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ABSTRACT: Proteinaceous nanomaterials and, in particular, virus-like particles
(VLPs) have emerged as robust and uniform platforms that are seeing wider use in
biomedical research. However, there are a limited number of bioconjugation
reactions for functionalizing the capsids, and very few of those involve
functionalization across the supramolecular quaternary structure of protein
assemblies. In this work, we exploit the recently described dibromomaleimide
moiety as part of a bioconjugation strategy on VLP Qf to break and rebridge the

exposed and structurally important disulfides in good yields. Not only was the

stability of the quaternary structure retained after the reaction, but the newly functionalized particles also became brightly
fluorescent and could be tracked in vitro using a commercially available filter set. Consequently, we show that this highly efficient
bioconjugation reaction not only introduces a new functional handle “between” the disulfides of VLPs without compromising
their thermal stability but also can be used to create a fluorescent probe.

B INTRODUCTION

Over the preceding two decades, nanoparticles have taken a
prominent position in biomedical research,'™> and among the
various compositions of nanoparticles, virus-like particles
(VLPs), the noninfectious proteinaceous derivatives of viruses,
stand out as being both highly functionalizable and
biodegradable®™"" because they will be eliminated by the
reticuloendothelial system and cleared from the body.'” VLPs
are self-assembled macromolecular structures comprising
anywhere from several dozen to thousands of individual
protein subunits."> This higher-order quaternary structure has
been exploited both chemically'*™"® and genetically'*** to
create new materials such as drug carriers,”>' 7> bright
fluorescent probes.,24_28 long T1 MRI contrast ::1gents,29_3'3
PET radiotracers,”® and platforms for vaccine develop-
ment.”> ™" Bacteriophage Qf, which is a 28 nm icosahedral
protein nanoparticle, is one such VLP that has been widely
investigated as a template for nanomedicine.””**** The capsid
self-assembles around RNA from 180 identical coat proteins, in
which two monomers are tightly interlocked through hydro-
phobic interactions. These 90 dimers are linked together by
disulfides between Cys74 and Cys80 and self-assembled into
icosahedral particles. The individual 14.2 kDa coat proteins are
composed of 132 amino acids, of which four solvent exposed
primary amines on the exterior surface have been used as
reaction sites to install fluorescent labels,"® contrast agents,‘“’32
therapeutic drugs,'"® and polymer initiators.'** While addi-
tional functionalities can be programmed via site-selective
mutagenesis, there is an articulated’ need to develop
additional and orthogonal reaction methods that functionalize
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VLPs for new technologies in targeted drug delivery and
imaging applications.

One exploitable functional group is disulfide bridges, which
are surprisingly common in viral capsids."' For instance,
coliphage (groups III and IV), Pseudomonas phage P77,
hepatitis B and C, and HIV possess disulfide functional groups
located on their surfaces.”” An issue with utilizing disulfides as
functional handles, however, is that reduction of the disulfide
bond to free cysteines usually decreases the thermal stability of
the tertiary structure of the folded protein monomer.** In some
of the aforementioned VLPs, the disulfides are involved in
stabilizing the larger supramolecular (quaternary) structure as
well by offering a covalent link between the individual
monomers, strengthening the overall superstructure of the
virus.**** Indeed, such is the case in Qp, which possesses 180
solvent exposed disulfide groups lining each pore connecting
either five or six protein monomers in a daisy-chain fashion
(Figure 1). Recently, dibromomaleimide (DB) derivatives have
emerged as a means of functionalizing disulfides by reacting
specifically with two free thiols obtained from the reduction of a
single disulfide to form a two-carbon bridge. This reaction has
been used to rebridge reduced disulfides on small peptides®
and proteins,"**’ and we recently communicated a strategy
employing DB conjugates to attach polymers to improve the
solubility of photolytically activated doxorubicin—Qf con-
jugate.” In this article, we expand upon this reaction and show
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Figure 1. Crystallographic structure of Qf VLP (PDB ID: 1QBE).
Cysteine residues (Cys 74 and Cys 80 shown in red) are located along
the pores. These cysteines form disulfide bridges that link S monomers
(top insert) or 6 monomers (bottom insert) to create a total of 32
pore structures on the capsid.

that cationic, anionic, polymeric, and neutral small-molecule
DB derivatives attach to the capsids in good yields while
retaining the thermal stability afforded by the original disulfide
bond. In addition, we also show that alkyl-substituted DB
functional groups become fluorescent following displacement
of the bromides by the capsid thiol groups and this reaction
produces a fluorescent probe with incredibly fast kinetics. This
single moiety permits the introduction of bespoke functionality
and provides a turn-on response following reaction with
disulfides yielding a fluorescent probe suitable for imaging in
vitro.

