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Abstract

Synthetic modification of a recombinant protein cage called a vault with stimuli-responsive smart

polymers provides access to a new class of biohybrid materials; the polymer nanocapsules retain

the structure of the protein cage and exhibit the responsive nature of the polymer. Vaults are

naturally-occurring ubiquitous ribonucleoprotein particles 41 × 41 × 72.5 nm composed of a

protein shell enclosing multiple copies of two proteins and multiple copies of one or more small

untranslated RNAs. Recombinant vaults are structurally identical but lack the vault content

proteins. Poly(N-isopropylacrylamide) (pNIPAAm), a polymer responsive to heat, was conjugated

to recombinant vaults that were composed of ~78 copies of the major vault protein (MVP)

modified to contain a cysteine rich region at the N-terminus (CP-MVP). The polymer was

synthesized using reversible addition-fragmentation chain transfer (RAFT) polymerization to have

a dansyl group at the alpha end and modified to have a thiol-reactive pyridyl disulfide at the

omega end, which readily coupled to CP-MVP vaults. The resulting vault nanocapsules underwent

reversible aggregation upon heating above the lower critical solution temperature (LCST) of the

polymer as determined by electron microscopy (EM), dynamic light scattering experiments, and

UV-Vis turbidity analysis. The vault structure remained entirely intact throughout the phase

transition; suggesting its use in a myriad of biomedical and biotechnology applications.
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Naturally derived protein cages, such as virus capsids and ferritin, serve as excellent

templates for functional biohybrid materials with precise architectures, unattainable by

purely synthetic processes.1–5 Such materials have been developed for applications in the

fields of nanotechnology,4,6 biotechnology,5,7 electronic materials,8,9 catalysis,10–12 and

drug delivery.13–16 The regular arrangement of protein sub-units within protein cage
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structures allows for synthetic modification of specific regions and surfaces of the protein

cage, such as the exterior shell or interior cavity. The conjugation of synthetic polymers to

viruses, such as adenovirus, cowpea mosaic virus, tobacco mosaic virus, and others has been

investigated.17–20 For example, poly(ethylene glycol) has been attached to adenovirus and

cowpea mosaic virus and has been shown to decrease immunogenicity of the particles.17,19

Recently, Douglas and coworkers have polymerized 2-aminoethyl methacrylate from the

interior of P22 capsids creating a particle capable of encapsulating magnetic resonance

imaging (MRI) contrast agents.21 Although there are several examples of polymer

conjugation to protein cages, to our knowledge there are no examples of stimuli-responsive

smart polymers conjugated to protein cages. Yet such materials can reversibly alter the

physical characteristics of the nanobiomaterial by an externally controlled trigger.

Smart polymers are responsive to external stimuli such as heat, pH, magnetic field, etc.,22

and the analysis of the micro- and nano-assembly transitions has been undertaken.23 Poly(N-

isopropylacrylamide) (pNIPAAm) is a well known temperature responsive smart polymer

that undergoes a reversible phase transition, where it becomes insoluble in water above the

lower critical solution temperature (LCST).22 We and others have previously reported the

preparation of protein-pNIPAAm conjugates, which exhibit the pNIPAAm phase behavior,

while retaining the bioactivity of the protein.24–30 Polymer conjugation results in altered

properties upon exposure to heat. For example, ligand binding sites can be closed, proteins

can be reversibly aggregated, and the polymer can be used to purify biomolecules by mild

precipitation.24,25,30 In this paper, we report that thermally-responsive polymers can be

added to vault nanocapsules without disrupting the structure of the particle.

