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V
aults, first described in 1986, are 13
MDa ribonucleoprotein particles,
which are highly conserved in most

eukaryotes.1 There are between 104 and

106 vault particles in the cytoplasm of most

eukaryotic cells. Although many different

functions have been proposed for the

vaults, including roles in nucleo-

cytoplasmic transport, multidrug resis-

tance, and innate immunity, their normal

cellular function remains undetermined.2�4

Native vaults, purified from rat liver, consist

of a small untranslated RNA5 and multiple

copies of three proteins. MVP (99 kDa)

makes up more than 70% of total vault

mass.6 Interestingly, the expression of MVP

alone in the insect cells, which are infected

with a baculovirus containing an MVP

cDNA, can result in self-assembly of the

MVP into the distinctive barrel-and-cap

structure.7 Thus multimerization of this pro-

tein is sufficient to form the exterior shell

of the particle. The other two vault-

associated proteins are vault poly-ADP-

ribose polymerase (VPARP, 193 kDa) and te-

lomerase associated protein 1 (TEP 1, 290

kDa).8,9

Reconstruction images, taken on the cryo-

electron microscope (cryoEM), revealed the

vault to be a hollow, barrel-shaped “par-

ticle” with two protruding caps and an in-

vaginated waist.10 Its maximum dimensions

are about 42 � 42 � 75 nm3, larger in size

and mass than some icosahedral viruses.

Coupled with the cryoEM analysis, a 9 Å

draft crystal structure of an empty vault

built from a cysteine-tagged construct of

MVP indicated that each vault is composed

of two identical halves; 48 copies of MVP are

believed to make up each half with 6 MVPs

corresponding with each “flower petal” in

8-fold symmetry.11 All of the MVP N-termini

noncovalently come together around the
barrel waist in the lumen and extend to-
ward the interior of the particle, whereas
the C-termini of the MVP are collected at
the barrel caps (48 on each cap).12 Recently,
Tanaka et al. reported the structure of rat
liver vault at 3.5 Å resolution, revealing that
vault cage structure consists of a dimer of
half-vaults, with each half-vault comprising
39 identical MVP chains.13 Nevertheless, for
the purposes of this work, we can state that
vaults have a capsule-like structure with a
thin shell (ca. 2 nm) surrounding a large hol-
low interior compartment with a volume of
5 � 104 nm3, which is capable of accommo-
dating hundreds of proteins.11 In addition,
the vaultlike particles are self-assembled,
natural proteins found in the normal hu-
man cells. This ensures a reasonable degree
of biocompatibility for vaults. These at-
tributes make vaults the very promising ve-
hicles for delivery of therapeutic agents. Re-
combinant vault has been shown to
encapsulate a semiconducting polymer,
and pH lability of cross-linked vaults may
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ABSTRACT Native vaults are nanoscale particles found abundantly in the cytoplasm of most eukaryotic cells. They

have a capsule-like structure with a thin shell surrounding a “hollow” interior compartment. Recombinant vault particles

were found to self-assemble following expression of the major vault protein (MVP) in a baculovirus expression system,

and these particles are virtually identical to native vaults. Such particles have been recently studied as potential delivery

vehicles. In this study, we focus on immobilization of vault particles on a solid substrate, such as glass, as a first step to

study their interactions with cells. To this end, we first engineered the recombinant vaults by fusing two different tags

to the C-terminus of MVP, a 3 amino acid RGD peptide and a 12 amino acid RGD-strep-tag peptide. We have demonstrated

two strategies for immobilizing vaults on solid substrates. The barrel-and-cap structure of vault particles was observed

for the first time, by atomic force microscopy (AFM), in a dry condition. This work proved the feasibility of immobilizing

vault nanoparticles on a material surface, and the possibility of using vault nanoparticles as localized and sustainable drug

carriers as well as a biocompatible surface moiety.
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be useful for controlled release of encapsulated
materials.14,15

