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The emergence of viral nanotechnology over the preceding two decades has created a number of intel-
lectually captivating possible translational applications; however, the in vitro fate of the viral nanoparticles
in cells remains an open question. Herein, we investigate the stability and lifetime of virus-like particle
(VLP) Qp—a representative and popular VLP for several applications—following cellular uptake. By exploit-
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ing the available functional handles on the viral surface, we have orthogonally installed the known FRET
pair, FITC and Rhodamine B, to gain insight of the particle’s behavior in vitro. Based on these data, we
believe VLPs undergo aggregation in addition to the anticipated proteolysis within a few hours of cellular
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Introduction

Virus-like particles (VLPs)—proteinaceous nanoparticles engin-
eered from viruses—have emerged as an accepted technology
in clinical therapeutics."” These macromolecular structures
closely resemble their original parent virus but are non-infec-
tious, as they lack their original genetic material and cannot
self-replicate. They retain, however, their capacity for efficient
multimeric self-assembly when propagated in heterologous
systems such as yeast or bacteria® and their quaternary struc-
ture is held together by strong but non-covalent interactions.
In recent years, chemical bioconjugation of the coat proteins
with synthetic ligands to induce new properties has emerged
as a growing field of “chemical virology”.* These hybrid syn-
thetically modified bio-based nanoparticles have gained con-
siderable momentum as a scaffold for the precise installation
of small molecules, additional functional proteins, and even
inorganic nanoparticles. These characteristics define VLPs as
an excellent platform for the development of highly specialized
imaging, drug delivery, and sensing technologies.”® Generally,
without the installation of specific localization or escape moi-
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eties on the VLP, it is well known that that these particles typi-
cally localize in endosomal compartments’ and are destined
for lysosomal degradation. This has influenced rational design
such that the decreased pH associated with the lysosome has
been used to control drug release with pH sensitive poly-
mers,'® changes in electrostatic binding'! and to even measure
the pH of the compartment.' Largely absent in the literature
has been a mechanistic effort to understand what happens to
the supramolecular structure of the virus once taken in by the
cell. This information potentially can open new avenues of
design centered around stimuli responsive behavior—in par-
ticular, we seek an understanding of the apparent time a VLP
has to live as a supramolecular structure following uptake.

To investigate the intactness of the VLP, we chose to employ
Forster resonance energy transfer (FRET), a well-known non-
radiative distance dependent energy transfer between a pair of
donor and acceptor molecules.”® This phenomenon has been
utilized in the design of biological probes,'* chemical
sensors,'” and light harvesting devices'® but is most recog-
nized for its use in studying inter- and intramolecular
protein interactions. FRET has been successfully employed to
elucidate protein folding,"”'® misfolding,'® aggregation,*® and
dissemination®'>* as its key attribute is that it is a “photonic
ruler” that emits light based on the proximity of compatible
fluorophores. The attached donor and acceptor fluorophores
must fulfill two requirements: firstly, sufficiently overlapping
emission and excitation spectra must exist such that the emis-
sion of the donor fluorophore can excite the group state of the
acceptor. Secondly, the two moieties must be within a few
nanometers of each other for this transfer of energy to occur
efficiently. This technology is amenable for the study of a
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variety of substrates®**> and we have harnessed it here to aid
in qualitatively evaluating VLP degradation following endocyto-
sis in model immune and cancer cell lines to draw conclusions
on particle lifetimes.

There are a variety of VLPs currently in use that run the
gamut of size, shape, and host origin, which makes it exceed-
ingly difficult to make general statements on these particles;
therefore, we choose to focus solely on Qp. This porous icosa-
hedral particle is 28 nm in diameter and its shape and struc-
ture allow for the loading of small molecules in its interior via
diffusion®® or direct conjugation to interiorly directed amino
acids.”’ The VLP has been widely used as a drug delivery
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28-31 32,33

