, we report that the decay of DEER background signal reflects
[spin] in the study with SBA-15-pl, whereas it becomes insensitive to the change
in [spin] when the host material MSU or SBA-15 is used. As the nanochannels of
SBA-15-pl are much shorter in length than those of MSU and SBA-15 materials
(Fig. 1), it suggests that the length of nanochannel plays an important role in deter-
mining the spatial distribution of spin-labeled molecules in the mesoporous materi-
als and that host materials with shorter nanochannels are more effective in reducing
the clustering of spin-labeled molecules (i.e., smaller k). This study, therefore, pre-
pared more SBA-15-p-type materials with various pore sizes to investigate how the
DEER background signal depends on the pore size of mesoporous materials.

A series of SBA-15-p materials with different pore diameters in the range of
6—11 nm (denoted by SBA-15-p2, -p3, -p4, and -p5, as shown in Table 1) were
prepared. Bid protein with molecular weight of 22 kDa and geometric dimensions
of 3X4x4 nm (approximately) is used as a model protein (Fig. 4a). As wild-type
Bid contains two native cysteine residues, it is directly used to generate double-
labeled Bid in the following studies. Figure 4b shows the DEER time-domain sig-
nals of double-labeled Bid proteins encapsulated in various mesoporous materials.
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Fig.4 a Structural model of Bid protein (PDB:1DDB) carrying two spin labels at the native cysteine
sites (30C and 126C). b Time-domain DEER data for spin-labeled Bid protein in six different
mesoporous materials, SBA-15-p(2~5), MSU, and SBA-15. [Bid] is fixed at 0.5 mM. ¢ Correlation plot
of 1/T,, versus C for the Bid results, exhibiting a clear linear relation

Basically, the DEER data are characterized by a clear modulation depth, verifying
the presence of intra-molecular distances in Bid proteins. Importantly, it shows that
even though [spin] is fixed (ca. 0.95 mM), the DEER background intermolecular
signals exhibit a clear dependence on the pore size of host materials. Specifically, C4
is determined to be 1.43, 1.40, 1.7, and 2.13 mM (Table 4) when average pore diam-
eter of the SBA-15-p-type materials is increased from 6.5, 8.1, 9.1, and 10.4 nm. It
suggests that having too large pore diameter (ca.> 10 nm) causes some clustering
of Bid proteins, thus leading to the increase in the measured C, and thus k. Aside
from the result of the largest pore diameter, k value is sufficiently small in the range
of 1.4-1.8. The use of SBA-15-p-type materials is helpful to avoid the molecular
clustering upon the encapsulation. The variation in the pore diameter in the range of
6—10 nm seems to affect little to the spatial distribution of the encapsulated proteins.
k values for Bid in MSU or SBA-15 are significantly greater than those obtained
from SBA-15-p-type materials. Again, the longer is the length of nanochannels, the
greater are the biomolecules clustered.
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Table 4 Experimental conditions and analysis results of doubly labeled Bid proteins

Mesoporous material [Bid] (mM) [spin]* (mM) Cy4 (mM) K° T,, (ns)°
SBA-15-p2 0.5 0.95+0.05 1.43 1.682 1251
SBA-15-p3 0.5 0.95+0.05 1.40 1.474 1225
SBA-15-p4 0.5 0.95+0.05 1.7 1.789 1151
SBA-15-p5 0.5 0.95+0.05 2.13 2.242 840
MSU 0.5 0.95+0.05 3.23 3.400 576
SBA-15 0.5 0.95+0.05 3.84 4.042 500

“Labeling efficiency of Bid proteins is>95%
Y% is calculated from Cy/[spin] to reflect the extent of clustering

T, values are determined from the analysis of pulsed ESE measurements using a stretched exponential
function, as described in “Materials and Methods”. Estimated errors are about 5-10%

Figure 4c shows the plot of 1/T,, versus C; values for the study of Bid pro-
teins encapsulated in the mesoporous materials. A linear relation was again found
between 1/T,, and C,, providing evidence that instantaneous diffusion is dominant in
the study with SBA-15-p-type mesoporous materials.