Several strategies could be used to engineer vault
nanoparticles with additional properties to increase
their versatility as in drug delivery system. One of them
is through a vault targeting peptide found in VPARP at
its C-terminus (aa 1563�1724), which is known to bind
to MVP in the vault lumen.16 This vault-targeting pep-
tide sequence has been designated as mINT, minimal
interaction domain. Fluorescent or enzymatic proteins,
fused to mINT, are directed to the lumen of recombi-
nant vaults, while retaining their native properties.17

Difference mapping has shown that the mINT domain
binds to the inside of the recombinant vaults at two
locations, above and below the waist of the vault par-
ticles. Protein tags can be introduced at MVP
C-terminus. It was reported that 11 amino acid epitope
tag (VSVG), a 33 amino acid IgG-binding peptide, and
the 55 amino acid epidermal growth factor (EGF) were
fused onto the MVP C-terminus, and provided the abil-
ity to target vaults to specific cells as delivery vehicles.18

However, all of the previously reported work to
date, which explored the possibility of vaults as a drug/
protein delivery system, has used vaults in aqueous
solutions. Under these conditions, generally the release
of drug/peptide is not controlled or sustained to any
great extent, as the vault is a dynamic, “breathing” en-
tity. To control the release of encapsulated bioactivities,
vaults may need to be incorporated into solid matrices
or onto substrates, but this is difficult to accomplish, as
they tend to lose their shape/structure when immobi-
lized on a dry surface. Therefore, our aim of this study is
to explore the possibility of immobilizing the vaults on
a solid substrate to provide a means for localized and
sustained drug release.

CP-MVP vault is the recombinant vault with each
MVP having an N-terminus modified with a cysteine-
rich, 12-amino acid peptide tag derived from the metal-
lothionine protein. They are found to be the most stable
vault constructs thus far produced with consistent size,
shape and conformation.11,12 RGD (Arg-Gly-Asp) peptide
is a well-known cell affinity ligand found in extracellu-
lar matrix, which binds to the cell membrane protein, in-
tegrin. In this study, we added the 3 amino acid RGD
peptide onto the C-terminus of CP-MVP to form CP-
MVP-RGD. We also produced CP-MVP-RGD-STP by fus-
ing an additional (9 amino acid) strep-tag to the
C-terminus of CP-MVP-RGD. We report two methods to
immobilize vault particles on glass, through covalent
bonding and electrostatic adsorption. For the first time,
we have observed the vault particles on glass by AFM
in the “dry” state after immobilization.

RESULTS AND DISCUSSION
Structural Characterization of C-Terminally Tagged Vaults.

The C-terminus of MVP is localized in the “caps of the
barrel”,12,13 and peptide additions are accessible.18 In

this study, in addition to CP-MVP, two types of
C-terminally tagged recombinant vault particles, CP-
MVP-RGD and CP-MVP-RGD-STP, were expressed by
Bac-to-Bac Baculovirus expression system as described
previously.7 The expression of RGD at the C-termini of
vault particles would be expected to lead to an increase
of cell adhesion on the vault-immobilized substrate.
Strep-tag is wildly used in protein purification and de-
tection because of its strong affinity to streptavidin. The
expression of the additional strep-tag at the C-terminus
of CP-MVP-RGD is solely for detection of C-terminal
tag expression, that is, confirming the incorporation of
RGD sequence in MVP. The successful expression of
strep-tag at C-terminus of MVP has an additional advan-
tage, as explained below.