and has shown
34-36

agent, cancer immunotherapeutic,
promise in clinical trials for adjuvant free vaccination
attributable to the functional handles and its repetitive surface
structure. The surface of Qf contains two cysteine residues at
positions 74 and 80 that daisy-chain each of the 180 14.1 kDa
subunits together providing most the structural integrity of the
particle. The resulting disulfide bonds are easily functiona-
lized through dibromomaleimide chemistry without affecting
the stability of the VLP?” and is an orthogonal reaction to a
second functionalization of the coat protein located at lysine
residues 2, 13, 16 and the N-terminus, which are necessary for
our proposed system (Fig. 1A and Scheme 1).
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Fig. 1 (A) Chimera rendering of the Qp capsid with the cysteine and free amine residues labeled in green and red respectively. The inset shows the

hexameric pore with the heteroatoms highlighted in green (sulfur) and red (nitrogen). (B) Fluorescence emission spectra of the attached fluorophore.
The green line indicates FITC (lex: 490 NM/Aem: 520 nm), the red line shows rhodamine emission (ley: 520 NnmM/lem: 590 nm), and the blue line shows
the existence of FRET between the two fluorophores. (C) Images of the product at subsequent stages of conjugation. (D) Non-reducing SDS-PAGE
gel images of Qp conjugates after each step of conjugation. Green fluorescence can be seen only in lanes where Qf has been conjugated to FITC
which is the same for the red fluorescence image and rhodamine attachment. The red fluorescence seen in the Qp-RhoB well results from a small
amount of aggregated protein — the addition of a large number of positively charged fluorophores leads to capsid instability without dibromaleimide
conjugation. In lane 7, when the construct is excited at 490 nm and the emission obtained at 590 nm, only Qf with both fluorophores shows a
signal.
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Scheme 1 Schematic representation of the two copper catalyzed click reactions and relevant bioconjugation reactions performed to achieve the
final conjugate. All steps are detailed in the Experimental section. Qp is reduced (i), to yield free thiols which are then conjugated to an alkyne func-
tionalized dibromomaleimide (ii). FITC is added via CuAAC (iii), the capsid is then subject to a diazo transfer reaction (iv) and another CUAAC reaction

is used to attach Rhodamine B (v) to create the final product.

In this work, we install the FRET pair fluorescein isothio-
cyanate (FITC) and Rhodamine B (RhoB) to investigate the
intactness of the QP VLP following cellular uptake. The
ordered amino acid sequence present on the capsid surface
allow for site specific dye installation thus we propose a four-
part orthogonal synthetic procedure to attach the aforemen-
tioned fluorophores via copper catalyzed azide-alkyne cycliza-
tion (CuAAC) “click” chemistry to yield a FRET active VLP with
efficient energy transfer capabilities. We measured the dis-
tance between neighboring thiol and amine groups we intend
to functionalize using a Chimera generated structure (1QBE)
and found that these handles are well within the reported*®*°
Forster distance of ~45 A - ranging from 18 to 38 A in distance
(Fig. S1t). The ordered installation of the FITC-RhoB FRET
pair on the VLP surface coupled with the close proximity of the
fluorophores results in a 46.74% energy transfer efficiency.
Given the proteinaceous nature of the VLP, our initial hypoth-
esis was that proteases will destroy the secondary structure,
causing the collapse of the quaternary structure, which will
separate the fluorophores within the endosome/lysosomal
compartment and therefore cause a decrease in the FRET
efficiency and signal.

Materials and methods

Synthetic procedures

Expression and purification of Qf VLPs (,Qf). The
expression and purification of QB VLPs was done by using a
published procedure,” which is reproduced here in brief. The
plasmids were gifts from Prof. M. G. Finn of the Georgia
Institute of Technology. A 10 mL of starter culture of E. coli
BL21DE3 cells with the plasmid were amplified to 500 mL of
SOB media (100 pg mL~" kanamycin) at 37 °C until the ODg
was 0.9-1.0. To that, 1 mM (final concentration) of isopropyl