B RESULTS AND DISCUSSION

The preparation of DB derivatives is synthetically straightfor-
ward and achieved via the condensation of dibromomaleic
anhydride with a primary amine possessing the desired
functional group. To test the scope of the DB conjugation to
Qp, a series of DB derivatives (Scheme 1) was prepared as
detailed in the Supporting Information.

The pentameric and hexameric subunits of the VLP Qf
(Figure 1) are linked by disulfides, all of which are solvent
exposed. Upon the addition of S equivalents of tris(2-
carboxyethyl)phosphine (TCEP) at room temperature (RT)
for 1 h, all 180 disulfides are reduced to the corresponding 360
free thiol functional groups. This reduction, confirmed using
nonreducing sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE, Figure 2A) shows that, following
the addition of five equivalents of TCEP, the higher-order
oligomers are mostly gone, an observation consistent with
literature reports.'® A pair of notable features of the gel bear
explanation: (1) a strongly associated dimer persists following
reduction and denaturation. This dimer is noncovalently
associated and difficult to eliminate, an observation that has
been reported elsewhere.””*” (Tight noncovalent interactions
between monomers of Leviviridae RNA phages, of which Qf is
a member, are observed commonly; see ref 48.) (2) Visible in
the control lane containing zero TCEP are some lower-order
oligomers of the pore structures, and protein monomer can be
seen. Size-exclusion chromatography by fast protein liquid
chromatography (FPLC; Figure 2B) shows a single peak
corresponding to pure capsid, indicating that these lower-order
oligomers are not impurities left over following expression but
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Scheme 1. Qf Reduction and DB Compounds®
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Figure 2. (A) Nonreducing SDS-PAGE showing the extent of
reduction with different equivalents of TCEP. This analysis shows that,
after QJ is incubated with 5 equivalents of TCEP at RT for 1 h, all of
the higher-order structures are reduced. Dimers present in the gel are
formed by hydrophobic interactions, not disulfide bonds. (B) FPLC
traces of Qf (11.6 mL) and reduced Qf (11.7 mL).

rather suggest incomplete post-translational disulfide oxidation.
We were able to partially confirm this with Ellman’s assay, a
colorimetric assay used to quantify free thiol groups on
proteins, which showed that about 10% of the disulfides on the
as-expressed VLP are actually already reduced and present as
free thiol groups. We were able to further confirm this when the
as-expressed capsid was treated with a 7 mM solution of
hydrogen peroxide, which elevated the oxidized disulfides from
88.2% to 98.2% (Figure S11). Complete reduction, such that all
180 disulfides are free thiols, does not change the apparent size
of the capsid, as shown by FPLC in Figure 2B, and it remains
stable in buffer for many hours. (Figure S13)

Because the phosphine-based reducing agent TCEP is
insufficiently reactive against the dibromomaleimide groups,
the reduction and addition of the DB conjugates can occur in a
single pot. After a 1 h incubation period with TCEP, 20 equiv
of the desired DB compound are added directly to the Qf
solution. The reaction is then allowed to proceed overnight,
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followed by purification using centrifugal filter (MWCO = 10
kDa, centrifuged at 4300 rpm at 4 °C with the exchange of
buffer three times to remove small molecules). TCEP is used as
a reducing agent because traditional thiol-based reducing agents
reverse the reaction via a thiol addition—elimination mecha-
nism. This observation begged the question if cysteine-rich
substrates in plasma might undo any conjugates in vitro. A
report by Nunes et al>® found that, while the maleimide
conjugates could be removed in serum, hydrolysis of the
maleimides to their corresponding maleamic acids prevented
this. We tested the stability of the conjugates in serum using
Qp—alkyne with a fluorescein isothiocyanate dye attached via
click reaction and were pleased to see that, after incubation of
the conjugates at pH 8.2 for 24 h, we were able to approximate
the literature results on our VLP with significantly less transfer
of the hydrolyzed functional group in serum after incubating for
24 h at 37 °C (the procedure is detailed in the Serum Stability
Studies section in the Supporting Information).

