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Abstract: A goal of biomimetic chemistry is to use the hierarchical architecture inherent in biological systems
to guide the synthesis of functional three-dimensional structures. Viruses and other highly symmetrical
protein cage architectures provide defined scaffolds to initiate hierarchical structure assembly. Here we
demonstrate that a cross-linked branched polymer can be initiated and synthesized within the interior cavity
of a protein cage architecture. Creating this polymer network allows for the spatial control of pendant reactive
sites and dramatically increases the stability of the cage architecture. This material was generated by the
sequential coupling of multifunctional monomers using click chemistry to create a branched cross-linked
polymer network. Analysis of polymer growth by mass spectrometry demonstrated that the polymer was
initiated at the interior surface of the cage at genetically introduced cysteine reactive sites. The polymer
grew as expected to generation 2.5 where it was limited by the size constraints of the cavity. The polymer
network was fully cross-linked across protein subunits that make up the cage and extended the thermal
stability for the cage to at least 120 °C. The introduced reactive centers were shown to be active and their
number density increased with increasing generation. This synthetic approach provides a new avenue for
creating defined polymer networks, spatially constrained by a biological template.

Introduction

Protein cages consist of a family of spherical nanoparticles
composed of protein subunits.1 The protein subunits are arranged
symmetrically in a shell that encloses an interior compartment.
The family of protein cages includes viral capsids,2 as well as
a variety of nonviral multimeric protein architectures such as
ferritins, Dps, and heat shock proteins.3-6 Utilizing high-
resolution structural information and an appropriate genetic
system, a protein cage becomes a versatile molecular scaffold
upon which multiple chemical and biological functionalities can
be added in a spatially defined manner both chemically7-9 and

genetically.10,11 Biomedical applications of protein cages include
targeted delivery of agents for imaging and treatment of tumors
and infections.10,11 The potential for large magnetic material
payloads and the ideal rotational properties of protein cages
make them extremely well suited for MRI (magnetic resonance
imaging) contrast enhancement.12,13 Protein cages have been
used as nanoscale reaction vessels for constrained synthesis of
inorganic materials, including catalytic,14-16 magnetic,12,17-21
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and semiconductor materials,22-24 and as single-enzyme nan-
oreactors.25 Since they can be assembled into higher-order
structures,26-31 they contribute to the toolkit of nanoscale
building blocks that can be incorporated into devices.

The interior cavity of protein cages serves the biological
function of packaging organic polymers (DNA or RNA) in the
case of viral protein cages or nucleating and encapsulating an
inorganic polymer (Fe2O3) in the case of ferritins. An engineered
approach for filling protein cages with a synthetic polymer
incorporating functionalizable pendant groups would enhance
their potential applications as targeted delivery vehicles and
components of solid-state devices (Figure 1A).32,33 We designed
a strategy for filling a protein cage, Heat Shock Protein (Hsp)

from Methanococcus jannaschii (Figure 1B), with a synthetic
polymer. We chose to synthesize branched dendritic structures
since they can take full advantage of the interior volume of the
cage by completely filling the cavity with functional groups in
an ordered, sequential fashion using a single site on each protein
subunit to nucleate polymer growth (Figure 1C).

Polymer growth was initiated from cysteine residues located
on the interior surface of a genetic Hsp construct (G41C) (Figure
1B). Recombinant Hsp self-assembles in an Escherichia coli
expression system from 24 identical protein subunits forming
a spherical container of 12 nm exterior diameter and 6.5 nm
interior diameter.34 The Hsp cage is relatively porous and robust,
making it a good model system for internal modification. The
presence of eight 3 nm pores at the 3-fold and six 1.7 nm pores
at the 4-fold axis allows free access of small molecules to the
interior cavity35 and it is stable up to ∼60 °C and in a pH range
of 5-8.36

A click chemistry approach was used to synthesize polymers
in the interior cavity of the HspG41C cages (Figure 1C and
Scheme 1) since it provides a means to produce covalently
linked branched polymers using aqueous phase chemistry
compatible with modification of biopolymers. Click chemistry
commonly employs the coupling of alkyne and azide functional
groups through hetero [3 + 2] cycloaddition reactions mediated
by a Cu(I) catalyst in the presence of a Cu-binding ligand.37,38

Recently, click chemistry has been employed for adding
peptides,7 fluorophores,7,38 and glycopolymers39 on the surface
of capsids. Using this chemistry we incorporated free amines
into the branched polymer as sites for internal functionalization
(Figure 1C and Scheme 1). We demonstrate that these sites are
addressable for covalent addition of functional molecules in the
cavity and that the polymer stabilizes Hsp as it fills the interior
and covalently cross-links the protein subunits.

