1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

o NATIG,

R HE

N WS)))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
J Control Release. 2014 October 10; 191: 4-14. doi:10.1016/j.jconrel.2014.04.028.

Protein polymer nanoparticles engineered as chaperones
protect against apoptosis in human retinal pigment epithelial
cells

Wan Wang*1, Parameswaran G Sreekumar®2, Vinod Valluripallil, Pu Shil, Jiawei Wang?, Yi-
An Lin%, Honggang Cuif, Ram Kannan?, David R Hinton34, and J. Andrew MacKay1
1Department of Pharmacology and Pharmaceutical Sciences, University of Southern California
Los Angeles, CA; 90033-9121

2Arnold and Mabel Beckman Macular Research Center, Doheny Eye Institute, Los Angeles, CA
90033

3Department of Ophthalmology, Keck School of Medicine of the University of Southern California,
Los Angeles, CA 90033

4Department of Pathology, Keck School of Medicine of the University of Southern California, Los
Angeles, CA 90033

SDepartment of Biomedical Engineering, University of Southern California, Los Angeles, CA
90033

6Department of Chemical and Biomolecular Engineering, Johns Hopkins University, Baltimore,
21218, USA

# These authors contributed equally to this work.

Abstract

aB-crystallin is a protein chaperone with anti-apoptotic and anti-inflammatory activity that is
apically secreted in exosomes by polarized human retinal pigment epithelium. A 20 amino acid
mini-peptide derived from residues 73-92 of aB-crystallin protects human retinal pigment
epithelial (RPE) cells from oxidative stress, a process involved in the progression of age related
macular degeneration (AMD). Unfortunately, due to its small size, its development as a
therapeutic requires a robust controlled release system. To achieve this goal, the aB-crystallin
peptide was re-engineered into a protein polymer nanoparticle/macromolecule with the purpose of
increasing the hydrodynamic radius/molecular weight and enhancing potency via multivalency or
an extended retention time. The peptide was recombinantly fused with two high molecular weight
(~40 kD) protein polymers inspired by human tropoelastin. These elastin-like-polypeptides (ELPS)

© 2014 Elsevier B.V. All rights reserved.

Corresponding author: MacKay, J. Andrew (jamackay@usc.edu) Address: Department of Pharmacology and Pharmaceutical
Sciences, University of Southern California; Los Angeles, CA; 90033-9121. Phone Number: 323-442-4118.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wang et al. Page 2

include: i) a soluble peptide called S96; and ii) a diblock copolymer called SI that assembles
multivalent nanoparticles at physiological temperature. Fusion proteins, cryS96 and crySl, were
found to reduce aggregation of alcohol dehydrogenase and insulin, which demonstrates that ELP
fusion did not diminish chaperone activity. Next their interaction with RPE cells was evaluated
under oxidative stress. Unexpectedly, H,O,-induced stress dramatically enhanced cellular uptake
and nuclear localization of both cryS96 and crySI ELPs. Accompanying uptake, both fusion
proteins protected RPE cells from apoptosis, as indicated by reduced caspase 3 activation and
TUNEL staining. This study demonstrates the in vitro feasibility of modulating the hydrodynamic
radius for small peptide chaperones by seamless fusion with protein polymers; furthermore, they
may have therapeutic applications in diseases associated with oxidative stress, such as AMD.
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1. Introduction

Small heat-shock proteins (SHSPs) maintain protein homeostasis by binding substrate
proteins in non-native conformations and preventing irreversible aggregation [1]. Partly
mediated by oligomerization, they shift between an inactive low-affinity state and active
high-affinity oligomers. Stress, such as heat shock, shifts their equilibrium towards
formation of active oligomers. By forming intermediate complexes with nonnative protein
conformations, these active oligomers guard against protein denaturation [1]. One member
of the sHSPs family, aB-crystallin has attracted attention due to its roles in neuroprotection,
anti-inflammation, and biophysics of assembly [2]. Ongoing research by our group has
focused on its potential for treating age-related macular degeneration (AMD) via protection
against apoptosis induced by oxidative stress [3]. It has been reported that aB-crystallin
expression increases in retinal pigment epithelial (RPE) cells of patients with both late ‘dry’
and ‘wet” AMD [4]. We reported that prominent expression of aB-crystallin correlates with
the observation of drusen, which are extracellular subretinal deposits associated with early
AMD [5]. In RPE cells, aB-crystallin has significant cytoprotective effects mediated by
suppression of protein aggregation and the proteolytic action of caspase 3 [3].

aB-crystallin is composed of a conserved a-crystallin domain flanked by a variable N-
terminal domain and a C-terminal extension. Similar to other SHSPs, the a-crystallin domain
consists of 6-8 -strands organized in two [-sheets [6]. Surprisingly, Bhattacharyya and
coworkers reported that residues 73-92 of aB-crystallin (DRFSVNLDVKHFSPEELKVK)
are sufficient to prevent aggregation of denatured substrate proteins in vitro, similar to the
full length protein [7]. The fact that this ‘mini-peptide’ retains full chaperone activity
suggests that it too has therapeutic potential to rescue RPE cells from oxidative stress. In
contrast, an overlapping (underlined amino acids) fragment of residues 90-100 of aB-
crystallin (KVKVLGDVIEV) forms oligomeric fibrils exhibiting -sheet-rich structures
similar to other amyloid oligomers [8]. These oligomers exhibit cytotoxicity and can be
recognized by an oligomer-specific antibody [8]. Thus, overlapping short peptides from aB-
crystallin appear to have diametrically opposing effects on cell viability. Although the
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correlation between mini-aB-crystallin’s oligomeric flexibility and its cytoprotective/
cytotoxic role is less clear, one postulation is that the peptide’s quaternary dynamics [9]
underlie its chaperone function both in vitro and in the crowded cellular environment.
Unfortunately, as a small peptide, the residence time near the retina following either
systemic or intravitreal administration is expected to be short [10-13]. For this reason, we
are exploring simple approaches to engineer the mini-peptide (residues 73-92) onto a high
molecular weight carrier that has the potential to modulate local and systemic residence
time, potentiate binding and internalization, and enhance protection from oxidative stress.