Apart from Qf—azobenzene, reaction yields were inferred by
measuring the remaining free thiols using Ellman’s assay
immediately following workup. Because the Qf—azobenzene
absorbs at 500 nm, which overlaps with the colored Ellman’s
assay product 2-nitro-S-thiobenzoic acid (TNB), the yield of
this reaction had to be determined by densitometry. The yields
are typically good, with approximately 117—152 of the 180
disulfides being functionalized following our reaction procedure
(Table 1). (The presence of TCEP during the Qf and DB—

Table 1. DB Compound Rebridging of Disulfides on QS
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azide reaction may cause the reduction of azide to the amine via
the Staudinger reaction. The reactivity of remaining azides on
QP was further confirmed by click reaction with fluorescein—
alkyne, which yielded 24 fluorescein moieties per capsid; see
Figure S12.) We suspect the different yields are due to the
nature of the functional groups, such as solubility in aqueous
solution, and steric hindrance around the pore.*"***
Importantly, electrophoretic analysis, discussed in detail
below, show that the reaction principally reforms the higher-
order oligomers (Figure 3A,B). In particular, we see the
substantial reformation of the hexameric and pentameric
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Figure 3. (A) Nonreducing SDS-PAGE of Qp, reduced Qf (rQp),
and Qp—maleimide conjugates. (B) Native agarose gel of Qf—
maleimide conjugates. Both panels A and B are visualized by UV (top)
and Coomassie brilliant blue (CBB) (bottom). (C) TEM micrograph
of Qf—alkyne conjugate. (D) DLS histogram of native Qf, rQp, and
Qp—maleimide conjugates in 0.1 M potassium phosphate buffer (pH
7.0).

subunits. This is significant, as intuitively, one would expect
entropy to disfavor the reformation of these higher-order
oligomers favoring instead a rebridging of both cysteines on a
single protein to yield monomers. We tentatively suggest that
this observation is attributed to a considerable amount of
preorganization within the monomer, which facilitates a cross-
linking back to the hexameric and pentameric subunits.

While dibromomaleimides have very little fluorescence,
thiolated alkyl maleimides have been known to be fluorescent™’
and have recently been shown to be excellent small
fluorophores in polymers.”>>® This work inspired us to
determine if the fluorescence was bright enough to serve a
dual role as a functional handle as well as a small-molecule
fluorophore. To that end, we conducted a photophysical
evaluation of the reaction products and have plotted the
excitation and emission spectra in Figure 4. Most of the
conjugates were quite fluorescent in 0.1 M potassium
phosphate buffer (pH 7.0), and all show an excitation, A,
near 400 nm and an emission, A,,,,, between 538 and 548 nm.
We could also clearly see the fluorescence when the conjugates
were characterized by nonreducing SDS-PAGE (Figure 3A).
We found this reaction to be very robust regardless of the
functionalities and it produces stable conjugates, yet photo-
physical performance was highly dependent on the functional
group.

Nonreducing SDS-PAGE reveals that hexamers and pentam-
ers were reformed along with their lower-order subunits. As
shown in Figure 3A, the bands are typically fluorescent under
UV, and their position colocalizes with Coomassie brilliant blue
(CBB) stain. The particle integrity was confirmed by native
agarose gel electrophoresis (Figure 3B), morphology was
confirmed by transmission electron microscopy (TEM), and
dynamic light scattering (DLS) showed no change in particle
diameter (Figure 3C,D). To confirm that the functionalization
did not alter thermal stability, we conducted temperature-
dependent circular dichroism (CD) experiments. Unfunction-
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Figure 4. (A) Excitation and (B) emission spectra of Qf—maleimide conjugates in 0.1 M potassium phosphate buffer (pH 7.0). The spectra are

labeled thusly: (1) QS—M, (2) QB—PEG, (3) QS—biotin, (4) QB—Nj, (5) Qf—alkyne, (6) QS—MA, (7) Qf, and (8) Qf—azobenzene. Excitation
and emission maxima are around 400 and 540 nm, respectively. (C) Photograph of the reaction mixture of QS—PEG under 365 nm UV lamp

illumination.

alized and mostly oxidized (~90%) Qp has a temperature of
denaturation (T,,) of 87.0 °C, and the fully reduced Qf (rQp)
(T, = 61.2 °C) shows attenuated thermal stability following
disulfide bond reduction. As expected, after the disulfides were
rebridged by DB compounds, the T}, returned to or exceeded
the original VLP Qf value (Figure S10).

