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Abstract

Cytochrome ¢ (Cyt ¢) is a small mitochondrial heme protein involved in the intrinsic apoptotic
pathway. Once Cyt ¢ is released into the cytosol, the caspase mediated apoptosis cascade is
activated resulting in programmed cell death. Herein, we explore the covalent immobilization of
Cyt c into mesoporous silica nanoparticles (MSN) to generate a smart delivery system for
intracellular drug delivery to cancer cells aiming at affording subsequent cell death. Cyt ¢ was
modified with sulfosuccinimidyl-6-[3’-(2-pyridyldithio)-propionamido] hexanoate (SPDP) and
incorporated into SH-functionalized MSN by thiol-disulfide interchange. Unfortunately, delivery
of Cyt ¢ from the MSN was not efficient in inducing apoptosis in human cervical cancer HelLa
cells. We tested whether chemical Cyt ¢ glycosylation could be useful in overcoming the efficacy
problems by potentially improving Cyt ¢ thermodynamic stability and reducing proteolytic
degradation. Cyt c lysine residues were modified with lactose at a lactose-to-protein molar ratio of
3.7£0.9 using mono-(lactosylamido)-mono-(succinimidyl) suberate linker chemistry. Circular
dichroism (CD) spectra demonstrated that part of the activity loss of Cyt ¢ was due to
conformational changes upon its modification with the SPDP linker. These conformational
changes were prevented in the glycoconjugate. In agreement with the unfolding of Cyt c by the
linker, a proteolytic assay demonstrated that the Cyt c-SPDP conjugate was more susceptible to
proteolysis than Cyt c. Attachment of the four lactose molecules reversed this increased
susceptibility and protected Cyt ¢ from proteolytic degradation. Furthermore, a cell-free caspase-3
assay revealed 47% and 87% of relative caspase activation by Cyt c-SPDP and the Cyt c-lactose
bioconjugate, respectively, when compared to Cyt c. This again demonstrates the efficiency of the
glycosylation to improve maintaining Cyt ¢ structure and thus function. To test for cytotoxicity,
HelL a cells were incubated with Cyt ¢ loaded MSN at different Cyt ¢ concentrations (12.5, 25.0,
and 37.5 pg/mL) for 24 to 72 h and cellular metabolic activity determined by a cell proliferation
assay. While MSN-SPDP-Cyt ¢ did not induced cell death, the Cyt c-lactose bioconjugate induced
significant cell death after 72 h, reducing HeLa cell viability to 67% and 45% at the 25 pg/mL and
37.5 ng/mL concentrations, respectively. Confocal microscopy confirmed that the MSN
immobilized Cyt c-lactose bioconjugate was internalized by HelLa cells and that the bioconjugate
was capable of endosomal escape. The results clearly demonstrate that chemical glycosylation
stabilized Cyt ¢ upon formulation of a smart drug delivery system and upon delivery into cancer
cells and highlight the general potential of chemical protein glycosylation to improve the stability
of protein drugs.
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INTRODUCTION

Cancer is a major public health problem worldwide. Currently, one in four deaths in the
United States is due to cancer.! Treatment options include surgery, radiation treatment, and
cytotoxic chemotherapy. One of the problems with the commonly employed conventional
cytotoxic chemotherapy is the high systemic toxicity producing undesirable side effects,
such as, damage of liver, kidney, and bone morrow.2 Therefore, it is essential to develop
novel drug delivery systems that allow for the specific targeting of cancer cells by taking
advantage of their particular microenvironment.

One of the hallmarks of cancer is sustained angiogenesis which leads to the tumor
vasculature possesses poor architecture with abnormal basement membrane and fissures
between the endothelial cells. The so-called leaky vasculature, accompanied by insufficient
lymphatic drainage in tumors, leads to the well described enhanced permeability and
retention (EPR) effect leading to accumulation of nanoparticles in tumors (Figure 1).3-6 In
this work we use mesoporous silica nanoparticles (MSN) as delivery vehicle because they
are biocompatible, biodegradable, and generally recognized as safe by the US Food and
Drug Administration (FDA).”- 8 MSN have been developed as delivery vehicles for proteins
some years ago and it has been established that they are capable of transporting membrane-
impermeable proteins (i.e., Cyt c) into the cytoplasm of target cells including the HeLa cell
line used herein by us.%10 Previously, we reported on the improvement of the use of MSN as
carriers for protein drugs and by covalently immobilizing the model protein carbonic
anhydrase on a thiolated surface.11 We designed a stimulus-responsive controlled release
system in which the discharge of the protein only proceeded under intra- but not under extra-
cellular redox conditions by linking it to the MSN via a redox-sensitive disulfide bond.
Going one step further, herein, we designed a nanoparticulate drug delivery system for the
smart delivery of the apoptosis-inducing protein Cyt c to the cytoplasm of cancer cells. We
immobilized Cyt ¢ into MSN and conducted studies related to protein stability, caspase
activation, cell viability, cellular uptake, endosomal escape, and induction of apoptosis.

