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Vaults are abundant cellular particles found in nearly all eukaryotes. Although many different
roles have been proposed for the vault since its first description in 1986 [1] including nucleocytoplasmic transport and sequestration of molecular cargo, its normal cellular function is still
undetermined. Vaults have a capsule-like structure (Fig. 1) with a very thin shell (approximately
2 nanometers) surrounding a large internal cavity. The vault particle is a nanocapsule with
incredible potential for compound encapsulation,
protection, and delivery. The vault nanocapsule has been
honed by millions of years of evolution to assemble
from multiple copies of a few subunits into a stable
structure. The particle adheres to, and is transported
along, fiber tracks in the cell, and is likely to open and
close in response to cellular signals. The ubiquitous
presence of the vault particle in all cells of higher
eukaryotes, including man, makes it highly likely that,
in contrast to viruses, there will be no problems with
bio-compatibility of the particle.
With a molecular mass of 13 million daltons and a
relatively simple molecular composition consisting of
multiple copies of just three different proteins, and one
to three different RNA molecules, the vault is the largest
known ribonucleoprotein particle. Specially-prepared
images of the vault using a freezing and shadowing
technique show that each half of the vault midsection
can open into eight distinct ‘petals’ arranged
symmetrically around a central ring (see Fig. 1B and
model Fig. 1C) [2]. The major vault protein (MVP) is
presumed to be present in 96 copies per vault,
accounting for ~75% of the total protein mass in the
particle. The two other proteins, vault poly-ADP ribose
polymerase (VPARP) and telomerase/vault associated
protein 1 (TEP1) are considerably less abundant, with
copy numbers estimated at 2-8 per particle. The
relatively simple molecular composition of the vault
makes it ideal for reengineering as a nanocapsule.

Figure 1. (A) Negative stain EM
image of vaults. Bar, 100 nM. (B)
A freeze etch EM image of vaults.
(C) An artist’s model of the vault,
in both open and closed states.

Cryo-electron microscopy (EM) combined with single particle reconstruction has provided
overall dimensions of the vault at 42 x 75 nanometers [3]. These measurements indicate that the
vault is larger in mass and size than many viruses. The overall structure of the intact vault was
found to be a hollow, barrel-like structure with two protruding caps and an invaginated waist

NSF Nanoscale Science and Engineering Grantees Conference, Dec 16-18, 2003
Grant # : 0210690

(Fig. 2). Regular small openings surround the cap of the vault. These openings are apparently
large enough to allow permeability to the interior of the particle by small molecules and ions.
The volume of the internal cavity of the vault is ~5x107 Å3, large enough to enclose hundreds of
proteins.

Figure 2. (A) Cryo-EM vault image. Bar, 50 nM. (B) 3-D reconstruction of the intact vault.
Bar, 25 nM. (C) Cropped views of the reconstruction showing the large internal cavity. (D)
A central density slice shows weak (green) density located inside the barrel.
Using a well-characterized insect virus into which a cloned gene can be easily inserted, it is
possible to produce large quantities of a given protein in cultured insect cells. We have used this
system to produce large quantities of the major vault protein. Interestingly, the protein
synthesized in the insect cells is able to self-assemble into vault-like particles. These MVP-only
vaults are somewhat irregular, often containing distorted caps. However, we have recently
demonstrated that co-production of all three vault proteins (MVP, TEP1 and VPARP) in insect
cells results in self assembly of particles that are indistinguishable from naturally-occurring
vaults (Figure 3).
Figure 3. Cryo-EM, single particle reconstruction of vaultlike particles formed in insect cells from MVP only (left)
and from co-expression of MVP, TEP1 and VPARP (right).
The MVP-only particles are somewhat irregular, often
containing distorted caps. These particles (234 images) only
resolve to 37 angstroms resolution, whereas 234 images of
the vaults containing all 3 vault proteins resolve to 33
angstroms [5].
We have been able to use molecular genetic techniques to modify the gene encoding the major
vault protein to produce a protein with chemically active peptides attached to its protein
sequence. These modified proteins are incorporated into the inside of the vault particle without
altering its basic structure. We have also identified a vault targeting domain that allows the
packaging of large bioengineered proteins into the lumen of the particle.
We are presently producing modified vault particles in order to test the concept that vaults can
have a broad nanosystems application as malleable nanocapsules. We are examining these
modified vaults with molecular imaging techniques including negative-stain, cryo-EM single
particle reconstruction, atomic force microscopy, and X-ray crystallography. We have used the
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insect virus expression system to engineer the vault particle to contain two different metal
binding sites. The first was a hexahistidine-tagged major vault protein (6-HIS-MVP) and the
second was an MVP with a cadmium binding peptide at the N-terminus. Both of these constructs
produce proteins that assembled into vault-like particles. Cryo-EM reconstructions reveal that
both tags localized to the central waist of the particle. We are currently establishing stablytransformed 293T cell lines expressing the cadmium binding peptide-containing vaults to
determine if sequestration of cadmium will protect these cells from toxicity. One fortunate side
product of attachment of the cadmium peptide to the MVP was increased particle stability.
Vaults containing the cadmium-tag (cd-MVP vaults) were better formed when viewed under the
electron microscope and preliminary cryo-reconstruction suggests that they are more regular than
untagged vaults or the 6-HIS tagged particles.
Vaults have been shown to open when deposited on a polylysine-coated surface [2]. We are
attempting to probe vault conformation in solution using multiangle laser light scattering
(MALLS) and spectrofluorimetry to determine conditions that can stimulate the interconversion
of opened and closed conformers. These studies will enable us to control the entrapment and
release of encapsulated materials. Toward this aim we are currently designing particles with
encapsulated fluorescent probes and enzymatically active protein domains. In addition, a number
of strategies are currently being considered to encapsulate chemically active small molecules into
the vault particle. If successful, these vault nanocapsules can be bioengineered to allow their use
in a wide variety of biological applications including drug delivery, biological sensors, enzyme
delivery, controlled release, and nano-electrical machine (NEMS) applications. For example,
vaults with binding sites for toxic metals could have importance in environmental and medical
detoxification.
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For further information about this project visit the vault website at www.vaults.arc.ucla.edu or email Leonard H.
Rome at: lrome@mednet.ucla.edu

