UCLA
UCLA Previously Published Works

Title

Probing the structural basis and adsorption mechanism of an enzyme on nano-sized
protein carriers

Permalink
https://escholarship.org/uc/item/1vp8g0qg]|
Journal

Nanoscale, 9(10)

ISSN
2040-3364

Authors

Pan, Yanxiong
Neupane, Sunanda
Farmakes, Jasmin

Publication Date
2017-03-09

DOI
10.1039/c7nr00276a

Copyright Information
This work is made available under the terms of a Creative Commons Attribution License,

availalbe at https://creativecommons.org/licenses/by/4.0J

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/1vp8g0q1
https://escholarship.org/uc/item/1vp8g0q1#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

Published on 17 February 2017. Downloaded by University of California- Los Angeles on 3/15/2023 6:08:26 PM.

Nanoscale

ROYAL SOCIETY

OF CHEMISTRY

View Article Online
View Journal | View Issue

CrossMark
& click for updates

Cite this: Nanoscale, 2017, 9, 3512

Received 12th January 2017,
Accepted 16th February 2017

DOI: 10.1039/c7nr00276a

rsc.li/nanoscale

Introduction

Probing the structural basis and adsorption
mechanism of an enzyme on nano-sized protein
carriersy

Yanxiong Pan,$? Sunanda Neupane,$? Jasmin Farmakes,® Michael Bridges,”
James Froberg,© Jiajia Rao, Steven Y. Qian,® Guodong Liu,? Yongki Choi° and
Zhongyu Yang*®

Silica nanoparticles (SiNPs) are important nano-sized, solid-state carriers/hosts to load, store, and deliver
biological or pharmaceutical cargoes. They are also good potential solid supports to immobilize proteins
for fundamental protein structure and dynamics studies. However, precaution is necessary when using
SiNPs in these areas because adsorption might alter the activity of the cargoes, especially when enzymes
are loaded. Therefore, it becomes important to understand the structural basis of the cargo enzyme
activity changes, if there is any. The high complexity and dynamics of the nano—-bio interface present
many challenges. Reported here is a comprehensive study of the structure, dynamics, and activity of a
model enzyme, T4 lysozyme, upon adsorption to a few surface-modified SiNPs using several experi-
mental techniques. Not surprisingly, a significant activity loss on each studied SiNP was found. The struc-
tural basis of the activity loss was identified based on results from a unique technique, the Electron
Paramagnetic Resonance (EPR) spectroscopy, which probes structural information regardless of the com-
plexity. Several docking models of the enzyme on SiNPs with different surfaces, at different enzyme-to-
SiNP ratios are proposed. Interestingly, we found that the adsorbed enzyme can be desorbed via pH
adjustment, which highlighted the potential to use SiNPs for enzyme/protein delivery or storage due to
the high capacity. In order to use SiNPs as enzyme hosts, minimizing the enzymatic activity loss upon
adsorption is needed. Lastly, the work outlined here demonstrate the use of EPR in probing structural
information on the complex (inorganic)nano—bio interface.

sition, such as metals, inorganics, organic molecules, or block
polymers, as well as their particle sizes and surface functional

Nanotechnology has advanced many areas of life over the past
few decades. The involved nanomaterials, especially nano-
particles (NPs), often have unique chemical, electrical, optical,
and magnetic properties, depending on the chemical compo-
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groups. An attractive area for the use of NPs, especially the
nonporous silica nanoparticles (SiNPs), is to house enzymes
for enhancing catalysis efficiency’ ® and to carry and deliver
genes and even prodrug molecules.”® Of particular interest to
us is to immobilize enzymes onto the nonporous SiNPs.
Immobilization of enzymes helps increase the environmental
tolerance of enzymes, prevents enzyme aggregation and/or
unfolding, and allows for the reuse of the host.> Compared to
other NP hosts/carriers, the SiNPs have straightforward prepa-
ration, relatively low-cost, and good biocompatibility.” While
most enzyme immobilization were realized via covalent
bonding of the enzyme to the nonporous SiNPs, it is also
promising to attach enzymes via non-covalent interactions
(ca. charge-charge interaction). In doing so, the potential
enzyme structural restriction caused by covalently linking
one site of the enzyme to the solid phase can be minimized. It
also makes it possible to detach the enzyme from the solid
host.

This journal is © The Royal Society of Chemistry 2017
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Another potential application of SiNPs is to serve as hosts
to immobilize proteins to probe protein structure and
dynamics information at the molecular level. This area has
important potential to be explored because the complications
caused by the protein rotational tumbling can be effectively
removed.®® For example, the continuous wave (CW) electron
paramagnetic resonance (EPR) in combination with Site-
Directed Spin Labelling (SDSL)’ probes protein backbone
dynamics in a site-specific manner. This approach relies on
the close relationship between the EPR line shape and the
spin label motion, which includes both protein rotational tum-
bling and backbone dynamics. For smaller proteins (<45 kDa),
the rotational tumbling dominates the line shape and washes
off its sensitivity to backbone motion. An effective approach to
avoid protein rotational tumbling is to immobilize the target
protein onto a solid support. A common approach to immobi-
lize proteins is via the CNBr-activated sepharose beads.'®!
The surface charges of SiNPs are often tunable, making it
possible to immobilize proteins via non-covalent bonding and
the adsorption reversible. Taken together, SINPs as hosts and/
or carriers are important in both nanotechnology and protein
science.

One of the major concerns in utilizing these SiNPs to carry
or host enzymes is the possible enzymatic activity loss caused
by the molecular interaction between the SiNPs and the cargo
enzymes. A common consequence when an enzyme is
adsorbed to a carrier is the structural and/or conformational
changes upon adsorption, the scale of which are often associ-
ated with the activity loss at various levels."*** In addition, the
surrounding biomolecules may also reduce the enzymatic
activity of the cargo enzyme, by either blocking the access of
substrates or replacing the adsorbed enzyme molecules.'®"”
Therefore, understanding the structure-function relationship
of cargo enzyme on SiNP surface in the biological environment
becomes an essential task in nanobiotechnology.