Fractionation on a discontinuous sucrose gradient
is the most important step during vault purification.
Generally, vaults fractionate in the 40% and 45% layer
depending on whether or not the particles are empty or
filled with mINT fusion proteins (in this study, we used
the mCherry-mINT protein for confirming the self-
assembled structure, as explained below). Empty par-
ticles are found in higher concentrations in the 40%
layer, and filled particles fractionate in the 45% layer.
Recombinant CP-MVP (Figure 1A, lane 1) as positive
control, CP-MVP-RGD (Figure 1A, lane 2) and CP-MVP-
RGD-STP (Figure 1A, lane 4), purified from the 40% su-
crose gradient fractions, were analyzed by immunoblot-
ting with anti-MVP antibody. All three fractions
contained MVP, indicating that proper vaults were
formed for the three different constructs. S20 extract
of Sf9 cells without infection of any baculovirus was
analyzed as negative control (Figure 1A, lane 3), and
showed no MVP production. To establish whether the
C-terminal tags were functionally exposed, a pull-down
experiment with streptavidin beads was carried out.
S20 extracts of CP-MVP-RGD-STP and CP-MVP-RGD
were used for binding experiments, followed by subse-
quent immunoblotting analysis with anti-MVP anti-
body. S20 extracts of CP-MVP-RGD-STP and CP-MVP-
RGD contained MVP as detected by Western blot
(Figure 1B, lanes 1 and 3) with only CP-MVP-RGD-STP
being successfully purified by streptavidin beads, com-
pared to CP-MVP-RGD (compare Figure 1B, lanes 2 and
4). This confirms that the RGD-STP and by analogy the
RGD tag on its own were successfully cloned in frame
with the MVP, and that the RGD tag was functionally ex-
posed to the outside of the vault particles. Impor-
tantly, the use of streptavidin beads to purify vaults
from S20 extracts may in future be a valuable tech-
nique for large-scale purification of vaults, which is very
difficult to achieve using the current sucrose gradient
approach.

In this study, a fluorochrome (mCherry) was also in-
corporated into the vault by attaching to the previ-
ously defined vault-targeting domain, mINT. Purified re-
combinant vaults (CP-MVP-RGD/mCherry-mINT and CP-

A
RT

IC
LE

VOL. 4 ▪ NO. 3 ▪ XIA ET AL. www.acsnano.org1418



MVP-RGD-STP/mCherry-mINT) were studied by

coomassie staining (Figure 1C), showing that mCherry-

mINT was successfully copurified with the vaults and

was enriched in the 45% sucrose gradient layer. This

strongly suggests that both the CP-MVP-RGD and the

CP-MVP-RGD-STP constructs produce the fully as-

sembled vaults.

For the final confirmation of the correct assembly

of the vault with the C-terminal tagged MVP, the mor-

phology of assembled CP-MVP, CP-MVP-RGD, and CP-

MVP-RGD-STP vault particles was further ana-
lyzed by transmission electron microscopy (TEM),
demonstrating the abundant, barrel-shaped re-
combinant particles (Figure 2). These particles
varied from 32�37 nm in width and 59�65 nm
in length, and displayed the distinctive bifold
symmetric central barrel of the vault with dual
caps.

Vault Particles Immobilization on APTES-Modified Glass
Substrate. Our aim is to demonstrate the feasibil-
ity of immobilizing vault particles on a substrate
for studies of cellular interaction and/or localized
drug/gene delivery. Glass was selected as the
substrate, as it is easily functionalized with si-
lanes. Two strategies were developed. The first
method is based on the electrostatic adsorption.
Vault particles are reported to be negatively
charged overall. We found that the vault par-
ticles could be easily adsorbed on a positively
charged APTES-modified glass surface. The sec-
ond method is based on the covalent bonding
between the amine groups in the APTES-
modified surface and the carboxylic groups in
the exposed C-termini of vault particles in water-
soluble carbodiimide (WSC) solution (Scheme 1).
There are between 39 and 48 C-termini localized
at each vault half at the caps, and exposed out-
side of the vault particle.

As mentioned above, CP-MVP and CP-MVP-
RGD vault particles used in this study contain
the fluorescent proteins, mCherry-mINT. The
mINT domain on mCherry-mINT is able to inter-
act with MVP, and to direct mCherry-mINT into

the lumen of the recombinant vaults. Nonspecific

bound vaults with mCherry-mINT can be washed away;