Cyt ¢ (EC 232.700.9) is a small mitochondrial electron transport protein (Myy = 12 kDa). In
addition to its function in the oxidative phosphorylation, the heme protein is a crucial
component of the intrinsic apoptosis pathway. To induce apoptosis, Cyt c is translocated to
the cytoplasm, where it binds to the apoptotic protease-activating factor 1 (Apaf-1) which
promotes assembly of the apoptosome. The apoptosome cleaves procaspase-9 to active
caspase-9, which activates the effector caspases 3 and 7 leading to apoptosis.12 13
Avoidance of apoptosis is a hallmark of cancer.1* Delivering Cyt ¢ into the cytoplasm
activates apoptosis downstream from many events which in many cancers have been shown
to prevent cancer cells from undergoing apoptosis (e.g., p53 pathway). Experimental
evidence for the feasibility has been presented by Santra et al. (2010) who demonstrated that
Cyt c induced apoptosis in human lung carcinoma (A549) and breast carcinoma (MCF 7)
cells when released from water-soluble hyperbranched polyhydroxyl nanoparticles.1®
Additionally, Huang et al. (2012) delivered Cyt c using nanoparticles composed of lipid and
apolipoprotein, which provoked a tumor growth retardation effect in H460 xenograft mice.16
In the initial works transport of the membrane impermeable Cyt c into the cytoplasm of
target cells via MSN has been reported, but reports on induction of apoptosis are lacking in
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these works.8:9 There are no reports on delivering Cyt ¢ via stimulus-responsive bonds from
MSN as drug delivery system (Figure 2).

The main point of this work, however, deals with another pertinent problem frequently
encountered in protein drug delivery applications: protein instability during encapsulation,
storage, and release. Immoabilization of proteins into any material can cause detrimental
protein structural and functional changes.1’ Indeed, we found this to be the case for our
system and consequently, the main point of our work was to find a way to stabilize Cyt c to
allow for the smart delivery from MSN. In this context, we investigated the potential of
chemical glycosylation to improve the stability of Cyt ¢ during immaobilization.
Furthermore, proteins are very vulnerable to proteolytic degradation during delivery due to
the ubiquitous nature and systemic distribution of proteases.18 19 Proteolysis can be
particularly prominent when delivering proteins to tumors as a result of the tumor
microenvironment, which is frequently enriched with a broad spectrum of proteases.
Consequently, proteolysis presents a fundamental limitation for protein drugs and is one of
the causes of drug resistance in cancer therapy.20 There is some evidence that natural
glycosylation increases intracellular protein stability?! but chemical glycosylation has not
been tested to improve protein stability in any protein drug delivery system for intracellular
delivery. We set out to investigate, for the first time, whether limitations arising from Cyt c
instability could be addressed and investigated the chemical modification of Cyt ¢ with
lactose in this context. Chemical protein glycosylation has been introduced by us and shown
to improve the thermodynamic and kinetic stability in several model enzymes.22-24 We
hypothesized that chemical Cyt ¢ glycosylation should be useful in preventing or
minimizing Cyt ¢ functional loss upon the chemical immobilization process. Furthermore,
glycosylation has been demonstrated to reduce proteolysis,2>-28 but this knowledge has
previously not been employed to improve any (intracellular) protein drug delivery system.

EXPERIMENTAL PROCEDURES

Propylthiol functionalized mesoporous silica nanoparticles (MSN-SH), FTIC labeled MSN-
SH, cytochrome ¢ from equine heart, dimethyl sulfoxide (DMSQ), reduced glutathione ethyl
ester (GHS-OEt), and a protease inhibitor cocktail were from Sigma-Aldrich (St. Louis,
MO). Sulfosuccinimidyl 6-(3’-[2-pyridyldithio]-propionamido)hexanoate (SPDP) was from
Proteochem (Denver, CO). Mono-(lactosylamido)-mono-(succinimidyl) suberate (SS-mLac)
was from Carbomer (San Diego, CA). Cellulose ester dialysis membranes were from
Sprectrum Lab (Rancho Dominguez, CA). 4/, 6-Diamidino-2-phenylindole (DAPI),
propidium iodide (P1) and FM-4-64 membrane stain were purchased from Invitrogen (Grand
Island, NY). All the reagents were used without further purification. All other chemicals
were from various commercial suppliers and were of analytical grade. HeLa cells were
purchased from the American Type Culture Collection (Manassas, VA).

Glycosylation of Cyt c

Glycosylation of Cyt ¢ was performed as described by us in detail previously.22 24 Briefly,
500 mg of Cyt ¢ and 45 mg of SS-mLac were dissolved in 250 mL of 0.1 M borate buffer at
pH 9.0. The reaction was performed for 1 h at room temperature under gently stirring.
Unreacted lactose was removed by dialyzing thrice against nanopure water at 4°C using 6-8
kDa molecular weight cutoff cellulose ester membranes. The extent of modification was
determined by TNBSA assay.28

Cyt ¢ modification with SPDP

Cyt ¢ was chemically modified using the heterobifunctional cross-linker SPDP using the
methodology recently described by us.11 Briefly, Cyt ¢ was dissolved in 50 mM PBS and
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0.15 M NaCl at pH 7.2 to accomplish a final concentration of 2 mg/mL. SPDP was added
directly to the reaction flask and dissolved to reach 0.5 mM concentration. The mixture was
reacted for 30 min at room temperature under gently stirring, dialyzed against nanopure
water, and lyophilized. The extent of modification with the cross-linker was determined by
measuring the release of pyridine-2-thione at 343 nm after addition of 10 pL of 15 mg/mL
dithiothreitol (DTT) solution.