When adsorbed to the SiNP surface, the enzyme molecules
usually form two layers of the well-known protein corona: the
hard corona and the soft corona.’””** While the soft corona
contains protein loosely adsorbed, the hard corona is formed
by proteins tightly adsorbed to the SiNP, which is, therefore,
the corona layer where the enzymes function and the focus of
most studies on enzyme-carrier complexes. While exciting pro-
gress has been made to help understand the hard corona, the
structural basis of the enzymatic activity loss and the relative
orientations of the enzymes upon adsorption to their SiNP car-
riers still need to be elucidated. Full understanding of these
interactions are challenging to obtain, mainly due to the large
size of and the difficulty to co-crystallize the protein/SiNP com-
plexes as well as the high heterogeneity and dynamics of the
protein-SiNP interaction (“dynamic corona”).

Reported here is a comprehensive study to probe the struc-
ture, dynamics, and function of a model enzyme, T4 lysozyme
(T4L), upon adsorption to a few surface-modified SiNPs
using the EPR spectroscopy in combination with several
other analytical techniques. Prior to this work EPR has been
mainly applied to probe structure information in complex
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biological or synthetic systems.***” The technical advantage of
EPR in these studies is the capability to probe structure and
dynamics information of macromolecules in their native
states, regardless of the size and complexity.*® Particular infor-
mation EPR provides are long-range (a few nm) intra-macro-
molecular distance distributions®**° and site-specific confor-
mational dynamics in a broad time window (ns to ms).>*!
Comparing to other experimental techniques, EPR has some
unique advantages which make it a good complimentary
approach. For example, the size limitation of NMR-based struc-
tural determination can be removed by EPR. In comparison to
the large fluoro-labels, the small EPR spin label causes
minimal structural perturbation to the target macromolecules
and results in smaller uncertainties in distance measure-
ments.>® EPR is able to probe macromolecules in their native
states, which is particularly helpful for systems that are
difficult to crystallize. Based on two EPR techniques, the CW’
and the Double Electron-Electron Resonance (DEER)* EPR,
the dynamic and structural changes of T4L enzyme upon
adsorption to these surface-modified SiNPs were characterized.
The average number of adsorbed proteins per SiNP was esti-
mated and the residues that are responsible for making
contact with each SiNP surface and other enzymes (when the
SiNPs were fully loaded) were identified via CW EPR. Then, the
extent of structural changes was probed via DEER.
Interestingly, it was found that the adsorbed enzyme can be
released via pH adjustment, highlighting the possibility of
using two of the studied SiNPs to perform controlled release of
cargo enzymes. Lastly, possible structural models for enzyme
adsorption to different SiNPs are proposed.

Results and discussion

T4L is a good model enzyme for our study for several reasons.
It cleaves glycosidic linkages in the peptidoglycan of bacterial
cell walls.*” The intrinsic flexibility of T4L is closely correlated
to its enzymatic activity, which serves as a good model to inves-
tigate the structure-function relationship of enzymes.**** In
addition, T4L has been investigated with EPR in solution and
other medium with data well-interpreted in literature, making
it a good reference protein for EPR study.*> Due to its relatively
small size (18.7 kDa), the CW EPR spectrum of spin-labeled
T4L is dependent on the intrinsic motion of the spin label, the
local backbone dynamics of the labeled site, and the rotational
tumbling of the protein molecule.”'**® Upon adsorption onto
the SiNPs, the rotational tumbling of the enzyme molecules is
severely restricted, causing a significant change (broadening)
in CW EPR line shape. This change can be used to indicate
and monitor the behavior of the protein in the protein-SiNP
complex.® Lastly, TAL has a positive net charge at the pH 7,
making it possible be adsorbed by SiNPs.

To employ EPR, the SDSL is often employed to implant a
paramagnetic spin label to the desired site of the target
protein.””*® In SDSL, a cysteine residue is generated via site-
directed mutagenesis, followed by reaction with a methane-

Nanoscale, 2017, 9, 3512-3523 | 3513


https://doi.org/10.1039/c7nr00276a

Published on 17 February 2017. Downloaded by University of California- Los Angeles on 3/15/2023 6:08:26 PM.

Paper

thiosulfonate spin labeling (MTSL) reagent to form a di-
sulfide bond with the cysteine.>*” The so-generated protein
side chain is often named as “R1”.*’ It has been demonstrated
that attaching an R1 sidechain at a number of sites in T4L
does not alter the function or the secondary structure of the
protein.>®*®* In order to evaluate the effects of surface
charge and functional groups on enzyme adsorption, three
SiNPs were prepared, the amine-, the hydroxyl- and the car-
boxyl-coated SiNPs, the net charge of which is positive, nega-
tive, and negative at pH 7, respectively (from now on we desig-
nate them as NH2-SiNPs, OH-SiNPs, and COOH-SiNPs, respect-
ively, for simplicity).

Characterization of the model protein and SiNPs

A total of eight TAL mutants were spin labeled for our study
(the spin-labeled mutants were named as xR1 where x is the
residue being mutated). These mutants essentially scan
through the whole protein. The enzyme mutants expressed
and spin-labeled in our laboratory were confirmed to have
native secondary structure and activity using the Circular
Dichroism (CD) spectroscopy and an activity assay,*® respect-
ively. In addition, the CW-EPR spectra of the spin-labeled
mutants were acquired to confirm the local conformational
dynamics of the labeled sites to be identical to those reported
in the literature (Fig. $11).>*®* The involved SiNPs were pre-
pared as described in the ESIf and characterized using the
Fourier Transformation Infrared (FTIR) spectroscopy
(Fig. S2A%), the zeta potential measurements (Fig. S2Bt), and
the Transmission Electron Microscopy (TEM). As shown in
Fig. 1, the TEM indicated that the average diameters of the
OH-SiNPs and the COOH-SiNPs were ~30 nm. The NH2-SiNPs,
however, were severely aggregated. Therefore, no TEM image
was attempted for the NH2-SiNPs. The surface charge of each

Fig.1 TEM images of the OH-SiNPs (A) and the COOH-SiNPs (B) in
water. The approximate particles diameter is 30 nm in each case. Upon
saturation of the OH-SiNPs (C) and the COOH-SiNPs (D) with the T4L
44R1 mutant, a clear black layer coating each SiNP is evident, indicating
the adsorption of enzyme on SiNPs. Abbreviations are defined in the
main text.
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SiNP was as expected as determined by the zeta potential
measurements (cf. Fig. S2B and ESIT text).