An emerging method to bioengineer peptides with potent biological activity is to fuse them
to protein polymers. Protein polymers can provide a platform for controlling release,
multivalency, molecular weight, phase behavior, and even nanoparticle assembly [14-17].
One class of protein polymers known as elastin-like polypeptides (ELPs) are composed of
the repetitive pentapeptide motif (Val-Pro-Gly-Xaa-Gly), [18]. ELPs have unique reversible
inverse phase transition temperatures, T;, below which they solubilize and above which they
phase separate. T; can be tuned through selection of guest residue identity (Xaa) and the
number of pentameric repeats, n. ELP fusion proteins are being evaluated for effects due to
their hydrodynamic radius, self-assembly of nanoparticles, or formation of thermo
responsive deposits in multiple disease models [19-21]. Prior to this report, no studies of
protein polymers have explored; i) their fusion with chaperone proteins; ii) their ability to
modify oligomerization of peptide fibrils; or iii) their intracellular behavior under oxidative
stress, all to which are relevant to the treatment of AMD.

Herein, we report the rational bioengineering of the *‘mini-peptide” from aB-crystallin into
two types of ELP fusion proteins (Table 1). crySl has been engineered onto a nanoparticle
ELP scaffold called Sl (Fig. 1). For comparison, the peptide has also been fused to a soluble
ELP of similar molecular weight called cryS96. Similar to their parent ELPs, the fusion
constructs have temperature-dependent assembly that interrupted the native oligomerization
of cry peptide as confirmed by TEM and DLS. Similar to the free ‘mini-peptide’, the ELP
fusion proteins inhibit the aggregation of substrate proteins, including alcohol
dehydrogenase (ADH) and insulin. Furthermore, exogenous cryELPs also protect RPE cells
against hydrogen peroxide (H205) induced apoptosis and undergo nuclear translocation in
RPE cells under H,0O5 stress. Interestingly, cryS96 exhibited better protection against
apoptosis than the free cry peptide at the same molar concentration.

2. Materials and Methods

2.1 Materials and reagents

TB DRY® Powder Growth Media was purchased from MO BIO Laboratories, Inc.
(Carlsbad, CA). NHSRhodamine was purchased from Thermo Fisher Scientific (Rockford,
IL). Alcohol dehydrogenase (ADH) and Insulin were purchased from Sigma-Aldrich (St.
Louis, MO). aB-crystallin mini-chaperone (cry, DRFSVNLDVKHFSPEELKVK) and a
scrambled peptide control (Neg, DLPLKKNVEDKFHRSFVESV) were synthesized by Neo-
peptide (Cambridge, MA). Anti-LAMP1 antibody was purchased from Abcam and
Monodansylcadaverine (MDC) was obtained from Sigma. The protocol for the preparation
and use of cultured human fetal RPE cells were approved by the University of Southern
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California Institutional Review Board under protocol #HS-947005 and adhered to the tenets
of the Declaration of Helsinki. RPE cells were isolated from human fetal eyes (gestational
age 16-18 weeks) obtained from Advanced Bioscience Resources, Inc. (ABR, Alameda,
CA). Primary cultures of RPE cells were established as described previously [22] and used
at passages 3 to 4.

2.2 Construction of ELP genes

Genes encoding for ELPs (S96 and Sl) were synthesized by recursive directional ligation in
PET25hb(+) vector as previous reported [20]. Sense and antisense DNA oligonucleotides
encoding for the mini-peptide were synthesized with Ndel (5”) and BamHI (3’) overhangs
were synthesized at University of Southern California DNA core facility. Forward sequence:
5.
TATGGGTGATAGATTTAGCGTTAACCTGGACGTGAAACATTTCTCCCCAGAAGA
ACTGAAAGTGAA GGGTTATTAGACTCCTCG-3’. Reverse sequence: 5’-
ATCCGAGGAGTCTAATAACCCTTCACTTTCAGTTCTTCTGGGGAGAAATGTTTCA
CGTCCAGGTTA ACGCTAAATCTATCACCCA-3’. Complementary oligonucleotides
were heated at 95°C for 5 minutes and annealed at room temperature for 2h. Annealed
oligos were inserted into pET25b(+) vector, digested with Ndel and BamHI. A BseRlI
recognition site was also incorporated to facilitate the insertion of ELP genes. Correct
ligation of the fusion protein gene was confirmed by restriction digestion and DNA
sequencing. Sequences were confirmed by DNA sequencing in the core facility of the Norris
Cancer Center of the University of Southern California.

2.3 ELP expression and purification

ELPs (Table 1) were expressed in BLR (DE3) E. coli competent cells (Novagen Inc.,
Milwaukee, WI). Cells were inoculated in ampicillin medium and grown for 24 h at 37 °C.
The bacterial culture was centrifuged, disrupted by probe-tip sonicated in ice cold PBS and
centrifuged to remove insoluble cell debris. ELPs were purified from the cell supernatant by
inverse transition cycling (ITC) [23]. Purity of ELP fusion proteins was determined by SDS-
PAGE gels stained with coomassie blue. Protein concentrations were determined by UV-
visible spectroscopy of the carboxy terminal tyrosine at 280 nm (e=1285M-1cm™1). Protein
molecular weight was further confirmed by MALDI-TOF analysis.