This journal is © The Royal Society of Chemistry 2020

B-p-1-thiogalactopyranoside (IPTG) was added to induce the
expression at 37 °C overnight. Cells were harvested by centrifu-
ging using a Fiberlite F10 rotor at 10 500 rpm (19 510g) for 1 h
at 4 °C, followed by re-suspending into 70 mL of 0.1 M potass-
ium phosphate buffer (pH 7.00). Cells were lysed in a cell hom-
ogenizer and the lysate was centrifuged in a Fiberlite F10 rotor
at 10500 rpm (19510g) for 1 h at 4 °C. The pellet was dis-
carded, and ammonium sulfate was added into the super-
natant to produce a final concentration of 2 M and allowed to
incubate with rotation for at least 1 h at 4 °C. The suspension
was centrifuged using a Fiberlite F10 rotor at 10500 rpm
(19 510g) for 1 h at 4 °C. The pellet was re-suspended in 10 mL
of 0.1 M potassium phosphate buffer (pH 7), and an equal
volume solution of n-butanol and chloroform (1 : 1) was added.
The solution was vortexed and pelleted by centrifuge in a
Fiberlite F10 rotor at 10 500 rpm (19 510g) for 30 min at 4 °C.
The top aqueous layer was carefully recovered and further puri-
fied by isocratic FPLC using 0.1 M potassium phosphate buffer
pH 7.

2-Azidoethanamine synthesis. In a 50 mL round bottom
flask, NaNj; (6.595 g, 101.4 mmol) was dissolved in 30 mL of
water and 2-bromoethaneamine hydrobromide (7.04 g,
34.3 mmol) was added to the reaction mixture. It was stirred
O/N at 80 °C and cooled to 0 °C in an ice bath. To this, 30 mL
of diethyl ether was added with 9.00 g (160 mmol) of solid
KOH and stirred until the KOH dissolved. The solution was
washed 3x with ether, the organic phase dried with MgSO,, fil-
tered, and the solvent evaporated under reduced pressure. The
product was recovered as a yellow oil (95% yield). 'H NMR
(CDCl;, 600 MHz) § (ppm): 3.35 (t, 2H, J = 5.5 Hz), 2.87 (t, 2H,
J=6Hz).

FITC-N; synthesis. FITC-N; was synthesized as reported in
the literature.”® In a 250 mL flat bottomed flask, 1.53 g
(3.93 mmol) of FITC was dissolved in 150 mL of MeOH.
2-Azidoethaneamine (0.728 g, 8.45 mmol) was added with
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5 mL of TEA. The reaction was stirred at RT O/N and the
solvent evaporated the next day and recovered as a dark orange
solid (52% yield). 'H-NMR (CD;0D, 500 MHz): 7.99 (d, J =
1.95, 1H), 7.73 (dd, J = 8.15, ] = 2.05, 1H), 7.21 (d, J = 8.15, 1H),
7.08 (d, J = 9.05, 2H), 6.65 (d, J = 2.20, 2H), 6.62 (dd, J = 9.08, ]
=2.23, 2H), 3.84 (t, ] = 5.90, 2H), 3.60 (t, J = 5.95, 2H).

Synthesis of DB-alkyne (DB-Alk). Methyl 3,4-dibromo-2,5-
dioxo-2,5-dihydro-1H-pyrrole-1-carboxylate ~was synthesized
from a published procedure.*! 3,4-Dibromomaleimide (1.0 g,
3.9 mmol) and N-methylmorpholine (0.43 ml, 3.9 mmol) were
dissolved in 35 mL of THF, followed by addition of methyl-
chloroformate (0.30 ml, 3.9 mmol). The reaction was stirred at
room temperature (RT) for 20 min. After stirring, 40 mL of
DCM was added and the organic phase was washed with
water, dried over anhydrous MgSO,, filtered, and solvent was
evaporated under reduced pressure to yield a pink solid. Yield:
(1.140 g, 94%). "H NMR (500 MHz, CDCl;) § ppm 4.01 (s, 3 H).

Second, to a solution of the previous product, (0.1000 g,
0.3196 mmol) in 4 mL of DCM, propargylamine (0.0250 mL,
0.381 mmol) was added. The reaction was stirred for 20 min,
diluted with 10 mL of EtOAc and washed with sat. NH,CI (x2)
and water (x2). The organic phase was dried over anhydrous
MgSO,, filtered, and solvent was evaporated under reduced
pressure. "H NMR (500 MHz, CDCl;) § (ppm) 2.21 (t, J = 2.50
Hz, 1 H) 4.21 (d, J = 2.50 Hz, 2 H).

