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Abstract

Vault nanoparticles represent promising vehicles for drug and probe delivery. Innately found 

within human cells, vaults are stable, biocompatible nanocapsules possessing an internal volume 

that can encapsulate hundreds to thousands of molecules. They can also be targeted. Unlike most 

nanoparticles, vaults are nonimmunogenic and monodispersed and can be rapidly produced in 

insect cells. Efforts to create vaults with modified properties have been, to date, almost entirely 

limited to recombinant bioengineering approaches. Here we report a systematic chemical study of 

covalent vault modifications, directed at tuning vault properties for research and clinical 

applications, such as imaging, targeted delivery, and enhanced cellular uptake. As supra-

macromolecular structures, vaults contain thousands of derivatizable amino acid side chains. This 

study is focused on establishing the comparative selectivity and efficiency of chemically 

modifying vault lysine and cysteine residues, using Michael additions, nucleophilic substitutions, 

and disulfide exchange reactions. We also report a strategy that converts the more abundant vault 

lysine residues to readily functionalizable thiol terminated side chains through treatment with 2-

iminothiolane (Traut’s reagent). These studies provide a method to doubly modify vaults with cell 

penetrating peptides and imaging agents, allowing for in vitro studies on their enhanced uptake 

into cells.
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First discovered in 1986, native vaults are the largest known ribonucleic protein complex (13 

MDa) in eukaryotic organisms. Naturally occurring, vaults are ubiquitously found and 

highly conserved within eukaryotic organisms except for a few notable exceptions.1–4 Vaults 

are hollow, barrel-shaped structures composed of 78 copies of the major vault protein 

(MVP). These MVPs assemble into a protein cage of uniform size (67 nm × 40 nm by X-ray 

crystallography), with an internal cavity of approximately 3.87 × 107 Å3.5,6 In addition to 

the MVP (~100 kDa), native vaults also contain two other protein constituents: vault 

poly(ADPribose) polymerase (vPARP, ~193 kDa) and telomerase-associated protein 1 

(TEP1, ~290 kDa), as well as several copies of small untranslated vault associated RNA 

(vRNA).7–12 However, the expression of MVP alone has been found to be sufficient for the 

formation of vault-like particles within insect cells, which lack endogenous vaults, when 

using a baculovirusinsect cell expression system.13 These recombinant MVP-only vaults 

retain native vault architecture and monodispersity, but lack vPARP, TEP1, and the vRNA. 

The function of native vaults has yet to be determined, although it has been hypothesized 

that they could play a role in intracellular transport, multidrug resistance, and/or cell 

signaling.4,14–16

Vaults show great potential for drug delivery and imaging due to their stability, 

biocompatibility (in general, mammalian cells already contain ~104–106 native vaults), and 

ability to be targeted.3,17,18 Vaults have been shown to encapsulate and protect a variety of 

cargos including fluorescent proteins, enzymes, gold nanoparticles, semiconducting 

polymers, and small molecule therapeutics.19–23 Previous work has demonstrated that vaults 

can be engineered to contain a lipid-rich core into which lipophilic compounds selectively 

associate. These bioengineered lipophilic vaults reversibly encapsulate therapeutic 

compounds including drugs currently in the clinic such as Bryostatin 1, a therapeutic lead 

for HIV/AIDS eradication and for the treatment of Alzheimer’s disease.24

Direct chemical derivatization of vaults can accommodate a wider range of modifications 

not accessible through molecular biological approaches. This method provides a 

complementary approach to creating modified vaults and offers a broader range of chemical 

bond forming opportunities, along with greater speed in accessing various diverse vault 
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structures. However, few studies on chemical modifications of vault cysteine and lysine 

residues have been reported, and while noteworthy, these either do not provide information 

on the efficiency of vault modification25–27 or, in one case, report a low efficiency averaging 

one modification per MVP.28 The ability to selectively modify vault residues is critical to 

understanding the basic chemical reactivity patterns of vaults and thus key to the rational 

design of vaults exhibiting optimal physical properties and targeting abilities for clinical 

applications including imaging, diagnostics, and therapy.

To address this opportunity, we have initiated studies on the covalent chemical modification 

of two types of recombinant vaults: human MVP-only vaults (hMVP vaults) and engineered 

human cysteine-rich vaults (CP-hMVP vaults), which contain an N-terminal cysteine-rich 

peptide (MAGCGCPCGCGA). The CP recombinant tag confers greater vault stability by 

way of introduction of four additional cysteine residues per MVP that are thought to 

associate, given their localized proximity, to one another within the vault luminal waist.29 

With 78 MVP per vault, and each bearing a number of derivatizable amino acids, there are 

thousands of sites available for chemical modification using a variety of reagents.30 In this 

systematic chemical study, we have restricted our attention to derivatization of vault cysteine 

and lysine residues using three different reaction types: Michael additions, nucleophilic 

substitutions, and disulfide exchanges. In addition, we have investigated a strategy that 

allows for chemical conversion of the more abundant vault lysine residues into readily 

modifiable thiol functionalities using 2-iminothiolane (Traut’s reagent). Collectively these 

studies have enabled the selective synthesis of singly and doubly modified vaults, 

incorporating in the latter case both optical probes and cell penetrating transporters (Figure 

1).

