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Abstract

Small heat shock proteins (sHsps) are molecular chaperones employed to interact with a diverse
range of substrates as the first line of defense against cellular protein aggregation. The N-terminal
region (NTR) is implicated in defining features of sHsps; notably in their ability to form dynamic
and polydisperse oligomers, and chaperone activity. The physiological relevance of
oligomerization and chemical-scale mode(s) of chaperone function remain undefined. We present
novel chemical tools to investigate chaperone activity and substrate specificity of human HspB1
(BINTR), through isolation of BINTR and development of peptide-conjugated gold nanoparticles
(AuNPs). We demonstrate that BLNTR exhibits chaperone capacity for some substrates,
determined by anti-aggregation assays and size-exclusion chromatography. The importance of
protein dynamics and multivalency on chaperone capacity was investigated using BINTR-
conjugated AuNPs, which exhibit concentration-dependent chaperone activity for some substrates.
Our results implicate sHsp NTRs in chaperone activity, and demonstrate the therapeutic potential
of sHsp-AuNPs in rescuing aberrant protein aggregation.
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1| INTRODUCTION

Small heat shock proteins (sHsps) are molecular chaperones, generally considered to be
among the first line of defense against cellular stress.1:2 These ubiquitous and abundant
sHsps interact with partially folded substrate (also known as target or client) proteins to
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stabilize and prevent their aggregation.3 sHsps are relatively promiscuous when selecting
their substrates, functioning under constitutive conditions as well as in response to various
stress signals.*® The sHsp family has diverse cellular functions, including their involvement
in the proteostasis network as well as playing distinct roles in cellular pathways. HspB1
(Hsp27) is an important member of the sHsp family and has been implicated in diverse
cellular processes, particularly in human tissues. Its ability to interact with non-native
protein states suggests a major role in preventing aberrant substrate aggregation.®.’

Several structural features of sHsps are thought to contribute to their chaperone function.
Each sHsp is comprised of N- and C-terminal regions (NTR, CTR) which flank the highly
conserved a-crystallin domain (ACD) of approximately 90 Amino acids, a defining
characteristic of all sHsps (Figure 1A, B).1:8:9 Dimer formation occurs at an interface
formed by the ACD. Removal of the NTR and CTR has resulted in crystal and NMR
structures for several mammalian ACDs.10 A conserved ACD topology of a 6- or 7-stranded
B-sandwich forms a dimer interface with anti-parallel p-strands, which acts as a basic
building block for oligomer formation. Unlike the ACD, the NTR and CTR vary both in
length and sequence among the sHsps. The NTR and CTR are implicated in regulating inter-
subunit interactions and higher-order oligomerization, and have also been shown to facilitate
interactions with diverse substrate proteins.11-13 A defining feature of sHsps is in their
ability to assemble into polydisperse oligomers of varying shape and size, which exhibit
subunit exchange at physiological temperatures and result in dynamic protein ensembles.314
The formation of these ensembles likely contributes to chaperone activity, although the exact
mechanisms remain unknown. The current hypothesis suggests that sHsps bind partially
denatured substrates via exposed hydrophobic surfaces in order to “kinetically partition” the
substrate from interacting with other metastable species, binding instead to sHsp
hydrophobic surfaces. Some mechanistic models propose the stress-induced “release” of
sHsp dimers from the oligomeric species, which can then interact with partially denatured or
non-native substrates.® These small complexes are able to reassemble with sHsp oligomers
to form larger sHsp—client protein complexes.

Many studies have attempted to identify the molecular and sequence-specific regions of
sHsps that underlie chaperone function, with the majority suggesting a pivotal role for the N-
terminal region (NTR). Studies focusing on the canonical sHsps, human HspB1, HspB4, and
HspB5, have identified several sequences within the NTR that contribute to chaperone
activity. Contradictory reports suggest that there may be more than one sequence within the
NTR that contributes to chaperone activity.1316-18 |t is probable that mutagenesis
experiments would be complicated by the overlapping role of the sHsp NTR in higher-order
oligomeric dynamics. These dual roles are challenging to deconvolute when assessing the
impact of sequence specificity on NTR function. In addition to these challenges, evaluating
the role of higher-order oligomers, multivalency, and available 3D surface properties of
sHsps will contribute to our understanding of the mechanism of action of sHsps, which
currently remains unknown. HspB1 exhibits concentration-dependent oligomerization,
where chaperone activity increases as concentration decreases, suggesting that the dimer is
more active than larger oligomers. The NTR is proposed to be more exposed in this state.
19-24 Mutagenesis studies with physiologically relevant phosphorylation mimics (S — D
mutations) at three different positions in the NTR have resulted in an increase in dimers and

Proteins. Author manuscript; available in PMC 2020 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gliniewicz et al.

Page 3

small oligomers, with a corresponding increase in chaperone activity.2>-27 Recently, a
soluble, truncated, ACD-only structure of HspB1 was solved, highlighting the role of a
redox-sensing cysteine residue in altering protein structure and, in turn, modulating
chaperone activity.10 Importantly, sHsp chaperone activity is retained in ACD-only and
truncated structures, suggesting redundancy may be important for chaperone activity.22:23:28

Several in vitro studies have sought to identify sequences or regions that define sHsp
chaperone activity, which is characterized by its interactions with substrates that prevent or
decrease aggregation.2%-31 Many studies support the central role of the NTR in substrate-
binding, providing further evidence that multiple substrate-interacting domains are present,
though there are conflicting results about which sequences are active.2®-31 While these
differences are sometimes attributed to poor sequence conservation across species, there is a
highly conserved region of the NTR among vertebrate sHsps. Others propose that the dual
role of the NTR in oligomeric assembly and chaperone activity is likely to contribute to
differences in these reports.12 Structural conformations of the NTR (88 amino acids, Figure
1B) are more varied than those observed for the ACD. The NTR is influenced by oligomeric
assembly and dynamics of the full-length sHsp, exhibiting both extended and compact
structures under different conditions.1#:32 For example, HspB6, which naturally dimerizes, is
proposed to have a compact and exposed NTR in solution.33 Recently, efforts to map
interaction sites on the substrate, malate dehydrogenase (MDH), and another sHsp, yeast
Hsp26, have identified several sites throughout each protein. Sites within the NTR, ACD,
and CTR of Hsp26 were identified, and interacting regions were distributed across the
denatured MDH surface.3* Additional studies have used both chemical and photo-
crosslinking methods to identify sHsp-substrate interacting regions across a variety of sHsps
from different organisms. They have concluded that the NTR is the primary site of substrate
binding, although binding to the ACD and CTR occurs and may mediate interactions under
different stress conditions.35-37 Furthermore, it is possible that sHsps utilize a hierarchical
mechanism to activate multiple substrate interacting sites under various stress conditions in
order to maintain the integrity of cellular proteostasis.38:39