2.4 Transmission Electron Microscopy (TEM) imaging

The TEM imaging was carried out on a FEI Tecnai 12 TWIN microscope (Hillsboro, OR) at
100 kV. The samples were prepared by using the following protocol: A 100 uM solution (5
uL) was initially deposited on a copper grid with carbon film (CF400-Cu, Election
Microscopy Sciences, Hatfield, PA). Excess amount of the solution was removed by filter
paper. The samples were then negatively stained with 2% uranyl acetate, and the excess
uranyl acetate solution was removed by filter paper after 30 seconds. The samples were
dried under room temperature for at least 3 hours before they were used for imaging.
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2.5 Characterization of ELP particle formation and phase transition temperature

The temperature-concentration phase diagrams for ELP fusion proteins were characterized
by optical density, and the self-assembly of nanoparticles was confirmed using dynamic
light scattering (DLS). Optical density was recorded using a DU800 UV-Vis
spectrophotometer at 350 nm as a function of solution temperature. Typically, ELPs (5 —
100 uM) were heated at 1 °C/min from 10 to 85 °C and sampled every 0.3 °C. T; was
defined at the point of the maximum first derivative. Similarly, hydrodynamic radius (Rh)
was recorded to characterize particle size distribution as a function of temperature. Briefly,
protein samples were prepared at 25 pM in PBS and filtered through a 20 nm filter at 4 °C.
Autocorrelation functions were collected u sing a DynaPro-LSR Plate Reader (Wyatt
Technology, Santa Barbara, CA). Light scattering data were collected at regular temperature
intervals (1 °C) as solutions were heated from 5 to 60 °C. Th e results were analyzed using a
Rayleigh sphere model and fitted into either a regularization or cumulant algorithm based on
the sum-of-squares value. The critical micelle temperature (CMT) for each protein construct
was defined as the lowest temperature at which the Ry, is significantly greater than the
average monomer R,

2.6 Bis-ANS assay

The hydrophobicity of cryELPs was evaluated using fluorescent probe 1,1*-bi(4
anilino)naphthalenesulfonic acid (bis-ANS) on a HORIBA Jobin Yvon Fluorolog-3
Spectrofluorometer. bis-ANS (Sigma-Aldrich) stock solution was prepared in 95% alcohol
and the concentration was determined by absorbance at 385 nm ( &3g5 = 16,790 cnTM™).
Samples with 5 pM bis-ANS were excited at 390 nm, and the emission spectra were then
recorded at 400-600 nm. The excitation and emission slits were set at 5 nm.

2.7 Quantification of chaperone activity

Chaperone activity was measured using two protein substrates: ADH and insulin [7]. The
kinetics of aggregation was monitored by optical density at 360 nm with a Beckman DU800
UV-Vis spectrophotometer equipped with a temperature-controlled multi-cell transporter.
Assays were done in the absence or presence of ELP fusion peptides. Aggregation of ADH
(100 pg /300 pl) was monitored upon incubation at 48 °C at a molar ratio of ADH to peptide
of 1:250. For insulin aggregation, 120 pg/300 pl insulin (bovine pancreas) were induced to
aggregate by addition of 80 mM Dithiothreitol (DTT) at 12 °C at a molar ratio of insulin to
pepti de of 0.7:1. Heat capacity measurements were performed using a Perkin Elmer
Differential Scanning Calorimeter (DSC) 8500.

2.8 NHS-Rhodamine labeling of recombinant ELP fusions

For fluorescent visualization, ELPs were covalently modified with NHS-Rhodamine
(Thermo Fisher Scientific Inc, Rockford, IL) via the primary amino terminus. Briefly, the
conjugation was performed in 100 mM borate buffer (pH 8.5) overnight at 4 °C. E xcess
fluorophore was removed using a desalting PD-10 column (GE Healthcare, Piscataway, NJ)
and overnight dialysis against PBS at 4 °C.

J Control Release. Author manuscript; available in PMC 2015 October 10.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wang et al.

Page 6

2.9 Protection of RPE cells from H,0, induced cell death

The anti-apoptotic effects of crySl and cryS96 were studied by TUNEL staining and western
blot detection of caspase 3 activation in confluent human RPE cells upon challenge with
H,0,. Briefly, human RPE cells grown on 4-well chamber slides were starved overnight in
FBS free medium and treated with 200 pM H,0,, for an additional 24 h. For TUNEL
staining, cell death was assessed by terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) following the manufacturer’s protocol (Roche, IN). After treatment RPE
cells were washed in PBS, air dried, and fixed with freshly prepared 4 % paraformaldehyde.
Cells were permeabilized with Triton X-100 and incubated with the TUNEL reaction
mixture for 1 h in the dark at 37 °C . Cells were washed, stained with 4',6-diamidino-2-
phenylindole (DAPI) and viewed under a spinning disc laser scanning confocal microscope
(PerkinElmer, MA). TUNEL positive cells were counted and quantified as described [3]. For
immunoblot analysis, protein was extracted from the RPE cells at the end of indicated
experiments. Equal amounts of protein (60 ug) were resolved on 15 % Tris-HCI
polyacrylamide gels. Membranes were probed with rabbit polyclonal anti-cleaved caspase-3
antibody (1:1000, Cell Signaling, MA). After incubation with the corresponding secondary
antibodies, signals were detected using a chemiluminescence system. GAPDH was used as a
loading control.

