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The controlled organization of inorganic materials into multi-
dimensional addressable arrays is the foundation for both logic
and memory devices,as well as other nonlinear optical and sensing

devices1,2. Many of these devices are currently fabricated using
lithographic patterning processes that have progressively developed
towards greater integration densities and smaller sizes. At sub-
micrometre scales, however, conventional lithographic processes are
approaching their practical and theoretical limits. At scales below
100 nm, ion and electron beam lithography becomes prohibitively
expensive and time consuming, and more importantly, at these scales
quantum effects fundamentally change the properties of devices3.While
there are strong incentives to develop nanoscale architectures, these
developments will require alternative fabrication methods and new
insights into the behaviour of materials on nanometre scales 4.

Arrays of nanoparticles formed by non-conventional methods are
being explored for use as viable alternatives to standard lithographically
patterned devices, and individual nanoparticles, also known as
quantum dots (QDs), have been shown to behave as isolated device
components such as single-electron transistors5,6. Theoreticians have
postulated that two-dimensional (2D) arrays of QDs with nanoscale
resolution will form the basis of future generations of electronic and
photonic devices. The function of these devices will be based on
phenomena such as coulomb charging, inter-dot quantum tunnelling
and other coherent properties derived from the electronic consequences
of confinement and the ratios of nanoparticle surface area to volume7–10.

Nanoscale templates for constrained synthesis,in situdeposition,or
direct patterning of nanometre-scale inorganic arrays are being
developed using both artificial and natural materials.Artificial materials
such as microphase-separated block copolymers11 and hexagonally
close-packed spheres12 have been used for nanoscale fabrication.
Natural materials such as DNA13,14, bacterial and archaeal surface layer
proteins15–17, virus capsids18–21, phage22 and some globular proteins23

have been used as templates and in other nanoscale applications.
Biomolecules in general are capable of self-assembling into a wide

diversity of structures with nanoscale architecture. Proteins in
particular can form intricate structures that can be readily manipulated
and functionalized because their synthesis is genetically directed.
By genetically engineering a protein that, in the presence of adenosine
triphosphate (ATP) and Mg2+, self-assembles into regular double-ring
structures known as chaperonins, we demonstrate that chaperonins 
can direct the organization of preformed metal and semiconductor
nanoparticle QDs into ordered arrays.

Traditional methods for fabricating nanoscale arrays are

usually based on lithographic techniques. Alternative new

approaches rely on the use of nanoscale templates made of

synthetic or biological materials. Some proteins, for example,

have been used to form ordered two-dimensional arrays. Here,

we fabricated nanoscale ordered arrays of metal and

semiconductor quantum dots by binding preformed

nanoparticles onto crystalline protein templates made from

genetically engineered hollow double-ring structures called

chaperonins. Using structural information as a guide, a

thermostable recombinant chaperonin subunit was modified

to assemble into chaperonins with either 3 nm or 9 nm apical

pores surrounded by chemically reactive thiols. These

engineered chaperonins were crystallized into two-

dimensional templates up to 20 µm in diameter. The periodic

solvent-exposed thiols within these crystalline templates were

used to size-selectively bind and organize either gold (1.4, 5 or

10 nm) or CdSe–ZnS semiconductor (4.5 nm) quantum dots

into arrays. The order within the arrays was defined by the

lattice of the underlying protein crystal. By combining the self-

assembling properties of chaperonins with mutations guided

by structural modelling, we demonstrate that quantum dots

can be manipulated using modified chaperonins and

organized into arrays for use in next-generation electronic and

photonic devices.
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In nature, chaperonins are ubiquitous and essential subcellular
structures composed of 14,16,or 18 subunits called heat shock proteins
(HSP60)24.These 60-kDa subunits are arranged as two stacked rings 16
to 18 nm tall by 15 to 17 nm wide, depending on their species of origin.
We used one of the three HSP60 subunits (beta) from Sulfolobus
shibatae, an organism that lives in geothermal hot-springs and grows at
temperatures of up to 85°C at pH2.0.The chaperonins in S.shibataeare
octadecameric with nine subunits per ring. We chose the beta subunit
because: (1) its thermostability makes it easy to purify as a recombinant
protein, (2) sequence and structural information are available to guide
genetic manipulations, and (3) most importantly, it has been shown to
assemble into chaperonins that can assume higher-order structures
such as 2D crystals25,26.