Importantly, recent models highlight the diverse physiological roles of sHsps necessary to
maintain the proteostasis network, expanding beyond substrate binding alone. Specifically,
sHsps have likely broadened their roles beyond “holdase™ activity and the prevention of
large aggregate formation. Recent studies using yeast sHsps demonstrate that two sHsps
(Hsp26 and Hsp42) utilize distinct mechanisms to establish a comprehensive system for
combating protein misfolding. Interestingly, one of the yeast sHsps (Hsp42) is actively
involved in aggregase activity. Hsp42 induces co-aggregation with a denaturing substrate
early on, ultimately leading to more soluble and less toxic aggregates. This activity is
dependent on interactions with Hsp26 NTR.3440 Due to the dynamic nature of sHsp
oligomeric architecture, the dual role of the NTR, and the variety of client proteins that
sHsps interact with under physiological conditions, it is likely that several sequences within
each sHsp contain chaperone activity.1442 Additionally, it is plausible that chaperone
activity may manifest as a combination of interactions with a single substrate.12:41

Chaperone activity (defined as anti-aggregation activity for sHsps) is measured
experimentally, in vitro, using model substrates under conditions that induce protein

Proteins. Author manuscript; available in PMC 2020 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gliniewicz et al.

Page 4

unfolding and aggregation.#? Previous studies have identified functional “mini-chaperones,”
which correspond to a small fragment (~20 residues) from the ACD of several mammalian
sHsps. These mini-chaperones exhibit in vitro chaperone activity in addition to other
protective properties.#3-47 Substrate binding sites in the ACD of mini-chaperones are
markedly hydrophobic.28:43:48 |n addition to sites in the ACD, the flanking NTR is
implicated in substrate binding, likely contributing to the versatility of sHsp substrate
binding through hydrophobic and other interactions.1149 Reflecting upon these observations
from previous studies, we hypothesized that the NTR, in the absence of both the ACD and
CTR, may possess chaperone activity. The protective effects of the ACD-derived mini-
chaperones suggest their potential to function as therapeutics for human diseases associated
with protein aggregation. Further identification of additional peptides exhibiting chaperone
activity may advance the development of such therapeutics.

Here, we establish that the human HspB1 N-terminal region (BINTR) alone (ie, the NTR in
the absence of the ACD or CTR) can interact with substrates in vitro to exhibit chaperone
activity. We thus identify, for the first time, a truncated region outside of the ACD with this
ability. Further, we examine the chaperone activity of BLNTR toward different substrates.
B1NTR exhibits varying activity toward each substrate protein, measured as the degree to
which aggregation of the substrate is suppressed. Overall, we observe that BINTR is a more
effective chaperone for MDH and Lys, compared to CS. These results suggest that the NTR
of this sHsp contributes to substrate selectivity by interacting with substrates at different
times during the aggregation process. Finally, we investigate the role of multivalency in
sHsp-substrate interactions by conjugating BINTRs to 10 nm and 5 nm gold nanoparticles
(AuUNPs) resulting in stable, multivalent, peptide-conjugated AuNPs (“artificial sHsps™) that
replicate in vitro chaperone activity and substrate selectivity.>%-54 These BINTR-AUNPs
also exhibit varying substrate selectivity, influenced both by BINTR and the relative size of
the AuNP. Our NTR-AUNPs are promising candidates for exploring the molecular
mechanisms of ATP-independent chaperone activity. These artificial sHsps provide tools to
investigate the molecular mechanisms of sHsp—client interactions decoupled from sHsp
oligomer dynamics, while also investigating the importance of the NTR in contributing to
general chaperone activity.

2| MATERIALS/EXPERIMENTAL DETAILS

2.1| Peptides, proteins, and reagents

MDH was obtained from EMD Millipore. Lysozyme (Lys) and citrate synthase (CS) were
procured from Sigma-Aldrich. HALT protease inhibitor cocktail was purchased from Fisher
Scientific. Unconjugated citrate-coated AuNPs, PEGylated gold nanoparticles (PEG-NP),
and high and low density purified sHsp-conjugated AuNPs (BLINTR-NP) were obtained
from Nano Hybrids (Austin, TX). Prior to HspB1INTR conjugation, a PEG linker was
attached to the AuNP to increase NP stability. The resulting NPs were stored in 1x PBS with
0.05% Tween and characterized by DLS and TEM (Supporting Information).
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2.2 | Protein expression and purification

The NTR (residues 1-88) of HspB1 with an inserted N-terminal cysteine (BLNTR) was
expressed from the pMCSG?7 vector after ligation independent cloning (gifted by Dr. Jason
Gestwicki, UCSF). HspB1NTR was designed with an N-terminal cysteine residue for use in
several downstream applications. The first was to facilitate the coupling of the peptide to the
surface of AuNPs using thiol-gold interactions.®® In future studies, incorporating a label for
B1INTR may be necessary, and the presence of a single cysteine would create a site-specific
chemical “handle” for labeling experiments. Furthermore, wild-type HspB1 does contain a
single cysteine within the ACD, indicating the presence of a cysteine residue is not out of
place in the context of potential HspB1-substrate interactions. All recombinant sHsps were
expressed in Escherichia coli BL21 (DE3), cultured in LB media containing 100 pg/mL
ampicillin or 50 pg/mL kanamycin (wild-type HspB1), as previously described.5¢ Protein
expression was induced with the addition of isopropyl thio-p-D-thiogalactoside to a final
concentration of 0.5 mM at 25°C for 5 h. Wild-type HspB1 was purified by methods
previously described.®” Recombinant human HspB1 was expressed in £. co/iBL21 (DE3)
cells using plasmids kindly gifted by Dr. Jason Gestwicki (UCSF). Cells were first spun
down at 11 000 RCF at 4°C for 15 min, and then resuspended in lysis buffer (20 mM Tris,
100 mM NaCl, 6 M urea, 5 mM B-mercaptoethanol, 15 mM imidazole, pH 8.0) with the
addition of a cocktail protease inhibitor. Resuspended cells were sonicated for 6 intervals of
30 s with 30 s breaks in between. The lysed cells were then spun again at 20 000 RCF and
4°C for 45 min. All proteins were purified from lysate using Ni2* affinity columns.
Resulting proteins were exchanged into 25 mM sodium phosphate and 100 mM sodium
chloride buffer (pH 7.4), and then underwent further purification by SEC in 1x PBS (pH
7.4). Protein concentration was determined using the Thermo Scientific BCA assay kit and
NanoDrop One UV/Vis Spectrometer (Thermo Scientific).

2.3 | CD-spectroscopy

BINTR was diluted to 0.24 mg/mL in PBS. CD spectra were recorded in a Jasco J-1500
Spectrometer (Jasco Co., Tokyo, Japan) at 24°C. Far UV CD spectra were recorded using a
cuvette with 1 mm path length at 0.5 nm intervals between 190 and 250 nm. The spectra
were taken as the average of 15 scans recorded at a speed of 100 nm/min.