2.10 Intracellular uptake in RPE cells under H,O, induced stress

Confluent human RPE cells cultured on 4 well chamber slides were co-incubated with 200
UM H,0, and 5 pM rhodamine labeled ELPs or cry peptide for indicated time periods. For
immunofluorescence, the cells after the experiments were fixed in 4 % paraformaldehyde for
20 min, followed by permeabilization with 0.1 % triton-X for 15 min. Cells were blocked
with 5 % goat serum and incubated with LAMP-1 (1:100) over night at 4 °C. After wash ing
the cells were incubated with FITC labeled secondary antibody for 30 min at RT, cells were
mounted with DAPI and observed under a LSM 510 confocal microscope (Zeiss).

2.11 Statistical analysis

3 Results

Data presented are representative curves or mean = S.D. All experiments were repeated at
least three times. Statistical analysis was performed by Student t-test, one-way or two-way
ANOVA by GraphPad Prism 5.01. Differences between treatments were established with
Tukey’s or Bonferroni's post-hoc test. A p value of less than 0.05 was considered
statistically significant.

3.1 Purification of ELP fusion proteins that assemble nanoparticles

To investigate the potential for assembling protein polymers with chaperone activity, ELP
genes with and without the chaperone mini-peptide from aB-crystallin were cloned into a
pET25b(+) vector (Table 1), expressed in E. coli cells, and purified using Inverse Transition
Cycling (ITC) as previously reported [24, 25]. After purification all four protein polymers
yielded between 30-40 mg/L culture. Purified proteins were confirmed to have the correct
molecular weight and high purity when assessed using SDS PAGE (Fig. 1A). MALDITOF
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was used to reconfirm that all proteins purified were within 1.5 % of their expected
molecular weight (Table 1). The ELPs resulting from a diblock copolymer, Sl and crySI
were assessed for nanoparticle morphology using TEM (Fig. 1B). The dominant species
observed for both Sl and crySI formulations were spherical nanoparticles with diameters of
29.1 + 3.4 nm and 28.7 + 6.2 nm respectively. Using TEM, the free cry peptide was
confirmed to mediate the formation of oligomers and fibers; furthermore, fibril formation
was disrupted by scrambling the amino acid sequence (Supplementary Fig. S1).
Interestingly, cryS96 did not form either fibril or oligomer structures (Supplementary Fig.
S1), which suggests that the ELP fusion may sterically interfere with the oligomerization of
the native cry peptide.

3.2. The mini-peptide from aB-crystallin shifts the phase diagram for ELP nanoparticles

To characterize a concentration-temperature phase diagram for the ELP fusions, optical
density was monitored as a function of temperature to identify relevant transition
temperatures (Ti1, Tto) (Fig. 2). Sl exhibited a steep thermal response at 26 °C, Ty, which
correlates with the phase transition temperature of the more hydrophobic (Xaa=Ile) block.
This lower transition temperature can be defined as the critical micelle temperature [20]. At
a higher temperature, Ty, near 75 °C, the more hydrophilic block (Xaa=Ser) collapses and
Sl undergoes bulk phase separation (Fig. 2A). Similar to S, crySI shows two obvious phase
transitions, where Ty, Tio are 13, 30 °C respectively. In comparison to Sl, the mini-peptide
on crySl has the effect of depressing both transition temperatures across the experimental
concentration range (Fig. 2B). On the contrary, both S96 and cryS96 exhibit only one T;
near 55 °C, which was unchanged by addition of the mini-peptide (Fig. 2C,D). Most
notably, concentration dependence of Ty for crySl (-0.4 £ 0.6 °C / Log 19[uM]) was
significantly suppressed compared to SI (-22.6 £ 16.0 °C / Logo[uM]) as fit with a log-
linear regression line (mean slope + 95% confidence interval) Despite this impact on the
phase diagram, crySI still forms a population of relatively monodisperse nanoparticles of a
similar diameter to SI at room temperature (Fig. 1C).

Due to the shift in the concentration-temperature phase diagram induced by fusion with the
mini-peptide, dynamic light scattering (DLS) was used to determine what species exist
above and below the boundaries identified by optical density (Fig. 2). Two fitting models
were used to interpret the DLS autocorrelation functions. First a cumulant fit was performed,
which assumes the existence of only a single population of particles. This robust approach
was adequate for fitting both SI and S96 (Fig. 3A,D); however, fusion of the mini-peptide to
either polymer resulted in a scattering dominated by a particle of larger dimensions (Fig.
3B,E). Since Sl and S96 do not assemble structures until above 25 and 60 °C respectively,
the data suggest that the m ini-peptide alone mediates nanoparticle assembly. Assuming that
a smaller population of free crySI and cryS96 exist in equilibrium with a larger assembled
population, a second model called regularization was used to interrogate the data (Fig.
3C,F). Regularization corrects for the relative difference in scattering intensity from
mixtures of particles with different hydrodynamic radii. Using the regularization model, SI
and S96 continued to behave as single population of particles. This was not the case for
crySl and cryS96, which were fit best at the lowest temperatures as a mixture of a small (4
to 5 nm) and large (30 to 40 nm) population of particles, where the smaller population
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represents more than 95% of the polymer mass in solution (Fig. 3C,F). For cryS96, this
distribution was roughly constant over the entire temperature range (Fig. 3F). This suggests
that even in the absence of ELP-mediated assembly, the mini-peptide mediates relatively
weak assembly of nanoparticles. For crySl, regularization fitting identified two particle
populations over the observed temperature range. As observed using optical density (Fig.
2B), crySl undergoes two thermally-induced changes in the distribution of hydrodynamic
radii. Below 13 °C, the smaller population of crySl particles accounts for the majority of the
sample monomers, which was similar to cryS96. Between 13 and 26 °C crySl increases in
opt ical density (Fig. 2B), and the resulting mixture could not be fit by either the cumulant or
regularization models (Fig. 3B,C). There was a narrow intermediate window (26 to 28 °C)
where crySl was d ominated (100% by mass) by nanoparticles similar to SI. Above 30 °C,
crySl nanoparticles pro ceeded to assemble into larger nanoparticles (300 to 500 nm), which
dominated the sample (99% by mass). Above 30 °C, a small fraction of the sample remained
in nanoparticles similar to SI; however, this represents only 1% of the mass of the sample.
Thus, both crySI and cryS96 have thermal assembly properties similar to their unmodified
ELP; however, the mini-peptide significantly impacts the distribution of particle sizes.