Results and Discussion

Branched Polymer Synthesis Strategy. A branched polymer
was grown selectively in a stepwise fashion within the Hsp cage
(Figure 1C and Scheme 1). The polymer was initiated by
reaction of N-propargyl bromoacetamide with a genetically
engineered cysteine, located on the interior of the cagelike
architecture (Figure 1B). This alkyne derivative is referred to
as G41C-alkyne (G41C-alk). The exposed alkyne was subse-
quently reacted with 2-azido-1-azidomethyl ethylamine via a
Cu(I) catalyzed ‘click’ reaction to yield G0.5. Exposed azide
functional groups on G0.5 were subsequently ‘clicked’ with
tripropargyl amine to generate a branched structure (G1.0).
Iterative stepwise reactions with 2-azido-1-azidomethyl-ethy-
lamine and tripropargyl amine were then undertaken to produce
generations G1.5, G2.0, and G2.5, and the stepwise process was
continued until no further reaction was observed.

Increases in Mass Associated with Sequential Addition to
the Dendritic Structure. The increase in mass accompanying
the stepwise polymer growth was characterized by mass
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Figure 1. Rationale and strategy for fabricating a hybrid protein cage/
dendritic structure. (A) A cartoon of a protein cage filled with a branched
polymer; addressable sites on the polymer can be used to load drugs, imaging
agents or functional components of a solid state device into the interior
compartment. The polymeric cross-links between protein cage subunits
enhance cage stability. (B) A cutaway view of the HspG41C genetic
construct showing cysteine residues (red) exposed to the interior cavity;
and (C) scheme for sequential synthesis of the dendritic structure. Generation
numbers are indicated at the bottom. Details of the chemistry are shown in
Scheme 1.
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spectrometry (MS). Two types of MS analyses were performed.
Conventional liquid chromatography/electrospray mass spec-
trometry (LC/MS) was used to measure masses added to
individual G41C protein cage subunits (16 498 Da). As the
polymer was extended to higher generations (G1.5 and higher),
the individual subunits could no longer be detected due to
internal polymer cross-linking. For these higher generations,
mass spectrometer parameters were tuned to detect the entire
G41C protein cage (396 kDa) including the encapsulated
polymer.

Labeling of HspG41C with a bromo-alkyne (N-propargyl
bromoacetamide) to produce G41C-alkyne introduced 0-3
alkyne moieties per G41C subunit with the mono alkyne
derivative being the major product, as determined by mass
spectrometry. Mass added to subunits of G41C for G0.0-G1.5
are shown in Figure 2A. The bromo-alkyne is expected to react
primarily with the sulfhydryls of the cysteine that are presented
in the interior cavity of G41C.40 However, bromoactetates and
bromoacetamides can also react with the primary amine of lysine
residues and with the imidazole ring of histidine residues.41,42

There are 11 lysines and one histidine per subunit of G41C. In
order to limit the extent of reaction of the bromo-alkyne with
the numerous lysine residues they were passivated by a reaction
with a small NHS ester (N-hydroxysuccinimide acetate) ac-
cording to eq 3. Reaction with the NHS ester produced a
clustered distribution of masses corresponding to addition of

up to 5 acetyl groups on monomeric subunits of the protein
cage (Figure 2B). Compared to the nonpassivated cage (Figure
2A), there was a reduction in the proportion of subunits that
were labeled with two alkyne groups in G0.0 and no subunits
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Scheme 1. Synthetic Scheme for the Generation of G0.5, G1.0, G1.5, G2.0, and G2.5 Branched Polymers within the HspG41C Protein
Cage

Figure 2. Characterization of the first steps in synthesis using LC/MS to
determine masses added to protein cage subunits (A,B). Deconvoluted mass
spectra of the nonpassivated (A) and passivated (B) preparations. The
horizontal brackets in B indicate a group of subunits bound to the same
click reaction product, but containing 0-6 amines passivated with the acetyl
group. The S/N ratio of the spectrum from the passivated G1.5p preparation
was too low to permit accurate deconvolution.
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with three alkynes added were detected in the passivated
samples. In subsequent reactions passivated cage-alkyne deriva-
tives were treated in parallel with nonpassivated cages to
produce G0.5p, G1.0p, G1.5p, G2.0p, and G2.5p generations.