2.4 Chaperone-like activity assay

To determine whether the NTR of HspB1 modulates chaperone function, BINTR, BINTR-
NPs, and corresponding controls (HspB1, PEGNPs, citrate-NPs) were independently mixed
with two heat-denatured substrate proteins, MDH and CS. CS aggregation assays were
performed using 2.5 uM of substrate in 0.1 mL PBS (pH 7.4) at 45°C, in both the absence
and presence of BINTR, BINTR-NP, wild-type HspB1, or other indicated controls. MDH
aggregation assays were performed using 15 uM of substrate in 0.1 mL PBS (pH 7.4) at
45°C, in the absence and presence of BINTR, BINTR-NP, wild-type HspB1, or other
indicated controls. The DTT-induced aggregation of Lys was also observed in 1x PBS (pH
7.4). Lys (35 uM) was denatured in the presence of 20 mM DTT in a clear bottom 96-well
plate. Aggregation was monitored at 340 nm in a Molecular Devices M5e multi-mode plate
reader under constant temperature (37°C), while shaking for 10 s between each read. All
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assays were normalized based on the maximum absorbance of the averaged substrate (CS,
MDH, and Lys) curves.

25| Chaperone and substrate solubility gel

Samples obtained from the chaperone-like activity assay (0.5 mL) were centrifuged at 13
000 RPM for 3 min, repeated twice. The soluble and pelleted fractions were collected
separately. Following this, 1x non-reducing sample loading buffer was added to each
sample. MDH samples and controls were run on 10% mini-PROTEAN TGX precast gels
(Bio-Rad). CS samples and controls were run on 8-16% gradient mini-PROTEAN TGX
precast gels (Bio-Rad). Lys samples and controls were run on a 10% mini-PROTEAN TGX
precast, stain-free gel. All gels were run for 40 min at 160 V. The gels were silver stained
according to the protocol specified in the Pierce Silver Stain kit (Thermo scientific).

2.6 | Size-exclusion chromatography

Changes in protein complex size arising from the interaction of BINTR with substrate
proteins were analyzed by size-exclusion chromatography (SEC). Samples were prepared
using equimolar ratios of BLNTR and substrate, as indicated. Concentrations varied for each
substrate, 5 uM CS, 50 uM MDH, or 75 uM Lys, and were mixed with indicated amounts of
BINTR. Each sample (1 mL) was heated at 45°C for 1 h, then cooled to room temperature.
Following this, 200 pL of each sample was loaded on to a Superdex 200 10/300 increase or
Superose 6 10/300 increase column, equilibrated with PBS (pH 7.4) and attached to an
AKTA Pure 25 (GE Healthcare, Pittsburgh, PA). The column was run at 4°C with a flow rate
of 0.3 mL/min. Previously, each column had been calibrated with the following protein
markers: thyroglobulin (669 kDa), y-globulin (158 kDa), ovalbumin (44 kDa), myoglobin
(17 kDa), and vitamin B12 (1.35 kDa), to generate a standard curve (see Supporting
Information Figure S2).

2.7] 1,8-ANS (ANS) binding studies
A stock solution (20 mM) of 1,8-ANS (1-anilinonaphthalene-8-sulfonic acid, Sigma-
Aldrich) was dissolved in DMSO and diluted using 1x PBS to a 100 uM final concentration
for each assay. The binding assay was performed by combining BINTR (15 mM final
concentration) with ANS for 1 h at either 25°C, 45°C, or 55°C. Fluorescence was measured
in a 96-well, black, flat-bottom, polypropylene plate (Fisherbrand) on a M5e multi-mode
plate reader (Molecular Devices). The solutions were excited at 375 nm and emission
intensities were measured from 400 to 600 nm. All values are measured in arbitrary units
and were normalized to the highest value for ANS binding to BINTR at 25°C. Each curve is
the average of =3 independent trials.

3| RESULTS

3.1| BINTR characterization

Previous studies have implicated sHsp NTRs in chaperone activity and suggest that varying
lengths and physiochemical properties contribute to substrate selectivity.12:24.58 Therefore,
we investigated the chaperone-like activity of BINTR to determine if this region of a human
sHsp affected anti-aggregation activity in vitro, independently of the ACD and CTR.
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Production of the full-length NTR (residues 1-88) of human HspB1 was performed using
standard recombinant protein expression and purification, resulting in a peptide fragment of
~9.5 kDa (Figure 1C).

sHsp NTRs are generally considered to have relatively few secondary or other structural
elements, especially compared to the ACD. There are several different reports on the
location and exposure of the NTR in the context of small and large oligomeric assemblies.
This suggests that many three-dimensional conformations are likely to be attributed to this
region of the protein and are influenced by various factors such as concentration, substrates,
and post-translational modifications.1>23 We performed CD spectroscopy of soluble
B1INTR(0.24 mg/mL) to identify the presence of secondary structural elements. CD data
were processed using two methods. The first, described by Raussens et al.,>® resulted in
secondary structure identification of: 6.5% B-strand, 25.9% turn, 12.5% random, and 39.1%
other structural elements. The second method, CAPITO, described by Weidemann et al.,6°
reported secondary structural elements: 26% helix, 13% B-strand, and 61% irregular. For
comparison, based on the sequence of BINTR, CAPITO predicted the structure of BINTR
would be 24% helix, 0% p-strand, and 76% irregular, according to the Chou-Fasman
algorithm (Supporting Information Figure S$1).6% Overall, our CD data primarily indicate the
presence of irregular or unstructured elements in addition to small percentage of a-helical
elements, which was previously undetermined.

Full-length sHsps exhibit concentration-dependent structural changes. To determine if
similar structural alterations are observed in the absence of the ACD and CTR, we
monitored concentration-dependent changes in BINTR structure using SEC and SDS-PAGE
(Figure 2A,B). All samples were prepared using the same protein stock solution and were
diluted to the final concentrations indicated (Figure 2A). At low concentrations of BINTR
(25 uM, 0.24 mg/mL), a small peak (Peak A) was observed by SEC in addition to a
monomer form, which was observed at ~9.5 kDa by SDS-PAGE (Peaks B,C). In the gel,
Peak A did not indicate the presence of any protein, suggesting negligible protein was
eluted. (Figure 2B). The peaks and corresponding gel fractions observed for 25 uM BINTR
indicate less relative protein compared to the samples prepared at higher concentrations (50
and 150 uM, 0.48 and 1.45 mg/mL, respectively), which would be expected. The elution
peaks do not shift as a result of concentration changes, indicating the protein is not forming
significant oligomers in response to changes in concentration, unlike full length sHsps.
There is a small peak eluting at ~21.5 mL (Figure 2A,B, Peak D), which likely corresponds
to a minor contaminant (lane D). At all concentrations, a band was observed by SDS-PAGE
(~10 kDa), corresponding to BINTR (Figure 2B lanes B,C). Overall, fraction samples
shown in Figure 2B identify BINTR eluting over a ~2 mL broad peak, which likely arises
from varying protein conformations. A standard curve was obtained for calibration of the gel
filtration columns prior to evaluating BINTR samples (see Supporting Information Figure
S2).