TEM images depict the adsorption of T4L onto SiNPs

One of the best ways to depict and confirm enzyme adsorption
to SiNPs is to visualize the change in TEM upon enzyme adsorp-
tion. Therefore, the TEM images of T4L adsorbed to the OH-
and the COOH-SiNPs (enzyme-to-SiNP ratio ~10000:1) after
incubation for ~30 min were acquired. The resultant mixtures
were washed extensively to remove non-adsorbed enzymes (the
SiNPs were “fully saturated” with T4L). The phosphotungstic
acid was used to stain molecules outside of the nanoparticles.
As shown in Fig. 1C and D, the dark areas surrounding each
particle clearly indicate the adsorption of T4L onto SiNPs.

Atomic force microscopy (AFM) images confirm the enzyme
adsorption

AFM imaging provides direct visualization of enzyme adsorp-
tion with higher resolution. The AFM images of the COOH-
and the OH-SiNPs in the absence and presence of T4L adsorp-
tion (enzyme-to-SiNP ratio ~10000:1) were acquired. As
shown in Fig. 2A (images 1, 2, 5, & 6), without enzyme the
images of the two SiNPs are indistinguishable. Upon enzyme

Height (nm)
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a 1
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Fig. 2 (A) AFM images for 1: COOH-SiNP, 2: OH-SiNP, 3: T4L-COOH-SiNP,
4: TAL-OH-SIiNP (10 pm X 10 pm). The z scale is 0-30 nm for images 1 and
2 and 0-120 nm for images 3 and 4. Images 5, 6, 7, 8 are the zoom of
images 1, 2, 3, 4, respectively (2 pm x 1.3 pm). The z scale is 0-30 nm for
images 1, 2, 5, and 6 and 0—120 nm for images 3, 4, 7, and 8. (B) The height
image: blue-dotted = 5, red-dotted = 6, blue = 7, and red = 8.

This journal is © The Royal Society of Chemistry 2017


https://doi.org/10.1039/c7nr00276a

Published on 17 February 2017. Downloaded by University of California- Los Angeles on 3/15/2023 6:08:26 PM.

Nanoscale

adsorption, the particle sizes are clearly increased (Fig. 2A).
Furthermore, the overall size of the COOH-SiNPs (Fig. 24,
images 3 & 7) is larger than that of the OH-SiNPs (Fig. 24,
images 4 & 8), indicating more enzymes were adsorbed to the
COOH-SiNPs. The height image (Fig. 2B) shows a better view,
wherein protein adsorption increases the size of the particle,
and there is apparently more proteins adsorbed to the
COOH-SiNPs (Fig. 2B, red vs. blue).

Probing the loading capacity of the hard corona

A key character of the SiNP-based enzyme carriers is the
loading capacity. To probe this, we prepared a series of mix-
tures with increasing T4L-to-SiNP ratio for the OH- and the
COOH-SiNPs. After an incubation of at least 30 min, the super-
natant of each sample was separated from the mixture via cen-
trifugation (2000 rpm, 5 min). The amount of adsorbed
protein at each ratio can be computed by subtracting the
amount of protein in the supernatant from the total added
protein. The adsorption profile was then obtained by plotting
the amount of adsorbed protein as a function of the added
TA4L-to-SiNP ratio. There was essentially no adsorption on the
NH2-SiNPs, as most added proteins remained in the super-
natant. This is expected since, at pH 7.0, T4L and NH2-SiNPs
repulse each other due to their positive surface charges. Both
the OH- and the COOH-SiNPs showed a clear indication of T4L
adsorption. The adsorption profile of the OH-SiNPs, as shown
in Fig. S3,T indicates that as the T4L-to-SiNP ratio is increased,
the amount of bound protein is increased. A plateau is
reached with ~3500-4000 protein per SiNP. Such adsorption is
most likely due to the opposite surface charges of T4L and the
OH-SiNPs. Interestingly, the COOH-SiNPs were so well-separ-
ated and dispersed that, our attempts to separate the super-
natant from the mixture failed. The small amount of remain-
ing COOH-SiNPs in the supernatant contributed to the UV
absorption and complicated our measurements. We therefore
did not obtain any reproducible, convincing adsorption profile
for the COOH-SiNPs. A technique which is not so sensitive to
the dispersed COOH-SiNPs should be used.

EPR area analysis to estimate the SiNP-carrier loading capacity

The principle of using EPR area analysis to probe the amount
of adsorbed proteins is based on the fact that the amount of
(spin-labeled) protein is proportional to the CW EPR spectral
area. The CW EPR spectra of a mutant before and after
washing with water can be compared. The percentage of the
adsorbed proteins can be estimated by computing the loss in
the spectral area due to washing. It is worth noting that the
EPR samples were washed via the same procedure as in the
previous section. However, the small amount of suspended
COOH-SiNPs in the supernatant did not present to be a major
problem because the majority of the COOH-SiNPs were settled
to the pellet; the uncertainty in loading capacity estimation
caused by these suspended particles is negligible. This EPR
approach is less sensitive to the presence of SiNPs, therefore
providing a close estimation of the enzyme loading capacity. In
addition, as mentioned above, the restriction of enzyme

This journal is © The Royal Society of Chemistry 2017
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rotational tumbling due to adsorption on SiNPs results in a
broadened EPR spectrum, while the unbound enzymes often
show a relative sharper spectrum.