Circular dischroism (CD) spectroscopy

CD spectra were recorded using an OLIS DSM-10 UV-Vis CD spectrometer at room
temperature. The protein (Cyt ¢, Cyt c-SPDP or Cyt c-Lacys-SPDP) was dissolved in 10 mM
PBS at pH 7.4. CD spectra were acquired from 250 to 320 nm (tertiary structure) and 380 to
450 nm (Soret region) at a concentration of 0.6 mg/mL using 10 mm quartz cuvette. Each
spectrum was obtained by averaging six scans. Spectra of buffer blanks were measured prior
to the samples and subtracted from the sample spectra.

Cell-free caspase-3 assay

HeLa cells were grown to 80% confluency, harvested, washed, and finally disrupted. For
disruption the cells were suspended in a homogenizing buffer containing 20 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) at pH 7.5, 10 mM KCI, 1.5 mM
MgCl,, 1 mM sodium EDTA, 1 mM sodium EGTA, 1 mM DTT, 250 mM sucrose, and a
cocktail of serine, cysteine, aspartic acid, and metalloprotease inhibitors (1X). As control,
the assay was also performed in the absence of the protease inhibitor cocktail. The
suspended cells were frozen in liquid N5 for 2 min and thawed in a 37°C water bath and the
freeze/thaw cycle repeated thrice. The protein content in the lysate was determined using the
Bradford assay.2® The cell-free reactions were performed in homogenizing buffer in a total
volume of 100 L. The reaction was initiated by adding Cyt ¢ or the different Cyt ¢
bioconjugates (i.e., 100 pg/mL of Cyt-SPDP, Cyt-Lac, or Cyt c-Lacs-SPDP) to freshly
purified cytosol (3 mg/mL). The reaction was incubated at 37°C for 150 min.1# The
caspase-3 assay was performed following the manufacturer’s protocol (CaspACE™ assay;
Promega, Madison, WI1). Briefly, 20 pL of the reaction mixtures were withdrawn and added
to 78 pL of a mixture containing 100 mM HEPES (pH 7.5), 10% w/v sucrose, 0.1% w/v
CHAPS (3-[(3-cholamido-propyl)-dimethylammonio]-1-propane-sulfonate), 10 mM DTT,
and 2% v/v DMSO. Afterwards, 2 pL of 10 mM DEVD-pNA substrate was added to each
sample. The plate was incubated overnight at room temperature and the absorbance at 405
nm was measured in each well using a microplate reader (Thermo Scientific Multiskan FC).
All measurements were performed in triplicate.

Covalent immobilization of Cyt ¢ into MSN-SH

Protein immobilization was performed as described by us.1! Briefly, 3.0 mg of MSN-SH
were subjected to ultrasonication at 240 watts for 5 min in the immobilization buffer
containing 50 mM PBS, 0.15 M NaCl, and 10 mM EDTA at pH 7.2 in safe-lock tubes to
create a homogeneous dispersion. 1 mL of a 3.5 mg/mL stock solution of the protein (Cyt c-
SPDP or Cyt c-Lac4-SPDP) was added to 500 pL of the MSN-SH dispersion and the
mixture was gently stirred overnight at 4°C. Then, the samples were centrifuged at 14,000
rpm for 15 min. To remove the unreacted enzyme three washing/centrifugation cycles were
performed using the immobilization buffer. The amount of immobilized enzyme was
determined by depletion, i.e., the amount of the protein immobilized into MSN-SH was
calculated from the difference between initial and final protein concentration in the
supernatant.
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Dynamic light scattering (DLS)

Particle sizes of MSN-SH, MSN-SPDP-Cyt ¢, and MSN-SPDP-Cyt c-Lac, were determined
by dynamic light scattering (DLS) using a DynaPro Titan. The samples were dispersed in
water and subjected to ultrasonication at 240 watts for 30 sec.

Scanning electron microscope (SEM)

Cell culture

SEM of MSN-SH, MSN-SPDP-Cyt ¢, and MSN-SPDP-Cyt c-Lac4 was performed using a
JEOL 5800LV scanning electron microscope at 20 kV. The samples were coated with gold
for 10 sec using a Denton Vacuum DV-502A.

HeL a cells were maintained in accordance with the ATCC protocol. Briefly, the cells were
cultured in minimum essential medium (MEM) containing 1% L-glutamine, 10% fetal
bovine serum (FBS), and 1% penicillin in a humidified incubator with 5% CO, and 95% air
at 37°C. All experiments were conducted before cells reached 25 passages. For the cell
viability and confocal miscroscopy experiments, HeLa cells were seeded in 96-well plates or
lab-tek chambered coverslides (4 wells) for 24 h in MEM containing 1% L-glutamine, 10%
FBS, and 1% penicillin. Subsequently, cell growth was arrested by decreasing the FBS
concentration in the medium to 1% for 18 h and the cells were treated thereafter with GHS-
OEt for 2 h to ensure an intracellular GHS concentration of 10 mM.30: 31 Cells were washed
with PBS, exposed, and incubated with the different bioconjugates.