hence any detected fluorescence indicates the pres-

ence of half-assembled or fully assembled vaults. It

means that the amount of structurally assembled vaults

immobilized on substrate can be quantified by measur-

ing the mCherry fluorescent intensity. As mINT domain

binds the inside of vaults at at two locations, above and

the below the waist of the vault particles, detection of

mCherry fluorescent intensity confirms the presence of

Figure 1. The C-terminal peptide tag is located on the exterior of the
caps of recombinant vaults. (A) Western blot analysis of purified CP-
MVP-RGD (lane 2) and CP-MVP-RGD-STP (lane 4), compared with CP-
MVP as positive control (lane 1), and S20 extract Sf9 cells without any
baculovirus infection as negative control (lane 3). (B) Western blot
analysis of streptavidin beads affinity purified proteins from S20 ex-
tracts. Lane 1 and lane 3 are from S20 extracts of CP-MVP-RGD-STP
and CP-MVP-RGD, respectively. Lane 2 and lane 4 are from bead affin-
ity test of CP-MVP-RGD-STP and CP-MVP-RGD, respectively. (C) Coo-
massie stain of purified CP-MVP-RGD-STP (lane 1, 40% fraction and
lane 2, 45% fraction) and CP-MVP-RGD (lane 3, 40% fraction and lane
4, 45% fraction) recombinant vaults containing mCherry-mINT frac-
tionated on 4�15% SDS-PAGE. The major protein bands are the
�100 kDa CP-MVP-RGD/CP-MVP-RGD-STP and the �45 kDa
mCherry-mINT (note: the 45 kDa mCherry-mINT is a triplet that is
likely caused by leaky translation due to the presence of three in-
frame methionines in the first 17 amino acids of mCherry).18

Figure 2. TEM micrograph of the negative-stained recombinant (A) CP-MVP, (B) CP-MVP-RGD, and (C) CP-MVP-RGD-STP vault particles.
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full- or half-assembled vaults, and cannot unequivo-
cally confirm the fully assembled structure.

The protein concentration of purified vaults contain-
ing mCherry-mINT (CP-MVP/mCherry-mINT) was mea-
sured using the standard bicinchoninic acid assay (BCA).
The fluorescent intensity of CP-MVP/mCherry-mINT so-
lution corresponding to different total protein concen-
trations was measured by fluorescent microplate
reader. Thus, the vaults quantification calibration curve
could be established by plotting mCherry fluorescent
intensity against vault concentration (Figure 3). The
above calibration was used to quantify the amount of
half- and fully-assembled vaults on the substrates by
measuring the fluorescence intensity, and the results
are tabulated below (Table 1).

In general, the mCherry-mINT data showed that the
vaults can be immobilized on APTES-modified glass sur-
face, and further that a substantial portion of the origi-
nal vault loading is immobilized in the half-vault or full-
vault configuration. Both types of vaults, CP-MVP and
CP-MVP-RGD, could be immobilized by electrostatic ad-
sorption or covalent bonding, although the relative ef-
ficiency was somewhat different. The preference for ei-
ther method will depend on the nature of the
application, which could be influenced by the stability
of the immobilized vaults.

Surface Characterization of Vaults-Immobilized Glass
Substrates. The mCherry-mINT fluorescent intensity mea-
surement was carried out in an aqueous environment

for the vaults, and it would be instructive to check
whether this configuration is maintained in a “dry” en-
vironment, as it will be critical for some applications. We
report on efforts to do this in this section.

First, we characterized the surface (in a dry state)
for the presence of vaults as well as the success of the
surface functionalization. To do this, after the substrate
was coated with vault particles, it was dried in vacuum
oven at 37 °C for 12 h. The chemical and structural sta-
bility of the immobilized vaults was studied by various
surface characterization techniques. To confirm the suc-
cess of silanization on glass, and to characterize sur-
face chemical composition of the vaults-coated sub-
strate, X-ray photoelectron spectroscopy (XPS) was
carried out on bare glass, APTES-modified glass, CP-
MVP-coated APTES-modified glass, and CP-MVP-RGD-
coated APTES-modified glass (Figure 4). The atomic per-
centage was tabulated in Table 2, together with the
measured nitrogen to carbon ratio (N/C ratio), com-
pared with the theoretical N/C ratio. On a bare glass,
no nitrogen peak was detected. The presence of the
N1s peak at ca. 400 eV on the APTES- modified glass
was a strong evidence of existence of the APTES layer.
The N/C ratio of APTES-modified glass was expected to
be from 0.14 to 0.33 depending on the degree of hy-
drolysis of ethoxy groups into silanol groups.19 The
measured N/C ratio of 0.16 was reasonably within its
theoretical range. CP-MVP and CP-MVP-RGD-coated
APTES-modified glass showed N1s peaks as well. As
MVP is a large protein with molecular weight around
100 kDa, its theoretical N/C ratio was calculated by tak-
ing the average N/C ratio of the most common 20
amino acids. The N/C ratios measured on vaults-coated
substrates were about 0.21�0.23, which were slightly
higher than that measured on APTES- modified glass.
However, this N1s peak might arise from vaults as well
as from the exposed APTES layer on glass. The protein
nature of CP-MVP and CP-MVP-RGD coating on APTES-