The mutant we selected for such study was 44R1 since the
“broad” spectral component of its spectrum is well-separated
from its sharp component (see data below). We started with
10000:1 and 15000:1 protein-to-NP ratio for the OH- and
COOH-SiNPs, respectively. After mixing and incubation,
~20 pL sample was loaded to the EPR capillary. This volume is
the effective volume of our cavity resonator. It is important to
use this sample volume so that both the adsorbed and the
unbound proteins are being detected. Loading a sample with a
larger volume will result in missing the detection of the
unbound enzyme since the SiNPs tend to settle down to the
bottom of the capillary. As shown in Fig. 3, both the 44R1/
OH-SiNP and the 44R1/COOH-SiNP sample showed a broad and
a sharp peak in the low field region before wash (black curves).
Upon washing, the unbound or loosely bound proteins were
removed as judged by the disappearance of the sharp peak in
Fig. 3. For the COOH-SiNPs, washing only removed the sharp
component; both the intensity and the line shape of the broad
component are almost unaffected (Fig. 3A). This indicates that
most likely washing did not remove the enzymes already
adsorbed. The area loss due to wash is ~43%, corresponding
to ~6400 protein molecules adsorbed onto each COOH-SiNP.
For the OH-SiNPs, the first round of wash not only removed
the sharp spectral component but also reduced the intensity of
the broad component by ~50% (cf. black rectangle of Fig. 3B).

COOH-SINP
15,000:1

Before wash
After wash (~6378 bound)

OH-SiNP
10,000:1

Before wash
After wash(~1752 bound)

_—

Fig. 3 The CW EPR spectra of the 44R1 adsorbed to the COOH-SiNPs
(A) and the OH-SiNPs (B) with a protein-to-SiNP ratio of 15000:1 and
10 000: 1, respectively, before (black) and after wash (red) with water.
The gray rectangle is to highlight the loss of the peak intensity. The
dotted line is to illustrate the peak position shift between the spectra on
different SiNPs.
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This indicated that the adsorption of the enzyme to the
OH-SiNPs was most likely labile and could be easily disturbed.
Further wash, however, did not decrease the intensity of the
broad component. The area analysis indicated that ~1750 pro-
teins were adsorbed onto each OH-SiNP. Note that this
number is less than that estimated by the adsorption profile
(Fig. S31). The discrepancy is caused by the fact that there was
no wash in the adsorption profile studies (Fig. S37). In fact,
given the 50% loss in the intensity of the broad peak, we
anticipated ~3500 proteins per OH-SINP if no wash was
carried out in the EPR study, which is close to that estimated
by the adsorption profile (Fig. S31). Given the relatively small
diameter of SiNPs (~30 nm), the large number of bound
enzyme indicates a multiplex adsorption scheme (see later dis-
cussions). The enzyme washed off during the EPR experiments
was found to be functionally active (data not shown). There
was essentially no EPR signal from the NH2-SiNPs after
washing, consistent with the fact that all proteins remained in
the supernatant upon mixing with the NH2-SiNPs.

In principle, the relative population of the adsorbed protein
can be estimated with EPR spectral analysis.” However, we
were not successful in such an attempt because the adsorbed
protein might very likely be in a heterogeneous conformation,
and it is difficult to account for the broadened spectral com-
ponent with theoretical models/simulations. Note that the line
width of the 44R1 on OH-SiNPs is slightly broader than on the
COOH-SiNPs (cf. dotted vertical line). This indicates that the
enzymes on the OH-SiNPs might have higher conformational
heterogeneity than those on the COOH-SiNPs (more discus-
sions see below).

Caution is needed when measuring the adsorption capacity,
given the low dispersity of the OH-SiNPs. In fact, partial aggre-
gation of the SiNPs might lead to uncertainties in the esti-
mated loading capacity. Specifically, the gaps between particles
may trap enzyme molecules, yielding a larger capacity.
Meanwhile, the aggregation may decrease the surface area,
leading to a lower capacity. Therefore, before loading enzyme,
we sonicated the SiNPs to ensure dispersion. After adsorption,
prior to EPR measurements, the samples were always mechani-
cally vibrated. Even so, our dynamic light scattering (DLS)
measurements still indicated a polydispersity in the hydro-
dynamic radii of SiNPs (see ESI}). Therefore, the adsorption
capacity reported here is only the average number of adsorbed
protein per SiNP.

Enzymatic activity loss upon adsorption to SiNPs

To probe the enzymatic activity of TAL upon adsorption, we
selected the 44R1 to be consistent with the previous adsorp-
tion capacity studies. Only the OH- and the COOH-SiNPs were
involved since the NH2-SiNPs showed no adsorption. The T4L-
to-SiNP ratios were selected with some extra caution. Due to
the high loading capacity of enzymes on both SiNPs (see
above), it is very likely the enzymes pack to form multiple
layers of enzymes on the SiNP surface (calculations see below).
The enzymes in the inner layer(s) are likely to lose activity due
to the shielding of substrates caused by the outer layer

3516 | Nanoscale, 2017, 9, 3512-3523
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enzymes. In addition, even if only a single layer of enzymes is
coated on SiNP surface, the contact of T4L with the surface
might induce conformational changes of the enzyme, possibly
causing activity loss. Therefore it was decided to investigate
these two extreme conditions for both the OH- and the
COOH-SiNPs. Given the average diameter of ~30 nm, the
surface area of a SiNP was estimated to be ~2800 nm’.
Considering the average area that a T4L molecule could
occupy (~10-12 nm?®), ~250 proteins adsorbed to the SiNP
should form a single layer of protein. Therefore we selected
250:1 as the protein-to-SiNP ratio for all our single layer
studies. Another case was the multiple layer studies wherein
the SiNPs were saturated with T4L. The positive control was to
determine the activity of 44R1 in water with no SiNPs. Our
negative control experiments were to measure the interaction
of the substrates with solely SiNPs.