Conjugation of DB-alkyne onto Qf (Qp-DB-Alk). Using a
5 mg mL™" stock of purified nQp, 200 pL (70.8 pmol) of the
stock was added to 20 pL of a TCEP HCI solution (1.27 M) and
incubated for 1 h at RT. To the solution of reduced VLP,
1.74 mL of 0.1 M NaP buffer (pH 5) along with 10 pL of DB-
alkyne in DMF (0.6372 M) was added to yield a final concen-
tration of QB: 0.5 mg mL™'. The resulting yellow fluorescent
solution was washed (3x) in a 10 K MWCO centrifugal spin
column with 0.1 M NaP buffer (pH 5) and finally exchanged to
0.1 M KP buffer (pH 7).

Clicking FITC-N; onto DB-alkyne (Qf-FITC). The following
1 mL solutions were prepared; CuSO, -5H,O (5 mg, 4 mM),
THPTA (22 mg, 41.5 mM), sodium ascorbate (2 mg, 13.3 mM)
and aminoguanidine HCl (11 mg, 99.5 mM) in water. For a
final QP concentration of 0.5 mg mL™" in 0.1 M KP, 10 uL of
FITC-N; in DMF (16.2 mM) was added to 1 mL of 1 mg mL™"
QpB-DB alkyne. 15 pL of CuSO,-5H,0 was premixed with 30 pL
THPTA and added to the reaction mixture. Finally, 150 pL of
aminoguanidine HCI was added followed by 150 pL of sodium
ascorbate. The solution was stirred for 3 h on the rotisserie.
The resulting green fluorescent solution was washed (3%) in a
10 K MWCO centrifugal spin column with 0.1 M KP buffer
(pPH 7).

Synthesis imidazole-1-sulfonyl azide was synthesized as
reported in the literature.*” Sodium azide (10.1 g, 156 mmol)
was placed in a 250 mL round-bottomed flask with a stir bar.
The flask was evacuated, a N, atmosphere was introduced, dry
acetonitrile (78 mL) was added, and the suspension was
cooled to 0 °C. While the inert atmosphere was maintained,
sulfuryl chloride (12.6 mL, 156 mmol) was then added drop-
wise over the course of at least 10 min with stirring, and the
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mixture was slowly warmed to room temperature and stirred
for at least 17 h. The suspension was then cooled to 0 °C, and
while the inert atmosphere was maintained, imidazole (20.2 g,
296 mmol) was added continuously over 10 min. The solution
was stirred for at least 3 h at 0 °C, diluted with EtOAc
(156 mL), and basified by addition of saturated aqueous
NaHCO; (250 mL). The organic layer was then washed with
water (250 mL), dried over MgSO,, and filtered. This solution
was then cooled to 0 °C and placed under a N, atmosphere,
and concentrated H,SO, (3 mL, 156 mmol) was added drop-
wise over the course of 5 min. The mixture was gradually
allowed to warm to room temperature, stirring vigorously.
After 24 h, a colorless precipitate had formed. Vacuum fil-
tration followed by a wash with a small amount of cooled
EtOAc afforded white crystals which were left to dry for
15 min, then collected in a round-bottom flask, and dried
under high vacuum to afford pure product (25.2 g, 93.1 mmol,
60%). The reagent was collected and stored under N, in the
fridge. "H NMR (DMSO-dg, 600 MHz) § 14.29 (s, br, NH"),
13.11 (s, HSO47), 9.08 (s, CH), 8.08 (t, / = 1.7 Hz, CH), 7.52 (dd,
J=1.7,0.8 Hz, CH).