Scheme 1. Immobilization of vault particles on an APTES-modified glass substrate in a carbodiimide solution based on the
covalent bonding.

Figure 3. The calibration curve for vaults, with a fluoroscent “tag” CP-
MVP/mCherry-mINT. The fluoroscent intensity was measured at excita-
tion wavelegth of 540 nm and emission wavelength of 640 nm.

TABLE 1. The Loading Efficiency of Vault Immobilization
on APTES-Modified Glass

covalent bonding electrostatic adsorption

CP-MVP CP-MVP-RGD CP-MVP CP-MVP-RGD

immobilized amount (�g) 1.98 1.79 2.13 1.32
loading amount (�g) 4 4 4 4
loading efficiency 49.5% 44.8% 53.2% 33.1%
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modified glass was therefore further characterized by

attenuated total reflection Fourier transform infrared

spectroscopy (ATR-FTIR).

The ATR-FTIR measurement of the vault layer was

performed using a bare glass as the background. In Fig-

ure 5A, APTES-modified glass, coated with CP-MVP

based on electrostatic adsorption, showed the charac-

teristic peaks of amide I bond around 1650 cm�1, which

was assigned to the carboxyl stretching.20 A similar

spectrum was observed on APTES-modified glass,

coated with CP-MVP-RGD. Both main chains of immobi-

lized vaults and APTES-vault covalent coupling are

able to contribute to amide I signal. However, main

chains of immobilized vaults on substrate should be

the main signal source. That means the observation of

amide I peak only proved the presence of proteins on

the substrate, that is, the immobilized recombinant

vault proteins. The self-assembled vault structure has

to be confirmed by other topological techniques, such

as AFM. The characteristic N�H stretching peak around

3200�3400 cm�1 from APTES was also observed, aris-

ing from the incomplete surface coverage of vaults on

APTES-modified glass.21

XPS and ATR-FTIR techniques yield no information
about whether the recombinant vaults assumed the
characteristic barrel-and-cap structure after they were
immobilized on the surface. It is not possible to image
the vaults on a glass substrate by TEM, therefore the CP-
MVP and CP-MVP-RGD vault particles-coated, APTES-
modified glass coverslips were imaged by AFM (these
glass coverslips were dried after the coatings were ap-
plied, hence are in a nonaqueous environment). It was
found that the vaults adsorbed on the substrate (Figure
6A�E), and their characteristic barrel-and-cap struc-
ture was retained. Some of the smaller particles ap-
peared in AFM imaging as well. This might be due to
the adsorbed salts coming from the solution and other
contaminations, as well as due to some disassembled
vaults.

In Figure 6F, TEM images of CP-MVP vault particles
are compared to the AFM images. Most vault particles
in AFM images are barrel-shaped and similar to those
observed in TEM images. Caps at the two ends of vault
particles can also be seen quite clearly. The dimensions
of vault particles in AFM images are compared with
those in TEM images as well. From the AFM images,

Figure 4. XPS spectra of (A) bare glass, (B) ATPES- modified
glass, (C) CP-MVP-coated APTES-modified glass, and (D) CP-
MVP-RGD-coated APTES-modified glass.