Generations G0.0, G0.5, and G1.0 of the nonpassivated
(Figure 2A) and passivated protein cages (G0.0p, G0.5p, and
G1.0p, Figure 2B) exhibit a similar trend in mass spectrometric
data. As the polymer is extended, by adding the diazido amine
followed by the trialkyne, the mono derivative species (one
functional group per monomeric subunit) becomes dominant.
This trend is more pronounced for the passivated cage. Subunits
of G0.5 and G1.0 of the passivated cage have only one addition
per subunit (Figure 2B), whereas a small proportion of subunits
of G0.5 of the nonpassivated cage have two added functional
groups per subunit.

A possible explanation for the disappearance of subunits with
more than one added group is that the extra groups are initially
added to histidine and/or lysine residues that are exposed to
the exterior surface of the protein cage. Cages that incorporated
these subunits might then be excluded from the preparations as
a result of formation of intercage bonds through click reactions
which lead to cage precipitation and/or aggregation. In this
scenario, the passivated cages should be less prone to bromo-
alkyne labeling on their exterior surface and therefore should
have less precipitation and a higher percent yield of the reaction.
This is the case, and the percent yield of reactions G0.5, G1.0,
and G1.5 for the passivated preparations are higher than for
the nonpassivated cages by an average of 12% for the three
reactions. Also, these precipitated or aggregated cages would
likely be removed from the entire synthesis by the purification
process which follows each click reaction. Size exclusion
chromatography (SEC), dynamic light scattering (DLS), and
transmission electron microscopy (TEM) data presented below
show that the cage’s exterior diameter is relatively uniform
across all generations, which is consistent with the idea that if
exterior polymer growth occurs on a cage, these cages are then
removed from the synthesis.

MS spectra obtained under conditions that allow detection
of the intact G41C protein cage are shown in Figure 3 for
G1.0-G3.5 (nonpassivated and passivated, (p). Under these
conditions the spectra exhibit a broadband that is a composite
of unresolved ion peaks originating from a range of charge states

of the intact cage (Figure 3A).43,44 Since the ion peaks were
unresolved, a definitive mass could not be assigned to the intact
cage for the different generations. However, the shift toward
higher m/z values of the broadband that corresponds to the intact
cage indicates that mass is likely being added to the cage as
the polymer is extended from G0.0 to G2.5 ((p) (Figure 3B).
The increase in m/z values reached a plateau at generation G2.5
and this suggests that the mass of the cage remains unchanged
at G2.5 and thereafter ((p). Therefore no additional labeling
was observed in G3.0 and G3.5, suggesting that polymer growth
was limited by the size constraints of the cavity.

Inter-subunit Cross-linking Was Observed First at G1.0. The
disappearance of the subunit signal in conventional LC/MS
spectra was interpreted as resulting from formation of inter-
subunit (intracage) covalent cross-links conferred by extension
of the polymer into the interior cavity of the protein cage. SDS-
polyacrylamide gel electrophoresis (SDS-PAGE), performed
under conditions that dissociate the native protein cage into
subunits, was used to support this interpretation (Figure 4). SDS-
PAGE analysis shows that, with equivalent loading of the wells,
the monomeric subunit band at ∼16.5 kDa is abruptly reduced
in intensity between G1.5 and G2.0 for the nonpassivated cage
and progressively reduced between G0.5p and G1.5p for the
passivated cage. The appearance of stained protein that was too
large to migrate into the gel corresponds to the reduction in the
monomeric subunit band intensity. Some of this protein was
retained in the well and some migrated to the boundary between
the stacking and running gel. Protein cage loaded onto the gels
was first purified by SEC, which removes intercage aggregates.
Thus, our interpretation of the SDS-PAGE is that this larger
molecular weight protein material is protein cage in which a
substantial proportion of the monomeric subunits have been
internally covalently cross-linked via intracage cross-links
conferred by the polymer. According to this interpretation, the
dendritic polymer structure first begins cross-linking protein cage
subunits at G 1.0. Although there is some appearance of higher
molecular weight protein at G0.5, which might indicate cross-
linking between protein cage subunits, this diffuse mobility shift
toward upper regions of the gel is observed even in preparations
in which only an alkyne has been added to the subunits,
suggesting that the alkyne promotes some interactions between
subunits. In order to further characterize the protein material
that was too large to enter the gel, the protein preparations from
G2.5 were analyzed on an agarose gel under nondenaturing
(native) conditions. Results from both nonpassivated and
passivated preparations yielded a single band that migrated to
the same position as the native protein cage (Figure 4C),
indicating that the large-molecular-weight protein material was
indistinguishable in size from the native protein cage and likely
corresponds to extensively cross-linked Hsp subunits within the
cagelike architecture.