The purification of the beta subunit expressed in Escherichia coli
involves heating total cell extracts to 85 °C for 30 minutes; this
precipitates most E. coli proteins, but the thermostable beta remains
soluble. Therefore, heating and centrifuging cell extracts separates beta
from most E. coli proteins, which simplifies further purification using
ion exchange chromatography27.

Guided by structural information, we genetically modified beta to
add chemically reactive sites without destroying its ability to assemble
into chaperonins and 2D crystals. Although a detailed 3D structure of
S. shibatae beta is not known, X-ray structures for homologous
chaperonin subunits are known28,29 and detailed transmission electron
microscopic (TEM) and cryo-electron microscopic (cryo-EM) analyses

of S. shibatae chaperonins have been reported30,31. Using X-ray
structures of homologous subunits and TEM analyses of Sulfolobus
chaperonins, we produced a hypothetical 3D model for the beta
chaperonin32–34.We used this model to guide our genetic manipulations.
Using the polymerase chain reaction for site-directed mutagenesis, we
created two classes of beta mutants, both of which retained their ability
to assemble into chaperonins that form 2D crystals (Fig.1).

In both classes of beta mutants,we changed the single native cysteine
residue in beta to a non-reactive alanine to prevent potential problems
with folding and with assembly of mutant subunits. We then placed
cysteine at different solvent-exposed sites. The thiols of these cysteines
provide binding sites for soft metals including gold and zinc.In one class
of beta mutants,the exposed cysteine was placed near the tip of a loop of
28 amino acids on the apical domain of beta, which in the assembled
chaperonin protrudes into the central cavity. This mutant chaperonin
has a ring of reactive thiols with a diameter of approximately 3 nm on
both ends (Fig. 1a). In the other class of beta mutants, we removed the
protruding 28-amino-acid loop and placed the exposed cysteine on the
apical domain itself. The mutant chaperonin assembled from this
subunit has a ring of reactive thiols with a diameter of approximately
9 nm and an open pore into its central cavity (Fig.1b).

The beta subunit proved to have sufficient structural plasticity in its
apical domain to accommodate both the amino acid substitutions and
deletions we made without losing its ability to form chaperonins and 2D
crystals. Under reducing conditions, both classes of beta mutants

Figure 1 Models depicting the assembly of engineered S.shibatae HSP60s into chaperonin variants.a,Top:Model of a mutated HSP60 beta subunit indicating apical loop cysteine
(Cys) placement in yellow.Bottom:Top view of beta chaperonin variant (with apical loops) revealing the 3-nm pore ringed by nine cysteines indicated in yellow.b,Top:Result of genetic
removal of the 28 residue apical loop of beta and substitution of cysteine at the site fusing the α-carbon backbone.Genetic modifications were made based on the model in a at the
positions indicated by the arrows.Bottom:Top-view of loopless chaperonin variant with a 9 nm pore ringed by cysteines.The centre shows a side view of two stacked symmetrical nine-
membered rings assembled from mutated beta subunits consistent with both classes of chaperonin variants.

a b
Cys

Cys

Top view Top view
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formed chaperonins that assembled into disk-shaped, hexagonally
packed 2D crystals of up to 20 µm in diameter (Fig. 2a,b). The order
within the crystalline lattices is illustrated by fast Fourier transformation
of the TEM images (Fig. 2b, inset) which produced an optical
diffractogram expressing the periodicity.

To determine whether the thiol-containing 2D crystals of
chaperonins could act as templates to bind and order nanoparticle QDs
into arrays,we initially used commercially available gold QDs of different
diameters (Fig.3).The uniform dispersion of these gold QDs in aqueous
solution allows them to bind to hydrated chaperonin templates. To
increase their likelihood of binding specifically to the reactive thiol of the
cysteines,however,we passivated the gold particles with the ligand bis(p-
sulphonatophenyl)phenylphosphine (BSPP)35. BSPP displaces the
citrate shell formed during synthesis of gold QDs36, and thereby reduces
non-specific binding of the QDs to the protein template.The passivated
gold QDs were reacted with the chaperonin templates attached to
formvar-coated TEM grids (see Methods) and imaged in TEM mode at
60 kV.At low magnifications,the chaperonin 2D crystals were visualized
in the TEM using the electron density of the gold QDs themselves
(Fig. 3a).At high magnification, the chaperonin–gold interactions were
visualized in the TEM by negative-staining of the samples with uranyl
acetate (Fig.3b–d). Individual chaperonins in solution were observed to
bind gold QDs on one or both ends. The QDs are presumably held in
place by multiple dative bonds formed between the gold surface and the
thiols within the pores (Fig.3b, inset).