First it was confirmed that the presence of either SiNPs did
not affect the optical density (OD) at 450 nm as shown by our
negative controls (see Methods and materials, ESI, and Fig. S4+).
To quantitatively evaluate T4L activity upon adsorption to SiNPs,
we followed the procedure reported by Bower et al., wherein the
activity was characterized by the slope of the initial decay of OD
at 450 nm (Fig. 4).** In our case, we performed a linear fit to the
beginning 40 s of each data set (and converted the slope unit to
mA min " as indicated by ref. 43). When the T4L-to-SiNP ratio was
250:1 and the final protein concentration was adjusted to be
the same as in the positive control experiments (Fig. 4A and B
black curves) for the COOH-SiNPs, the slope of the decrease of
OD at 450 nm (green; 90 + 6 mA min'; the value after the “+”
represents the standard deviation from the fitting) is signifi-
cantly slower than that of protein in water (black; 204 + 66 mA
min~"), indicating when the enzyme formed a single layer on
COOH-SiNPs, there was a significant activity loss. This indi-
cated the single-layer adsorption very likely caused a structural
change in T4L. On the OH-SiNPs with the same ratio, the
activity loss (blue triangles of Fig. 4B) was even higher, poss-
ibly indicating an even larger extent of structural changes.
When both SiNPs were saturated with T4L, the concentration
of the SiNPs was adjusted to be the same as that in the case of
250: 1, meaning the adsorbed, final protein concentration was
~6 and ~17 times higher on the OH- and the COOH-SiNPs,

A B

£ ~ COOH-SINPSat | € + OF-SINP Sat
go70 +-COOH-SiNP250:1| S 0-70 —+ OH-SiNP250:1
i) \ - Water 2 Meaan, = Water
@0.60‘2::"% P Vv
> . M’"ﬁt > L

7050 et LT G050 ':':"-;:-_:......._.,_
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Fig. 4 The activity assay of the 44R1 adsorbed to the COOH-SiNPs
(A) and the OH-SiNPs (B) with a protein-to-SiNP ratio of 250 :1 (green)
and when the SiNPs were saturated (red) with the enzyme. The black
curve indicates the activity of 44R1 in water without any SiNPs and is
reproduced in both figures for comparison.
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respectively. Interestingly, for both SiNPs, we did not observe a
decrease in OD at 450 nm (102 + 6 mA min~" for COOH-SiNPs
and 186 + 6 mA min~" for OH-SiNPs) that was consistent with
the protein concentration increase. This indicated that when
multiple layers of enzymes were formed on SiNPs, the enzymes
in the inner layer(s) were inactive, most likely due to the con-
formational change caused by adsorption/crowding and/or the
limited access to the substrates. However, it is unclear why for
the enzyme saturated COOH-SiNPs (Fig. 4A, red), the enhance-
ment in activity was only slightly higher than in the case of the
single layer protein (and the activity is less than the positive
control). A higher mixture viscosity when T4L saturated the
COOH-SiNPs was observed, which severely limited the access
of substrates. Nevertheless, it is clear that adsorption to SiNPs
caused a loss in T4L enzymatic activity.

Probing the origins of the activity loss: site-specific
conformational dynamics of the adsorbed enzyme

Due to the close relationship of structure, dynamics, and
activity of enzymes, it is speculated that the loss in activity was
related to structural and conformational changes. To probe the
conformational dynamics of T4L on SiNPs, the EPR spin label
was introduced onto eight sites of T4L (including 44R1;
cf. Fig. 5A). The CW EPR spectra of these eight mutants upon
adsorption to SiNPs were found to be broadened in compari-
son to the same mutants in solution (Fig. 5B-I vs. Fig. S1+), for
both the single-layer enzyme coated and saturated SiNPs. Since
the CW EPR line shape is known to be sensitive to motion of
the spin label, probing the origins of such broadening on each
site might lead to important structural information of enzyme
adsorption.

When an enzyme is adsorbed onto the SiNP surface, three
factors are anticipated to cause CW EPR line broadening: (1)
contact of the enzyme with the SiNP surface, (2) crowding
caused by nearby adsorbed enzymes when multiple layers are
formed, and (3) restriction of protein rotational tumbling
caused by adsorption and/or crowding. To evaluate the contri-
bution of each factor, a series of control experiments were
included wherein T4L mutants were immobilized onto the
CNBr-activated sepharose beads. Such attachment completely
restricted the protein rotational tumbling due to the formation
of covalent bonds between the -CN groups on the sepharose
surface and the protein amines (lysines). In this case, if there
were any line broadening, it must be contributed by the factor
3 (see above). Contributions from factors 1 and/or 2 were
removed.

When a single enzyme layer was formed on SiNPs, by com-
paring the spectra of TAL mutants on SiNPs with those of the
same sites on the sepharose, sites were identified that show
additional broadening. These sites must be those making
contact with the SiNP surface since factor 3 did not exist in
this case. As shown in Fig. 5(B-I), a comparison of the black
and the dotted curves in the low field region (rectangle) of
each mutant yields that almost every studied site shows an
additional peak (e.g. arrows in Fig. 5C and H), with 151R1 exhi-
biting the least low-field peak intensity (as comparing to
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Fig. 5 (A) The crystal structure of the T4L (pdb: 3lzm) and the Cu of the
residues that were mutated and spin labeled (red spheres) viewed at two
angles. (B)—(I) The CW EPR spectra of each spin labeled mutant when
attached to the CNBr-activated sepharose beads (dotted black) and
when adsorbed to the OH-SiINPs (black and green) and the
COOH-SIiNPs (red and blue). The black and red curves indicate the
spectra taken from samples when the T4L-to-SiNP ratio was 250:1,
while the green and blue curves indicate the spectra of 44R1 when the
corresponding SiNPs were saturated. The rectangle in each figure is to
highlight the spectral region where the spectral line shape changes are
the most evident between different solid supports. The arrows are to
help guide the identification of the spectral changes. Specifically, the
arrow in (B) indicates that the pointed low field peak was populated on
other solids; arrows in (F), and (G) indicate the reduction in peak inten-
sity; arrows in other figures indicate an increase in peak intensity.
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arrows in Fig. 5I). This indicates that when forming a single
layer on the OH-SiNPs, T4L are adsorbed to the SiNP in a
random orientation wherein any residues with positive surface
charges could be contacting the SiNPs. In contrast, on the
COOH-SiNPs (red curves in Fig. 5B-I), there is almost no
additional peak shown in the spectra of 65R1 and 151R1
(solid red vs. dotted black). The broadening in 72R1, 89R1,
and 131R1 are also much less in extent as compared to the
cases when the same mutants are adsorbed to the OH-SiNPs.
The spectra of 44R1, 115R1, and 118R1 show strong broaden-
ing, which indicates that likely on the COOH-SiNPs T4L has a
preference to contact SiNP surface via regions close to residues
44 and 115/118 and via regions close to residues 72, 89, and
131 with a lower preference.