TABLE 2. Atomic Percentage and N/C Ratio of (A) Bare
Glass, (B) ATPES-Modified Glass, (C) CP-MVP-Coated
ATPES-Modified Glass, and (D) CP-MVP-RGD-Coated
ATPES-Modified Glass

atomic percentage %

sample measured
N/C ratio

theoretical
N/C ratio

O 1s
(532 eV)

N 1s
(400 eV)

C 1s
(285 eV)

A 0 0 75.69 24.31
B 0.16 0.14�0.33a 72.15 3.83 24.02
C 0.21 0.33 26.81 12.61 60.58
D 0.23 0.33 27.81 13.56 58.63

aBecause of incomplete hydrolysis of ethoxy groups, theoretical N/C ratio of APTES-
modified surface ranges from 0.14, with hydrolysis of one ethoxy group, to 0.33 with
hydrolysis of three ethoxy groups.19

Figure 5. ATR-FTIR spectra of (A) CP-MVP immobilized on
APTES-modified glass and (B) CP-MVP-RGD immobilized on
APTES-modified glass. The amide I bond is assigned to CAO
stretching shown in 1600�1690 cm�1.
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the observed width and length of CP-MVP vault par-
ticles are 63.2 � 2.8 and 90.2 � 2.1 nm, respectively.
Due to the tip�sample convolution,22 the lateral di-
mensions of vault particles in AFM images are larger
than those in TEM images (32�37 nm in width and
59�65 nm in length). The height of CP-MVP vault par-
ticles measured by AFM is about 8 nm, which is lower
than 41 nm measured by cryoEM.11 Two possible rea-
sons are given for this smaller vertical dimension of
vaults imaged by AFM. First, at ambient conditions, the
AFM tip exerts a relatively large force on the soft vault
particles, sufficient to compress the vaults somewhat.23

It was also reported that the measured height of dsDNA
by tapping mode AFM in air was about 0.7 nm, though
the diameter of dsDNA of 2 nm was well accepted and
proven by many experiments.24 Second, the smaller
height could also be caused by the interaction between
the vaults and APTES-modified glass.25,26 Importantly,
this is the first time that the barrel-and-cap structure of
recombinant vault particles has been observed in a dry
condition. The successful immobilization of intact vault
nanoparticles on a solid substrate may open up future

applications for selective cellular interactions as well as

for localized delivery of bioactive agents.

CONCLUSION
We have described the production of two success-

ful C-terminal modifications of recombinant vaults, CP-

MVP-RGD and CP-MVP-RGD-STP. These RGD sequences

are attached to the C-termini on the “caps” of as-

sembled vault structures, and therefore may be uti-

lized to advantage for cellular interactions. Two meth-

ods, that is, electrostatic adsorption and covalent bond-

ing, were used to attach vaults to APTES-modified glass

substrates. Both types of vaults (vaults with and with-

out the RGD sequence) were attached successfully by

either method to APTES-modified glass substrates. We

have shown further that such immobilized vaults retain

their barrel-and-cap structure even when the substrate

is dried. This was observed for the first time by AFM.

This work demonstrates the feasibility of immobilizing

vault nanoparticles on a material surface and will be ex-

plored further for the specific applications.

MATERIALS AND METHODS
Chemicals. (3-Aminopropyl)triethoxysilane (APTES) (99%, Ald-

rich), 1-ethyl-3-(3-dimethylamiopropyl) carbodiimide hydrochlo-

ride (EDAC, Pierce), and 2-morpholinoethanesulfonic acid (MES,
Sigma), N-hydroxysuccinimide (NHS), 1% Triton X-100, 1 mM
dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), pro-

Figure 6. AFM topographic images of (A, C) CP-MVP and (D) CP-MVP-RGD adsorbed on APTES-modified glass, respectively. AFM phase
images of (B) CP-MVP and (E) CP-MVP-RGD adsorbed on APTES-modified glass, respectively. (F) Comparison between AFM topographic
images (top row) and TEM images (bottom row). The Z scale for AFM topographic images in panels A, C, and D is 20 nm. The Z scale for
AFM phase image in panels B and E is 20° and 60°, respectively.
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tease inhibitor cocktail, Tris HCl, glycerol, sodium dodecyl sul-
fate (SDS), and � mercaptoethanol bought from Sigma were
used as received. All solvents were either HPLC grades or analyti-
cal grades and were purchased from Sigma and Aldrich.