Diazo transfer reaction on Qf’s free amines (nQf-N; or
Qp-F-N;). The following solutions were prepared: 14.5 mM
K,CO3, 4.00 mM CuSO,-5H,0, and 7.37 mM imidazole-1-sul-
fonyl azide salt in water. To 3 mg of unfunctionalized Qf
(1 mL), 1.68 mL of 0.1 M KP buffer (pH 7) was added followed
by 160 pL K,CO;, 100 pL CuSO,-5H,0, and 60 pL diazo
transfer reagent for a final QP concentration of 1 mg mL™".
The solution was stirred overnight at RT and washed (5x)
in a 10 K MWCO centrifugal spin column with 0.1 M KP
buffer (pH 7). The same was repeated with QB-FITC to yield
QP-F-N;.

Synthesis of rhodamine B alkyne. To a 100 mL round
bottom flask, Rhodamine B (2.01 g, 4.28 mmol) was added to
50 mL of DCM. Propargyl alcohol (0.31 g, 5.5 mmol), dicyclo-
hexylcarbodiimide (1.34 g, 6.49 mmol) and 4-dimethyl-
aminopyridine (0.06 g, 500 pmol) were added and stirred at RT
for at least 24 h. Product was purified by column using a gradi-
ent of 80:10:10 DCM/acetic acid/methanol (1.35 g,
2.92 mmol, 60%). 'H NMR NMR (500 MHz, CDCl;) § (ppm):
1.22 (q, 12H, CHj;), 2.44 (s, 1H, CH=C), 3.66 (m, 8H, CH,N),
4.64 (s, 2H, OCH,C=CH), 6.98-8.24 (m, 10 H).

Clicking rhodamine-alkyne to Qf (Qf-RhoB or Qf-DBC).
The following 1 mL solutions were prepared; CuSO,-5H,0
(5 mg, 4 mM), THPTA (22 mg, 41.5 mM), sodium ascorbate
(2 mg, 13.3 mM) and aminoguanidine HCI (11 mg, 99.5 mM)
in water. For a final QB concentration of 0.5 mg mL™" in 0.1 M
KP, 10 pL of Rhodamine B - alkyne in DMF (16.2 mM) was
added to 1 mL of 1 mg mL™" QB-N;. 15 pL of CuSO,-5H,0 was
premixed with 30 pL THPTA and added to the reaction
mixture. Finally, 150 pL of aminoguanidine HCI was added fol-
lowed by 150 pL of sodium ascorbate. The solution was stirred
for 3 h on the rotisserie. The resulting solution was washed
(3x) in a 10 K MWCO centrifugal spin column with 0.1 M KP
buffer (pH 7). The resulting fluorescent solution was dialyzed
for 3 d in 0.1 M KP buffer (pH 7) at 4 °C; buffer refreshed every

This journal is © The Royal Society of Chemistry 2020
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6 h. The reaction was repeated using Qp-F-Nj; to yield the final
product QB-DBC.

Artificial lysosomal fluid (ALF). Briefly, sodium chloride
(3.210 g), sodium hydroxide (6.000 g), citric acid (20.800 g),
calcium chloride (0.097 g), sodium phosphate heptahydrate
(0.179 g), sodium sulfate (0.039 g), magnesium chloride hexa-
hydrate (0.106 g), glycerin (0.059 g), sodium citrate dihydrate
(0.077 g), sodium tartrate dihydrate (0.090 g), sodium lactate
(0.085 g), sodium pyruvate (0.086 g), formaldehyde (1.000 mL,
added fresh before use) were dissolved in 200 mL of MilliQ
water in order to obtain a 5x stock solution. Before use, the
solution was diluted to a 1x working solution for
experimentation.

Cell uptake and degradation experiments. MCF-7 cells and
RAW 264.7 macrophages cultured in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin were seeded onto glass
bottomed dishes (~105 cells per dish). Seeding was performed
1 d before the experiment. The cells were incubated with
10 pM solution of the QB-DBC product for 4 h in triplicate. The
cells were then washed (3x) with 1x PBS, stained with 300 nM
Hoescht 33442 dye, washed again (3x) with PBS and 1 mL of
clean supplemented media for live cell imaging using an
Olympus FV3000 RS Confocal microscope. LysoTracker Deep
Red was added to cells when necessary at a concentration of 50
nM, 1 hour prior to cell imaging and washed as previously
described.