First reported in 1986 by Rome and Kedersha, vaults are highly conserved ribonucleoprotein

complexes found in high concentrations in almost all eukaryotic cells.32–34 These massive

particles weigh approximately 13 mDa and have a unique structure composed of a barrel

waist and protruding caps at both ends (Scheme 1).35 In recent years, high-resolution crystal

structures have confirmed low resolution cryo-EM structures.36 Naturally occurring vaults

are comprised of several highly conserved proteins, with one protein, the 104 kDa major

vault protein (MVP) accounting for over 70% of the vault mass. The MVP provides the

basis for the vault structure, with ~78 MVPs aligned from C- to N-terminus from the cap of

the vault to the waist, with all of the N-termini facing towards the interior. Vaults are

dynamic, the MVPs are non-covalently associated and although they bind to each other very

tightly, they do have a kinetic off rate which means that dynamically they can open and

close to accommodate small molecules which slip in or large proteins or other

macromolecules which bind to their interior.31 Vaults are also highly stable in vivo and in

vitro to a variety of biological and physical stresses.37

Expression of MVP in insect cells results in the spontaneous assembly of non-native vault

structures measuring 45 × 45 × 75 nm.38 Although the natural biological function of vaults

is unknown, recombinant vaults can be engineered for a variety of applications.39 For

example, the N-terminus of MVP can be modified to contain a cysteine-rich (4 cysteine

residues) 12 amino acid peptide sequence to form CP-MVP. Vaults assembled from this

fusion protein have increased particle stability.39 Cell-specific targeting vaults have also

been engineered by incorporating IgG binding peptides into recombinant MVPs for
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attachment of targeting antibodies.40 While in nature vaults contain multiple copies of two

large proteins (VPARP and TEP1) and one or more small RNAs (vRNAs), recombinant

vaults have a hollow interior with an approximate volume of 5 × 107 Å3, large enough to

accommodate hundreds of proteins and many more small molecules.31,35,41–43 For example,

we have packaged gold nanoparticles and incorporated conducting polymers non-covalently

into the vault interior.42,43 In addition, a number of proteins have been packaged into the

vault taking advantage of a binding site on MVP which faces the internal vault lumen. This

site recognizes the vault protein VPARP through a protein domain at the VPARP C-

terminus, which is referred to as INT for MVP interaction domain.39 INT fusion proteins

bind with high affinity to the vault lumen, but they are slowly released. This strategy has

been used to package antigens into vaults so that the vault can be used as an adjuvant and to

package a chemokine, which activates the immune system.44–46 Herein we report the

feasibility of preparing smart vault nanoparticle conjugates by the synthesis a vault-poly(N-

isopropylacrylamide) conjugate. The synthesis and characterization of responsive properties

are described.

Results and Discussion

Our approach to developing thermo-responsive vault nanoparticles is based upon the

conjugation of thiol-reactive pNIPAAm to cysteine-rich CP-MVP vaults. We and others

have prepared cysteine-reactive polymers by reversible addition-fragmentation chain

transfer (RAFT) polymerization.47,48 RAFT is suitable for this application because it results

in polymers with narrow molecular weight distributions.49,50 Well-defined polymers are

particularly important for this study because they exhibit sharp LCSTs. We chose to use a

pyridyl-disulfide pNIPAAm in order to achieve reversible conjugation to the vault. We also

introduced a dansyl group, a fluorophore, at the other end group for ease of visualization.

The polymer was prepared as shown in Scheme 2. First a dansyl-modified CTA was

synthesized by coupling N-(2-aminoethyl)-5-(dimethylamino)naphthalene-1-sulfonamide

with 2-(((ethylthio)carbonothioyl)thio)propanoic acid (Scheme S1 and ESI for synthesis

details and characterization). The product was obtained in 64% yield. This CTA was then

utilized in the RAFT polymerization of NIPAAm with AIBN in DMF at 80 ºC. The

polymerization was stopped after 1 h at 81% monomer conversion by 1H NMR

spectroscopy. Polymer 1 was obtained after extensive dialysis against MeOH. The number-

average molecular weight (Mn) was determined by 1H NMR (ESI, Figure S3) to be 12.4

kDa and the polydispersity index (PDI) by GPC (ESI, Figure S4) was 1.02. The

trithiocarbonate end-group of polymer 1 was transformed into a cysteine reactive pyridyl-

disulfide via aminolysis of the trithiocarbonate to the free thiol with ethanolamine, followed

by an in situ disulfide exchange with Aldrithiol®. After dialysis of the reaction mixture

against MeOH, the α-dansyl, ω-pyridyl disulfide pNIPAAm, polymer 2, was obtained.