Construction of Modified Recombinant Plasmids. The 3 amino acid
sequence of the RGD tag is Arg-Gly-Asp. The RGD peptide is
cloned in to the C-terminus or 3= end of the rat MVP cDNA us-
ing a unique internal XhoI site in the 3= end of the rat MVP cDNA
(GenBank accession no. U09870). Two primers were designed.
The forward primer is 5=-CAGCCCGGATCATTCGAATGGCTG-
TTTTTGGC-3=, which is about 80 bases upstream (5=) of the XhoI
site in the rat MVP cDNA. The reverse primer is 5=-GCGCGG-
TACCTCAGTCTCCCCGCTTCTGTGCTGGCGGCTG-3=, which is
complementary to the 3= end of MVP cDNA and encodes RGD.
The 3= end of MVP was PCR amplified using forward and reverse
primers with the CP-MVP pFastBac plasmid as the template.
The PCR product (containing the 3= end of the MVP cDNA fused
in frame to the RGD DNA) was purified on a Qiagen column, di-
gested with XhoI and KpnI, and ligated to XhoI/KpnI digested CP-
MVP pFastBac DNA to form CP-MVP-RGD pFastBac. All con-
structs were confirmed by DNA sequence analysis.

Likewise, CP-MVP-RGD-STP is made by fusing 3 amino acid
RGD peptide and 9 amino acid strep-tag to C-terminus of CP-
MVP. The 12 amino acid sequence of RGD-STP tag is Arg-Gly-Asp-
Ala-Trp-Arg-His-Pro-Glu-Phe-Gly-Gly. The forward Primer was
designed as: 5=-CAGCCCGGATCATTCGAATGGCTGTTTTTGGC-
TTTGAGATGTCTGAAGACACAGGTCCTGATGGCACA-3=. The re-
verse was 5=-GCGCGGTACCTCAGCCGCCAAATTCCGGATGTCT-
CCAGGCGTCTCCCCCGCTTCTGTGCTGGCGGCTG-3=, which is
complementary to the last 20 bases of the rat MVP cDNA, and en-
codes RGD-STP. The 3= end of MVP was PCR amplified using
RGD-STP forward and reverse primers with the CP-MVP pFast-
Bac plasmid as the template. The PCR product (containing the
3= end of the MVP cDNA fused in frame to the RGD-STP DNA) was
purified on a Qiagen column, digested with XhoI and KpnI, and li-
gated to XhoI/KpnI digested CP-MVP pFastBac DNA to form CP-
MVP-RGD-STP pFastBac. All constructs were confirmed by DNA
sequence analysis.

The vault targeting construct, mCherry-mINT pFastBac, was
described previously.18

Expression and Purification of Recombinant Vaults. Recombinant
baculoviruses were generated according to the Bac-to-Bac pro-
tocol (Invitrogen). For vault purification, baculovirus-infected Sf9
insect cells were subjected to a standard protocol described pre-
viously.7 The protein concentration of purified vault proteins
was determined by using the BCA assay (Pierce), and their pu-
rity was analyzed by fractionating on SDS-PAGE gel followed by
staining with Coomassie blue. All vault samples were routinely
analyzed by staining with uranyl acetate and viewed on an elec-
tron microscope as previously described.1

Western Blot Analysis. Western blot analyses were performed
as described previously,18 using anti-MVP rabbit polyclonal anti-
bodies as primary antibody and peroxidase-conjugated goat an-
tirabbit IgG (BioRad) as secondary antibody.