Although vaults are found within eukaryotic cells, their cellular uptake is poor in many 

tested cell lines.12,28,31 To address this problem, we have drawn on our previous work on 

guanidinium-rich transporters as a method to enhance vault uptake.32 Inspired by the protein 

HIV-1 (TAT), which unlike many proteins readily enters cells, these guanidinium-rich 

molecular transporters have been used to deliver a diverse range of cargos, including small 

molecules, peptides, proteins, imaging agents, siRNA, plasmids, and liposomes across a 

variety of cellular and tissue barriers, including mammalian cell membranes, algal cell walls, 

human skin, and the blood brain barrier.32–38 Through an extensive reverse engineering 

study, we showed that this cellular uptake is not a function of the peptide backbone but 

rather the number and spatial array of guanidinium groups. This seminal finding led to the 

design cell-penetrating, guanidinuim-rich molecular transporters.39–41 Vaults have been 

previously bioengineered to incorporate a variant of this protein transduction domain, TAT48 

(13 amino acid sequence derived from truncated version of the HIV-TAT protein: 

GRKKRRQRRRAHQ) encoded C terminus of rat MVP.32 These TAT48 CP-rMVP vaults 

(78 MVP chains per vault ×1 TAT peptide per MVP) demonstrated a qualitatively higher 

although unquantified cell uptake by confocal microscopy compared to vaults lacking the 

TAT48 tag. Seeking to circumvent the time and cost associated with bioengineered 

approaches and to accommodate a greater diversity of vault modifications with greater 

control over the number of modification sites than those allowed by biosynthesis, it led us to 

explore the direct chemical modification of vaults.
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In this study, we report on the chemical modification of vaults and show that with the 

attachment of octaarginine cell penetrating peptides to the vault cysteine residues, the 

cellular uptake of vaults is enhanced, as visualized by optical imaging using vault lysine 

residues conjugated to fluorescent probes. This enhanced uptake offers promise for the use 

of vaults in drug encapsulation, protection, and delivery as well as in imaging and provides 

the foundation for future studies on attachment of targeting ligands. Here we describe a 

systematic study of vault modification, focused on the modification of vault lysine and 

cysteine residues, leading to the synthesis of vault nanoparticles modified with optical 

probes and cell penetrating transporters.

RESULTS AND DISCUSSION

Vault Side Chain Covalent Modification

Covalent modifications of vaults were conducted systematically with (1) lysine amine 

groups, of which there are 43 per hMVP or CP-hMVP monomer, representing 3354 on a 

single vault; and (2) cysteine thiol groups, of which there are 5 per hMVP or 9 per CP-

hMVP for a total of 390 or 702 thiol residues per vault, respectively. Fluorescein derivatives 

with different reactive functional groups were selected to determine vault reactivity based on 

an optical readout. Vault lysine residues were modified with fluorescein isothiocyanate 

(FITC) and fluorescein NHS-ester (NHS-Fluorescein). Vault cysteine thiols were reacted 

with either fluorescein 5-maleimide (F5M) or the haloacetyl derivative, fluorescein 5-

iodoacetamide (5-IAF) to form thioethers (Scheme 1). Both hMVP vaults 1 and CP-hMVP 

vaults 2 were studied using the same strategy to obtain comparative information about the 

number of chemically modifiable sites on multiple types of recombinant vaults depending 

upon the reagent used.

The number of conjugated fluorescein molecules per vault was quantified by UV–vis 

spectroscopy relative to the corresponding concentration of vault protein by a bicinchoninic 

acid assay (BCA) following chemical modification and removal of any unreacted 

fluorophore (Table 1, Supporting Information, Figure S1 for vault protein recovery). FITC 

labeled 187 lysines per hMVP vault (6% derivatization of all lysine residues on a single 

vault) and 143 lysines per CP-hMVP vault (4% derivatization of lysine residues). NHS 

fluorescein was more reactive, leading to the labeling of 471 sites per hMVP vault (14% 

derivatization) and 331 sites per CP-hMVP vault (10% derivatization). The thiol reactive 

probe 5-IAF modified about 19% of the cysteine residues regardless of the vault type, 