In vitro release of cytochrome ¢ from MSN

The release of Cyt ¢ from MSN was measured as previously described by us.1! Briefly, 3
mg of the MSN-SPDP-Cyt c-Lac, bioconjugate was suspended in 1 ml of 50 mM PBS with
1 mMEDTA atpH 7.4 and 0, 1 pM, or 10 mM of glutathione (GHS) added, respectively.
After incubation for 18 h at 37 °C, the MSN were pelleted by centrifugation at 14,000 rpm
for 20 min. The supernatant was removed and used to determine the concentration of
released Cyt ¢ and the pellet was resuspended in fresh release buffer. The released protein
was used to construct cumulative release profiles.

Cell viability assay

Mitochondrial function was measured using the CellTiter 96 aqueous non-radioactive cell
proliferation assay from Promega (Madison, WI). HeLa cells (5000 cells/well) were seeded
in 96-well plates as described above. Cells were incubated with serial dilutions of MSN-
SPDP-Cyt ¢ and MSN-SPDP-Cyt c-Lac,4 bioconjugates (12.5, 25.0 and 37.5 pg/mL) and
MSN-SH (80 png/mL) for 24 to 72 h. Afterward, 20 pL of 3-(4, 5-dimethylthiazol-2-yI)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) and phenazine
methosulfate (PMS) was added to each well (333 pg/mL MTS and 25 uM PMS). After 1 h,
the absorbance at 492 nm was measured using a microplate reader. HelLa cells treated with 2
M staurosporin for 6 h were used as positive control and cells without treatment were used
as negative control. The relative cell viability (%) was calculated by:

A
Relative cell viability (%):M x 100

Abs control

Cellular uptake, endosomal escape and of MSN-SPDP-Cyt c-Lac,4 bioconjugate

The internalization of MSN-SPDP-Cyt-c-Lac, and its ability to avoid endosomal entrapment
were determined by confocal laser scanning microscopy (CLSM). To execute these
experiments, MSN labeled with FITC were used during the immobilization process. HelLa
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cells (12 600 cells) were seeded in Lab-tek chambered coverglass (4-wells) as described
above. The cells were incubated with FITC-MSN-SPDP-Cyt c-Lac, bioconjugates at a Cyt ¢
concentration of 37.5 pg/mL and an endosome marker3! (FM-4-64; 10 ug/mL) at 37°C for
72 h. Afterwards, the medium was removed and the cells were washed with PBS thrice
followed by fixation of the cells with 3.7% formaldehyde. The coverslips were examined
under a Zeiss laser-scanning microscope 510 using a 100x oil immersion objective and
excitation at 488 nm. FITC-MSN fluorescence was detected at wavelengths between 513
588 nm and the endosome marker between 598-738 nm.

Investigation of apoptosis induction in HelLa cells by the delivery of Cyt c-Lac4-SPDP

HeLa cells (12,600 cells) were seeded in Lab-tek chambered coverglass (4-wells) as
previously described. The cells were incubated with MSN-SPDP-Cyt c-Lac, bioconjugate at
a Cyt c concentration of 37.5 pg/mL at 37°C for 72 h. For detection of apoptosis-dependent
nuclear fragmentation, the cells were washed with PBS (1X) and incubated initially with
DAPI (300 nM) and thereafter with PI (75 uM) for 5 min each. HeLa cells were then fixed
using 3.7% formaldehyde. The coverslips were examined under a Zeiss laser-scanning
microscope 510 using a 67x objective. Colocalization of DAPI and PI upon internalization
into HeLa cells was determined, which is representative of highly condensed and
fragmented chromatin in apoptotic cells.12 1533 DAPI was excited at 405 nm and it
emission was detected at 420-480 nm. P1 was excited at 488 nm and was detected above
505 nm.

Proteolytic degradation assay

The proteolytic assay was adapted from Reinhardt et al.3* In brief, 0.16 mg/ml of Cyt ¢ and
Cyt ¢ bioconjugates were dissolved in 20 mM Tris-HCI at pH 7.4 and incubated for 20 min
at 20 °C. Then, 4 mg of trypsin (Sigma) was added to 1 ml of each sample and incubated at
37 °C. The degradation of the Cyt ¢ samples was determined by measuring the absorbance at
408 nm at various time points.

Statistical analysis

Mann Whitney analysis was used for comparison of two independent groups for cell
viability and cell-free caspase-3 assay. Difference between control (untreated cells for cell
viability and native Cyt c¢ for caspase-3 assay) and experimental group (i.e., MSN-SH, Cyt
c-SPDP, Cyt c-Lacy and Cyt c-Lacs-SPDP bioconjugates) was considered statistically
significant at p<0.05. For comparison of multiple groups (Figure 6), ANOVA analysis was
used and when differences were found between groups, Scheffe post-hoc analysis was
performance (significance was assigned at p<0.05). All the experiments were at least
performed in triplicate, the results averaged, and the standard deviation (SD) or standard
error of the mean (SEM) calculated.