The hydrophobic core of BINTR was analyzed using fluorescence changes in 8-
anilinonaphthalene-1-sulfonic acid (ANS) binding before and after heating (see Supporting
Information Figure S3). A decrease in ANS fluorescence is observed as temperature
increases from 25 to 45°C, which suggests BINTR contains exposed hydrophobic regions in
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solution. We hypothesize that BINTR is reorganized to minimize unfavorable hydrophobic
interactions at low temperature, which is consistent with the CD data suggesting
unstructured elements are present. At higher temperature, some reorganization occurs to
expose these hydrophobic surfaces and decrease ANS intensity. This would be consistent
with prior data indicating other truncated sHsps form unstable structures in solution.12:13

3.2| Chaperone activity of soluble BINTR

The in vitro chaperone activity of BINTR compared to full-length wild-type HspB1 was
investigated using three model substrates, MDH, CS, and Lys. Heat-induced aggregation of
MDH and CS, and DTT-induced aggregation of Lys was used to measure the chaperone
activity of BINTR and HspB1. These substrates are widely used to characterize sHsp
chaperone activity and enable broad comparisons in client protein—sHsp interactions due to
differences in denaturing requirements of each substrate. Given that sHsps are oligomeric
ensembles, several ratios of substrate to chaperone were compared to identify potential
trends in the relative amount of chaperone protein required to provide significant anti-
aggregation activity in solution. A panel of controls demonstrates the stability of BINTR
and wild-type HspB1 upon heating to 55°C (see Supporting Information, Figure S4).

When CS was investigated as the denatured client protein, BINTR exhibited a dose-
dependent suppression of aggregation (Figure 3A), as revealed by light scattering
measurements. An equimolar ratio of CS to BINTR led to an initial increase in aggregation,
whereas increasing the amount of chaperone to a 1:6 (CS: BINTR) ratio resulted in a >80%
suppression of light scattering. Compared to full-length HspB1, BINTR is less active when
preventing the aggregation of CS (Figure 3A). This is not surprising, as there is likely more
than one interacting site on the full-length sHsp.3* Additionally, different oligomerization
states observed for wild-type HspB1 may play a role in substrate binding. Both of these
features of full-length HspB1 are absent in BINTR. The chaperone activity of BINTR at
low concentrations, specifically with 1:1 and 1:3 ratios of CS to BINTR, altered the lag
phase and overall aggregation of CS (Figure 3A). The 6-fold increase in aggregation
suggests that BINTR s interacting with CS during the unfolding phase at low
concentrations and co-aggregating with the substrate. This observation is also supported by
SDS-PAGE analysis. In the case of CS, this contributes to an overall decrease in the
protective capacity of BINTR at low concentrations of chaperone, relative to substrate.
Wild-type HspB1 also permits an increase in initial aggregation of CS, however, the overall
protective capacity is higher compared to BINTR. Interestingly, this would be consistent
with the requirement of additional substrate-interacting sites in the ACD or CTR of HspB1
in order to maintain the protective capacity of HspB1 for CS.

The heat-induced aggregation of MDH was suppressed in a dose-dependent manner by
BINTR (Figure 3B), which demonstrated significant chaperone activity. Intriguingly,
BINTR is a more active chaperone for MDH when compared to full-length HspB1 ata 1:1
(substrate:chaperone) ratio. The kinetics of chaperone function are different for BINTR than
for HspB1, revealed by an initial increase in the aggregation rate of MDH, which slows
significantly after ~5 min in time-dependent aggregation experiments. This change in the
lag-phase of aggregation indicates that BINTR may interact with MDH during unfolding to
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change the pathway relative to that exhibited in the absence of a chaperone. Wild-type
HspB1 also increases initial aggregation of MDH, similar to BINTR. However, the total
protective capacity of BINTR is greater than wild-type HspB1 at similar concentration
ratios. While this result is surprising, there are reports of other NTR mutations leading to an
increase in chaperone protective capacity compared to wild-type sHsps.12 The increase in
protective capacity of BINTR may arise from the combined effects of changing the initial
unfolding pathway of MDH and from the allowance of more efficient substrate interactions,
compared to wild-type HspB1. We hypothesize that role of the NTR in oligomeric assembly,
when attached to the ACD and CTR, may contribute to the regulation of sHsp—substrate
binding, and for some substrates, decrease the substrate—chaperone interactions. This would
provide a possible mechanism to account for the increase in chaperone capacity of BINTR.
In the absence of the ACD and CTR, there is no regulatory mechanism to prevent earlier
association between the NTR and substrate. The regulatory effect of sHsp oligomerization
may be physiologically important during cellular stress, so as to impart control on both the
number and type of substrate—chaperone interactions. Importantly, BINTR exhibits
increased protective capacity for MDH compared to CS (Figure 3A,B), indicating possible
substrate selectivity for denaturing MDH relative to CS. This would indicate that the
regulatory effects of sHsp oligomerization are not equally important for all substrates in
vitro. Differences in the protective capacity of NTR mutations have been previously
described for other sHsps and indicate that chaperone activity is not equivalent for all
substrates, potentially contributing to divergent physiological roles for each sHsp.12

Evaluating the DTT-induced denaturation of Lys was particularly important for
characterizing the substrate selectivity and chaperone activity of BINTR. This allowed for a
comparison of substrates that denature under varying mechanisms in order to begin probing
the effect of a range of conditions on sHsp chaperone activity. Overall, BINTR exhibits
chaperone activity for Lys, where a 1:1 ratio of Lys: BINTR decreases substrate aggregation
by ~50%. The protective capacity of BINTR is similar for both MDH and Lys. However,
unlike the chaperone activity displayed with CS or MDH, the lag phase of Lys aggregation
was unaffected by BINTR. We observed changes in the onset of aggregation (lag phase)
when CS and MDH were the substrates and no variation when Lys was a substrate, This
indicates that the protective capacity of BINTR had little to no effect on Lys unfolding, and
that the chaperone capacity of BINTR manifested only in preventing subsequent
aggregation. Unlike CS and MDH, which undergo heat-denatured unfolding, Lys
aggregation is induced by the reduction of disulfide bonds by DTT. This difference in the
nature of substrate unfolding may contribute to the mechanism(s) of chaperone capacity of
the sHsp NTR, which would be consistent with the model describing a hierarchical
mechanism of sHsp—substrate binding and chaperone activity. Surprisingly, BINTR is a
more active chaperone than wild-type HspB1 under similar conditions (Figure 3C). These
results suggest that the oligomeric organization of HspB1 potentially affect chaperone
activity and that the oligomeric dynamics may affect sHsp activity in a substrate-specific
manner, resulting in reduced activity. A model where available sHsp substrate binding sites
are regulated or modulated by sHsp oligomer dynamics could account for the increase in
activity of BINTR relative to wild-type HspB1. Taking into consideration that the BINTR
protein has less quaternary structure and demonstrates more chaperone capacity for some
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substrates, we propose that the availability of the NTR for Lys substrate interactions is
essential to chaperone activity. Our data indicate, as exhibited by an increase in chaperone
capacity of BINTR for MDH and Lys relative to full-length HspB1, that substrate binding
sites within BANTR have chaperone activity. Furthermore, when BINTR is decoupled from
modulating quaternary dynamics, in vitro chaperone capacity increases for some, (MDH and
Lys), but not all substrates. This interesting observation was not expected, but is consistent
with other studies where mutations in sHsp NTRs resulted in increased chaperone activity
compared to wild-type sHsps.12