When both SiNPs were saturated with T4L, the CW EPR
spectra of spin-labeled mutants were compared with
those when a single protein layer was formed on the same
SiNPs. Sites showing additional broadening indicate regions
of T4L that are facing more restriction in motion, most likely
due to crowding. For the OH-SiNPs, we found almost no
additional broadening (green vs. black curves in Fig. 5) for all
studied sites, meaning the crowding effects on the OH-SiNPs
were not significant. This means the interaction between mul-
tiple protein layers is not strong enough to cause additional
restriction to the motion the spin labeled sites. This is a
reasonable finding because proteins in the first layer are ran-
domly orientated so adsorption of proteins to the next layers is
also expected to be non-specific. Such non-specific adsorption
is often not enough to create strong inter-enzyme interactions
(to generate additional crowding effects). For the COOH-SiNPs,
when comparing the red and the green curves (Fig. 5B-I),
additional broadening is observed on sites 44R1, 65R1, 89R1,
131R1, and 151R1, indicating that these sites are affected by
strong crowding effects when multiple layers of proteins are
formed. This finding indicates that, since proteins in the first
layer are adsorbed with certain preferred orientations, the
adsorption of proteins to the next layers is also likely to have a
preference in terms of contact sites and orientation. These
specific intermolecular interactions are possibly strong
enough to create additional packing/crowding between pro-
teins in the multiple enzyme layers. The stronger inter-enzyme
interaction also helps increase the loading capacity of the
enzyme on the COOH-SiNPs (see above discussions of Fig. 3).

Probing the origins of the activity loss: intra-protein structural
changes upon adsorption to SiNPs

In addition to the local conformational dynamics of T4L upon
adsorption, the intra-protein structural changes were also
probed with another EPR technique, DEER. DEER EPR spec-
troscopy is a pulsed EPR technique which relies on probing
the magnetic dipolar interaction between two electron spin
centers and extracting the distance distribution probability
between the two centers.’® A great advantage of such pulsed
dipolar spectroscopy’>' is that the distance distribution
profile not only reflects the average intra-protein distance but
also the conformational ensemble of the studied protein. In
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our case, the more conformations the protein spans, the
broader the distance distribution is detected. To conduct
DEER measurement, we created two cysteine mutations on one
protein and spin labeled both. A total of three cysteine pairs
(Fig. 6A) were selected to probe the effects of adsorption to
SiNPs on the global structure of T4L. For all DEER samples,
both SiNPs were saturated by T4L. As shown in Fig. 6B-D, for
each spin pair, the distance distribution of protein on SiNPs
(Fig. 6, black and red curves; data analysis see Fig. S5 and
ESI}) is much broader than that of the same pair in buffer (see
grey shades of Fig. 6).>> This indicates a significant amount of
extra protein conformations are induced by adsorption. This is
not surprising since the crowding is very likely to change the
protein conformation when SiNPs are saturated with T4L.
A more careful look at the differences between the black and the
red curves leads to the trend that proteins on OH-SiNPs have
slightly broader distribution, and therefore slightly more con-
formations than proteins on the COOH-SiNPs. This is consist-
ent with the CW EPR results wherein the low field peak of
44R1 on the OH-SINPs is broader than that of 44R1 on the
COOH-SiNPs (Fig. 3, dotted line). The structural perturbation
caused by adsorption to the SiNPs was also observed from the
CD measurement, wherein the secondary structure of the
enzyme upon adsorption to the SiNPs was found to be per-
turbed as well (details see ESIf).

68R1/109R1

15 20 25 30 35 40 45 50
Distance(A)

68R1/131R1

109R1/131R1

COOH-SINP
OH-SiNP

15 20 25 30 35 40 45 50
Distance(A)

15 20 25 30 35 40 45 50 55
Distance(A)

Fig. 6 (A) The crystal structure of the T4L (pdb: 3lzm) and the Ca of the
three residue pairs that were mutated and spin labeled (green spheres).
Dotted lines indicate the intra-protein distances measured in each DEER
experiment. (B)—(D) The distance distribution of each spin-labeled
cysteine pair when adsorbed to the COOH-SiNPs (black) and the
OH-SiNPs (red). DEER data analysis is provided in the main text and the
ESL.f The gray areas indicate the distance distribution of the corres-
ponding pair when protein is in the spin buffer. There is a clear broaden-
ing upon adsorption to the SiNPs, indicating an increase in protein con-
formational states.
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Differences in the structural basis of enzyme adsorption
between the two SiNPs

The discussion above indicates T4L has a broader range of
protein conformation caused by contacting with the OH-SiNP
surface and/or crowding, while on the COOH-SiNPs T4L has
relatively more uniform conformation. Such finding can be
rationalized to the fact that, in addition to the electrostatic
interaction between COOH-SiNP and T4L, the additional C=0
bonds may serve as proton acceptors to help establish and
stabilize hydrogen bonding, which helps stabilize the protein
and regulate the protein conformation alignment on the
surface of the COOH-SiNPs. The longer linker between the
COOH and SiNP surface (see “Methods and materials” and
ESIf for SiNP preparation) also possibly provides additional
flexibilities to regulate protein conformation.