When the reaction was visualized by a 365 nm UV light, it is
clear that the reaction proceeds extremely quickly as the
mixture immediately fluoresces yellow after reduced Qf is
added to the DB solutions (Figure 4C and Video S1). To
quantify such quick kinetics, we turned to stopped-flow
analysis, which revealed double exponential kinetics, which
we ascribe to the two consecutive sulfur additions. The rates of
the reaction were determined to have pseudo-first-order rate
constants of 1.04 and 0.42 s™* corresponding to half-lives of 670
and 1650 ms for each of the two bromine displacements by
sulfur in the reaction, respectively (Figure S3 and Scheme S1).

Photophysical evaluation of the products yielded some
interesting observations as well. Our initial efforts to quantify
the yield of the reaction by fluorescence, using a water-soluble
small molecule derived from Boc-protected cysteine and DB—
PEG (Boc—Cys—PEG) as a standard, failed to give meaningful
information. After investigation, we found the fluorescence
intensity of the fluorophores, when attached to Qp, are 48
times brighter than this small molecule standard we synthesized
at the same relative concentration of fluorophore in the same
media (Figure S6). Brightness is the product of quantum yield
and extinction coefficient, and it is the parameter that we need
to compare to explain the discrepancy. The quantum yield
(@) of the standard Boc—Cys—PEG in water was found to be
quite low at 1.36% and with an extinction coefficient of 260.6 L
mol™ ecm™. On the other hand, on a per-chromophore basis,
the extinction coefficient when attached to the capsid was
found to be 2337.1 L mol™" cm™, corresponding to a 9-fold
increase. Indeed, it is quite likely that the @y of the individual
chromophores likewise increases. This is interesting and
confirms similar reports of thiol-maleimide end groups on
polymers, which were also 2—10 times brighter than the small
molecular precursors.”” While the excitation and emission
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wavelengths of the conjugates are inappropriate for in vitro
work, they perfectly match with the commercially available filter
set GFP-uv (g 405 nm, Ag,: 500—540 nm) suggesting that
they may serve as in vitro probes as well as a bespoke functional
handle. Different from presynthesized fluorophores that are
attached by bioconjugation reactions, the fluorescence of the
probe we described here is generated as the bioconjugation
reaction occurs. We qualitatively assessed the performance of
two of the conjugates in cellular uptake studies with frequently
used functional groups (Qf—Dbiotin and QS—PEG) and imaged
the living cells by confocal laser microscopy. Chemically
functionalized VLPs have shown differential uptake by
macrophages,”* which have implications in their use in targeting
cells within the cancer microenvironment. Co-localization
results in Figure 5 shows yellow fluorescence from the
conjugates within mouse Raw-264.7 macrophages after
incubating the particles for 4 h, successfully demonstrating
that the maleimide conjugates can be tracked during cell
uptake. An important caveat being that the fluorescent
conjugates, once inside the cell, may transfer to cysteine rich
substrates in late endosomes and lysosomes, likely concurrently
with protolysis of the VLP. While this may or may limit their
utility for certain applications, it could also be very useful for
addressing the nature of the reducing environment and
trafficking of digested substrates out of the late endosomes
and lysosomes, an active area of research.”> ™’ It may also be
valuable in monitoring reduction-sensitive drug or biological
macromolecule release within the reducing endosomal environ-
ment, an area of research we are presently pursuing with this
technology.”®>’

Bl CONCLUSIONS

We have shown that we can functionalize the disulfides that line
the pores of VLP Qf with cationic, anionic, polymeric, and
small-molecule functional handles. The conjugates are stable in
serum following hydrolysis of the maleimide to the
corresponding maleamic acid. The new conjugates were
found to be equally, or more, stable than the oxidized capsid
despite breaking and rebridging between 117—152 disulfides.
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QB-Biotin |

QB-PEG

Figure 5. Confocal microscopy images of Qf—maleimide conjugates
in mouse Raw-264.7 cells: QB—biotin and QS—PEG. Top images:
merged fluorescent channels. Bottom images: bright-field images.
Color code: blue, NucRed Live 647 ReadyProbes Reagent; yellow,
Qp—maleimide particles.

The reaction is highly specific’®™"" and efficient, and the

resulting label is highly fluorescent, which will aid in the
visualization of their conjugates. As a result, these dibromoma-
leimide groups are a promising all-in-one functional handle and
fluorescent label that can be applied in labeling applications in
which chemical functionalization and cell tracking are of
interest.
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Detailed synthetic procedures and characterization of
dibromomaleimide derivatives, Qf expression and
purification protocol, bioconjugation protocol, VLP
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A video showing the Qf dibromomalemide reaction.
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