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ABSTRACT

Nature has provided us with a range of reactive nanoscale platforms, in the form of protein cage architectures such as viral capsids and the
cages of ferritin-like proteins. Protein cage architectures have clearly demarcated exterior, interior, and interface surfaces consisting of precisely
located chemical functionalities. In the present work, we demonstrate that the small heat shock protein (MjHsp) cage from Methanococcus
jannaschii is a new and versatile nanoscale platform whose exterior and interior surfaces are amenable to both genetic and chemical modification.
Wild type and genetic mutants of the Hsp cage are shown to react with activated fluorescein molecules in a site specific manner. In addition,
the 12 nm Hsp cage serves as a size constrained reaction vessel for the oxidative mineralization of iron, resulting in the formation of
monodispersed 9 nm iron oxide nanoparticles. These results demonstrate the utility of the Hsp cage to serve as a nanoscale platform for the
synthesis of both soft (organic) and hard (inorganic) materials.

A major goal of nanomaterials is the design and synthesis demonstration of molecular level control in the MjHsp cage
of multifunctional materials with precise molecular level system illustrates its versatility as a multifunctional nanoscale
control. One promising approach is the biomimetic synthesis platform. The ability to perform both inorganic and organic
of nanomaterials using organic assemblies as templates fofunctionalization of this template indicates its potential
directed fabricatiod.® Organic assemblies such as viral applicability in nanomateriald and biomedicat sciences.
based protein cages and ferritin-like protein cages have been The small heat shock protein (MjHsp) assembles into an
utilized as templates for constrained nanomaterials synthe-emnty 24 subunit cage with octahedral symmétry? The
sis:12 Protein cage architectures provide exterior, interior, 4ssembled protein cage has an exterior diameter of 12 nm.
and subunit interface surfaces on a nanoscale platform thatl_arge, 3 nm diameter, pores at the 3-fold axes allow free

can be genetically and chemically modified to impart oychange between the interior and bulk solution (Figure
function by desigrt: 12 In the present work, we demonstrate 1A).15-17 |n addition, the MjHsp cage is stable up 670

that the s_r_nall heat shock protein (Mszp) fro_r_n thg hyper- °Ci® and in a pH range of 511. Each 16.5 kDa MjHsp
thermqphlllc arc_heaom,llethanococcus Janqaschm a hlghly monomer is composed of 147 amino acids but contains no
versatile cage-like structure Whosg exterior anq interior sur- endogenous cysteine residues.

faces are amenable to both genetic and chemical modifica- The 3.2 A resolution X-ray crystal structure provides the

tion. Organic ligands were attached to the MjHsp cages in a]c dation f iselv defini he | . f .
site specific manner to the exterior and interior surfaces. In '0U" ation for precisely defining the location of reactive

addition, the MjHsp cage was employed as a size constrained@roups on both the exte_nor and |_nter|or (_)f the ng& The
reaction vessel for the synthesis of inorganic materials. The €ndogenous cage provides spatially defined reactive groups,
and through genetic engineering we are able to introduce

* Corresponding authors. E-mail: tdouglas@chemistry.montana.edu; additional reactive functional groups in a site specific manner.
myoung@montana.edu

* Department of Microbiology. Naturally occurring lysines<NH,) are found both on the

zgepartment 0; glhemi;tr_y. exterior surface (amino acid positions: 55, 65, 82, 110, 116,
tment t . S ; ! i

; CgﬁgrToer”Big_lns%r;redc;\?gﬁg;atenalsl 123, 141, 142) and the interior surface (amino acid position

UThermal Biology Institute. 40) of the assembled MjHsp cage (Figure 1 A, B). To
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Figure 1. Space filling models of the 24 subunit MjHsp cages.
(A) The exterior of the Hsp cage viewed along the 3-fold axis; 807
lysines are colored blue. (B) The interior of the cage viewed along -
the 4-fold axis; lysines are colored purple. (C) The interior of the % 60—
Hsp cage viewed along the 4-fold axis; the interior exposed amino S
acids, at subunit position 41, are colored red. In wtHsp position 41 £ 40
is glycine, in a genetic mutant HspG41C position 41 is a cysteine. —
(D) The exterior of the cage viewed along the 3-fold axis; the 20 Aztes
externally exposed amino acid at subunit position 121 is colored 10 ' e
green. In wtHsp position 121 is serine whereas in the genetic mutant ]
HSpSlZlCltlSaCyStelne TTTT TT |IIII]IIII|III[]IIII|III[|IIII|IIIT|IIII|
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engineer spatial selectivity, unique thiol functional groups
were introduced via polymerase chain reaction (PCR) medi- C.
ated site directed mutagenesis (Supporting Information).
Glycine at position 41 on the interior surface was replaced
with cysteine to generate the HspG41C mutant (Figure 1C).
Similarly, serine at position 121 on the exterior surface was
replaced by cysteine to generate HspS121C (Figure 1D). In
brief, the gene encoding the small heat shock protein
MjHsp16.5 was amplified by PCR, cloned into the pET-
30aft) plasmid (Novagen), and expressedHEncoli. The
nucleic acid sequences encoding wild type, G41C, and
S121C MjHsp clones were confirmed by DNA sequencing
(Applied BioSystems). The MjHsp proteins were purified
from E. coli where they self-assembled into the 24 subunit Figyre 2. MjHsp cage characterization (A) Size exclusion chro-
cages. These cages were purified to homogeneity as describeghatography absorbance profile. MjHsp elutes after 30 min (A280
in the Supporting Information. Recombinant protein cages nm). (B) Dynamic light scattering shows a mean diameter of 12.6
were characterized by size exclusion chromatography (Su-"M- The insert shows the correlation function of the raw data