Desorption of enzyme: reversible adsorption

Since the adsorption of T4L enzyme on these SiNPs was due to
the charge-charge interaction, it must be possible to desorb
the enzyme from the SiNPs via adjusting the SiNP surface
charge. Based on the zeta potential measurements at various
pH (see Fig. S2Bt), the wash solution was selected to have a
pH of 3.0 in 0.01 M NaCl. Under this condition, the surface
charge of the OH- and the COOH-SIiNPs was ~zero and
slightly positive, respectively, which should cause desorption
of enzyme. Indeed, for both SiNPs, we found almost all
adsorbed proteins were detached, as judged by the complete
loss in CW EPR intensity and the enzymatic activity when the
SiNPs were studied after wash. The eluted enzymes after
switching to water medium were found to have identical CW
EPR spectra as the same mutants in water (Fig. S7t). The
eluted enzymes were also found to be functionally active as
judged by the activity assay. The recovery rate was close
to 100% after two rounds of wash. Lastly, the washed SiNPs
were able to be “reloaded” with fresh T4L; the conformation
and activity of the reloaded protein were found to be
identical as those discussed before, indicating the SiNPs can
be reused.

Possible docking models

At pH 7.0, the surface charge of T4L was estimated via the
APBS function of PyMOL and shown in Fig. 7. As expected,
positive surface charges dominate the protein (see blue vs.
red). For the OH-SiNPs, although the spin labeled sites (Fig. 7)
are close to either negatively or positively charged areas, the
local charges of the protein most likely did not form strong
electrostatic interactions with the surface of the OH-SiNP,
since no specific sites were found to make contact with the
SiNP (Fig. 5 and discussion above). This might due to the rela-
tively less negative surface charge and relatively short linker
length (comparing to the COOH-SiNPs) between the -OH
groups and the Si on the surface, the latter of which may
present some hindrance for protein adsorption. It is also
possible that other molecular interactions (e.g. the van der
Waals force) contribute to the adsorption. Nevertheless,
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Fig. 7 The surface charge of T4L estimated using PyMOL's APBF func-
tion. Three views from different angles were presented to show the
location of each studies mutant. Blue: positively charged surface. Red:
negatively charged surface.

we propose the docking model of a single protein layer on the
OH-SiNPs to be as shown in Fig. 8A, wherein the relative orien-
tation of the protein and the SiNP surface is random. When
multiple layers of proteins are formed, since there is no
additional broadening detected in the EPR spectra of all
studies sites, a random orientation of proteins loosely
adsorbed to the first protein layer of the OH-SiNP surface
(Fig. 8B) is again proposed.

For the COOH-SiNPs, at pH 7.0, the surface charge is more
negative than that of the OH-SiNPs. The charge-charge inter-
action might be the dominant driving force for protein adsorp-
tion (and the associated EPR spectral broadening). For
example, we observed strong broadening in the CW EPR
spectra of 44R1, 115R1, and 118R1 because these residues are
close to positively charged regions with large areas (Fig. 7A).
The 72R1, 89R1, and 131R1 are also in close proximity to posi-
tively charged regions (Fig. 7B and C) and therefore showed
some broadening. The site of 65R1 is surrounded by negatively
charged residues (Fig. 7B), and therefore showed the least
possibility to make contact with COOH-SiNP surface (and the
least broadening). The 151R1 is close to the C-terminus of the
protein, wherein the mobility is intrinsically higher. It is likely
that when single enzyme layers are formed on the
COOH-SiNPs, T4L tends to make contact with the regions
close to residues 44 and 115/118 (Fig. 8C, green spheres). It is
also possible for a small amount of T4L to interact with
COOH-SiNPs via the other few residues (Fig. 8C, magenta
spheres). When multiple layers of proteins are formed on the
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Fig. 8 (A) The proposed adsorption model for the OH-SiNPs when a
single layer of T4L is adsorbed. The green dots highlight the preferred
contact point, while the magenta ones show the less favored contact
point, as judged by CW EPR. (B) When the OH-SiNPs were saturated
with T4L, the orientation of each protein is random, and the packing
between protein layers is relatively loose. (C) On the COOH-SiNPs, when
a single layer of T4L is formed, three sites are favored (green) while
another three (magenta) are less favored but still possible to contact the
nanoparticle surface. Two sites (65R1 and 151R1) were found to be
unlikely to make the contact. The model shows certain preferences in
protein orientation relative to the particle surface. (D) When the
COOH-SiNPs are saturated with T4L, three sites locating near the
N- and the C-terminus were found to face more crowding due to
packing (cyan).
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COOH-SINPs, it is more likely for sites 44R1, 65R1, 89R1,
131R1, and 151R1 to face crowding (cyan spheres of Fig. 8D),
meaning these regions are more likely to make contact with
other proteins.

The multiplex adsorption scheme is possible because of the
special surface charge distribution of T4L (Fig. 7). For
example, upon adsorption to the SiNP surface with the posi-
tively charged N-terminus (Fig. 7C) to form the first adsorption
layer, a T4L molecule likely positions its regionally negatively
charged C-terminus away from the particle, forming a second-
ary negatively charged surface. This surface facilitates adsorp-
tion of the next layer of enzymes.

Influence of ionic strength

The charge-charge interaction is expected to be influenced by
the ionic strength of the medium. To probe such influence, we
prepared water medium with different NaCl concentrations
(300, 100, and 25 mM; details see Fig. S8 and ESIt). The
overall findings are that increasing the ionic strength
decreases the adsorption and the ionic strength has a bigger
impact on the adsorption of TAL enzyme on the COOH-SiNPs
than on the OH-SiNPs. The latter is rationalized to the fact
that at pH of 7, the surface of the OH-SiNPs is relatively more
neutral than that of the COOH-SiNPs.

Experimental

Protein expression, purification, spin labeling, and
characterization

Eight T4L mutants, 44C, 65C, 72C, 89C, 115C, 118C, 131C, and
151C, were created via site-directed mutagenesis as described
in the literature.”® These mutants were expressed, purified,
and spin labeled using procedures described in our recent
work.>® The spin-labeled mutants were confirmed to have the
correct secondary structure and activity via CD spectroscopy
and an activity assay, respectively, both of which were
described in our recent work.>* A few representative sites were
characterized via CW EPR to confirm the local conformational
dynamics.