3.4 crySl and cryS96 behave as molecular chaperones

Substrate proteins alcohol dehydrogenase (ADH) and insulin were used to test chaperone
activity of ELPs with and without the aB-crystallin mini-peptide. Chaperone activity against
ADH was characterized at 48 °C (Fig. 4A,B). Both the mini-p eptide alone and cryS96
inhibited ADH aggregation in a concentration dependent manner, with an 1Csq of 260 + 99
UM and 205 * 29 UM (Supplementary Fig. S2). To confirm the importance of the mini-
peptide sequence, a scrambled mini-peptide (Neg) was also evaluated and showed no
chaperone activity. Due to the confounding optical densities of SI and crySl at 48 °C (Fig.
2B), heat induced ADH aggregat ion was inconclusive and is not shown. To further
investigate the mechanism of chaperone activity, differential scanning calorimetry was used
to determine the enthalpy of ADH aggregation in the presence and absence of cryS96 (Fig.
4C). This study revealed that cryS96 reduced the specific enthalpy of ADH aggregation,
while the ELP alone did not (Fig. 4C). To compare the relative chaperone activity of crySl
and cryS96, an insulin chaperone assay was performed at 12 °C upon the additionof D TT
(Fig. 4D,E). At 30 minutes, both crySI and cryS96 suppressed more optical density
compared to controls Sl and S96 (p<0.001). Noticeably, crySl inhibited insulin aggregation
by 64.6 + 5.4%, which was greater than the protective effect of cryS96 (50.9 + 4.2%)
(p<0.05) (Fig. 4D,E). Control ELPs Sl and S96 as well as the scrambled peptide Neg lacked
any chaperone activity towards insulin.

Protein chaperones protect RPE cells against apoptosis by interfering with caspase activation
and/or mitochondrial processes that lead to cell death [26]. Having demonstrated that crySI
and cryS96 both have chaperone activity, their potential anti-apoptotic properties were
evaluated on RPE cells co-incubated with 200 uM H,O, for 24 hours. To quantify apoptosis,
the TUNEL assay was used to identify apoptotic cells, which showed around 20 % cell
death. Similar to the free cry peptide, crySl and cryS96 treatment significantly reduced cell
death (p<0.05) compared to unmodified ELP controls (Fig. 5A,B). Unmodified ELPs did not
produce apoptosis in RPE; however, co-incubation of plain ELP with H,O, resulted in cell
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death. To confirm that the TUNEL assay was detecting apoptosis, caspase 3 activation was
also characterized using a western blot. Activation of caspase 3 in RPE was reduced in
cryS96 and crySI compared to ELPs alone (Fig. 5C). Collectively, results from the TUNEL
and caspase 3 activation assays demonstrate that only the ELPs with the cry peptide activity
exhibit anti-apoptotic properties, and both crySl and cryS96 inhibited caspase 3 activation to
a similar degree.

3.6 Cell uptake and nuclear localization of crySl and cryS96 under oxidative stress is
important for anti-apoptosis activity

We have previously shown that exogenous recombinant aB crystallin and the mini-aB
crystallin peptide (cry) can be taken up by RPE cells [26], which may play a role in the
suppression of apoptosis. To determine if exogenous ELP fusions to the mini-peptide would
also have access to the cytosol, confocal microscopy was used to track the internalization of
rhodamine labeled material. In addition to incubation with 5 uM of labeled ELPs, cells were
also observed in the absence and presence of oxidative stress from H,O, (200 uM for 24 h).
All ELPs showed evidence of punctate intracellular accumulation in the cytoplasm;
however, to our surprise oxidative stress significantly induced nuclear localization of Sl,
crySl, and cryS96 (Fig. 6). crySl exhibited higher cell uptake than cryS96 (p<0.001).

Based on the combined observations that both cryS96 and crySl are protective against
apoptosis (Fig. 5) and translocate to the nucleus under oxidative stress (Fig. 6), we next
investigated whether uptake was necessary for protection and dependent on endocytosis.
Since both cryS96 and crySlI provide the same degree of apoptotic protection, chaperone
activity, and nuclear translocation, cryS96 alone was subsequently characterized for its
mechanism of internalization (Fig. 7). We hypothesized that if cryS96 internalizes by
clathrin-mediated endocytosis, then inhibitors of this pathway should both block nuclear
translocation and also abolish the anti-apoptosis activity. Monodansylcadaverine (MDC)
blocks clathrin-mediated endocytosis; furthermore, it efficiently halted the nuclear
translocation of cryS96 under oxidative stress (Fig. 7A). A similar effect was observed when
cells were treated with Dynasore, which blocks dynamin-dependent internalization
(Supplementary Fig. S3). Remarkably, inhibition of cryS96 endocytosis completely
eliminated protection against TUNEL positive cells under oxidative stress (Fig. 7B,C).