adding 73 probes per hMVP vault and 136 probes per CP-hMVP vault. Furthermore, the 

maleimide functionality proved more reactive than iodoacetamides. Up to 240 probes were 

added per hMVP vault (62% derivatization) via maleimide modification and up to 384 

probes per CP-hMVP vault (55% derivatization). The increase in cysteine labeling of CP-

hMVP vaults compared to hMVP vaults is consistent with labeling 1–2 of the four cysteine 

residues per cysteine-rich CP tag on the CP-hMVP vaults. This indicates that chemical 

labeling can occur internally within the vault lumen, which was anticipated given previous 

demonstration of small lipophilic drugs becoming internally bound within the previously 

engineered lipophilic-rich vault constructs.25 Lastly, the degree of labeling for all tested 
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fluorescein derivatives equates to less than seven amino acid residues per each 100 kDa 

MVP monomer, thus representing minimal alteration to the MVP protein overall.

In all labeling experiments, we used SDS-PAGE to confirm that the vault was covalently 

modified (Supporting Information, Figure S2 for results and procedure). By dynamic light 

scattering (DLS), the average vault diameter of unmodified hMVP and CP-hMVP vaults was 

determined to be 38 nm. After labeling with fluorescein, the particle size did not 

significantly change, remaining within 1–4 nm of the unmodified vaults, indicating that the 

vaults remained intact and monodispersed (Supporting Information, Figure S3 for DLS 

traces). Additionally, no precipitation of chemically modified vaults was observed indicating 

they remain stable and soluble. This is expected since even high-level chemical 

modifications should not out-weigh the inherent properties of the relatively larger vault 

nanoparticle relative to any attached cargos.

We next examined a strategy to convert the more abundant lysine residues into more 

nucleophilic thiol terminated groups. hMVP vaults were reacted with Traut’s reagent to 

convert the lysine amine residues into chain-extended thiols at a reaction ratio of 40:1 

Traut’s reagent to vault lysine residues (Figure 2). The Traut’s modified hMVP vaults 3 
were then reacted with tris(2-carboxyethyl)phosphine (TCEP) for 30 min to reduce any 

disulfides formed, followed by the thiol reactive probe, F5M. The F5M labeled Traut’s 

modified hMVP vaults 4 were found to incorporate 447 ± 81 probes per vault particle, 

almost double the number added for unmodified hMVP vaults. The size of the Traut’s 

modified hMVP vaults 3 and F5M labeled Traut’s modified hMVP vaults 4 was consistent 

with unmodified hMVP vaults 1 (Supporting Information, Figures S4–5 for DLS traces of 

Traut’s modified hMVP vaults as well as CP-hMVP vaults and electron microscopy images 

of Traut’s modified CP-hMVP vaults). Conversion of the more abundant lysine amines to 

more functionally useful thiols greatly adds to the chemistries available for vault 

modification. Additionally, this approach offers the potential for multiple labeling of the 

vault simply through initial modification of cysteine thiols followed by modification of 

Traut’s derived thiols.

Enhanced Cellular Uptake of Fluorescein Labeled Vaults

Having established the procedures for the chemical modification and optical tagging of 

vaults, we next set out to explore whether vaults could be modified with cell-penetrating 

peptides (CPPs) as a way to enhance their uptake into cells. We attached octaarginines onto 

the vault cysteine residues using either a redox cleavable linker or a noncleavable linker 

(Scheme 2). Both strategies provide a stable linkage between the protein carrier and the 

peptide cargo in the extracellular milieu. However, such disulfide linkages are readily 

cleaved after cellular entry due to the higher intracellular concentration of cytoplasmic 

glutathione.42

For the cleavable method, an activated CPP 7 was prepared by reacting the Cys-r8 peptide 5 
with 2, 2′-dipyridyl disulfide 6 (Scheme 2A). Before adding the activated CPP 7 to the vault 

protein, the vault lysine residues were labeled with FITC as described above to allow for 

subsequent imaging. This activated CPP 7 was then added onto the FITC vault cysteine 

thiols via a redox-sensitive disulfide-bond formation, providing a built-in strategy for 
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intracellular release. FITC vaults were also used as a starting point for the noncleavable 

method (Scheme 2B). For this strategy, the octaarginine peptide 9 was activated by N-γ-

maleimidobutyryl-oxysuccinimide ester (GMBS) 10 to add a maleimide group to form CPP 

11 for subsequent attachment to the vault cysteines. For both the cleavable and noncleavable 

conjugation strategies, the activated peptides were reacted with the vault at a ratio of 2:1 

activated peptide to vault cysteine residues. For sake of clarity, we have named these doubly 

chemically modified vaults FITC-Vault-r8Cleavable 8 and FITC-Vault-r8Noncleavable 12, 

respectively. We confirmed that vaults remained properly folded and intact after the CPP 

modifications by circular dichroism (CD), DLS, and SDS page gel (Supporting Information, 

Figures S6–8 for CD spectra, DLS traces, and SDS page gel of CPP modified vaults, 

respectively).