Continuous-wave EPR spectroscopy

The typical sample concentration for our CW EPR studies was
~100 pM. Approximately 20 pL of sample was utilized in each
measurement. A Varian E-109 spectrometer fitted with a cavity
resonator was used for all CW EPR studies.

Preparation of the OH-SiNPs, the NH2-SiNPs, and the
COOH-SiNPs

The classical Stober method was employed to prepare the
OH-SiNPs.>® The particle size of the OH-SiNPs was estimated
to be ~30 nm as judged by TEM (see below). The NH2-SiNPs
were prepared based on the modification of the OH-SiNPs as
described in the ESL.{ A severe aggregation was observed for
NH2-SiNPs. The COOH-SiNPs were prepared via further modi-
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fication of the NH2-SiNPs. The final COOH-SiNPs have better
dispersity.

Fourier transformation infrared (FTIR)

FTIR spectroscopy spectra of the OH-SiNPs, the NH2-SiNPs,
and the COOH-SiNPs were acquired with an FTIR spectrometer
(Thermo Scientific Nicolet 8700) on potassium bromide (KBr)
disk. The broad absorption peak at 3300-3600 cm™" and the
peak at 2980 cm™' indicated the presence of the OH-SiNPs.
The absorption peak at 1486 cm™' indicates the existence of
-NH, group on NH2-SiNPs. The absorption peaks at 1557 and
1722 em™" are consistent with the COOH groups on SiNPs.

Zeta potential measurements

All zeta potential measurements were carried out with a Nano
ZS Zetasizer (Malvern Instrument Ltd). Typical sample volume
is 5 pL for each of the three SiNPs (5 folds). At pH 7.0, the
OH-SiNPs and the COOH-SiNPs were found to have negative
surface charges, while the NH2-SiNPs were found to have posi-
tive surface charges.

TEM

A drop of the sample was placed on a 300-mesh formvar-
carbon coated copper TEM grid (Electron Microscopy Sciences,
Hatfield, Pennsylvania, USA) for 30 seconds and wicked off.
Phosphotungstic acid 0.1%, pH adjusted to 7-8, was dropped
onto the grid, allowed to stand for 2 minutes and then wicked
off. After the grids were dry, images were obtained using a
JEOL JEM-2100 LaBg transmission electron microscope (JEOL
USA, Peabody, Massachusetts) running at 200 KkV.
Phosphotungstic acid is a negative stain that stains the outside
of the particles. This gives the particles contrast when sub-
jected to the electron beam in the TEM.

Activity

The activity assay was tested using the kit purchased from
Sigma-Aldrich (Micrococcus lysodeikticus cells, ATCC no. 4698,
M3770) as described earlier in previous reports was used,*
except that the protein-SiNPs mixtures were used to interact
with the Micrococcus suspension. To eliminate the possibility
of SiNPs affecting OD@450 nm, a series of control experiments
were conducted.

DEER EPR

Four-pulse DEER data at 80 K were obtained on an ELEXSYS
580 spectrometer operated at Q-band. Typical final protein
concentration is <200 pM, with a typical sample volume of
~20 pL. All samples were flash frozen in water. Distance distri-
butions were obtained from the raw dipolar evolution data
using the program “LongDistances” (http:/www.chemistry.
ucla.edu/directory/hubbell-wayne-1).

Desorption

Desorption experiments were conducted for both saturated
OH- and COOH-SiNPs. A representative mutant, 151R;, was
adsorbed to both SiNPs and washed with 2 x 200 pL HCI
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buffer (pH = 3, 0.01 M NaCl). Details of each experiment listed
above are provided in the ESL{

AFM imaging

The imaging measurements were performed using a commer-
cial atomic force microscope (NT-MDT NTEGRA AFM). The
samples were imaged under ambient conditions in semi-
contact mode with a resonant frequency of 190 kHz AFM
probes (Budget sensors).

DLS

The DLS data were obtained by using the Zetasizer (NICOMP
380 ZLS particle sizer, Particle Sizing Systems, Inc., USA) at the
Department of Coating and Polymeric Materials at NDSU.

Conclusions

A comprehensive study of the structure, dynamics, and activity
of a model enzyme upon adsorption to a few surface-modified
SiNPs using EPR spectroscopy in combination with several
other experimental techniques is reported here. The TEM
demonstrated the adsorption of T4L onto two of the prepared
SiNPs. The activity assay indicated a significant loss in enzyme
activity. To probe the structural basis of such activity loss, the
EPR spectroscopy was employed, which overcomes the chal-
lenges in probing structural information at the complex and
dynamic nano-bio interface. It was found to be possible to
estimate the amount of proteins in the hard corona of the
SiNPs via the CW EPR area analysis. The COOH-SiNPs have a
higher loading capacity of T4L enzyme than that of the
OH-SiNPs. By comparing the CW EPR spectra of eight studied
sites when the mutants were adsorbed to larger sepharose
beads and when different protein-to-SiNP ratios were adsorbed
to different SiNPs, the residues responsible for making contact
with SiNPs and/or facing more crowding under various
protein-to-SiNP ratios were identified. Based on this a struc-
tural model to depict the docking of T4L onto the SiNPs with
different surfaces was proposed. Also the global structural
changes caused by adsorption was probed via DEER EPR,
which served as a second view of the structural basis of the
activity loss. Lastly, it was found that the adsorbed enzyme
could be desorbed via pH adjustment, which showed the
potential to use SiNPs for enzyme/protein delivery or storage
due to the high capacity. Future work will be directed to tune
the properties of SiNPs so that the activity loss can be mini-
mized and SiNPs can be used as enzyme hosts. Our results
also highlight the use of EPR in probing structural information
on the complex and dynamic inorganic/nano and biological
interface.
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