. s . collected (red) and the fit of these data using a non-negatively
perose 6, Amersham Pharmacia), dynamic light SCatte”ngconstrained least squares (NNLS) analysis (blue). (C) Transmission

(Brookhaven 90Plus), transmission electron microscopy (L€0 ejectron microscopy of the 12 nm MjHsp cages negatively stained
912 AB) (Figure 2), mass spectroscopy (Esquire3000, with uranyl acetate; 50 nm scale bar.

Bruker), and SDS polyacrylamide gel electrophoresis (SDS

PAGE) (Supporting Information). performed in 100 mM HEPES, pH 8.0. A range of fluore-
To assess the reactivity of the introduced thiol and scein concentrations, from 0.06 to 28 molar equivalents per

endogenous amine groups, the purified MjHsp protein cagessubunit, were reacted with the protein cages. The reactions

were reacted with activated fluorescein. Specifically, fluo-
rescein-5-maleimide (FI-Mal) was used for reactions with
thiols and 5-(and-6) carboxy-fluorescein-succinimidyl ester
(5(6)-FAM) for reactions with amine®.For exposed thiol
reactions, purified HspG41C cages (0.9 mg/mL84) in
HEPES buffer (100 mM, pH 6.5) were treated with tris(2-
carboxyethyl)phosphine (TCEP)rfta h atroom temperature

to ensure reduction of the thiol groups prior to labeling.
Reactions to covalently bind 5(6)-FAM to the endogenous
amine groups, on both the exterior and interior surfaces, were
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proceeded at room temperature 2ch with stirring, followed

by incubation at 4C overnight. After the reactions, modified
MjHsp was separated from unreacted fluorescein by size
exclusion chromatography. Since fluorescein emission is pH
sensitivet® 100 uL of Tris buffer (0.5 M, pH 8.5) was
combined with column eluant (L) prior to fluorescence
analysis. The results showed selective labeling in HspG41C
and HspS121C reactions with fluorescein-5-maleimide as
compared to the wild type MjHsp control (Figure 3).
HspG41C and HspS121C prereacted with iodoacetamide
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Figure 3. (A) Fluorescence emmision of the Hsp cages (either
wild type (wt) or G41C) labeled with fluorescein-5-maleimide
(FIMal). The fluorophore quantities listed are in molar equivalents
of fluorophore per subunit. Protein free controls were performed
at all fluorophore concentrations; one example is shown above
(negative control= 3x fluorophore only). In each case, no free
fluorophore was detected by fluorescence.

Table 1. Extent of MjHsp Labeling with Fluorophores (FI-Mal
= fluorescein-5-maleimide, FANM= 5-(and-6)
carboxy-fluorescein-succinimidy! ester)

fluorophore

Hsp cage concP # FI-Mal/cage # FAM/cage

WtHsp 0.6x 0.3 1
HsSpG41C+I1AA; 0.6x 0.6;0 N/A

HspS121C+I1AA
HspG41C;S121C 0.06x 1.0 0 Figure 4. (A) Size exclusion chromatography elution profile of
HspG41C;S121C 0.6x 3,0 1 HspG41C reacted with a 10-fold (%) molar excess of fluorescein-
HspG41C;S121C 3x 7,2 4 5-maleimide per subunit. The profile illustrates the coelution of
HspG41C;S121C 6x 24,5 8 fluorescein (A500) and Hsp protein cage (A280). (B) TEM of
HspG41C;S121C 28x 115 17 fluorescein labeled HspG41C cages negatively stained with uranyl

o acetate.
aThe extent of labeling is shown by the number of fluorophore molecules

covalently linked per cage. The FI-Mal data indicate 100% labeling of the

HSpG41C reactive groups Withxﬁ molar equivalents of ﬂUOI’OphOI’Q; |abe|ed Hsp Cages was identica' to the unreacted protein
compared to only 21% labeling of HspS121C. The decreased labeling of

HspS121C might be due to reduced accessibility. Importantly, wtHsp, which c2ges (Figure 2A). These results were confirmed by SDS
lacks cysteines, does not show labeling with FI-Mal. Control reactions, using PAGE, in which the band corresponding to the fluorescein