Molecular weight analysis indicated that the polymer had not coupled during the end group

transformation because the Mn and PDI (12.4 kDa and 1.03, respectively) were the same as

before the reaction (ESI, Scheme S6). By comparing the integration of the peaks

corresponding to the pyridyl disulfide to the dansyl group in the 1H NMR spectrum (ESI,

Figure S5), the conversion of the disulfide exchange was determined to be 81%.
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Polymers 2 was conjugated to CP-MVP vault by incubating the CP-MVP vault at a ratio of

100 : 1 polymer : CP-MVP vault (Scheme 3). The resulting conjugate was analyzed by SDS-

PAGE and compared to unmodified CP-MVP vault. Under non-reducing conditions there

was a clear shift to higher molecular weight compared to the ~100 kDa CP-MVP vault

(Scheme 1a, lanes 5 versus 4), and under reducing conditions, SDS-PAGE stained with

coomassie blue showed no difference in molecular weight as expected because of the

reversibility of the disulfide bond of the polymer connection (Scheme 1a, lanes 2 and 3).

Visualization of the gel with ultra-violet light confirmed conjugation; the dansyl fluorophore

of the polymer overlaying with coomassie staining of the protein was clearly visible

(Scheme 1b, lane 3). The results demonstrate that the conjugate with the CP-MVP vault was

prepared and that the conjugation was reversible.

The thermo-responsive properties of the conjugate were studied by UV-Vis turbidity

measurements. By UV-Vis turbidity studies (Figure 2) polymer 2 had an LCST of 30.5 ºC.

The phase transition was sharp, as expected for a narrow molecular weight distribution

polymer. The hydrophobic dansyl group lowered the LCST from the typical value of 32 ºC.

Once the polymer was conjugated to the hydrophilic CP-MVP vault, the LCST was

increased by the proximity of the hydrophilic protein to 35.9 ºC. The phase transition was

broad, potentially due to a distribution of number of polymers and attachment sites. The

vault itself had no LCST as expected (ESI Figure S7); no visible aggregation of the vault

structure was observed up to at least 50 ºC, indicating that the phase transition for the

conjugate was due to the polymer. The results together confirmed that the polymer is

covalently attached to the protein and that the polymer confers thermal responsivity to the

vault.

Dynamic light scattering (DLS) studies at different temperatures were performed to

investigate the size of the conjugate (Figure 3). At 25 ºC, the conjugate closely resembled

the unmodified CP-MVP vault (49.7 nm ± 2.2 nm, versus 48.69 nm ± 0.44 nm,

respectively). However upon heating to 40 ºC, above the LCST of the polymer, the

conjugate aggregated into micron-sized particles, while the size of the unmodified CP-MVP

vault did not change (53.98 nm ± 5.0). Interestingly, upon cooling the observed aggregates

disappeared and the conjugate returned to approximately its original size (58.76 nm ± 1.5

nm) suggesting that the aggregation was reversible.

This result was further investigated by electron microscopy. EM images of the conjugate

and unmodified CP-MVP vault at 35 ºC showed intact vault structures (Figure 4a, c,

respectively). This indicated that modification of CP-MVP vaults with polymer 2 did not

alter the vault structure. However, when the samples were heated above the LCST to 45 ºC,

the conjugate appeared aggregated, yet with intact vault structures still recognizable within

the aggregates (Figure 4d), while the unmodified CP-MVP vault structures were unchanged

(Figure 4b). Interestingly, when the conjugate was cooled back down to 4 ºC, the vault

structures were no longer aggregated and looked the same as before heating (Figure 4e).