RESULTS AND DISCUSSION

The goal of this work was to develop a nano-scale drug delivery device to deliver functional
Cyt c to cancer cells using smart release to induce apoptosis. Obviously, protein
denaturation during incorporation into the drug delivery device has to be avoided. In
addition, delivery of proteins to target cells is difficult because proteins may undergo
degradation after uptake by the cell. For example, Barnes and Shen3® conjugated Cyt ¢ to
oligo-arginine to accomplish intracellular delivery of the protein. Their results demonstrated
that the Cyt c-oligo-arginine conjugate was efficiently internalized by HelL a cells but did not
show any biological activity. Experiments involving proteasome inhibition demonstrated
that this lack of biological activity was due to proteasome Cyt ¢ degradation.3> However,
while trivial in cell culture experiments, proteasome inhibition is not feasible in therapeutic
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approaches. Consequently, herein we explore an alternative strategy to efficiently deliver
Cyt c to cancer cells in a bioactive form capable of inducing apoptosis. We argue that
decorating Cyt ¢ with a sugar should improve bioactivity by both preventing Cyt ¢
denaturation during incorporation into the MSN and reducing proteolytic Cyt ¢ degradation.

Glycosylation of Cyt ¢

Chemical glycosylation has been exploited previously by us as a strategy for protein
stabilization.22: 24 Therein we demonstrated that chemical protein glycosylation can improve
thermodynamic and colloidal protein stability as well as shield the protein surface from
potential chemical and biological (i.e., proteolytic) degradation.2®

Cyt c was modified with activated lactose (SS-mLac) resulting in lactose bound to the
surface lysine residues of Cyt ¢ (Cyt c-Lac). The average lactose molar content attached to
the surface lysines of the protein was determined via TNBSA chromogenic assay.28 The
results showed that on average 3.7 + 0.9 molecules of lactose were bound to Cyt ¢ which
represents a ca. 20% level of modification of the available surface amino groups. We refer to
this bioconjugate as Cyt c-Lac4-SPDP. The chemistry for obtaining the construct is shown in
Figure 3.

Cyt ¢ and Cyt c-Lac, immobilization into MSN

The smart release system designed by us involves the generation of redox sensitive disulfide
bonds to attach the protein to the MSN. First, a suitable linker must be attached to the
protein containing a disulfide bond followed by immobilization of the construct into
thiolated MSN by thiol-disulfiode interchange (Figure 2). We employed the cross-linker
sulfo-LC-SPDP to activate Cyt ¢ and obtained the constructs Cyt c-SPDP and Cyt c-Lacy-
SPDP. Reduction of the bioconjugates with DTT and determination of the released
pyridine-2-thione at 343 nm as described by us!! revealed that under the conditions
employed Cyt ¢ was modified with the cross-linker at a linker-to-Cyt ¢ molar ratio of 1.2 +
0.1 and the lactose conjugate at a 1.6 + 0.2 ratio, respectively.

Electrostatic interactions between the positively charged side of Cyt ¢ containing the
exposed heme edge and the WD-40 region of Apaf-1 are critically important to Cyt c-to-
Apaf-1 binding and subsequent apoptosis.3® Thus, it is imperative to preserve the Cyt ¢
conformation subsequent to any chemical modification to assure that Cyt c is still able to
bind to Apaf-1 and induce apoptosis. Because the linker molecule chosen is quite
hydrophaobic, it was necessary to investigate whether the chemical modification would cause
detrimental tertiary structural changes to Cyt c.

We performed circular dichroism (CD) spectroscopy to investigate Cyt ¢ structural
intactness. The CD spectrum in the heme Soret absorption band (380 to 450 nm) is related to
the structure of the heme binding pocket. Amino acid side chains in the heme binding pocket
are indirectly responsible for the optical activity in the Soret band region because of the
coupling of the heme m—™ electronic transition dipole moment with adjacent aromatic
amino acid residues.37: 38 The near-UV CD spectrum (250-320 nm) provides insight into
protein tertiary structure changes that affect the environment of aromatic amino acids.8: 37
The near-UV CD spectrum of Cyt c is generated by the contribution of four Phe residues,
four Tyr residues, one Trp residue, and two thioether bonds.37

The near-UV CD spectrum of native Cyt ¢ presents two minima at 286 and 293 nm which
according to the literature correspond to Trp-59.39 These two minima are significantly
reduced in the Cyt c-SPDP bioconjugate spectrum clearly demonstrating that changes in Cyt
¢ tertiary structure occurred upon chemical modification (Figure 4).37- 40 Interestingly, in the
case of Cyt c-Lac,—SPDP the CD spectrum showed little spectral changes indicating that no
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significant changes in the tertiary structure occurred in this case. We can conclude that the
attachment of lactose to Cyt ¢ prior to attachment of the linker prevented structural changes
caused by the hydrophobic linker. This is likely due to thermodynamic stabilization of Cyt ¢
structure upon modification with lactose, which has been recently been demonstrated in our
laboratory (Delgado Reyes and Griebenow, unpublished).

The Soret CD spectrum of native Cyt ¢ shows a negative peak at ca. 422 nm and a positive
peak at ca. 410 nm (Figure 5). This change of sign within the band has been interpreted to
originate from characteristic heme-polypeptide interactions in the heme biding pocket.41: 42
The bisignate CD spectrum disappeared for the Cyt c-SPDP bioconjugate. This suggests that
as a result of tertiary structure changes of Cyt ¢ upon chemical modification the structure of
the heme binding pocket changed which provoked a disruption in the coupling between m—
7" transitions of the heme group and nearby amino acid residues.3”: 4143 Changes in the
Soret CD spectrum of Cyt ¢ have been observed by others under various denaturing
conditions, including, after the addition of urea, at elevated temperatures, in the presence of
extrinsic ligands, and pH-induced.3”: 40 In agreement with the CD data on tertiary structure
(Figure 4), chemical protein glycosylation prevented significant spectral changes in the
heme Soret band and thus structural changes in the heme binding pocket. The CD spectra of
Cyt c and Cyt c-Lac4-SPDP are quite similar, indicating that heme-polypeptide interactions
must be largely the same (Figure 5).