Shape and Size Distribution of Protein Cages Polymerized
with Dendritic-like Structures. SEC elution profiles, TEM
images, and size distributions determined by DLS all indicate
that the G0.5-G2.5 generations initiated from both passivated
and nonpassivated protein cage were monodisperse and very
similar in size to the native protein cage. SEC was used to purify
samples characterized by MS, gel electrophoresis, TEM, and
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Figure 3. Characterization of polymer addition to the protein cage using
MS tuned to detect the entire cage (A). Spectra of nonpassivated and
passivated preparations showing, from bottom to top, G41C, and G0.5-G3.5.
Gaussian curve fits to bands originating from the intact cage (solid red lines)
were used to obtain an m/z value for each spectrum. (B) Here are plots of
m/z values obtained from each spectrum in A, showing an increase in m/z
with increasing generation that plateaus at G2.5.
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DLS. The SEC elution profiles of the polymerized Hsp used
for further analysis is nearly identical in elution volume and
peak shape to that of the native cage for G0.5-G2.5 ((p)
preparations (Figure 5).

The elution profile of G1.0-G2.5 for the nonpassivated and
G0.5-G2.5 for the passivated preparations exhibit a peak
corresponding to higher-molecular-weight material that elutes
at ∼10 mL and corresponds to roughly 5% of the sample based
on peak areas of the SEC profiles. This is consistent with our
interpretation that inter-subunit cross-linking occurs and can lead
to aggregate formation. Some of this aggregated material may
remain soluble and be carried through the preparation to the
SEC purification. This population only represents a small
percentage of the total (∼5%), since a substantial portion of
these intercage aggregates either precipitated from solution or
were retained in the column.

DLS confirms that the size distribution in G0.5-G2.5 ((p)
SEC-purified cage preparations is nearly identical to the native
cage (Figure 6A and Figure S1). Results of DLS also indicate
that only trace amounts of large intercage aggregates are present

in the purified preparations. TEM images provide more direct
evidence that G0.5-G2.5 ((p) SEC-purified cage preparations
are monodispersed, and that they have the same shape and size
as the native protein cage (Figure 6B and Figure S2). Measure-
ments of the particles from multiple images taken from multiple
preparations resulted in mean diameters of 11.9 ( 1.1, n ) 172

Figure 4. Evidence for cross-linking of protein cage subunits using denaturing gel electrophoresis (A,B). SDS-PAGE of the nonpassivated (A) and passivated
(B) generations stained with coomassie. The monomeric subunit (16.5 kDa) migrates to a position between the molecular weight markers at 20 and 15 kDa
(indicated by white arrows); bands originating from the monomeric subunit are boxed with a solid line. High-molecular-weight protein that was too large
to migrate into the running gel became evident for generations greater than G0.5; bands from this high-molecular-weight protein appear at both the boundary
between the well and the stacking gel and at the boundary between the stacking gel and the running gel (enclosed by box with the dashed line). (C)
High-molecular-weight protein from the passivated G2.5p generation was very similar in size to the native protein as indicated by its migration on an
agarose gel; results from the nonpassivated preparation were identical.

Figure 5. Size distributions of the protein cages of various generations of
nonpassivated (A) and passivated (B) protein cage preparations are all nearly
identical to the native cage according to the SEC elution profiles. The peak
position of the band containing the protein cage is shown by the broken
line.