3.3| SEC of substrate—chaperone complexes

To determine whether BINTR a/one can interact with a substrate, mixtures of Lys-BINTR
or MDH-B1NTR were incubated for 1-3 h at 45°C and the distribution of species was
compared to each unmixed sample (Figure 4). Samples containing 1:1 mixtures of BINTR
and MDH or Lys were allowed to incubate for an hour and were evaluated by SEC, under
heat-denaturing or chemical-denaturing conditions, respectively (Figure 4A,D). The mixture
containing (1:1) Lys:BINTR resulted in SEC shifts of shorter elution volumes, relative to
Lys alone. The peaks were more distinct for the mixed samples, suggesting complex
formation may result in a homogenous sample (Figure 4A). SDS-PAGE evaluation of peaks
from SEC indicates that BLNTR and Lys co-elute, supporting our hypothesis that a complex
forms upon Lys denaturation. Similar analysis of a (1:1) MDH:B1NTR mixture resulted in
shifts toward longer elution volumes and broader peaks, indicating a change in
hydrodynamic radius of the protein mixture relative to each substrate or chaperone run alone
(Figure 4C,D).

The co-elution of the proteins suggests that the mixtures form a complex in solution. When
substrate—chaperone complexes formed, we typically observed oligomeric species that are
shifted in size relative to each individual protein complex (Figure 4). As shown in Figure
4A,B, when Lys was mixed with BINTR, a peak was observed (~20 mL, labeled “2”) that
becomes sharper relative to Lys only (green), and exhibits co-elution of the protein. The
appearance of Peak 2 (Figure 4A) suggests a decrease in radius relative to the unmixed
sample, arising from formation of a new substrate—chaperone complex. These data indicate
the Lys—-B1INTR complex may be more compact relative to each protein alone in solution.
These results are consistent with the chaperone activity assay where BINTR interacts with
Lys, preventing substrate aggregation (Figure 3C).

When MDH is mixed with BINTR, a shift in the complex is observed (Figure 4C,D). Peaks
2 and 3 are shifted to larger elution volumes relative to MDH (peaks 4-6) and BINTR alone,
corresponding to a longer retention time and a complex with a smaller hydrodynamic radius.
Peak fractions were evaluated by SDS-PAGE (Figure 4D), exhibiting a broad size
distribution and indicated co-elution of MDH with BINTR. Although MDH was purchased
from a supplier and indicated to be pure, both the SEC and SDS-PAGE data exhibit likely
contamination (Figure 4C,D). These data suggest that the interactions between BINTR and
both MDH and Lys result in changes to the hydrodynamic radius of the new species relative
to each individual protein (Figure 4A,C). While the SEC shifts are subtle, the results suggest
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that substrate—chaperone complexes interact with sufficient affinity to alter the observed
SEC distributions of the proteins.

The SEC evaluation of the interaction between (10:1) BINTR and CS (Figure 4E) indicates
some complex formation occurs with a large excess of chaperone to substrate. Overall, the
results from both the aggregation assay (Figure 3A) and SEC indicate that BINTR exhibits
chaperone capacity for CS when it is present in large excess, but no capacity is observed
when less BINTR is present (see Supporting Information Figure S5). Interestingly, BINTR
and CS co-elute over a broad range, and analysis of SEC fractions suggests several different
complexes may be present. There is at least one cysteine in CS, which may form a disulfide
with BINTR upon denaturation. Similar to MDH, CS also exhibits impurities as observed
by SDS-PAGE (Figure 4F). We suggest that some of the protein impurities present in CS are
able to interact with BINTR upon heating, which may contribute to the broad SEC co-
elution.

3.4 | Chaperone activity of BINTR-conjugated nanoparticles

One structural aspect of sHsps that likely contributes to their chaperone activity is their
dynamic oligomerization. Many previous studies have suggested that both the
oligomerization dynamics in addition to sequences of the chaperone that act as “interacting
sites” contribute to the activity of sHsps.29-61.62 Since oligomerization implies potential
multivalent protein architectures, we were interested in developing a chemical system to
mimic potential oligomeric states that sHsps can assume. Our rationale is that this would
allow for evaluation of multivalent effects on chaperone activity of sHsps in the absence of
the dynamic properties of the native system, which currently leads to indeterminate results.
To determine whether the immobilization of BLNTR to AuNPs resulted in active chaperone
peptides, BINTR-AuNPs were produced by coupling purified BINTR to 5 nm and 10 nm
AuNPs coated with NHS-terminated PEG linkers. PEG linkers were inserted between the
AUNP surface and the peptide to reduce potential non-specific interactions between citrate-
stabilized AuNPs (unconjugated) and denaturing substrates, since prior work suggests citrate
may affect sHsp chaperone activity.83 The resulting BINTR-AuNPs (BINTR-NPs) were
coated with 210 BINTR peptides/AuNP and exhibited increased diameters, as well as
altered zeta-potentials after coupling (see Supporting Information Figure S6 and Table S1).
Coupling would occur between the linker and any available terminal amine on BINTR. It is
likely that multiple orientations of the peptide are presented on the NP surface.

The chaperone activity of BINTR-NPs was evaluated using three model substrate proteins.
In addition, we examined the effect of nanoparticle size on chaperone capacity of BINTR-
NPs on Lys using 5 nm and 10 nm NP conjugates. When CS was used as a substrate protein,
B1INTR-NPs (10 nm) exhibited dose-dependent suppression of heat-induced CS aggregation
(Figure 5A). At low concentrations of BLNTR-NP (14.9 nM), only a slight shift in
aggregation was observed compared to the absence of chaperone (CS only). At higher
concentrations of BINTR-NP (29.9 nM), chaperone capacity prevented ~50% of CS
aggregation. Similar to the results observed with unconjugated BINTR, when MDH was the
substrate, BINTR-NPs demonstrated a dose-dependent suppression of aggregation. At the
highest concentration of BINTR-NP (29.9 nM), chaperone capacity prevented ~70% MDH
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aggregation. In contrast to the results with CS, even very low concentrations of BINTR-NP
were able to suppress MDH aggregation (Figure 5). In contrast to the results observed for
unconjugated BINTR, the BINTR-NPs do not alter the lag phase of CS aggregation. The
observed lag phase during MDH aggregation is increased slightly, in contrast to the decrease
observed when unconjugated BINTR is used. We hypothesize that conjugation of BINTR to
the AuNPs reduces solution mobility, preventing early interactions with some of the
denaturing substrates.