We can surmise that both, Soret and near-UV CD spectra, indicate that activation of Cyt ¢
with sulfo-LC-SPDP is detrimental to the tertiary structure. However, those structural
changes were completely prevented when Cyt ¢ was chemically modified with lactose prior
to the attachment of the cross-linker.

Capability of apoptosis induction in a cell-free system

While Cyt ¢ modification with lactose was efficient in preventing tertiary structural changes,
it was unclear whether the Cyt-c-lactose bioconjugate was still capable of interacting with
Apaf-1 and to induce apoptosis due to potential steric hindrance. With the aim to
experimentally determine if the constructed Cyt ¢ bioconjugates were still able to interaction
with Apaf-1 to induce apoptosis, experiments using a cell-free system were performed. Cyt ¢
is a cellmembrane-impermeable protein32 and it was therefore crucial to conduct the
experiments in a cell-free system. Cell-free apoptosis assay is a relatively novel approach to
mimic and study caspase activation.1# The addition of Cyt c to fresh cytosol should produce
caspase activation. Indeed, it has been demonstrated that freshly purified cytosol contains
sufficient dATP and ATP (mM) to induce Cyt ¢ initiated caspase activation.12 Figure 6
shows the results of caspase-3 activity after addition of Cyt ¢, Cyt-c-SPDP, Cyt c-Lacy, and
Cyt c-Lacy-SPDP to the freshly prepared cytosol of HelLa cells. Compared to Cyt ¢ the
caspase-3 activity induced by Cyt c-SPDP was reduced to only 47%. This result was
expected because attachment of the linker produced significant tertiary structural changes.
Somewhat counter-intuitive, glycosylation of Cyt ¢ with four molecules of lactose did not
significantly impair the Cyt c-Apaf-1 interaction. Attachment of the sulfo-LC-SPDP linker
to Cyt c-Lacy slightly reduced the ability of Cyt c-Lac,-SPDP to interact with Apaf-1 to
87%. The value was, however, much higher than for Cyt-c-SPDP confirming that structural
preservation by the modification of Cyt ¢ with lactose improved the apoptosis-inducing
capability of Cyt c. Note that a cocktail of protease inhibitors must be added to the reaction
mixture during this cell-free apoptosis assay to avoid proteolysis. Thus, the cell-free assay
data obtained confirm the results obtained in the studies related to the structural integrity of
Cyt c upon chemical modification because they exclude potential protection from
proteolysis by the glycosylation. It should be noted that in vitro no difference was found by

Mol Pharm. Author manuscript; available in PMC 2015 January 06.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Méndez et al.

Page 9

us for apoptosis induction by Cyt ¢ in the cell-free assay in the presence or absence of the
protease inhibitor cocktail.

In vivo, however, many tumor tissues display a high content in an array of proteases limiting
the efficiency of protein drugs. We therefore explored whether glycosylation would protect
the protein from proteolysis in an in vitro assay. Following a tryptolytic assay described in
the literature32 we found this indeed to be the case (Figure 7). Cyt ¢, Cyt c-Lacy, and Cyt c-
Lac4-SPDP show a similar degradation kinetics in the assay but Cyt c-SPDP degrades much
faster, likely due to increased susceptibility to proteases by being partially unfolded.
Increasing the amount of sugars attached to Cyt c to 9 increased the resistance towards
proteolysis. We can conclude that attachment of lactose to Cyt ¢ protects the protein from
potential proteolysis.

Covalent immobilization of Cyt c-SPDP and Cyt c-Lac4-SPDP into MSN-SH

In order to evaluate and confirm cellular uptake, endosomal escape, and apoptosis using the
designed nanoparticulate MSN drug delivery system, Cyt c-SPDP and Cyt c-Lac4-SPDP
bioconjugates were immobilized into thiolated MSN. Under the conditions employed, the
immobilization was determined to be 350 + 79 mg and 356 + 56 mg of Cyt ¢ per 1.0 g of
MSN-SH for Cyt c-SPDP and Cyt c-Lac4-SPDP, respectively (Table 1). We conducted UV-
Vis spectroscopy to verify the presence of Cyt ¢ in the MSN. The visible absorption
spectrum demonstrated typical absorption bands at 408 nm (Soret) and around 520 and 550
nm (a and B absorption bands) demonstrating the presence of oxidized Cyt ¢ in the MSN
(Figure S1). With the aim to determine if the immobilization process had any effect on the
morphology and/or size of the MSN-SH we employed SEM and DLS. SEM micrographs
revealed no impact of the immobilization on the morphology and/or size of MSN-SH
(Figure 8).