Based on the evidence that cryS96's anti-apoptotic activity depends on cellular uptake, we
further hypothesized that the exogenous chaperone must partially escape from the classical
endosomelysosome pathway in order to reach its intracellular targets. We thus used the late
endosome/lysosome marker LAMP1 to track localization of cryS96 and cry peptide inside
RPE cells at early time points (Fig. 8). Surprisingly, at 1h most cryS96 exhibited nuclear
translocation while a significant amount of free cry peptide was retained in the cytosol and
partially colocalized with LAMP1. At 4 h, both cryS96 and cry peptide had translocated to
the nucleus and no longer showed co-localization with LAMP 1. This study thus suggests
that both the cry peptide alone and cryS96 bypass the endo-lysosomal compartment of
human RPE cells under oxidative stress. This access to the cytosol results later in their
translocation to the nucleus (Fig. 6) and correlates with their anti-apoptotic effect (Fig. 5,7).
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4 Discussion

Age-related macular degeneration (AMD) is the leading cause of blindness among older
individuals in the western world, with more than 13 million cases per year in the United
States alone [27]. Currently there is no effective therapy for dry AMD; however, we and
others have proposed that exogenous sHSPs may be developed as therapeutics for AMD [28,
29]. The immunomodulatory and anti-apoptotic function of molecular chaperones should be
an important consideration in the development of therapeutic interventions due to their
ability to enhance cell viability under deleterious conditions including oxidative stress [30,
31]. As successful examples, Ousman et al. have demonstrated the negative regulatory role
of aB-crystallin on several inflammatory pathways in the immune and central nervous
systems [32]; Rothbard and co-workers have illustrated the therapeutic effects of aB-
crystallin associated with specific proinflammatory plasma protein binding via systemic
administration [33]. Moreover, Arac et al. have described effective treatment of
experimental stroke using aB-crystallin even twelve hours post-stroke onset [34]. Herein,
we intended to utilize the intermolecular association/dissociation of a mini-peptide derived
from aB-crystallin [35, 36], explore its thermal and chaperone activities in fusion with ELPs
(Fig. 1), and evaluate the fusion protein's cell-protective and uptake properties under
oxidative stress in a human RPE model. The resulting fusions may have applications as
therapeutic chaperones for AMD.

A prevalent view regarding the mechanism of action for SHSPs is that they interact with
exposed hydrophobic patches on client proteins undergoing aggregation [9]. Previous
studies indicated that exposure of hydrophobic surface change and reorganization of
oligomer architecture are associated with aB-crystallin's chaperone function [37-39]. TEM
images of all peptides and fusion proteins involved in the study provided the first clue of
ELPs’ modulation of native cry peptide assembly (Fig. 1 & S1). To gain more insight into
the hydrophobicity change of cry peptide by fusion with ELPs, we analyzed the temperature
dependent hydrophabicity of cry, crySI and cryS96 via Bis-ANS assay [7] (Supplemental
Fig. S4). Noticeably, only crySlI exhibited a significant temperature triggered hydrophobicity
change (****p<0.0001), which was consistent with its observed stepwise aggregation via
DLS (Fig. 3). Neither cry peptide nor cryS96 changed hydrophobicity in response to
temperature changes.

The TEM, DLS and Bis-ANS results raised the question as to how the assembly influenced
cry's activity as a molecular chaperone both in vitro and in the crowded cellular
environment. We thus explored the thermodynamic mechanism underlying cryELPS’
inhibition of ADH aggregation using differential scanning calorimetry (Fig. 4C). For protein
systems, either a decrease in enthalpy decrease or an increase in entropy is beneficial for
maintaining stability. Although no direct studies have focused on the thermodynamic
mechanism underlying SHSPs’ chaperone activity towards ADH, several studies suggest that
stabilization of client proteins by sHSPs is dominated by enthalpic changes [37, 40]. The
enthalpy increase of both plain ELPs [41] and ADH when heated indicated that both the
phase transition and aggregation are endothermic processes (data not shown). Most notable
at equal mass, cryS96 significantly reduced the enthalpy of ADH aggregation (p<0.05) (Fig.
4C), while S96 did not exhibit any effect. Remarkably, the RPE cell uptake result
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corroborated our interpretation of the in vitro chaperone function (Fig. 6). Without oxidative
stress, crystallin ELP fusions do not translocate into the nucleus. However, when oxidative
stress was applied, the highest uptake was observed for crySI (large nanoparticles), followed
by cryS96 (soluble macromolecule), followed by the SI ELP (small nanoparticles) lacking
the aB-crystallin minipeptide. This suggests that besides cry peptide, the nanoparticle size
can also influence cellular internalization in response to oxidative stress [42-44]. Based on
the summary of these findings, we have proposed the mechanism for intracellular trafficking
of cry96 under H,05 stress (Supplementary Fig. S5).