In control experiments, using chaperonin 2D crystals without
exposed cysteines and with or without deletions of the the amino acid
loop, the gold QDs appeared randomly distributed with no specific
binding to the chaperonin crystals. On the surface of chaperonin 2D
crystals with cysteines, however, the gold QDs bound specifically onto
the pores (Fig. 3c), forming regions of order on the protein (Fig. 3d)
separated from one another by the cracked regions that resulted from
drying, indicating that the engineered chaperonin crystals function as
templates for gold QDs in solution. These chaperonin templates were
size-selective when attached to substrates and appeared to bind QDs
only on the exposed side. Templates made from beta mutants with
cysteines added to the apical loop that formed 3 nm rings of reactive
thiols, ordered 5 nm (± 3 nm) gold QDs, but did not order 10 nm
(± 2 nm) or 15 nm (± 1 nm) gold QDs, which bound randomly on the
template surface.(Variations in size distribution of gold QDs are a result
of the manufacturer’s method of synthesis.) The chaperonin templates
with the loop removed and cysteines on the apical domains that formed
9nm rings of reactive thiols,ordered 10nm (±2nm) gold QDs,but 5nm
(±3nm) and 15nm (±1nm) QDs bound randomly.This size selectivity

Figure 2 2D crystals of engineered chaperonins as quantum dot array templates.
a,TEM image of a negatively stained 2D crystal of the beta chaperonin variant with cysteine
substitutions at the apical pores.The two-sided-plane group p312 was assigned to the
lattice through image analyses of micrographs of S.shibatae beta chaperonin 2D
crystals30.b,2D crystal of the loopless chaperonin variant reveals an apparent increase in
pore size (from 3 to 9 nm) as changes in electron density within the pores of the negatively
stained rings.Samples in both a and b were imaged at the same condenser defocus
setting.The ordering of the crystal is illustrated in the inset of b by the fast Fourier
transformation of the image.c,A graphical representation of 5 nm gold particles binding
within the 3 nm pores of engineered chaperonin 2D crystals,and d,10 nm gold particles
binding within the 9 nm pores .

Figure 3 Gold QD binding to engineered chaperonins and chaperonin-templates.
a,Low-magnification TEM image of 10 µm diameter 2D crystal of the 9-nm-pore
chaperonin variant with bound 10 nm gold QDs.The image contrast is from gold QDs
bound to the crystalline lattice of the underlying protein template.Drying causes significant
sample cracking and contributes to distortions and separation of regions of order within the
array.b,Higher-magnification stained TEM image of side views of 5 nm gold QDs (arrowed)
tethered at the apical pores of the 3-nm-pore mutant chaperonins. Inset:Slab-view
cutaway diagrams of postulated orientation of 5 and 10 nm gold QDs bound at the apical
pores of the two chaperonin variants.c,Stained image of 5 nm gold QDs bound within the
pores of the 3-nm-pore crystalline template.Occupied rings show the QDs (dark areas) are
surrounded and held in place by the chaperonin pores.Empty rings have a brighter, less
electron-dense appearance.We are currently investigating why some sites are
unoccupied.We suspect that this is related to the solvent accessibility of thiols on the apical
loops,or to the size variation of the 5 nm QDs.d,Ordered region of 10 nm gold bound to a 
9-nm-pore template with similar area coverage as in c.The chaperonins are occluded by
the 10 nm QDs.
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is due to the accessibility and positioning of cysteine residues within the
pores of the templates.

The precision of the centre-to-centre spacing of gold QDs ordered
by the chaperonin templates was 16 nm (± 2 nm, over 200
measurements) for both 5 and 10 nm gold QD arrays,as determined by
TEM. This is consistent with the centre-to-centre spacing of the
chaperonin pores in the underlying templates. The edge-to-edge
spacing between QDs ranged from 6 to 10nm for arrays made with 5nm
(± 3 nm) QDs bound to 3-nm-pore chaperonin templates and from 
4 to 6 nm for arrays made with 10 nm (± 2 nm) QDs bound to 
9-nm-pore chaperonin templates.We attribute this variation in spacing
to both the variation in the size of the gold QDs and to imperfections in
the lattice of the chaperonin templates resulting from drying, cracking
and dislocations within the arrays. The observed variation in QD
spacing could be decreased with improved routes to QD synthesis
having narrower size distributions. With QDs that are more
monodisperse, the precision of centre-to-centre spacing in our gold
arrays should make it possible to tune the physical properties of
the arrays by controlling the interparticle coupling using QDs of
different sizes37.