We evaluated the solubility of these complexes using SDS-PAGE to determine the proteins
present in soluble and insoluble fractions (Figure 5C,D). Increasing concentrations of
B1NTR-NP produce slight decreases in the amount of insoluble substrate protein for both
CS and MDH. It is worth noting that identifying large differences in soluble versus insoluble
fractions by SDS-PAGE is difficult due to potential error resulting from the heterogeneous
and insoluble nature of BINTR-NPs, which creates smearing of the visible bands.
Nevertheless, we observed an increase in soluble MDH that correlated with an observed
increase in chaperone activity at higher ratios of BINTR-NPs:MDH. MDH-BINTR and
MDH-B1NTR-AuUNP complexes were observed by TEM (see Supporting Information
Figure S7). TEM showed a reduction in larger protein aggregates in both chaperone-
containing mixtures compared to MDH only samples, consistent with our solution-phase
data.

We suggest that low concentrations of nanoparticles were able to prevent aggregation of
MDH in part due to their multivalent architecture, as observed for other systems.%* It is
evident that conjugating BANTR to PEG-NPs retains chaperone activity and does not
impede the binding of substrates, a necessary feature of potential sHsp mimics. Additionally,
the observed differences in lag time between conjugated and non-conjugated BINTR
suggest that developing tools to probe the effects of decoupling oligomerization from sHsp-
substrate binding interactions may have utility in unraveling the mechanisms of sHsp
function. Our results, both with unconjugated and conjugated BINTR, consistently suggest
that the chaperone activity attributed to BINTR is more effective when interacting with
MDH compared to CS. Although both are heat-denatured substrates, this reveals that
chaperone behavior is influenced by factors in addition to the type of substrate denaturation.

To exclude the possibility that the PEG linker was responsible for this effect, we tested
methyl-terminated PEG-AuUNPs, which have a methyl group terminating the PEG linker
attached to the AuNP (in place of BINTR, Figures 5A,B and 6B). When PEG-NP was
mixed with CS, a reduction in aggregation was observed, suggesting possible formation of
non-specific interactions between the PEG-NP and denaturing CS.5% Another explanation is
that the AuUNP surface may not be coated perfectly by the PEG linker, allowing for
interactions between the denaturing substrate and the AuNP surface. However, when
PEGNP was mixed with MDH, a dramatic increase in aggregation was observed, indicating
that the PEG-NPs do not contribute to any of the previously observed aggregation
suppression of MDH by BINTR-NPs. These results further indicate the presence of non-
specific interactions on the surface of PEG-NPs. Control aggregation assay experiments with
PEG-NPs indicate a mixture of substrate aggregates form non-specific surface interactions
with NPs (Figure 6). The specific result of the interaction, either an observed increase or
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decrease in aggregation, is substrate-dependent and suggests that as a substrate denatures,
the unique chemical nature of the substrate drives different protein-protein interactions
(Figures 5 and 6). Further examination of these non-specific effects may be worthwhile to
provide additional details about the interactions between denatured proteins and the surface
of conjugated nanoparticles. These studies will enable reduction of non-specific interactions,
as well as development of more specific probes to study these non-enzymatic protein-protein
interactions.

Additional experiments with BLNTR-NPs were performed to explore potential differences in
chaperone activity due to substrate denaturation conditions. BLNTR-NPs were evaluated in
the presence of Lys, which undergoes DTT-induced substrate denaturation. AuUNP absorption
exhibited a small peak shift from 520 nm to 518 nm after heating in the presence of
substrate, indicating the occurrence of complex formation (see Supplemental Information
Figure S8). In addition to the effects of BINTR conjugation on chaperone activity, the
influence of AuNP size on chaperone capacity was evaluated. BLNTR was immobilized to 5
nm and 10 nm PEG-AuUNPs to compare the effects of NP size on chaperone activity. As
indicated in Figure 3, unconjugated BINTR exhibited capacity to prevent aggregation of Lys
(1:1) by ~40%. Decreasing the amount of soluble BINTR:Lys (1:2.3) did not alter the
chaperone capacity of BINTR (Figure 6A). Interestingly, when BINTR was conjugated to
10 nm AuNPs, the results were conflicting. There was an increase in the observed lag time
of initial substrate aggregation, indicating that BLNTR-NPs may facilitate, rather than
reduce, aggregation. In addition, more dilute samples of BAINTR-NPs (1:500 dilution,
orange curve) exhibit ~10% chaperone capacity. However, more concentrated samples
(1:100 dilution, purple curve) display little to no chaperone activity, and we instead observe
an increase in Lys aggregation relative to trials with no chaperone (Figure 6B). These results
suggest that 10 nm B1INTR-NPs induce aggregation of Lys. Unexpectedly, when 5 nm
B1NTR-NPs were evaluated under the same conditions, a concentration-dependent decrease
in aggregation was observed (Figure 6C) with a corresponding shift in the lag phase. Both
B1NTR-NP dilutions resulted in an overall decrease in Lys aggregation relative to
unconjugated BINTR. These data suggest that the interactions between 5 nm BINTR-NP
and Lys have changed, (relative to the experiments with 10 nm BINTR-AuUNPS) resulting in
an increase in anti-aggregation capacity. For comparison, controls were performed with
unconjugated 5 nm and 10 nm AuNPs (see Supporting Information Figure S9), which did
not exhibit a concentration-dependent reduction in aggregation. These initial studies indicate
the importance of surface interactions in contributing to chaperone activity and anti-
aggregation capacity. Future studies will explore the role of protein and nanoparticle
concentration, solvent, as well as other variables that are likely to affect the nature of these
interactions.

4| DISCUSSION

Although previous evidence suggests that sHsp NTRs are important for facilitating substrate
interactions, our results demonstrate, for the first time, in vitro chaperone activity of the
NTR of a human sHsp in the absence of the highly structured ACD and the CTR. This raises
the question of how the activity of the isolated NTR reflects physiological activity of sHsps.
While these results likely do not represent all of the physiological interactions of wild-type
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sHsps, this study presents difficult-to-characterize evidence that sHsp NTRs directly interact
with substrates and impart chaperone activity under varying conditions and concentrations.