Bead Binding Assays. Lysates of sf9 cells infected with the appro-
priate baculovirus were prepared by lysing cells in 50 mM Tris-
Cl, pH7.4, 75 mM NaCl, 0.5 mM MgCl2 containing 1% Triton
X-100, protease inhibitor cocktail (Sigma), and 1 mM PMSF, fol-
lowed by centrifugation at 20000g for 10 min. The supernatants
(S20) were used for the binding assays. Streptavidin beads
(Streptavidin UltraLink Resin, Pierce) were equilibrated in lysis
buffer. S20 lysates from CP-MVP-RGD and CP-MVP-RGD-STP in-
fected cells were mixed with beads for 1 h at 4 °C. The beads
were then washed with phosphate buffered saline (PBS) and
boiled in SDS-PAGE samples buffer. The eluted proteins were
loaded onto to 6% SDS-polyacrylamide gel, transferred to a ni-
trocellulose membrane, and probed with polyclonal anti-MVP
antibodies followed by peroxidase-conjugated goat antirabbit
IgG.

Preparation of APTES-Modified Glass. Microscope glass coverslips
(DI � 15 mm) were used. Prior to APTES treatment, glass cover-
slips were sonicated in a mixture of acetone and water (v/v �
1:1) for 15 min, and then immersed in piranha solution (H2SO4:
H2O2 � 7:3 v/v) for 60 min at 120 °C. They were rinsed with copi-
ous amount of Milli-Q water and dried under a stream of nitro-

gen. The glass treated in this way is rich in hydroxyls at the ox-
ide surface and suitable for silanization.27 The cleaned glass was
immersed in 1 vol % APTES in Milli-Q water for 15 min. Then the
substrate was rinsed with water to remove any excess of si-
lanes, and subsequently dried under a stream of nitrogen.
APTES-modified glass was heated in oven at 120 °C for 1 h.

Immobilization of Vault Particles. (1) Immobilization with electro-
static adsorption: 4 �g vaults, dissolved in 50 �L Milli-Q water,
was deposited on APTES-modified glass and kept for overnight
in humid box. (2) Immobilization by covalent bonding: EDAC and
NHS were added into 25 mM MES solution, pH 6.5, to form the
water-soluble carbodiimide (WSC). APTES-modified glass was im-
mersed into this WSC solution with 4 �g of protein (MVP vaults
or MVP-RGD vaults) loading. The reaction was kept for 10 h at
room temperature.

Quantification of Immobilized Vaults on APTES-Modified Glass Coverslips.
After the immobilization reaction, glass substrates were washed
with Milli-Q water to remove loosely adsorbed vault particles or
free mCherry-mINT released from the broken vault particles. The
amount of vault particles immobilized on APTES-modified glass
was measured by fluorescent microplate reader (Tecan infinite
M200) at excitation wavelength of 540 nm and emission wave-
length of 640 nm. The amount of vaults immobilized on the
APTES-modified glass coverslips were quantified using a stan-
dard curve constructed with mCherry fluorescent intensity
against vaults particle mass.

ATR-FTIR. IR spectra were measured using a Perkin-Elmer Spec-
trum GX system equipped with a Graseby Specac ATR detector.
For one spectrum, 256 scans were coadded at a resolution of 4
cm�1. The bare glass was measured for background spectra.

XPS. The surface composition of protein-coated APTES-
modified glass was analyzed by XPS (Kratos AXIS Ultra) with
monochromatic Al K� (1486.71 eV) X-ray radiation (15 kV and
10 mA); 160 eV pass energy was used for survey scan, whereas
40 eV was used for the high-resolution scan.

AFM. The protein-coated APTES-modified glass was washed
by Milli-Q water and dried with nitrogen gas. A commercial
AFM instrument (Dimension 3100 with Nanoscope IIIa control-
ler, Veeco Instruments Inc., CA) equipped with a scanner (90 �m
� 90 �m) was employed. The tapping mode in air was per-
formed to observe the vault particles on APTES-modified glass.
Super sharp silicon cantilevers with the normal resonance fre-
quency of 330 kHz and spring constants of 42 N m�1 (SSS-NCH,
Nanosensors) were used. All images were captured with scan
rate at 1�2 Hz and 512 � 512 pixel resolution.
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