To investigate whether chaperonin templates could bind and order
semiconductor QDs,we used 4.5nm luminescent core–shell CdSe–ZnS
QDs38. These QDs were reacted with 3-nm-pore chaperonin templates
attached to glass or formvar substrates. Semiconductor QDs have 
low solubility in aqueous solutions. A QD suspension in
trioctylphosphine/trioctylphosphine oxide (TOP/TOPO) diluted with
butanol was reacted with dried chaperonin templates. Under these
conditions the QDs bound to the cysteine-containing chaperonin
templates (Fig. 4), but not appreciably to chaperonin 2D crystals

without exposed cyteines (see Supplementary Information). This is
consistent with observations that Zn in the outer ZnS shell of CdSe–ZnS
QDs binds solvent-exposed thiols39.

The differential interference contrast (DIC) image of the QD-
bound template (Fig. 4a) and the corresponding fluorescent image 

Figure 4 Semiconductor QD arrays. a,DIC light micrograph of an 8 µm crystalline disc
of the 3-nm-pore template with bound 4.5 nm luminescent CdSe–ZnS QDs.b,Both dry 
and rehydrated arrays fluoresced indicating the QDs bound to the template.2D crystals of a
beta variant without added cysteines showed minimal QD binding (see Supplementary
Information).c,Low-magnification TEM of an unstained array of CdSe–ZnS QDs. Image
contrast is due to the bound semiconductor QDs.d,Higher-magnification image of the
same crystal showing an ordered region of QDs bound to the chaperonin lattice.

Figure 5 Chaperonin subunit mediated self-assembled Nanogold arrays. a,Covalent
attachment of 1.4 nm monomaleimido Nanogold to subunits of the 9-nm-pore beta
chaperonin variant through Michael addition of cysteine thiol to QD surface maleimide
groups.Right:The possible arrangement of nine 1.4 nm covalently attached Nanogold QDs
viewed at one end of a ring assembled from the derivatized subunit.b,Low-magnification
TEM image of a 2D crystalline array lightly stained with methylamine vanadate.Heavy
atom stains were avoided to enable imaging of the tiny Nanogold particles.The dark
circular feature (arrowed) is the result of polymerization of mobile hydrocarbon attracted to
the periphery of the electron beam and shows the area analyzed corresponding to the red
spectrum in d.c,Higher-magnification bright-field EFTEM image of the array revealing the
ordered pattern of electron density that extends across the crystalline template.d,XEDS
spectra of bare carbon film (blue) and Nanogold array (red) from the probe outlined in b.
Characteristic X-ray peaks from gold (Au Mα ~2 keV and Au Lα ~9.7 keV) confirm the
presence of Nanogold within the array and the relative absence of Au on the support film
away from the Nanogold array.
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(Fig. 4b) reveal that QDs bound to cysteine thiol retain their
luminescent properties40. The mottled appearance of both the QD
luminescence and the electron density of low-magnification TEM
images indicate that the QDs are unevenly distributed on the
chaperonin templates (Fig. 4b,c).At higher magnification of unstained
samples, regions of ordered QDs are visible (Fig. 4d). These regions are
separated by unoccupied regions where QDs did not bind to the protein
template. We did not determine whether this difference was due to
drying or to solvent effects of the butanol, both of which may alter the
structure of the chaperonin template and the accessibility of the thiols.
We did observe that water-soluble (silica-capped) CdSe–ZnS41 QDs
containing exposed thiol groups bound more uniformly to hydrated
chaperonin templates. The thiols on these QDs, however, caused them
to aggregate, forming defective arrays.

To determine whether QDs could be manoeuvered into arrays by
first tethering them to beta subunits and then ordered as the subunits
assemble into chaperonins and 2D crystals, we used commercially
available 1.4 nm gold QDs derivatized with surface-accessible, thiol-
reactive maleimide groups (monomaleimido Nanogold). These
Nanogold QDs were covalently bound to the mutant beta subunit with
cysteine inserted in place of the 28-amino-acid loop in the apical
domain (Fig. 5). Subunits, with Nanogold attached, assembled into
chaperonins in the presence of ATP/Mg2+ (Fig. 5a); these chaperonins
formed 2D crystals (Fig. 5b, c). The binding of the Nanogold QDs and
localization within the pores of the chaperonin crystals was confirmed
by analytical TEM (Figs 5,6).