After purification of the modified vaults by ultracentrifugation, vault uptake was studied in 

RAW264.7, HeLa, and CHOK1 cells. Cells were treated with either FITC, FITC vaults, or 

CPP modified FITC vaults at a concentration of 10 µg vaults/500,000 cells at 37 °C for 16 h 

to allow for uptake. Significant increases of cellular uptake were observed by flow 

cytometry for CPP modified FITC vaults compared to FITC vaults without CPP conjugation 

(Figure 3). Importantly, the same batch of FITC vaults was used for the FITC vault sample 

and the CPP modified FITC-labeled vaults. FITC labeling was consistent with previous 

results, ~187 FITC/vault.

The noncleavable vaults 12 (FITC-Vault-r8Noncleavable) exhibit the highest uptake in all cell 

lines (Figure 3). In the RAW264.7 cells, a macrophage cell line that internalizes unmodified 

vaults to some extent, a 3-fold increase in uptake was observed with the redox-sensitive 

vaults 8 (FITC-Vault-r8Cleavable) and a 10-fold increase with the noncleavable vaults 12 
(FITC-Vaultr8Noncleavable) compared to FITC vaults 1a (Figure 2A). While determining the 

basis for the difference in cellular uptake between the FITC-Vault-r8-cleavable and -

noncleavable systems is beyond the experimental scope of this study, it is possible that 

disulfide exchange and/or cleavage would occur, thus reducing the number of octaarginines 

on the cleavable system and thus its uptake into cells. In HeLa and CHO-K1 cells, there was 

a 3-fold (Figure 3B) and a 1.5-fold (Figure 3C) increase in uptake for the FITC-Vault-

r8Noncleavable 12 compared to FITC vaults 1a, respectively. Neither of these cell lines showed 

significant uptake of the undecorated FITC vaults 1a, indicating the addition of cell 

penetrating peptides is necessary for improved uptake into these cell lines.

To analyze the above-described uptake results and to check for cellular internalization of 

chemically labeled fluorescent vaults with or without attached octaarginine CPPs, cells 

treated with modified vaults were visualized using confocal microscopy (Figure 4). 

RAW264.7, HeLa, and CHO-K1 cells were incubated with modified vaults (30 µg vaults/

500,000 cells) for 16 h and then washed to remove any material not taken up by the cells. 

FITC-Vault-r8Cleavable 8 and FITC-Vaultr8Noncleavable 12 were efficiently internalized within 

all tested cell lines. By confocal microscopy, FITC vaults 1a clearly entered RAW264.7 cells 

but are poorly taken up by HeLa and CHO-K1 cells. This variation is attributed to the noted 

difference between the cell lines seen in the quantitative flow cytometry data (Figure 3). 

Under the tested confocal microscopy conditions, FITC vaults already saturate the imaging 

signal seen by RAW264.7 cells, thereby masking any signal improvement that occurs with 
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the attachment of octaarginine CPP. However, since HeLa and CHO-K1 internalize FITC 

vaults less readily than RAW264.7 cells, a clear improvement in fluorescent signal is 

observed for the doubly labeled vaults. Thereby, demonstrating that the CPP labeling greatly 

improves uptake and internalization into these cells (Supporting Information, Figure S9 for 

overlay images).

Additionally, the viability of RAW264.7, HeLa, and CHO-K1 cells following exposure to 

the chemically modified vaults was determined using an MTT assay. After incubation with 

FITC vaults 1a or either of the octaarginine decorated FITC vaults at various concentrations 

for 16 h, RAW264.7, HeLa, and CHOK1 cells maintained good cell viability (Figure 5) 

(Supporting Information, Figure S10 for MTT results at a series of concentrations).

CONCLUSIONS

Given the formidable challenges and opportunities associated with drug delivery, 

considerable innovative effort in recent years has been directed at nanoparticles that can 

encapsulate and protect drugs and probes during administration and release the drug cargo 

either extracellularly after administration or after cell entry. Vaults provide a relatively 

under-explored space-enclosing nanocapsule for the protection and delivery of various 

cargos, including small molecules, peptides, proteins, siRNA, and mRNA. We previously 

reported the vault-mediated delivery of bryostatin-1, a therapeutic candidate now in the 

clinic for the treatment of Alzheimer’s disease and the eradication of HIV/AIDS.24 To 

address the ensuing questions associated with biodistribution and cellular uptake, we have 