The size of MSN-SH suspended in water was 343 + 20 nm, 341 + 30 nm for Cyt c-SPDP,
and 325 £ 24 nm for Cyt c-Lacs-SPDP. The nanoparticles sizes determined by DSL were
congruent with those obtained using SEM (Table 1).

Controlled Release of Cyt ¢ from Nanoparticles

In vitro release studies were conducted to assess the covalently modification of Cyt c to
MSN and their release from nanoparticles by reductive intracellular conditions stimuli. Only
intracellular glutathione concentrations (1-10 mM), but not extracellular plasma conditions
(1 pM), are sufficient to cleave disulfide bonds.11

We found that about 10-20% of Cyt ¢ was released using no or 1 pM GHS (Figure 9). That
confirms that at least 80% of Cyt ¢ was covalently immobilized and not adsorbed at the
nanoparticle surface. After 300 h under reducing conditions no more protein was released
from MSN. The data are compatible with the bioactivity we found for our constructs (see
below).

Viability of HeLa cells upon exposure to the MSN drug delivery system

Once confirmed by the cell-free assay that the Cyt ¢ bioconjugates had the capability to
interact with Apaf-1 and induce apoptosis, the bioconjugates were incorporated into
thiolated MSN by thiol-disulfide interchange as described by us.1! These constructs were
then employed to study their efficiency in inducing apoptosis in cancer cells using HeLa
cells as the model HeL a cells were treated with MSN-SPDP-Cyt ¢ and MSN-SPDP-Cyt c-
Lac, at different concentrations (12.5, 25.0 and 37.5 pg Cyt ¢/mL) for 24 to 72 h. None of
the conjugates induced significant cell death in HeLa cells up to 48 h. However, HelL a cells
treated with MSN-SPDP-Cyt c-Lacy for 72 h showed a statistically significantly reduced
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viability when compared with untreated cells (control) of 67% and 45% at Cyt ¢
concentrations of 25 pg/mL and 37.5 pg/mL, respectively (Figure 10). The MSN-Cyt c-
SPDP bioconjugate induced cell death only at the higher concentration of 37.5 pg/mL (81%
cell viability). However, the result was statistically not significant. MSN-SH had no
significant effect in HeLa cell viability (Figure 10) in agreement with the literature.43: 44
This confirms that cell death was induced by Cyt ¢ and not by the drug carrier per se. An
additional control experiment was performed by adding SPDP-Cyt ¢ and SPDP-Cyt c-Lacy
to the cells (30 pg/ml final concentration) under otherwise identical conditions. As expected,
no significant effect on cell viability was observed after 72 h because the cytoplasmic
membrane is impermeable for Cyt ¢.9 10

Chemically glycosylated proteins are conformationally more stable!® 22-25 and also resist
degradation by proteases*®: 47 better than their non-glycosylated forms. They should display
enhanced stability under conditions associated with in vivo endosomolytic/lysosomolytic
degradation. For this reason, researches have exploited glycosylation as a strategy for
improving stability in therapeutic agents*8 or drug delivery systems.*® The fact that MSN-
SPDP-Cyt c did not induce cell death is in agreement with results by Barnes and Shen
(2009) who demonstrated that Cyt ¢ degradation by proteasomes is responsible for the lack
of apoptotic activity when delivered to HeLa cells.3> Our results demonstrate that
glycosylation is an effective strategy to stabilize Cyt ¢ for delivery into cancer cells, likely
by hindering protein degradation.

Cellular uptake and endosomal escape of MSN-SPDP-Cyt c-Lacy

Based on the obtained results for the viability of HeLa cells upon exposure to the MSN drug
delivery system and based on the fact that Cyt ¢ is a membrane impermeable protein,® 10
experiments related to cellular uptake, endosomal escape, and apoptosis induction were only
conducted using MSN-SPDP-Cyt c-Lac, and were only of a confirmatory nature.

With the aim to investigate internalization and endosomal escape capability of MSN-SPDP-
Cyt c-Lacy, we used FITC labeled MSN and the endosome marker FM-4-64. The cells were
incubated with the bioconjugate and with the endosome marker and thereafter examined by
confocal microscopy. Under the chosen conditions, green fluorescence spots observed in the
micrographs are due to the internalization of the bioconjugate and red fluorescence spots
show endosomes in the cytoplasm. Co-localization of the two dyes because the bioconjugate
is entrapped in endosomes results in yellow fluorescence spots.32 As depicted in Figure 11,
after 72 h of incubation a significant amount of the bioconjugate is located in the cytoplasm.
Some of the bioconjugate was still entrapped in endosomes (yellow spots) in agreement with
expected uptake by endocytosis. In the merge micrograph several red spots are still observed
indicative of endosomes that have not sequestered any bioconjugate in them or those that
have not disintegrated after the bioconjugate was released into the cytoplasm.*® We have not
performed extensive time-course experiments, but the confocal micrographs support the idea
that the MSN-SPDP-Cyt c-Lac4 bioconjugate is internalized by HeLa cells. This likely
involves endocytosis because we find bioconjugates in endosomes followed by their escape
into the cytoplasm.