The data together demonstrate that conjugation of the pNIPAAm does not interfere with or

disrupt vault structure. Yet, the polymer once attached allows for reversible aggregation of

vaults without destroying their structure. This result is interesting because it implies that
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cargo could be potentially loaded within the vault, while the polymer could be used to

precipitate the vaults at a site of interest. It is well known that pNIPAAm can form

aggregates at tumors, while remaining soluble in other tissue due to the differential in

temperatures between the cancerous and normal tissues.51,52 An aggregating vault conjugate

would potentially undergo similar selectivity, yet at the same time allow for protein or drug

delivery from the vault nanocapsules. Drug loading and delivery within the vault is possible

and has been demonstrated with vaults engineered to contain lipids.39

It is not known if the pNIPAAm is attached to the cysteine-rich region at the N-terminus in

the interior or to free cysteines at the exterior. Upon examination of the crystal structure of

the rat MVP,33 there are six cysteines on the exterior of the vault; however all but one

appear to be not surface accessible. Cysteine 356 may be exposed or at least partially

exposed. CP-MVP is engineered to contain an additional four cysteines near the N-terminus

of the protein, which is in the interior of the vault. Due to the dynamic nature of the CP-

MVP vaults, polymer should be able to enter the structure to react. Thus, likely the polymer

is attached a both the exterior and interior. It also may be possible that polymer in the

interior could thread out and participate in aggregation of the vaults. Our initial attempts to

investigate the location(s) of the chains were to associate gold nanoparticle-modified

streptavidin with polymers that had biotin groups instead of a dansyls (data now shown).

However, the location of the polymer was unclear. Cysteine mutagenesis experiments may

provide the desired information. Yet, it is clear from the results that attachment of the

polymer inside the vault does not disrupt the structure, as full vault structures were

observed. The results also demonstrate that conjugates with pNIPAAm that contain a

fluorophore can be synthesized. This implies that other end groups could be prepared, and

multifunctional vaults could be made with this strategy. Vaults are stable, non-

immunogenic, readily engineered and expressed; making them a versatile platform for the

development of sophisticated hybrid nanomaterials. Thus, we envision that the thermally-

responsive vaults described herein are an interesting and versatile nanoplatform for drug

delivery and other applications.

Conclusion

Novel biohybrid nanoparticles have been synthesized through covalent conjugation of

pNIPAAm to recombinant CP-MVP vaults. Pyridyl disulfide pNIPAAm with a dansyl group

at the other end group was conjugated to CP-MVP vaults via reaction with free cysteines.

The resulting conjugates were thermally-responsive. UV-Vis turbidity measurements

showed that the conjugates had an LCST. DLS studies demonstrated that upon heating,

aggregates formed, which were reversible with cooling. This result was confirmed by EM

studies, whereby reversible aggregation of polymer-modified vaults was observed, while the

vault nanocapsules remained intact regardless of the temperature. We envision that these

smart vault conjugates may be used for drug delivery applications in conjunction with

previously reported vault-based hydrophobic drug delivery methods and emerging in vivo

localized heating techniques,41,53,54 to build up depots of therapeutic drugs in tumors for a

sustained release of drugs to tumor cells, and other interesting medical and biotechnology

applications.
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Methods

Materials

Chemicals were purchased from Sigma-Aldrich, Fisher Scientific, and Acros. AIBN was

recrystallized twice from acetone. NIPAAm was recrystallized twice from hexanes. Rat CP-

MVP was expressed from a baculovirus system in Sf9 insect cells, which do not contain

endogenous vaults according to our literature procedure.39

Instrumental

NMR spectra were obtained on a Bruker 600 MHZ DRX spectrometer. Proton NMR spectra

were acquired with a relaxation delay of 30 sec for all polymers. UV-Vis spectra were

obtained on a Biomate 5 Thermo Spectronic UV-Vis spectrometer and a Hewlett-Packard

HP8453 diode-array UV-Vis spectrophotometer with Peltier temperature control

spectrometer with quartz cells. GPC was conducted on a Shimadzu HPLC system equipped

with a refractive index detector RID-10A, one Polymer Laboratories PLgel guard column,

and two Polymer Laboratories PLgel 5 μm mixed D columns. LiBr (0.1 M) in DMF at 40 °C

was used as an eluent (flow rate: 0.80 mL/min). Calibration was performed using near-

monodisperse PMMA standards from Polymer Laboratories. DLS was performed on a

Malvern Zetasizer Nano-S. SDS-PAGE was performed using Bio-Rad Any kD Mini-

PROTEAN-TGX gels.