Flow cytometry experiments. MCF-7 cells and RAW
264.7 macrophages cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin were seeded at a concentration
of ~106 cells per well in a six well plate. The cells were incu-
bated with 10 uM solution of the Qf-DBC product for 4 h and
were then washed (3x) with 1x PBS and clean media was added
to the cells. At the appropriate time points, cells were removed
from the plates by pipetting and analyzed on a BD Fortessa
Flow analyzer.

Results and discussion

In this work, Qf was exploited as a rigid scaffold to create a
FRET-based degradation probe through the subsequent
functionalization of its cysteine and solvent accessible amine
residues. Each of the 180 disulfide bonds that line the pores of
the VLP were reduced in the presence of tris 2-carboxyethyl-
phosphine to yield free thiol groups to allow for instant dibro-
momaleimide re-bridging and the installation of an alkyne
functional handle (DBA) without disruption of capsid stability.
It has been established that dithiol-maleimide moieties
remain susceptible to ligand exchange via reverse Michael
addition in the presence of thiol rich species such as bovine
serum albumin (BSA) and excess glutathione (GSH).** This
lability can be inhibited by hydrolyzing the maleimide ring to
the maleamic acid at a pH > 8. Following a three-hour incu-
bation in phosphate buffer at pH 8.5,** we tested QB-DBA for
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ligand exchange by incubating equivalents amount of VLP and
BSA for 24 h and monitoring via fast protein liquid chromato-
graphy (FPLC) to determine if there was any ligand transfer.
Typically, the thiol-maleamic acid group absorbs light at
400 nm and monitoring this in conjunction with monitoring
the protein at 280 nm revealed no transfer between Qp-DBA
and BSA (Fig. S2}). With the alkyne handle installed and
secure, we employed copper catalyzed azide-alkyne cyclo-
addition (CuAAC) to attach the first fluorophore—azide func-
tionalized FITC (FITC-N;). The dye is introduced to QB-DBA in
the presence of copper sulfate, THPTA, aminoguanidine HCI
and sodium ascorbate in 0.1 M potassium phosphate buffer to
facilitate the click reaction. The resulting solution is easily pur-
ified by centrifugal filter to yield a green fluorescent solution
of VLPs with approximately 143 fluorophores attached (Fig. 1C
top). In order to orthogonally attach the second fluorophore,
RhoB, via the same CuAAC chemistry, the amine residues were
first converted to azide groups. This is achieved by a diazo
transfer reaction using water soluble imidazole-1-sulfonyl
azide sulfate at room temperature for 16 h. After washing,
alkyne functionalized RhoB was attached to the same capsid
as FITC-Nj; to yield an orange solution with the attachment of
approximately 105 RhoB moieties (Fig. 1C bottom). The final
product (QB-DBC) is washed well and dialyzed for several days
in an attempt to remove free rhodamine that may be electro-
statically bound to the surface of the capsid and characterized.
Transmission electron microscopy (TEM) images indicated
clearly that the multistep reactions did not alter the icosahe-
dral shape and size of the VLP (Fig. S31). This was further con-
firmed by dynamic light scattering measurements, in which
we found an average particle size of 30 + 2.1 nm (Fig. S47T). We
then examined the excitation and emission spectra of FITC
and RhoB after attachment to the surface of Qp—spectral
overlap was observed between the fluorophores (Fig. 1B) con-
firming appropriate spatial orientation of the fluorophores
within the reported Forster distance. To further verify the iden-
tity, intactness, and fluorophore activity, non-reducing
SDS-PAGE and native agarose gel electrophoresis were per-
formed and analyzed via a gel multispectral fluorescence
imaging system (Fig. 1D, S5 and 67). The attachment of
FITC-N; yields green fluorescence (Fig. 1C FITC) which is
retained in subsequent reactions (Qp-F-N; and Qp-DBC) The
same is observed following the conjugation of RhoB to yield
Qp-RhoB and the final product—the “double clicked” system—
QB-DBC (Fig. 1C). From these data we conclude that the
surface of Qpf was labeled with FRET pairs.