HepGALCIHanSIZAC vested withodoscetanide (A% o Passhele 2V abeled HspG41C co-migrated with the 16.5 kDa MjHsp
concentration is reported in molar equivalents per subunit. protein subunit (Supporting Information). In addition, dy-
namic light scattering and transmission electron microscopy
(HspG41C/HspS121@- IAA), to passivate reactive thiols, both revealed 12 nm diameter protein cage particles before
served as additional control reactions. As expected, subse-and after the fluorescein labeling reactions (Figure 4B,
quent exposure to activated fluorescein did not result in Supporting Information).
covalent attachment of fluorescein; therefore, no fluorescence We investigated the MjHsp cage for its ability to act as a
signal was observed in these reactions (Figure 3, Supportingsize constrained reaction environment for iron oxide min-
Information). The number of fluorophore molecules co- eralization by analogy to ferritin, which catalyzes the
valently linked per MjHsp cage was determined using oxidation of Fe(ll) to Fe(lll), resulting in the spatially
absorbance spectroscopy and ranged from 1 to 24 per proteirconstrained mineralization of ferrinydrite (Fe(O)O#)Ve
cage depending on reaction conditions (Table 1 and Sup-followed Fe(ll) oxidation activity in the presence of MjHsp
porting Information). cages by monitoring the increase in the ligand-to-metal
Size exclusion chromatography, SBBAGE, dynamic charge transfer (LMCT) absorbance in the visible spectrum
light scattering, and transmission electron microscopy were at 400 nm. Addition of Fe(ll) to G41C and subsequent air
used to characterize the MjHsp protein cages after fluoresceinoxidation resulted in the formation of a homogeneous rust
labeling. Size exclusion chromatography showed coelution colored solution. When imaged by TEM, small iron oxide
of the protein cage (280 nm) and fluorescein (500 nm), particles were seen with an average diameter 4fB2 nm
demonstrating the covalent attachment of fluorescein to the (Figure 5A). Both the wtMjHsp and MjHspG41C cages
protein cage (Figure 4A). The elution profile of fluorescein showed similar mineralization capabilities. The presence of
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as a template for the synthesis of hard (inorganic) or soft
(organic) materials. Significantly, the symmetry of the self-
assembly architecture affords precise molecular level control
over the spatial distribution of attached ligands resulting in
an ordered multivalent material. The differences between the
interior and exterior surfaces of the Hsp cage have allowed
us to direct mineralization reactions in a spatially controlled
manner. Currently we are exploring the synthesis and encap-
sulation of other species as well as the attachment of ligands
to develop composite materials with specific biomedical,
magnetic, or catalytic properties.
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Supporting Information Available: Additional informa-

tion, including protocols for gene cloning, protein expression
and purification, and PCR mediated site directed mutagen-
esis; methods for fluorophore labeling and the quantification
of the number of fluorophore molecules per protein cage;
and supplemental figures illustrating FI-Mal labeling of
HspS121C, dynamic light scattering, mass spectroscopy, and
gel electrophoresis data. This material is available free of

Figure 5. Transmission electron microscope (TEM) images (A)
TEM of iron oxide cores inside Hsp cages; 50 nm scale bar. (B)
TEM of control sample illustrating the bulk precipitation of iron
oxide in the absence of Hsp protein cages; 500 nm scale bar. The
insets show the electron diffraction from each sample.

iron in the particle was confirmed by electron energy loss
spectroscopy (EELS). In contrast, Fe(ll) oxidation in the
absence of MjHsp protein cages resulted in rapid bulk
precipitation of a ferric oxide due to unconstrained particle
growth (Figure 5B). Electron diffraction of the bulk pre-
cipitate showedl-spacings consistent with the major reflec-
tions for lepidocrocité (3.28 A (120), 2.46 A (031), 1.93

A (200), 1.72 A (151), 1.51 A (231), 1.39 A (251)). The
electron diffraction from the mineralized MjHsp, however,
indicated the presence of a poorly crystalline ferric oxide
phase havingl-spacings consistent with ferrinydrifg2.50

A (110), 1.93 A (113), and 1.55 A (115)). While the high
order reflections for ferrihydrite and lepidocrocite are very
similar, the absence of larggspacing reflections in the
mineralized MjHsp diffraction suggests ferrihydrite rather
than lepidocrocite. Clearly, the Hsp protein shell acts as a
constrained reaction vessel for spatially selective mineraliza-
tion of Fe(O)OH. From the crystal structure of the assembled
MjHsp, it can be seen that the interior surface of the cage

has a slight excess of acidic residues, which we have previous

shown to be sufficient to direct oxidative hydrolysis and
mineralization of iron oxidé:” As we have shown with other
protein cages, this spatially confined mineralization suggests
that MjHsp could serve as a template for the synthesis of
other mineral phases with magnetic properties important for
biomedical* and nanoelectronic purposes.

These results demonstrate the versatility of the MjHsp cage
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