reported here the chemistry needed to produce vaults that contain multimodal functionality, 

including imaging and enhanced cellular uptake, through the selective and differential 

labeling of various vault residues, which provides a fundamental foundation for future 

studies. Vault cysteine and lysine residues were selected in this initial study and were shown 

to be chemoselectively derivatized. Given the greater number of vault lysine residues and the 

versatile chemistry of thiols, we also demonstrate a simple, robust technique that can 

efficiently convert these more abundant residues into thiol terminated side chains. Using the 

chemistry we developed, we created vaults doubly modified with a fluorescein reporter 

probe and cell-penetrating octaarginine peptides attached via a redox-sensitive cleavable or 

noncleavable linker. Relative to unmodified vaults, the resultant modified vaults showed no 

adverse particle effects following chemical modification while clearly demonstrating 

increased optical properties and cellular uptake into cells of interest. These studies provide 

vaults with enhanced fluorescent labeling that are of immediate interest for imaging and 

biodistribution studies. Additionally, chemically labeled vaults containing guanidinium 

groups exhibit enhanced cellular uptake. More generally, this study provides a chemical 

foundation for predictable vault modification, as required for accessing a variety of vaults 

for use in imaging, therapeutic delivery, and basic biological research. It also offers a fast 

way to modify vaults for targeted delivery. These vault modifications and uptake studies 

along with our previous work on the loading of vaults collectively move this vault 

technology closer to therapeutic applications.
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METHODS AND MATERIALS

Materials

Unless otherwise noted, all commercial reagents were purchased from Sigma-Aldrich, 

Thermo Fischer Scientific, VWR, or AnaSpec and used without additional purification. 

Octa-(D)-arginine was obtained from UCB bioproducts. hMVP and CP-hMVP were 

expressed using a baculovirus system in Sf9 insect cells, which do not contain endogenous 

vaults.13

Instrumental

NMR spectra were measured on a Varian 500 MHz magnetic resonance spectrometer. 1H 

chemical shifts are reported relative to the residual solvent peak (CD3OD = 3.31, ppm) as 

follows: chemical shift, multiplicity (s = singlet, bs = broad singlet, d = doublet, bd = broad 

doublet, t = triplet, q = quartet, p = pentet, m = multiplet), and integration. Matrix-assisted 

laser desorption mass spectra (MALDI) were done using an Applied Biosystems Voyager 

DE mass spectrometer. Mass spectra were obtained at the Vincent Coates Foundation mass 

spectrometry laboratory at Stanford University. Reverse-phase high-performance liquid 

chromatography (RP-HPLC) was performed with a Shimadzu LC-20AP using a 

semipreparative column (Restek Ultra II, C18, 250 × 10 mm). The products were eluted 

using a solvent gradient (solvent A = 0.1% TFA/H2O; solvent B = 0.1% TFA/CH3CN). UV–

vis spectra were obtained on an Agilent Cary 6000i UV–vis-NIR with quartz cells or 

Nanodrop 1000. DLS was done using a Malvern Zetasizer Nano-S. CD was done on a Jasco 

J-815 CD spectrometer using a 1 mm quartz cuvette. Sodium dodecyl sulfate-

poly(acrylamide) gel electrophoresis (SDS-PAGE) was accomplished on a Mini-Protean 

apparatus from Bio-Rad with 10–20% gradient poly(acrylamide) gels. Flow cytometry was 

performed on a FACScan instrument at the Stanford Shared FACS facility. Live cell imaging 

was performed using a Leica SP5 upright confocal microscope. Images were acquired from 

cells with a water immersion lens and analyzed using Las-af software. Scanning was done at 

an image resolution of 1024 × 1024 pixels and averaged 2–4 times using 25% 488 nm.

Vault Purification

Vaults (CP or hMVP) were purified from Sf9 insect cell pellets infected with baculoviruses 

encoding either hMVP or CP-hMVP following standard protocols.12 Purified vaults were 

analyzed by SDS-PAGE and electron microscopy to verify >95% particle purity. Vaults 

(0.5–1.0 mg aliquots) were lyophilized in PBS containing 10 mg/mL trehalose and stored at 

−20 °C prior to use.

Vault Stock Preparation

The vaults were resuspended at 4 °C in PBS 1× buffer (pH 7.4) with 5 mM EDTA for 30 

min. At this time, the solution was spun down at 1000 × g for 2 min, and the supernatant was 

removed. The vault concentration of stock protein sample was determined by a 

bicinchoninic acid (BCA) assay (Pierce, Rockford, IL).