Oxygen radicals that damage the sensitive cells in the retina are known to play a central role
in the causes of AMD [45]. We and others have reported that the expression of aB-crystallin
was increased with mild oxidative stress but decreased when H,0, level reached a
pharmacologically toxic dose [46, 47]. Moreover, our studies suggested secretion of aB-
crystallin from RPE cells involved participation of exosomes [3]. The same cell model was
used in this study to evaluate the in vitro interaction of exogenous cry ELP fusion proteins.
Interestingly, the constructs have similar anti-apoptotic effects on human RPE cells under
H,0, stress (Fig. 5). Unexpectedly, oxidative stress in these primary cells initiated a striking
level of translocation from the cell-surface and cytoplasm into the nucleus (Fig. 6), which
roughly correlated with anti-apoptotic activity (Fig. 7). To the best of our knowledge, the
nuclear translocation of a nanoparticle in response oxidative stress in RPE has not been
observed. Once internalized, these protein polymer fusions would have direct access to
misfolding client proteins inside the cytosol and the nucleus. Jeong and coworkers have
previously reported that aB-crystallin physically interacts with caspase subtypes in the
nucleus, which protects RPE from apoptosis [48]. Similarly, Dastoor and coworkers
reported that endogenous heat shock cognate protein70 (Hsc70) translocates from the
cytoplasm to the nucleus when oxidative stress is applied [49]. We have similarly reported
the translocation of fluorescein labeled human recombinant aB-crystallin into the nucleus
when compared with unstressed cells [3].

This manuscript shows that both cryS96 and cry escape from the endosome-lysosome
degradation pathway and reach the nucleus (Fig. 8). CryS96 shows less colocalization with
LAMP1 and faster trafficking to the nucleus. Del Pozo-Rodriguez and coworkers have
shown that in ARPE-19 cells, inclusion of proline rich Sweet Arrow Peptide (SAP) in a
delivery vesicle induced a change from clathrin dominant endocytosis to caveolae/raft-
dependent endocytosis, thereby decreasing lysosomal degradation of DNA vectors [50].
Similarly, Ferndndez-Carneado et al. addressed the importance of proline-rich peptides in
facilitating lysosomal escape as potential peptide carriers [51]. Both of these studies utilized
fusion with the endosomal membrane as vesicle escape mechanism [52]. It is thus possible
that the high proline content in S96, (VPGSG)gg, protected cryS96 from lysosomal attack;
however, more detailed intracellular trafficking mechanisms remain to be investigated.

One of the most effective drug delivery routes for treating dry AMD is direct intravitreal
administration, which is a skilled outpatient procedure associated with risks and
noncompliance [53]. Extended release may reduce risks and costs by reducing the frequency
of procedures [53, 54]. Biodegradable polymeric macromolecules may form a local depot in
the vitreous capsule and extend their effect over longer periods [55]. The ELP system has
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been proposed as a potential platform for controlled release with orthopedic applications
[56], diabetes [57] and cancer treatment [58]. With this in mind, this manuscript describes
the creation of new ELP nanoparticles/macromolecules with chaperone activity and
potential applications in the treatment of AMD and thus may have wider applications for
other therapeutic approaches in the eye.

on

This manuscript reports the modification of a chaperone peptide via fusion with two protein
polymers, one of which assembles polymeric micelles. Unlike full-length chaperone
proteins, the polymers are decorated with a SHSPs ‘mini-peptide’ that gives them chaperone
and anti-apoptotic activity in human RPE cells. Unlike control ELPs, both crySI and cryS96
exhibit comparable anti-apoptotic activity in a model of human RPE cells, which are used to
study the pathophysiology of AMD. ELP fusion modulated the assembly process, chaperone
activity and intracellular uptake pathway of the native cry peptide. These findings point to
the potential for intravitreal administration of these nanoparticles/macromolecules to treat
AMD; however, a more detailed understanding of the mechanism underpinning oxidative
stress induced nuclear translocation and in vivo evaluation will now be required to assess the
likelihood of clinical benefit.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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cry mini-aB-Crystallin

ELPs Elastin like polypeptides
CMT critical micelle temperature
ITC inverse transition cycling
DLS dynamic light scattering

Tt transition temperature

Rh hydrodynamic radius

ADH alcohol dehydrogenase
RPE retinal pigment epithelial
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Figure 1. Purity of ELP fusions and morphology of protein polymer nanoparticles
A) SDS-PAGE was used to characterize the purity and molecular weight for ELP fusion

proteins (Table 1), which were stained using Coomassie blue. The molecular weight for the
ladder is indicated to the left. B) TEM image of Sl nanoparticles, with average diameters of
29.1+3.4nm. C) TEM image of crySI nanoparticles, with average diameters of 28.7+6.2nm.
Scale bar: 100nm.
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Figure 2. Phase diagrams for mono and diblock ELP fusion proteins
Optical density (OD359 hm) was used to monitor temperature-dependent assembly of ELPs.

A) The Sl and crySl diblocks (25 uM) undergo two obvious phase transitions. Ty is
associated with phase separation of the hydrophobic ELP (Xaa=lle), which drives
nanoparticle assembly. Occurring at a higher temperature, Ty is attributed to bulk phase
separation into larger nanostructures. For Sl, T1 and Ty are 26 and 70 °C respectively.
Similarly, for crySl, Ti1 and Ty are 12 and 30 °C respectively. B) Concentration-temperature
phase diagrams for SI and crySI diblock copolymers. C) In contrast, the monoblocks protein
polymers S96 and cryS96 (25 uM) demonstrate only one phase separation near 56°C. D)
Concentration-temperature phase diagram for S96 and cryS96. Dashed lines indicate the fit
of T; to the following equation T=mlog[ELP]+b where [ELP] is the concentration, mis the
slope, and b is the transition temperature at 1 pM.
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Figure 3. The aB-crystallin mini-peptide influences the assembly and radius of ELP
nanoparticles