Figure 6. Comparison of the size and shape distribution of the native
protein cage (G41C) with nonpassivated G2.5 and passivated G2.5p
generations evaluated by DLS (A) and TEM (B). Numbers in (A) are the
mean hydrodynamic diameter of the DLS distribution. Protein cages were
stained with 2% uranyl acetate for TEM visualization as described in the
Experimental Section and measurement are included on the top of each
TEM image (diameter ( standard deviation, n ) number of particles
measured).
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(G41C); 12.0 ( 1.1, n ) 203 (G2.5); 12.0 ( 1.3, n ) 191
(G2.5p) in units of nm, indicating that the particles are uniform
across all generations.

In general we have found that changing the properties of the
exterior surface of protein cages by functionalization can alter
the DLS-derived hydrodynamic radius. One possible explanation
for this is that properties of the exterior surface influence
formation of transient aggregates which, in turn, has been shown
to influence results of DLS measurements.45 It is noteworthy
in this respect that the DLS results yield a diameter of ∼14 nm
for the passivated G41C, while the native cage yields a diameter
of about 12 nm (see Figure S1, Supporting Information). Thus,
merely adding the small passivating group to the cage influences
the DLS-derived diameter.

Taken together, results of SEC, TEM, and DLS analyses
strongly suggest that in the purified preparations the polymer
extends into the interior of the cage from the polymer initiation
point at the genetically engineered cysteine of G41C.

Internally Directed Branched Polymers Increased the
Stability of Protein Cages. The monomeric subunits that
comprise protein cages are associated by noncovalent bonds.
The native protein cage loses its quaternary structure at
temperatures greater than ∼70 °C. In principle, formation of
intracage cross-links between subunits by covalent bonds should
stabilize the protein cage. We determined the robustness of the
G2.5((p) cage preparations by subjecting them to heat.
HspG41C, G2.5, and G2.5p samples were heated to 35, 45, 55,
65, 75, 85, and 100 °C for 10 min at each temperature separately
and analyzed by DLS (Figure S1). DLS data show HspG41C
cage maintained its integrity up to 70 °C, while at 75 °C and
above the cage was degraded into smaller components (Figure
S1). When subjected to 100 °C for 10 min the native Hsp protein
cage did not retain any species in the size range expected for
intact cage either by DLS (Figure 7) or SEC analysis (Figure
S3A). In contrast, when G2.5((p) generations were heated to
120 °C for 30 min the size distributions by DLS (Figure 7) and
SEC (Figure S3B and C) were almost identical to the undis-
turbed native cage and no precipitated material was observed.

TEM images of heat-treated cages corroborate the DLS and
SEC results, indicating that the robustness of the G2.5((p)

generations was greatly enhanced as a result of the covalent
cross-linking of the subunits by the internal branched polymer
(Figure 8). While the quaternary structure of the native protein
cage, subjected to g75 °C for 10 min, was disrupted to the
extent that no intact cage could be distinguished in TEM images
(data not shown), Figure 8 shows that G2.5((p) particles were
still intact when subjected to 120 °C for 30 min. The mean size
distributions obtained by measuring the uranyl acetate stained
objects are 12.4 ( 0.8 nm for nonpassivated and 12.7 ( 0.8
nm for passivated particles. Thus, DLS, SEC elution profiles,
and TEM results corroborate the enhanced thermal stability of
the cages as a result of internal polymer cross-linking.

Amine Functional Groups on Dendritic Structures Are
Addressable. A primary objective of this work was to synthesize
a size-constrained architecture that could serve as a scaffold
for dense functional group display, while still being sufficiently
porous to allow free access of small molecules into the interior.(45) Piazza, R.; Iacopini, S. Eur. Phys. J. E 2002, 7 (1), 45–48.

Figure 7. G2.5((p) cage generations exhibited exceptional stability upon exposure to heat according to DLS data. Results for the unheated native cage
(G41C) and G2.5((p) are in the top row and results for the heat treated cage are in the bottom row. The G41C native cage decomposes upon exposure to
100 °C for 10 min while nonpassivated G2.5 and passivated G2.5p generations remain intact upon exposure to 120 °C for 30 min. The green line indicates
the position of the mean diameter of the unheated preparations.