Polymerization of NIPAAm in the presence of dansyl CTA to afford α-dansyl
pNIPAAm—The dansyl CTA (46 mg, 0.095 mmol), NIPAAm (1.4 g, 12.0 mmol), and

AIBN (1.6 mg, 0.113 mmol), were added to a Schlenk tube containing a stirring bar, and

DMF (1.9 mL) was added to dissolve the solids. Freeze-pump-thaw cycles were repeated

five times and the reaction was performed at 70 ºC in an oil bath. The reaction was stopped

after 1 h at 81% monomer conversion by cooling with liquid nitrogen and exposing the

reaction to atmosphere. Polymer 1 was purified by dialyzing against MeOH (MWCO 3,500

g/mol) giving the α-dansyl pNIPAAm. 1H NMR (600 MHz, MeOD) δ: 8.55 (d), 8.36–8.28

(m), 8.24–8.15 (m), 8.12–7.35 (NH, pNIPAAM), 7.26 (d), 4.60 (s), 4.13–3.77 (bs), 3.43–

3.23 (m), 2.86 (s), 2.25–1.80 (CH, pNIPAAm), 1.78–1.45 (CH2, pNIPAAm), 1.26–0.93

(NCH3, pNIPAAm). Mn by 1H NMR was 12,400 g/mol (targeted 12,000 g/mol). Mn(GPC)

was 14,200 g/mol and the PDI was 1.02.

In situ aminolysis and disulfide exchange of dansyl pNIPAAm with Aldrithiol®
to form polymer 2—Polymer 1 (70 mg, 0.005 mmol) was added to a Schlenk tube

equipped with a stirring bar and dissolved in MeOH (0.7 mL). In a second Schlenk tube

equipped with a stirring bar, ethanolamine (14 μg, 0.230 μmol) was added. In a third

Schlenk tube equipped with a stirring bar, Aldrithiol® (75 mg, 0.340 mmol) was dissolved

in MeOH (0.7 mL). All three Schlenk tubes were subjected to five freeze-pump-thaw cycles.

The contents of the first Schlenk tube, containing α-dansyl pNIPAAm and MeOH, were

then transferred into the second Schlenk tube, containing ethanolamine, using a syringe. The

second Schlenk tube was then immersed in an oil bath at 45 ºC and the solution was allowed

to stir. After 30 min, the second Schlenk tube was removed from the oil bath and the

contents, dansyl pNIPAAm, MeOH, and ethanolamine, were transferred to the third Schlenk
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tube, containing Aldrithiol and MeOH, via syringe. The third Schlenk tube containing

dansyl pNIPAAm, ethanolamine, Aldrithiol® and MeOH was stirred at 20 °C for 12 h. The

product was purified by dialyzing against MeOH (MWCO 3,500 g/mol) giving polymer 2.

End-group conversion of the trithiocarbonate to a pyridyl disulfide was 81% by 1H-

NMR. 1H NMR (600 MHz, MeOD) δ: 8.55 (d, Ar CH), 8.40–8.27 (m, Ar CH), 8.24–8.14

(NH, pNIPAAm), 7.26 (Ar CH), 7.22–7.15 (Ar CH), 3.95 (CH3, pNIPAAm), 3.45–3.20

(CH2CH2), 2.87 (NCH3), 2.34–1.76 (CH, pNIPAAm), 1.76–1.46 (CH2, pNIPAAM), 1.26–

1.20 (NCH3, pNIPAAm). Mn (1H NMR) = 12,400 g/mol; Mn (GPC) = 14,200 g/mol; PDI =

1.03.

pNIPAAm conjugation to CP-MVP—A pH 6.5 20 mM 2-(N-morpholino)

ethanesulfonic acid) (MES) buffer was degassed with argon gas for 30 min. CP-MVP (0.50

mg, 0.05μmol) in 250 μL buffer was treated with triscarboxylethylphosphine (TCEP) resin

for 2 h at 4 °C, then filtered through a 0.22 μm syringe filter. Polymer 2 (6.20 mg, 5.00

μmol) was dissolved in 250 μL of buffer. The filtered CP-MVP solution was added to the

solution containing polymer 2. The reaction was allowed to stand at 4 °C for 24 h before

purification by ultrafiltration (MWCO 100,000 g/mol) to give the conjugate.