To evaluate the viability of our proposed construct as a
sensor for degradation lifetimes in cellular systems, we first
subject QB-DBC to 0.1 M potassium phosphate solutions
ranging in pH from 3.0-7.4. We found no significant change
(p > 0.5) in the emission intensities of the individual fluoro-
phores or the resulting FRET signal over this pH range, indi-
cating that loss in fluorescence is most likely attributable to
the collapse of the particle and not the pH (Fig. 2A). To investi-
gate how FRET would be affected following proteolysis, the
sample was incubated with trypsin, a proteolytic enzyme that
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Fig. 2 Al fluorescence data were collected using the following wave-
lengths and colors: FITC—green (ley: 490 NnM/Aem: 515 nm), Rhodamine
—red (lex :520 NnM/iem: 560 nm) and FRET—blue (ley: 488 nm/iem:
560 nm). (A) Fluorescence intensity at ima.x following incubation of
Qp-DBC at various pHs in 0.1 M potassium phosphate for 24 h. The data
show a statistically insignificant change in emission intensities (p > 0.5).
(B) Qp-DBC was incubated with 0.05 M trypsin over the course of 24 h,
which produced an initial increase in FITC emission and a concomitant
decrease in FRET emission as the FRET pair is separated. Notably, there
is decrease in all emission intensities at ~13 h, which we attribute to
aggregation. (C) FRET emission of the QB-DBC complex in artificial lyso-
somal fluid (ALF) showing a decrease in total emission. Inset: Decrease
in fluorescence emission at Ay,x of FITC and RhoB over 24 h. The y-axis
is the same as the parent spectra. Select timepoints from this experiment
were analyzed by (D) DLS, which shows aggregation of the particle in
ALF, most likely attributable to the high ionic strength of the media.

cleaves at the carboxyl side of lysine or arginine residues. Over
the course of 24 h, the results depicted in Fig. 2B show an
increase in FITC emission (green line) and a decrease in FRET
emission (blue line) indicative of an increase of Forster dis-
tance. After approximately 14 h there is a sudden decrease in
all emission intensities. Analysis of the solution at this time
point by DLS found particle precipitation and aggregation. We
thus attribute this sudden loss in fluorescence to an aggrega-
tion-based quenching of the dyes (Fig. S77).

To further investigate the mechanism of particle disrup-
tion, we subjected the QB-DBC complex to artificial lysosomal
fluid (ALF). This solution not only mimics the pH, but also the
ionic strength, complexity, and crowdedness of the lysosomal
compartment to more fully replicate native cellular con-
ditions.” Emission spectra collected at different time points
and presented in Fig. 2C show a decrease in the intensities of
emission at all wavelengths at the same rate. Separation of
fluorophores, which is occurring in Fig. 2B, would produce a
scenario wherein the FRET emission decreases while the
donor fluorophore (FITC) increases. Because all wavelengths
were decreasing, we again suspected that the high dielectric
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constant of the ALF media causes electrostatically induced
aggregation of the VLP (Fig. 2D) and thus quenching of the
surface-bound fluorophores. DLS analysis of this VLP in ALF
over time showed an increase in particle size from a uniform
peak at 30 nm to two peaks of 45 nm and larger agglomerates
of approximately 300 nm in a period of four hours. These data
predict that, once the VLP enters the cell through receptor
mediated endocytosis®® and is trafficked to an endosomal com-
partment, we expect to see a loss in FRET and an increase in
FITC emission due to proteolysis; however, we also expect to
see a loss in total fluorescence owing to electrostatically
induced aggregation of the particle.