Ordered hexagonally spaced inclusions within the crystalline
template were observed and determined to contain gold by imaging
methylamine vanadate-stained Nanogold samples in bright-field
energy-filtering (EFTEM) mode and by using X-ray energy dispersive
spectroscopy (XEDS) (Fig. 5b–d). Oxygen plasma-treated carbon
support films were used because they are more stable in an electron
beam than formvar. Because the protein templates do not adhere to
plasma-treated carbon as well as they do to formvar, samples were
stained with methylamine vanadate to enable identification of their
location on the substrate. The XEDS spectrum of the Nanogold array
reveals distinct peaks due to gold that are well separated from vanadium
and copper peaks from the stain and carbon/copper support
respectively (Fig.5d).

High-angle annular dark-field (HAADF) scanning transmission
electron microscopy (STEM) was used to image the gold localized and
ordered within the Nanogold arrays (Fig. 6). Comparisons of bare
Nanogold to Nanogold ordered into an array revealed that multiple
Nanogold QDs were localized within the pores of the crystallized
chaperonins (Fig.6a,b).The HAADF image of the Nanogold crystal also
confirms the presence of gold within the chaperonin pores because
contrast in HAADF imaging mode is dependent on atomic number,and
nearly independent of focus or thickness.A HAADF comparison of the
diameter of bare Nanogold particles on carbon to the diameter of
the gold nanoparticles contained within the central pores of the
chaperonins that template the Nanogold into arrays, reveals that 
the central diameters are approximately eight to twelve times that of the
diameter of a single Nanogold QD. This observation is consistent with
our model, which suggests that each ring can contain up to nine
Nanogold QDs (one per subunit). A lower magnification HAADF
image of a similar area of an array reveals that the ordering of the gold
extends throughout the template (Fig. 6c). High-resolution XEDS
mapping attempts of the gold within the array were unsuccessful
because the crystals were destroyed with the electron dose needed 
for such measurements. Electron energy loss spectroscopy mapping
using the Au–O shell was correspondingly unsuccessful because the
V–M shell edge lies in close proximity to the Au–O shell and thus masks
the gold signal.

Crystal thickness measurements (by atomic force microscopy and
TEM) suggest that these crystals can be multilayered (see Supplementary

Information), and we have observed crystals ranging from one to five
layers (approximately 20 to 200 nm) thick (R. M. Stevens et al.
unpublished results). The size limit of nanoparticles that can be
assembled by chaperonin subunits into arrays and the physical
consequences of their close packing have yet to be determined. The
assembly of QDs into arrays by first covalently attaching them to
subunits may create more defect-tolerant arrays, because each
chaperonin is composed of 18 subunits and therefore there are 18
chances for each site in the array to contain at least one QD.Likewise,the
regions of QD ordering within arrays assembled this way appear to span
the dimensions of the crystalline template and with fewer defects than
previously observed. These types of arrays may find use in applications
that demand longer range ordering than the 5 and 10 nm gold and
semiconductor nanoparticle binding protocols allow.

Our results show that a hybrid bio/inorganic approach to
nanophase materials organization is possible and that, to this end, the
functionality of proteins can be rationally engineered. Using structural
information and recombinant biotechnology techniques, we
demonstrate that genetically engineered chaperonins can function both
as templates and as vehicles for controlled nanoscale organization of
preformed QDs into ordered arrays.A next step in this research project
is to wire these arrays together into functional devices.This may also be
done using genetics,because alternative binding sites may be engineered
at different locations on the chaperonin.

Future directions involve the possibility to induce asymmetry 
within the arrays by engineering alternative facets of the protein crystal.
With advances in microbial genetics, for example using phage and cell
surface display to identify inorganic binding peptide sequences42,
the usefulness of this system may be extended beyond soft metals to the
recognition of other materials by the addition of sequences back 
into the loop region that was removed. This is a plausible research
scenario given the plasticity within the apical loop region of the
thermophilic chaperonin. The genetic flexibility and structural
versatility of chaperonins suggests that these proteins have a place 
among other self-assembling biomolecules as tools for the 
development of nanotechnology.These developments will be expedited
by combining the ‘soft’ organic biological sciences with the ‘hard’
inorganic materials sciences.