Additionally, the present study indicates that multivalent NP probes have the ability to
increase the chaperone capacity of BINTR in vitro. Development of sHsp—NPs enables the
comparison of unconjugated BINTR to BINTR-NPs. This provides a new approach to
explore the relationship between the unfolded state of a substrate and the chaperone capacity
of the sHsp, in the absence of wild-type protein dynamics. Currently, approaches to study
chaperone activity do not uncouple the oligomerization dynamics from substrate binding,
leaving little control over sHsp conformation. Creating chaperone-fused nanoparticles allows
for more control over the system, which can be tailored to evaluate many questions about the
size, shape, and multivalency of the interactions required for chaperone activity.
Furthermore, our results, in combination with prior studies implicating sHsp oligomerization
dynamics in chaperone activity, suggest that substrate-binding and higher-order protein
structure contribute to the mechanisms of sHsp chaperone activity. The dual roles of the
NTR, substrate binding and facilitating sHsp oligomerization, may contribute to regulation
of the chaperone capacity of sHsps by affecting the availability of binding sites. Our studies
are consistent with a model of sHsp activity where substrate binding occurs with the NTR
eliciting chaperone activity. Regulation of sHsp oligomerization via the NTR may influence
the available substrate interacting domains in order to modulate chaperone capacity.
Increases in chaperone capacity are made possible when the NTR is involved only in
substrate binding and not sHsp oligomerization. Our data also support a model for sHsp
activity where the NTR is not the sole region of the sHsp involved in providing chaperone
capacity, as demonstrated by the decrease in chaperone capacity for CS by BINTR relative
to wild-type HspBL1.

Prior studies have implicated the NTR of sHsps in chaperone activity and substrate
specificity, as well as oligomerization dynamics.21:56:66-68 Additional work is needed to
determine the specific amino acids and post-translational modifications that comprise sHsp—
substrate interacting domains for different substrates. BLNTR, in the absence of the highly
conserved ACD (and CTR), protected two model substrates (MDH and Lys) from
aggregation at 1:1 M ratios, while no chaperone activity was observed for CS under similar
conditions. Interestingly, under saturating chaperone conditions (10:1, chaperone:substrate),
some aggregation of CS was prevented by BINTR. We hypothesize that, under these
conditions, the chaperone prevented CS aggregation simply by disrupting CS-CS
interactions. These fascinating and unanticipated results indicate the likelihood that more
than one interacting domain exists on wild-type sHsps, some of which are outside of the
NTR. Additionally, these results suggest that different sHsp domains impart some level of
substrate specificity. We speculate that different regions of sHsps, not just the NTR are
capable of binding substrates and in fact, are likely based on our results that different
substrates interact to varying degrees with the NTR. The present study also advances new
insights into the role of the NTR in contributing to chaperone capacity. The observed
increase in chaperone capacity of BINTR compared to wild-type HspB1 with Lys as the
substrate suggests a possible mechanism of modulation for sHsp- substrate interactions.
Oligomerization or contacts made by the ACD and CTR to the NTR in the full-length
protein could act to regulate substrate—sHsp interactions that are not present when the NTR
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is isolated. We hypothesize that different substrates bind to different regions or sites of the
sHsp and that oligomerization of sHsps contributes to substrate specificity by providing
varying accessible surface contacts to promote different protein—protein interactions
depending on the substrate.

Moreover, native sHsps are post-translationally modified, which has been shown to
modulate their activity. Phosphorylation, in particular, is noted to contribute to sHsp activity.
We suggest that using phosphorylation mimics within the truncated NTR would likely
influence substrate binding due to changes in the sHsp surface properties, even in the
absence of altering oligomerization dynamics of the truncated protein. Future experiments
will evaluate the role of changing the physical and chemical characteristics of sites typically
modified within the NTR to evaluate the role of these residues on substrate binding.

While examining the chaperone activity of BANTR in solution, we became interested in
determining whether multivalent “artificial” sHsp NTR-NP conjugates could affect the
chaperone activity of BINTR. Specifically, since oligomerization is an important and
defining feature of sHsps that likely contributes to chaperone activity, we hypothesized that
multivalent effects contribute to the mechanisms underlying their function. A powerful
method to bioengineer potent peptide therapeutics is to fuse peptides to nanoparticles, which
provides a platform for controlled molecular weight, cellular release, assembly, and
multivalency.59-72. Previous work has demonstrated that fusing a mini-chaperone peptide to
protein polymers results in chaperone-active nanoparticles that reduce apoptosis in cells.
43454773 pdditionally, since native sHsps form dynamic oligomeric structures, which at
least in part contribute to activity, we hypothesized that multivalent probes using active mini-
chaperones may result in in vitro chaperone activity by simulating the oligomeric scaffold to
present substrate-interacting domains. In addition, these new materials would be tunable
chemical probes to examine the importance of multivalent interactions, protein dynamics,
and protein—protein interactions that underlie non-enzymatic chaperone activity, allowing for
the investigation of sHsp function within the chaperone network. Importantly, the surface
characteristics of the NPs could be tuned to possibly select for specific cellular substrates.
Our initial examination of sHsp-derived NPs indicates that characteristics of the sHsp-
derived peptide are retained after covalent attachment to AuNPs, as chaperone activity
continued to be observed.

In summary, we demonstrate that the relatively unconserved NTR from a ubiquitous human
sHsp, HspB1, is soluble and retains in vitro chaperone function in the absence of the ACD
and CTR. Additionally, the BINTR exhibits substrate specificity when comparing activity
for three model substrates. Soluble BINTR has more chaperone capacity for MDH and Lys
than for CS under similar conditions. Furthermore, to investigate the role of protein
quaternary structure and multivalency in chaperone activity, we desighed NTR-conjugated
AUNPs to simulate the function of sHsp oligomers while lacking the dynamic features of
wild-type sHsps. In this first characterization of BLNTR-NPs, we determine that artificial
sHsps retain in vitro chaperone activity, and also exhibit concentration-dependent decreases
in substrate aggregation for MDH and Lys. The size of the AuNP contributes to the
chaperone capacity of BINTR-NPs, as demonstrated by an increase in chaperone activity
with 5 nm BINTR-NPs compared to 10 nm B1INTR-NPs. Finally, we show that BINTR
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displays substrate selectivity, as displayed by the large decrease in aggregation of MDH and
Lys compared to CS. The latter result suggests that there may be more than one interacting
domain on sHsps, since full-length HspB1 has greater activity toward CS. A crucial
remaining question, therefore, is whether denaturing substrates interact with multiple sites
on sHsps. Do different substrates interact with different combinations of sites on sHsps?
Furthermore, do post-translational modifications impact substrate binding, particularly to the
NTR, and, if so, how?