Benner et al. Page 8

ACS Nano. Author manuscript; available in PMC 2018 January 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fluorescein Labeling of Vault Nanoparticles

To a 418 µL solution of PBS 1× buffer (pH 7.4) with 5 mM EDTA was added recombinant 

vaults (6.5 pmol, 51.2 µg, 80 µL of a 0.64 mg/mL solution in pH 7.4 PBS 1× buffer with 5 

mM EDTA). To this was added an amine or thiol reactive fluorescein probe (0.11 µmol or 

0.055 µmol, respectively, as 50 mM stock solutions in DMF). Final reaction mixture was 

4.4% DMF for lysine reactive probes and 2.2% for cysteine reactive probes. Attempted 

higher labeling ratios led to vault loss, presumably due to the higher percentage of DMF 

required to solubilize the fluorescent probes. Note for the CP vault reactions, additional thiol 

reactive fluorescein probes were added to account for the extra cysteine residues (0.1 µmol 

thiol reactive probe). The reaction mixture was incubated at room temperature for 2 h with 

rotation and protection from light. The mixtures were applied to Ultra-0.5 30K Centrifugal 

Filter Devices (Millipore) that were preequilibrated with 500 µL of PBS 1× buffer with 5 

mM EDTA. Separation of unattached small molecules from modified vault proteins was 

achieved by centrifugal filtration for 9 min at 14,000 × g at room temperature, followed by 

four washes of 450 µL PBS 1× buffer with 5 mM EDTA for 8 min at 14,000 × g at room 

temperature. The purified vault was collected by inverse centrifugation for 2 min at 1000 × g 
at room temperature. Purified samples were analyzed for vault concentration using BCA 

protein assay (Pierce, Rockford, IL). The concentration of attached fluorescent probes was 

analyzed using an Agilent Cary 6000i UV–vis-NIR or Nanodrop 1000 at 494 nm, based on 

the extinction coefficient of 70,000 M−1 cm−1.

Traut’s Modification of Recombinant Vaults

To a 430 µL solution of PBS 1× buffer (pH 7.4) with 5 mM EDTA was added recombinant 

hMVP vault protein (51.0 pmol, 400 µg, 500 µL of a 0.8 mg/mL solution in pH 7.4 PBS 1× 

buffer with 5 mM EDTA). To this was added a 2-iminothiolane (6.9 µmol, 963 µg, 70 µL of 

a 100 mM in pH 7.4 PBS 1× buffer). The reaction mixture was incubated at room 

temperature for 0.5 h with rotation and protection from light. To reduce any potential 

disulfide linkages formed after introduction of the alkyl sulfhydryl groups by Traut’s reagent 

reactivity, tris(2-carboxyethyl)phosphine (TCEP) (5 µmol, 1.4 mg, 10 µL of 500 mM in pH 

7.4 PBS 1× buffer) was added to the reaction mixture and allowed to react for 30 min. The 

mixtures were then applied to Ultra-0.5 30K Centrifugal Filter Devices (Millipore) that were 

preequilibrated with 500 µL of PBS 1× buffer with 5 mM EDTA. Separation of unreacted 

Traut’s reagent and TCEP from modified vault proteins was achieved by centrifugal 

filtration for 9 min at 14,000 × g at room temperature, followed by four washes of 450 µL 

PBS 1× buffer with 5 mM EDTA for 8 min at 14,000 × g at room temperature. The purified 

vault was collected by inverse centrifugation for 2 min at 1000 × g at room temperature. 

Purified samples were analyzed for vault concentration using BCA protein assay (Pierce, 

Rockford, IL). Same procedure was followed for modification of CP-hMVP vaults with 

Traut’s reagent.

Fluorescein Labeling of Traut’s Modified Recombinant Vaults

To a 440 µL solution of PBS 1× buffer (pH 7.4) with 5 mM EDTA was added Traut’s 

modified recombinant hMVP vault protein (4.2 pmol, 32.6 µg, 51 µL of a 0.64 mg/mL 

solution in pH 7.4 PBS 1× buffer with 5 mM EDTA). Importantly, Traut’s modified hMVP 
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vaults were used immediately after the above-described TCEP reduction. To this were added 

thiol reactive fluorescein probe and fluorescein-5-maleimide (0.5 µmol, 214 µg, added via 
10 µL of 50 mM solution in DMF). The reaction mixture was incubated at room temperature 

for 2 h with rotation and protection from light. The mixtures were applied to Ultra-0.5 30K 

Centrifugal Filter Devices (Millipore) that were pre-equilibrated with 500 µL wash of PBS 

1× buffer with 5 mM EDTA. Separation of unattached small molecules (F5M) from 

modified vault proteins was achieved by centrifugal filtration for 9 min at 14,000 × g at 

room temperature, followed by four washes of 450 µL PBS 1× buffer with 5 mM EDTA for 

8 min at 14,000 × g at room temperature. The purified vault was collected by inverse 

centrifugation for 2 min at 1000 × g at room temperature. Purified samples were analyzed 

for vault concentration using BCA protein assay. The concentration of attached fluorescent 

probes was analyzed using an Agilent Cary 6000i UV–vis-NIR or Nanodrop 1000 at 494 

nm, based on the extinction coefficient of 70,000 M−1 cm−1.