For our in vitro study, RAW 264.7 macrophages and MCF-7
were used as models. Macrophages phagocytose foreign
bodies, degrade them rapidly, and then perform other
immune related signaling and trafficking to indicate they have
consumed a foreign substance.”” MCF-7, one of the most
studied models for cancer research, reproduce and metabolize
nutrients quickly.*® These two cell types have distinct purposes
to perform cellular uptake and the fates of these particles fol-
lowing uptake in both cells are almost certainly different. To
test this, QB-DBC was incubated with cells at a concentration
of 1 mg mL™" in supplemented DMEM for four hours and
washed (3x) carefully with clean media. Cells destined for con-
focal imaging were stained with Hoescht 34442 before imaging
at select time points. Data presented in Fig. 3 depicts the
change in fluorescence intensity of the capsid at four and 24 h
after the start of incubation. The macrophages clearly show a
large amount of QB-DBC uptake within the first four hours
(Fig. 3A) with both fluorophores brightly visible under their
respective emission filters and a high FRET signal. This fluo-
rescence intensity fades quickly and is very weak at 24 h
(Fig. 3B raw data shown in Fig. S8). Conversely, MCF-7 cells
do not readily endocytose as many particles into the lysosomal
compartment—much of the fluorescence appears to be diffuse
at four hours indicating low localization in an internal com-
partment (Fig. 3C). To determine where the VLPs were loca-
lized, cells were incubated with Lysotracker and imaged live at
4 and 8 h. The results indicate that the particles indeed loca-
lize in lysosomal compartments which is indicated by an
increase in the Pearson’s coefficient. RAW macrophages
showed an increase from 0.68 to 0.82 and MCF-7 increased
from 0.79 to 0.90 (Fig. S97). After 24 h the emission appears
punctate and a similar decrease in emission intensity is
observed (Fig. 3D). To more accurately quantify the change in
FRET over time, flow cytometry was employed to quantify the
emission intensities. After plotting the maximum emission
values for each sample (Fig. 3E and F), a trend that mirrors our
simulated media emerges. Initially, all fluorescence decreases
—which we attribute to an initial cellular uptake and aggrega-
tion in the endosome. As time progresses, the FITC signal
gradually increases and peaks at approximately 6 h in macro-
phages and 8 h in MCF-7 cells. We attribute this increase in
FITC fluorescence with proteolysis of the VLP into smaller sub-
units, which increases the distance between the FRET pair.
This separation is followed by a sudden crash in the emission

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Confocal microscopy images processed in NIH ImageJ software of

RAW 264.7 macrophages and MCF-7 breast cancer cells at 4 h (A and C)

and 24 h (B and D) respectively. There is a visible difference in cellular uptake capacity. Raw image data can be found in Fig. S3.1 E and F represent
the peak maxes of collected flow cytometry data of RAW 264.7 and MCF-7 cells, showing the same trend in fluorescence trends noted in the pre-

vious cell-free degradation assay.

intensities of both fluorophores and the resultant FRET signal.
Again, we attribute this to the rapid aggregation of digested
fragments. Overall, it appears as though it takes up to 10 h
(4 h of incubation, followed by washing, and another 6 h of
incubation in clean media) for proteolysis of the VLP to be sig-
nificant. During that time, however, it appears as though the
VLP is aggregating in the endosome/early lysosome. Once pro-
teolysis has begun, it appears as though the resulting protein
fragments are quenched relatively shortly thereafter as
aggregates.

Conclusion

Using QP as a scaffold to site-specifically install a FRET pair,
we have created a probe for understanding in vitro degradation
of a virus. We believe our data illustrates that following uptake,
VLPs aggregate inside the endosome and that several hours
pass before they are degraded by proteolytic enzymes. While
our studies do not preclude other dye-specific quenching
induced by chemical processes inside the lysosome, the fact
that all fluorophores quench at the same time leads us to
believe that aggregation induced quenching is the culprit. This
argument is further made by the fact that the largest loss of
fluorescence follows an increase in FITC fluorescence, which
we attribute to proteolysis. Further, these cellular results
directly reflect our data in simulated cell media, which adds
support to our hypothesis that aggregation in the lysosome is
happening both before and after proteolysis. Finally, in the
tested cell types at least, it appears VLPs have an upper limit of
12 hours before they are effectively destroyed, thus obser-
vations beyond this point in these cells would suggest the
experimentalist seriously consider these effects as possibly
arising from degraded and aggregated VLP products, rather

This journal is © The Royal Society of Chemistry 2020

than intact virions. Possibly decreasing or inhibiting aggrega-
tion in the early stages using highly charged amine-rich sur-
faces may be a method to improve drug or gene delivery from
the lysosome.
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