The particle hydrodynamic radius (Ry) was measured (25 uM) as a function of temperature
using dynamic light scattering. Panels A,B,D,E represent the cumulant fit, which reflects the
particle population that scatters the most light. Panels C,F represent a regularization fit,
which can separate populations of particles with different size. A) Sl diblocks form
monodisperse nanoparticles above their critical micelle temperature (26 °C) that remain
stable at physiologic temperatures (37 °C). B) In contrast, crySI shows an increased radius
even at the lowest assayed temperature (7 °C). Extended autocorrelation times were
observed in the indicated grey region that prevented the estimation of hydrodynamic radius
using standard models. Above 30 °C, crySI forms ~400nm nanoparticles. C) Regularization
analysis enabled two populations of particles to be observed for crySl. Below 30 °C the
dominant popula tion of small particles behaved like S, which accounted for about 95 % of
the sample by mass. Above 30 °C a population of larger particles dominated the sample. D)
S96 remains monomeric over 10 to 60 °C. E) In contrast, cryS96 has a larger radius than
S96 over the entire temperature range. F) Regularization analysis enabled the observation of
two populations of particles in the sample of cryS96. The dominant species for cryS96 has a
radius similar to monomeric S96, which represented about 95 % of the sample by mass.
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Figure 4. ELP fusion proteins have protective chaperone activity on ADH and insulin
A) Representative chaperone activity of cryS96 and mini-peptide alone (cry) against heat

induced ADH aggregation at 48 °C. B) Both reduced (p<0.001) the onset of turbidity
compared to a scrambled mini-peptide (Neg) at 1h (500 puM). C) DSC measurement of H
change at 48 °C showing cryS96 reduced the aggregation enthalpy per mass of ADH in a
dose dependent manner. (*p<0.05). D) An insulin aggregation assay confirmed the
chaperone activity of the ELP fusions with the mini-peptide (100 uM) at 12 °C. Both cryS96
and crySlI protect ag ainst DTT induced aggregation, while unmodified S96 and Sl did not.
E) A quantitative comparison of insulin aggregation in the presence of ELPs at 30 min.
crySl and cryS96 significantly (p<0.001) inhibited aggregation compared to Sl and S96
respectively. Data indicate mean+S.D. (n=3), which were analyzed using one-way ANOVA.
(***p<0.001).
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Figure 5. ELP fusion proteins protect RPE cells from HoO5 induced cell death
Human RPE cells were treated with 200 uM H,O, for 24h with or without crySI or cryS96.

Cell death was assessed by the TUNEL assay and activation of cleaved caspase-3 by
immunoblot analysis. A) TUNEL assay showing co-treatment of H,O5 and unmodified
ELPs did not inhibit apoptosis in RPE cells whereas crySl and cryS96 significantly reduced
cell death. Confocal images of TUNEL-positive cells (red) and nuclei (blue) are shown. B)
Quantification of TUNEL-positive cells. Data are presented as percent of TUNEL-positive
cells. (*p<0.05, **p<0.01) C) Representative western blot showing exogenous crySl and
cryS96 protected RPE cells from oxidative stress by inhibiting activation of caspase-3.
Caspase-3 activation was prominent in control cells treated with 200 pM H,0O,. Unmodified
ELPs Sl and S96 failed to protect against caspase-3 activation. Scale bar: 20 um.
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Figure 6. Uptake and nuclear translocation of exogenous ELPs in RPE cells
A) RPE cells were starved in serum free medium and treated with either 5 M rhodamine

labeled ELPs alone or co-treated with 200 M H,0,, for 24h. Oxidative stress induced nuclear
uptake of labeled crySl and cryS96. B) Quantification of RPE cell uptake of ELPs. Both
crySl and cryS96 exhibited significantly enhanced nuclear uptake level under H,O, stress
compared to ELP control groups (***p<0.001). Uptake level of crySI nanoparticles was
higher than cryS96 (***p<0.001). Scale bar: 20 um.
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Fig_ut_'e 7. Uptake and nuclear translocation plays an important role in cryS96's anti-apoptotic
activit

Cells \)//vere pre-incubated with 100 uM MDC for 30 min followed by co-incubation with 5
UM rhodamine labeled cryS96 for 24 h along with 200 uM H,0O5. Control cells represent no
treatment with either MDC or H,O5. A) Representative confocal images of cell uptake
showing MDC can inhibit cell uptake of exogenous cryS96. Red: rhodamine labeled cryS96;
Blue: DAPI. B) Representative TUNEL images showing MDC significantly (*p<0.05)
reduced the anti-apoptosis efficacy of cryS96 under H,O5 stress. Red: TUNEL+ cells
(apoptosis), Blue: DAPI. C) Quantification of TUNEL positive cells from B). (*p<0.05).
Scale bar: 20 um.
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Figure 8. Intracellular trafficking of cryS96 and cry peptide under H>O» stress
A)Representative images showing time dependent nuclear translocation of cryS96 (red)

under H,0O, stress in human RPE cells. B) Intracellular trafficking of the free cry peptide
(red) under same condition. Red: fluorescence; Green: LAMP1; Blue: DAPI. Scale bar: 20
pm.
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Table 1

Nomenclature, sequence and molecular weight of ELP fusion proteins

Peptide label ~ Amino Acid Sequence

Expected M.W. (kDa) Observed M.W. (kDa)

S| G(VPGSG)45(VPGIG)ssY 39.65
crysl GDRFSVNLDVKHFSPEELKVKG(VPGSG)5(VPGIG)5Y 42.07
S96 G(VPGSG)gsY 38.39
cryS96 GDRFSVNLDVKHFSPEELKVKG(VPGSG)geY 40.82

39.54
42.06
38.22
40.72

*
Expected M.W.(m/z) was calculated by DNAStar Lasergene Editseq excluding the methionine start codon

*

*
Observed M.W. ([M+H]*) was measured by MALDI-TOF
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