Synthesis of CPP 7

To a solution of Ac-Cys-(DArg)8-NH2·8TFA 5 (5 mg, 2.2 µmol, 1 equiv) in 2:1 H2O/

Methanol (1.5 mL, 1.5 mM) was added a solution of 2′2-dipyridyl disulfide 6 (1.5 mg, 6.8 

µmol, 3 equiv). After reacting under argon for 2 h at room temperature, the peptide was 

purified by HPLC using a 1 to 30% solvent gradient of water/acetonitrile with 0.1% TFA. 

Appropriate fractions were isolated giving a yield of 74%. 1HNMR (500 MHz, CD3OD) δ = 

8.45 (m, 1H), 8.08–8.26 (m, 3H), 7.83 (m, 2H), 7.26 (m, 1H), 4.16–4.46 (m, 10H), 3.14–

3.25 (m, 16H), 2.04 (s, 4]3H), 1.57–2.00 (m, 32 H) ppm. MS (m/z): calculated for 

[C58H109N35O10S2] 1520.8; found (MALDI) 1521.1.

Synthesis of CPP 11

D-Octaarginine·8TFA 9 (5 mg, 2.3 µmol, 1 equiv) was dissolved in degassed PBS 1× (1.8 

mL) in a 2 DR vial. To this was added N-γ-maleimidobutyryl-oxysuccinimide ester 

(GMBS) 10 (6.5 mg, 23 µmol, 10 equiv, in 0.2 mL DMF). After reacting under argon for 2 h 

at room temperature, the peptide was purified by HPLC using a 1 to 50% solvent gradient of 

water/acetonitrile with 0.1% TFA. Appropriate fractions were isolated giving a yield of 

72%. 1HNMR (500 MHz, CD3OD) δ = 8.38 (m, 1H), 8.06–8.26 (m, 2H), 6.80 (s, 2H), 6.76 

(s, 4H), 4.20–4.35 (m, 7H), 4.11 (m, 1H), 3.51 (m, 7H), 3.17 (m, 16H), 2.25 (m, 8H), 1.54–

1.92 (m, 40H) ppm. MS (m/z): calculated for [C56H106N34O11]: 1431.69; found: 1433.0.

Bioconjugation of CPP 7 with FITC Labeled Vaults

To a 605 µL solution of PBS 1× buffer (pH 7.4) with 5 mM EDTA was added FITC labeled 

recombinant hMVP vault 1a (15.0 pmol, 123 µg, 350 µL of a 0.35 mg/mL solution in pH 7.4 

PBS 1× buffer with 5 mM EDTA). To this was added a thiol reactive CPP 7 (12.2 nmol, 45 

µL of 0.27 mM solution in PBS 1× buffer). The reaction mixture was incubated at room 

temperature for 2 h with rotation and protection from light before being purified by 

ultracentrifugation (100,000 × g at 4 °C for 2 h). After slow, gentle resuspension for 3 days 

4 °C in 250 µL of PBS, the concentration of the FITC-vault-r8Cleavable 8 was determined to 

be 0.21 mg/mL.
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Bioconjugation of CPP 11 with FITC Labeled Vaults

To a 474 µL solution of PBS 1× buffer (pH 7.4) with 5 mM EDTA was added FITC labeled 

recombinant hMVP vaults 1a (17.0 pmol, 130 µg, 500 µL of a 0.26 mg/mL solution in pH 

7.4 PBS 1× buffer with 5 mM EDTA). To this was added a thiol reactive CPP 11 (13 nmol, 

26 µL of 0.5 mM solution in PBS 1× buffer). The reaction mixture was incubated at room 

temperature for 2 h with rotation and protection from light before being purified by 

ultracentrifugation (100,000 × g at 4 °C for 2 h). After slow, gentle resuspension for 3 days 

4 °C in 150 µL of PBS 1× buffer, the concentration of the FITC-vault-r8Noncleavable 12 was 

determined to be 0.25 mg/mL.

Cell Uptake Experiments by Flow Cytometry

Cells were grown and maintained in DMEM media (F12-K for CHO-K1 cells) with 10% 

fetal bovine serum (FBS) and Penn-strep. Prior to the addition of vaults, cells (50,000/well) 

were seeded in 12-well plates. The cells were treated at a concentration of 10 µg of vaults 

per 500,000 cells in serum free media and allowed to incubate for 16 h at 37 °C in 5% CO2. 