Apoptosis induction in HeLa cells by the delivery of Cyt c-Lac4-SPDP

Internalization and endosomal escape of the MSN-SPDP-Cyt c-Lac, bioconjugate is
necessary but not sufficient to induce apoptosis in HeLa cells. It is crucial that Cyt ¢ is
released from the MSN carrier and binds to Apaf-1 to induce apoptosis. Cells undergoing
apoptosis exhibit distinctive characteristics, such as cell shrinkage, membrane blebbing,
chromatin condensation, and nuclear fragmentation. To confirm that cell death determined
in the cell viability experiments was indeed due to apoptosis, we assessed the occurrence of
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nuclear segmentation and chromatin condensation in the cell nuclei. HeLa cells were
incubated with the MSN-SPDP-Cyt c-Lac, bioconjugate at a Cyt ¢ concentration of 37.5 pg/
mL for 72 h and the cells stained with Pl and DAPI. Co-localization of DAPI and PI
occurred (Figure 12), which points toward nuclear fragmentation and chromatin
condensation in the cells indicative of ongoing apoptosis.1® These results demonstrate that
MSN can efficiently immobilize an apoptosis-inducing protein, such as Cyt c, and release
the protein under intracellular redox conditions thus inducing apoptosis in HeLa cells. In
contrast, no co-localization was observed when using MSN without any protein (Fig. 12C).

CONCLUSIONS

In this work we delivered a model pharmaceutical protein, Cyt c, to a model cancer cell line
(HeLa) from nanosized mesoporous silica particles and induced apoptosis to a varying
extent. Cyt ¢ was attached to the particles by a smart linker releasing the payload under
intracellular conditions. Importantly we were able to demonstrate that induction of apoptosis
was improved by attachment of lactose to the surface of Cyt c. Two mechanisms were
identified: stabilization of Cyt ¢ during immobilization into the MSN and reduced
susceptibility towards proteolysis. It is conceivable that glycosylated anti-cancer proteins
could be generally useful to enable new cancer therapeutic approaches. Experiments are on
the way to improve the described system further by employing mutant proteins to enable
site-directed glycosylation of the constructs.

Our studies using confocal microscopy confirm that the MSN-SPDP-Cyt c-Lacy
bioconjugate was internalized by HeLa cells and escaped from endosomal entrapment,
which allowed the release of its cargo into the cytoplasm to induce apoptosis. Co-
localization analysis using DAPI and Pl confirmed apoptosis induction in the treated HelLa
cells. The system could be further improved by enabling active targeting using cancer cell
selective ligands or molecules.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Scheme of the Enhanced Permeability and Retention (EPR) effect. Nanoparticles (blue) can
extravasate and accumulate inside the interstitial space. Small molecule drugs or particles of
less than 10 nm in diameter (green) will not be retained. The image does not display
dimensions proportionally.
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Figure 2.

Scheme of the immobilization of Cyt c-Lac, into MSN-SH via redox-sensitive smart bonds
followed by its intracellular delivery into cancer cells.
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Scheme of the synthesis and structure of the bioconjugate Cyt c-Lacs-SPDP. Available
lysine residues for linker attachment are shown in blue. Since all lysines are available for
modification, the lactose molecules and SPDP linker can in principle be bound to any of

them.
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Near-UV CD spectrum of Cyt ¢, Cyt c-SPDP, and Cyt c-Lac4-SPD
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Figure5.
Soret band CD spectrum of Cyt ¢, Cyt ¢-SPDP, and Cyt c-Lacs-SPDP.
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Figure6.
Cell-free apoptosis assay with freshly purified HeLa cell cytosol. Asterisk (*) indicates
statistical significance (p < 0.05), see Methods section for details.
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Kinetics of the degradation of Cyt ¢ and Cyt ¢ conjugates by 4 mg/ml trypsin at 37 °C.
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Figure8.
SEM micrographs of (A) MSN-SH, (B) MSN-SPDP-Cyt ¢, and (C) MSN-SPDP-Cyt c-Lacy.
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Figure9.

Cumulative release of Cyt ¢ from mesoporous silica nanparticles suspended in buffer (@),
buffer with 1 1M glutathione (O), and buffer with 10 mM glutathione (). Asterisk (*)
indicates statistical significance (p < 0.05), see Methods section for details.
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Figure 10.

HeL a cell viability in the presence of MSN-SPDP-Cyt ¢, and MSN-SPDP-Cyt c-Lacy
bioconjugates at different concentrations after incubation for 72 h. The MSN-SH, SPDP-Cyt
¢ and SPDP-Cyt c-Lacy controls were adjusted to the same MSN or Cyt ¢ concentrations as
the corresponding Cyt ¢ immobilized in the MNS. Asterisk (*) indicates statistical
significance (p < 0.05), see Methods section for details.
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Figure11.

Internalization of the MSN-SPDP-Cyt c-Lac, bioconjugate by Hel a cells observed by
confocal microscopy. The left image is the autofluorescence image of the cells, the lower
left shows the FITC labeled MSN internalized by the cells, the lower right shows the
FM-4-64 labeled endosomes, and the upper right micrograph is the merged image.
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Figure12.

Study of DAPI and propidium iodine (PI) co-localization, for the detection of apoptotic cells
after 75 h of incubation. (A) The autofluorescence image of the HelLa cells. (B) Selective
induction of apoptosis observed in HeLa cells incubated with the MSN-SPDP-Cyt c-Lacy
bioconjugate. (C) No cellular apoptosis observed in HeLa cells when incubated with MSN
alone.
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