In summary, the present study has investigated how the spatial distributions of
molecules encapsulated in mesoporous materials are affected by the textural proper-
ties of host materials using pulsed ESR techniques including DEER and ESE meth-
ods. By analyzing the DEER background signals, which reflect intermolecular dipo-
lar interactions within the effective volume of DEER measurement, we are able to
quantitatively describe (in terms of C,) the spatial distribution of spin-labeled bio-
molecules in the mesoporous materials of interest. Value of C, corresponds to local
spin concentration in the effective volume of DEER measurement. In a regular vitri-
fied solvent, C, obtained from the DEER background analysis can be shown to be
consistent with the given spin concentration [spin]. In the studies with spin-labeled
molecules encapsulated in the mesoporous materials such as MSU and SBA-15, we
found that the C, values obtained are approximately 2—6 times greater than the given
[spin]. C4 being too much greater than [spin] indicates that the spin-labeled biomol-
ecules are not only redistributed according to the mesoporous structures, but also
clustered in the local environment of the host materials. The results of the present
study show that preparing host materials with shorter channel length is an effec-
tive way to reduce the clustering of molecules, which consequently makes x close to
unity. As biomolecules, once encapsulated in the mesoporous materials, were previ-
ously shown to diffuse extremely slowly [12, 13], it is reasonable to find that prepar-
ing host materials with long channel length does little help to increase the capacity.
Besides, this study found that increasing pore diameter of the host material causes
little change to the clustering of spin-labeled proteins, provided that the pore size is
sufficient to accommodate the guest biomolecules.

SBA-15-p-type materials have unique hexagonal platelet morphologies with short
channels (ca. 200 nm) running parallel to the thickness of the hexagonal platelet.
Previously, the textural properties of SBA-15-p-type materials have been demon-
strated effective in increasing the uptake rate of organic molecules and proteins as
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compared to other conventional fiber-like SBA-15 materials [34—36]. In the present
study, we show that the use of SBA-15-p-type materials could be a potentially useful
approach to improve the measurement of pulsed dipolar spectroscopy. In the n3-d
studies with SBA-15-pl (Table 2), « values are consistently less than unity when
[spin] is increased from 0.75 to 1.5, and 2.25 mM; the corresponding 7, values are
3032, 1719, and 1264 ns, whereas T, of the bulk solvent measurement (0.5 mM)
is ca. 2838 ns. In the studies of Bid proteins, the T;, values (>1200 ns) for SBA-
15-p2 and -p3 are comparable to that (ca. 1200 ns) obtained in bulk solvent. The
results indicate that it is possible to modulate the spatial distribution of spin-labeled
biomolecules and reduce local molecular clustering (which, consequently, leads to
suppression of instantaneous diffusion and thus an increase in 7,,) by changing the
textural properties (e.g., channel length) of mesoporous materials. The reduction in
C,4, which leads to an increase in T,,, can be achieved by shortening the length of
nanochannels and, as a result, enables a longer evolution time in the DEER signals.
This study has opened a possibility of improving the measurements of pulsed dipo-
lar spectroscopy by modulating textural properties of mesoporous materials.

Finally, we note that this methodology is good for small peptides or proteins that
their secondary structure is not altered by the encapsulation into mesopores. The
assessment presented here has provided valuable information for future experimen-
tal studies on biomolecules under nanoconfinement.

4 Conclusions

This study has assessed the use of mesoporous silica materials to improve pulsed
dipolar spectroscopy. First, this study investigated how the spatial distribution of
spin-labeled biomolecules is affected by the textural properties (e.g., nanochan-
nel length, pore diameter, and nanoparticle morphology) of mesoporous materials.
Our results suggest that the spatial distribution of the encapsulated biomolecules
depends critically on the length of nanochannels. Basically, the shorter the nano-
channel length, the less the extent of the biomolecular clustering in the materials,
likely because that with the same amount of the nanoparticles, the smaller the size
of the individual host nanoparticles, the greater number of the available pores to
accommodate the guest molecules and thus avoid the clustering of biomolecules in
the materials. This study demonstrates that instantaneous diffusion is the major con-
tributor to the spin—spin relaxation mechanism in mesoporous materials. To suppress
the unwanted instantaneous diffusion in the measurements with mesoporous materi-
als, one should focus on reducing the biomolecular clustering through the modula-
tion of the textural properties (e.g., channel length and nanoparticle size) of materi-
als. Although the spatial distribution is also affected by the size of the encapsulated
biomolecules, it is possible that with an appropriate combination of the mesoporous
materials and biomolecules, the spatial distribution of the guest molecules could be
homogeneous and well separated such that the phase memory spin—spin relaxation
time is longer than that obtained in the conventional bulk solvent. With a longer T,
the sensitivity of pulsed dipolar spectroscopy can be improved.
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