At this time, cells were washed with PBS 1× and then trypsin-EDTA and incubated at 37 °C 

for 10 min. Then serumcontaining media was added, and cells were pelleted out by 

centrifugation at 2000 rpm for 5 min. The supernatant was then removed, and the pelleted 

cells were resuspended in PBS 1× before fluorescence studies were performed. For the 

RAW264.7 cells, cell scrapers were used in replace of trypsin-EDTA. Fluorescence studies 

were done using a FACScan flow cytometer at 488 nm.

Confocal Microscopy for Imaging Cellular Uptake of Modified Vaults

Cells were plated onto 60 mm Petri dishes and incubated at 37 °C with 5% CO2 for 48 h in 

DMEM media (F12-K for CHO-K1 cells) with 10% FBS. Cells were washed three times 

with cold PBS before the addition of modified vaults (30 µg of vaults per 500,000 cells). 

After incubating at 37 °C with 5% CO2 in serum-free DMEM, cells were visualized under a 

confocal microscope. Live cell imaging was performed using a Leica sp5 upright confocal 

microscope. Images were acquired from cells with a water immersion lens and analyzed 

using Las-af software. Scanning was performed at an image resolution of 1024 × 1024 

pixels and averaged 2–4 times using 25% 488 nm.

MTT Viability Assay

The cell viability of modified vaults in RAW264.7 cells, HeLa cells, and CHO-K1 cells were 

investigated by using 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

assay. The experiments were performed in 96-well tissue culture plates (Falcon) growing 

5000 cells per well in DMEM antibiotic media (F-12K antibiotic media for CHO-K1 cells) 

supplemented with 10% FBS for 24 h prior to treatments. At this time, the cells were 

washed with PBS 1×, and the medium was changed to DMEM or F-12K without FBS. 

Vaults were then added to the wells at the indicated concentrations. Cells were incubated 

with the vaults for 16 h at 37 °C before performing the MTT assay. After the incubation 

period, cells were treated with MTT (10 µL, 5 mg/mL in DMEM medium per well) and 

further incubated for 2 h at 37 °C. At the end of the incubation time, 100 µL of solubilizing 

solution (10% Triton X-100, 90% 0.1 N HCl in isopropanol) was added to each well, and 
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colorimetry data were obtained on a plate reader (570 nm). Normalized viability is obtained 

by comparing the absorbance at 570 nm produced by the treated cells with that of control 

cells (no vaults added).

DLS Size Determination of Labeled hMVP Vaults

A 100 µL solution of modified vaults with a concentration range of 0.06–0.15 mg/mL in pH 

7.4 PBS 1× buffer was placed in a 70 µL disposable cuvette. The cuvette was then placed in 

a Malvern Zetasizer Nano-S instrument. The temperature was allowed to equilibrate at 25 °C 

for 120 s before each DLS measurement.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Covalent attachment of cell penetrating peptides and fluorescent probes to vault 

nanoparticles.
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Figure 2. 
hMVP vault modification with Traut’s reagent followed by labeling with a fluorescent 

probe. Size measurements were determined by DLS. The number of probes attached to the 

vaults was determined using UV–vis at 494 nm with 70,000 M−1 cm−1 as the extinction 

coefficient. The labeling reaction was run in triplicate, and the reported values are of the 

average of the three trials.
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Figure 3. 
Uptake of FITC, FITC vaults 1a, FITC-Vault-r8Cleavable 8, and FITC-Vault-r8Noncleavable 12 

into (A) RAW264.7 cells, (B) HeLa cells, and (C) CHO-K1cells. Data represents mean ± 

SD, N ≥ 3 for all measurements.
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Figure 4. 
Confocal images of live RAW264.7 (top), HeLa (middle), and CHO-K1 (bottom) cells 

incubated with 30 µg of modified vaults/500,000 cells.
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Figure 5. 
Normalized viability of cells treated with modified vaults at a concentration of 30 µg vaults/

500,000 cells, as determined by MTT assay over 16 h. Data represents mean ± SD, N ≥ 3 for 

all measurements.
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Scheme 1. 
Chemoselective Fluorescein Labeling of Vaults.
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Scheme 2. 
Synthesis of Doubly Modified hMVP Vaults with a Fluorescent Probe and CPPa

a(A) Activation of Ac-Cys-(DArg)8-NH2 using 2,2′-dipyridyl disulfide followed by 

attachment of the activated Cys-r8 CPP onto FITC vaults through a disulfide exchange with 

MVP cysteine residues. (B) Activation of CPP octaarginine using GMBS followed by the 

attachment of the activated octaarginine onto FITC vaults through a thiol-maleimide linkage.
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