Multivalent BINTR-NPs are a novel tool to facilitate studies aiming to identify and better
understand chaperone-interacting-domains and have potential for multiple applications, such
as creating combinatorial peptide tools, developing mini-chaperone therapeutics, and
understanding the role of oligomers or multiple domains in sHsp chaperone activity.
Additionally, these new chemical tools allow for important fundamental investigations into
the mechanisms underlying sHsp chaperone activity, and may function as probes for non-
enzymatic protein—protein interactions involved in cellular proteostasis
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FIGURE 1.
Domain organization, sequence, and characterization of HspBINTR. (A) sHsps are defined

by three regions, the N-terminal region (NTR), a-crystallin domain (ACD), and the C-
terminal region (CTR). Residues 1-88 were isolated and defined as HspB1INTR. (B) The
amino acid sequence of HspBINTR. Residues highlighted in red undergo post-translational
modifications. (C) SDS-PAGE gel of purified HspB1INTR after silver stain. The protein
marker highlights standards at 150 kD (highest band) and 10 kD (lowest band) while
HspB1NTR is ~9.5 kD. (D) CD spectroscopy of soluble HspB1INTR (0.24 mg/mL) at 25°C
in1x PBS, pH 7.4
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FIGURE 2.
Concentration-dependent structural changes of soluble BINTR.(A) Concentrations of

soluble, unconjugated BINTR (25 pM [0.21 mg/mL], 50 uM [0.475 mg/mL], or 150 uM
[1.47 mg/mL]) were evaluated by SEC (Superose 6 10/30 increase) at 4°C. (B) Fractions
collected from SEC evaluation (A) were identified by SDS-PAGE using silver stain at 50 uM
(0.476 mg/mL) of BINTR at 25°C. Fractions contributing to each peak were collected and
combined prior to removing a sample for SDS-PAGE evaluation. Protein marker is indicated
(M) and relative size is listed in kDa
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Aggregation of denatured substrate proteins CS, MDH, and Lysozyme (Lys) in the presence
of BINTR and wild-type HspB1.(A) Heat-induced CS (2.5 uM) aggregation in the presence
of 2.5, 7.5, or 15 uyM BINTR or wild-type HspB1 (2.5 pM) at 45°C. (B) Heat-induced MDH
(15 uM) aggregation in the presence of 2.5, 7.5, or 15 yM BINTR or wild-type HspB1 (2.5
uUM) at 45°C. (C) DTT-induced (20 mM) aggregation of Lys (35 uM) in the presence of (35

UM) BINTR or (35 pM) wild-type Hs
independent replicates. Data were nor

pB1 at 37°C. Each curve is an average of >4
malized to the maximum absorbance of the averaged

respective substrate-only curves in each graph
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FIGURE 4.
BINTR forms complexes with substrates during protein aggregation. (A) After incubation

for 1 h at 45°C with 20 mM DTT, mixed samples of (1:1) Lys (75 uM) and BINTR (75 pM)
or each protein individually, were evaluated by SEC on a Superose 6 10/30 increase column
at 0.3 mL/min. Peak fractions are indicated by numbers. (B) SDS-PAGE gel of respective
sample elution fractions corresponding to observed peaks. Protein molecular mass marker is
in far-left lane. Each indicated gel lane represents a sample taken from a fraction
corresponding to those indicated on SEC traces, above. 1: BINTR only, 2: BINTR + Lys, 3:
BINTR + Lys, X: spillover lanes, 4: Lys only. (C) Mixed samples (1:1) BINTR (50 uM) and
MDH (50 uM) were evaluated by SEC after heating at 45°C for 1 h. Individual samples were
obtained under similar conditions. Peak fractions are indicated by numbers above gel lanes.
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(D) SDS-PAGE gel of each respective peak elution obtained from independent SEC runs.
Each indicated gel lane represents a peak obtained from multiple fractions and labeled on
corresponding SEC traces, above in C. (E) A 10:1 ratio of BINTR (50 uM) and CS (5 uM)
were evaluated by SEC after heating at 45°C for 1 h. Individual sample evaluations were
obtained under similar conditions. Peak fractions are indicated by numbers above gel lanes.
(F) SDS-PAGE gel of each respective peak elution obtained from independent SEC runs.
Each indicated gel lane represents a peak obtained from multiple fractions and labeled on
corresponding SEC traces, (E). M: protein molecular weight marker, X: spillover lanes, 1:
BINTR + CS, 2: BINTR + CS, 3: BINTR + CS, 4: CS only, 5: CS only
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FIGURE 5.

Chaperone-like activity during heat-induced aggregation of substrates, CS and MDH. (A)
Heat-induced CS (2.5 uM) aggregation in the presence of 14.9, 22.5, 29.9 nM BINTR-NP or
PEG-NP (7.48 nM) at 45°C. (B) Heat-induced MDH aggregation in the presence of 7.5,
14.9, 22.5, 29.9 nM BINTR-NP or PEG-NP (7.48 nM) at 45°C. Each curve is an average of
=3 replicates. (C) Mixed samples of CS (2.5 uM) and BINTR-NP were separated into
soluble (s) and insoluble (p) fractions and analyzed by SDS-PAGE after shaking for 1 h at
45°C. Samples are: (L) Molecular mass marker, (1) CS (only), (2) CS: BINTR-NP (14.9
nM), (3) CS: BINTR-NP (22.5 nM), (4) CS:BINTR-NP (29.9 nM). (D) Mixed samples of
MDH(2.5 uM) and BINTR-NP were separated into soluble (s) and insoluble (p) fractions
and analyzed by SDS-PAGE after shaking for 1 h at 45°C. All SDS-PAGE gels were
developed using silver staining. Gel samples are: (L) Molecular mass marker, (1) MDH
(only), (2) MDH: BINTR-NP (7.5 nM),(3) MDH: BINTR-NP (14.8), (X) spillover lane (4)
MDH: BINTR-NR (29.9 nM)
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FIGURE 6.
Chemically induced aggregation of denatured lysozyme (35 puM) by DTT (20 mM) in the

presence and absence of conjugated BINTR-AuUNPs. (A) Chemically induced aggregation of
35 UM Lys (black), Lys (35 uM) in presence of BINTR (15 pM, green), and BINTR only
(15 M, blue) with DTT (20 mM) at 37°C. (B) Aggregation of Lys in the presence of DTT
(20 mM) at 37°C in the presence of conjugated BLNTR-AuNPs using 10 nm AuNPs (OD
10) at dilutions 1:100 and 1:500 (final concentration), and PEG-AuUNP (1:8 dilution, 10 nm
AuNP). All dilutions are calculated relative to the initial concentration of OD 10 for each 10
nm AuNP sample. All dilutions performed in 1x PBS, pH 7.4 (C) Chemically-induced
aggregation of Lys (35 pM) with DTT (20 mM) at 37°C in the presence of BINTR-AuNPs
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using 5 nm AuNPs (OD 2) at final dilutions of 1:20 (purple) and 1:100 (orange) relative to
starting OD 2 for each AuNP sample. Each curve is the average of =3 independent trials
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