Figure 6 HAADF STEM imaging of Nanogold arrays. a,The diameter of the features
contributing to the array periodicity is consistent with multiple QDs localized within each
chaperonin ring.The diameter of electron density observed within the rings forming the
array in a is approximately 8 to 12 times that observed for single 1.4 nm Nanogold QDs (b).
c,The periodicity from the Nanogold QDs localized within the rings extends across the
entire crystal forming the ordered array.

a

b

c

45 nm 100 nm

45 nm
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METHODS

MODELS
A homology model for S. shibatae HSP60beta was made using the web-based service Swiss Model

(http://www.expasy.ch/swissmod/SWISS-MODEL.html). Seven PDB entries of solved structures of

homologous proteins were used as templates scoring between 48% and 64% sequence identity in pairwise

alignment with native S. shibatae beta. The structure was relaxed in vacuo with the GROMOS96 force

field. Symmetry operations were applied to the subunit to form nine-fold symmetrical rings that were

assembled into 18-mer chaperonins. All models were constrained by dimensions observed for different

chaperonin views as measured in the TEM.

GENETIC MODIFICATIONS
A standard polymerase chain reaction mutagenesis method as described previously43 was followed to

introduce cysteine residues and to delete the portions of DNA coding for the apical loop. All mutant sub-

units were purified as described in the text and in corresponding references.

CHAPERONIN ASSEMBLY AND CRYSTALLIZATION
Chaperonins were assembled from purified subunits with the concomitant formation of 2D crystals in

solution, without the need for an interacting interface. Concentrated stock solutions of ATP and MgCl2

(both from Sigma, St. Louis, Missouri) were added to purified subunits of 1.5 mg ml–1, 25 µM in 25 mM

HEPES (Fisher Biotechnology, Fairlawn, New Jersey) 3.5 mM TCEP (Hampton Research, Laguna Niguel,

California) such that the final ATP concentration was 4 mM and the final MgCl2 concentration was

10 mM. The crystallization solution was incubated at 4 oC overnight, after which crystals were observed as

a white precipitate.

QD ARRAY FORMATION
For gold QD binding, crystalline protein templates were applied to formvar-coated 200 mesh copper

TEM grids and gold QDs (Ted Pella, Redding, California) were bound by floating the sample side of the

grid on 5 µl drops of passivated QD sols, wicking away with filter paper and washing by floating on HAT

buffer—25 mM HEPES, 0.1% sodium azide (Sigma, as above), 3 mM TCEP, pH 7.5—for 10 minutes.

This process was repeated up to 10 times as more applications increased the site occupation on the tem-

plate. However, the trade-off was that the shear forces created by wicking away the QDs sometimes dis-

rupted the underlying protein template. The 10 nm gold QDs bound better with fewer applications than

the 5 nm QDs, and after 10 applications the 3-nm templates were considerably broken up. Samples were

viewed in a LEO 912 AB TEM at 60 kV. All quantitative image analysis was performed using AnalySIS 3.5

(Soft Imaging System, Lakewood, Colorado).

Semiconductor QDs were bound and imaged in a similar manner to gold QDs with the exception

that templates were applied to TEM grids, washed with water, dried and re-swelled with butanol before

QD binding. For light microscopy, the crystals were applied to a formvar-coated glass slide, rinsed with

water, dried, rinsed with butanol, and covered with a coverslip. A dilute slurry of CdSe–ZnS QDs in

TOP/TOPO/butanol was passed over the crystals by capillary action and thoroughly rinsed with butanol,

and imaged in bright-field, DIC and fluorescence modes on a Leica DMR/X microscope.

Nanogold arrays were fabricated in the following manner. Subunits of the loopless mutant with the

cysteine insertion were reacted with an excess of Nanogold (monomaleimido Nanogold, Nanoprobes,

Yaphank, New York) as per the instructions supplied by the manufacturer. The Nanogold-tagged subunits

were separated from unreacted protein and excess Nanogold using gel filtration chromatography (BioRad

BioGel P-10, Hercules, California), concentrated to 1.5 mg ml–1 and assembled into rings and 2D crystals

as described above.

ANALYTICAL ELECTRON MICROSCOPY (AEM) MEASUREMENTS
Samples were applied to carbon-coated grids (Ted Pella, Redding, California) that were briefly treated

with an oxygen plasma to enhance protein adhesion to carbon. Specimens were analysed at room temper-

ature using a double-tilt Be stage in a FEI TecnaiF20 AEM. The instrument was operated in the TEM,

STEM, HAADF EFTEM modes at 200 kV using a Schottky field-emisson gun electron source. All XEDS

measurements were made using an EDAX ultrathin window Si(Li) detector having a full width at half

maximum of ~150 eV at Mn Kα. Energy filtering and electron spectroscopy was accomplished using a

Gatan GIF2000 imaging electron energy loss spectrometer. Nominal probe sizes used during the study

varied between 0.5–500 nm depending upon the nature of the measurements or observations.
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