LCST determination—A solution of the polymer, conjugate, or unmodified CP-Vault-

pNIPAAm conjugate at a concentration of 1 mg mL−1 in pH 6.5 20 mM MES was placed in

a 100 μL quartz cuvette. The cuvette was placed in a Hewlett-Packard HP8453 diode-array

UV-Vis spectrophotometer with Peltier temperature control. The following temperature

program was used: temperature was elevated at 0.5 °C min−1 and held for 30 s prior to

measuring the absorbance at 600 nm. The LCST was determined at 10% of the maximum

absorbance.

DLS size determination—A solution of CP-Vault-pNIPAAm conjugate at a

concentration of 1 mg mL−1 in pH 6.5, 20 mM MES was placed in a 40 μL disposable

cuvette. The cuvette was placed in a Malvern Zetasizer Nano-S. The temperature was

allowed to equilibrate for three minutes before beginning the DLS measurement. This

process was repeated three times, sizes are reported as an average of three measurements.

Preparation of the TEM sample—A 40 μL aliquot of a 0.2 μg μL−1 solution of CP-

Vault-pNIPAAm conjugate was warmed to a set temperature (35 °C or 45 °C or heated to 45

°C then cooled to 4 °C) and incubated for 7 min. 20 μL of each solution was then pipetted

onto the surface of a heating block at the set temperature. A carbon-coated EM grid was

floated up-side down on the sample to allow the conjugate to adsorb to the grid surface.

After 7 min, the grid was removed from the sample and blotted on filter paper to remove

excess liquid. The grid was then floated up-side down in 500 μL of a 1% uranyl acetate

solution at the set temperatures. After 7 min, the grid was removed from the uranyl acetate

solution and blotted on filter paper. TEM was conducted on a JEOL JEM1200-EX

transmission electron microscope. Images were taken using a Gatan BioScan 600W 1×1K

digital camera and Digital Micrograph acquisition software.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
SDS-PAGE of CP-MVP vault and conjugate visualized by a. coomassie blue staining (Lane

1: protein marker; Lane 2: CP-MVP vault reducing conditions; Lane 3: Conjugate reducing

conditions; Lane 4: CP-MVP vault non-reducing conditions; Lane 5: Conjugate non-

reducing conditions) and b. UV-Vis excitation (Lane 1: protein marker; Lane 2: CP-MVP

vault non-reducing conditions; Lane 3: Conjugate non-reducing conditions).
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Figure 2.
UV-Vis turbidity study of a) polymer 2 and b) conjugate. LCST is 10% of the maximum

absorbance.
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Figure 3.
a. DLS analysis of conjugate at 25 ºC, 40 ºC, and heat cycled (25 ºC to 40 ºC to 25 ºC)

conjugate cooled to 25 ºC. b. DLS analysis of unmodified CP-MVP vaults at 25 ºC, 40 ºC,

and heat cycled (25 ºC to 40 ºC to 25 ºC).
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Figure 4.
Negative stain TEM of unmodified CP-MVP vaults at a) 35 ºC and b) 45 ºC; Polymer 2-CP-

MVP vault conjugates at c) 35 ºC, d) 45 ºC (inset image at the bottom middle indicated by

the arrow is an expanded view of the dashed box in d), e) after cooling back down to 4 ºC.
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Scheme 1.
Preparation of thermo-responsive vault-pNIPAAm conjugates. The vault image was adapted

from cryoEM reconstructions of recombinant vaults (P. Stewart, Vanderbilt University

Medical Center, Nashville, TN).31
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Scheme 2.
Synthesis of thiol-reactive pNIPAAm polymer
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Scheme 3.
Synthesis of CP-MVP vault-pNIPAAm conjugates.
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