Figure 8. G2.5((p) generations maintain their shape upon exposure to
120 °C for 30 min. TEM preparations were strained with 2% uranyl acetate
as described in the Experimental Section.
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The dendritic structure was designed so that the success of this
objective could be tested by labeling primary amines on the
diazido amine monomer units. To evaluate how many amine
groups on the dendritic structures were addressable, we labeled
them with fluorescein isothiocyanate (FITC) which can be
detected using UV-vis spectroscopy and is also similar in
size to many anticancer drugs. The results are summarized in
Figure 9. Using the extent of FTIC labeling of the native cage
preparations as an initial value, the number of sites labeled with
FITC, according to the UV-vis absorbance measurements, is
strikingly similar to the number of predicted addressable sites
based on the polymer design strategy (Figure 1C). For G2.5
the total number of FITC molecules attached to the cage was
226 and 190 for nonpassivated and passivated generations,
respectively. Subtracting out the contribution of FITC added to
the native cage indicates that 142 (G2.5) and 144 (G2.5p) FTIC
molecules were covalently bound to the polymer amines. Since
the polymer was designed to introduce 168 amines into the cage,
the FITC labeling results indicate that ∼85% of the newly
installed amines in the cavity were addressable. According to
the predicted polymer growth scheme (Figure 1C), no pendent
amine groups should be introduced for G41C-alk, G1.0, and
G2.0. This is in good agreement with the data presented in
Figure 9 for both passivated and nonpassivated preparations
since no additional amines were added in these reactions. SDS-
PAGE gels indicated that the added fluoresceins were covalently
bound to the protein cages (Figures S4 and S5). As expected,
the passivated cages, prior to polymerization, were less reactive
to the FITC than the nonpassivated cages. The data indi-
cate that four and two intrinsic lysines per subunit were reactive
toward FITC in the nonpassivated and passivated native cage
preparations, respectively. These data suggest that there are two
lysines that are reactive toward FITC but not reactive toward
the acetyl NHS ester used as a passivating reagent. This result
is reasonable since the reaction with the FITC reagent was
performed at a higher pH (pH 8.4 as opposed to pH 7.3 for the
NHS-ester passivation reaction).

Conclusions

We have designed and implemented a strategy for synthesiz-
ing a branched structure, via azide alkyne cycloaddition reac-
tions, that projects into the interior cavity of a genetically
engineered protein cage. Protein cages encapsulating the
branched polymer maintain their native shape and size distribu-
tion. However, they differ from native protein cages in that their

quaternary structure is considerably more stable, being able to
withstand exposure to heat treatment that completely disrupts
the native cage architecture. This dramatically expands the
synthetic range and utility of these biological templates. The
enclosed polymer introduced addressable sites that can be used
to enhance the carrying capacity of the nanoplatform. The FITC
labeling of these cages show 142-144 amines (∼85%) of the
168 newly installed pendant primary amine groups were
addressable. The use of this protein cage approach has permitted
the generation of branched polymer structures restricted to a
precisely defined nanometer scale. Furthermore, the introduced
addressable sites provided by this type of branched polymer
exist in a molecular environment to which the rigidity,
functionality, and spacing are all controllable parameters based
on monomer design. Application of these materials toward drug
delivery and imaging are being explored.

Experimental Section

Materials. 2-Bromo-1-bromomethyl-ethyl amine hydrobromide,
bromoacetyl bromide, propargyl amine, N-hydroxysuccinimideac-
etate, and sodium azide were purchased from Sigma and used as
received. The catalyst [Cu(CH3CN)4](OTf) was synthesized as
previously described.46 THF was distilled over benzophenone/
sodium metal. All other chemical reagents were obtained from
commercial suppliers and used as received, unless indicated
otherwise.

Synthesis of Reagents for Polymerization. Synthesis of
N-Propargyl Bromoacetamide. N-Propargyl bromoacetamide was
synthesized according to an established procedure (eq 1).29 In a
solution of bromoacetyl bromide (1.0 g, 4.954 mmol), THF
propargyl amine (0.274 g, 4.954 mmol) was added dropwise in a
two-neck flask under nitrogen. After stirring for 12 h at 0 °C, the
mixture was rotary evaporated and the crude product was purified
by column chromatography over silica gel using hexane, methylene
chloride, and ethyl acetate in a ratio of 6:3:1. After evaporation of
the solvent, N-propargyl bromoacetamide was obtained as a slightly
yellowish solid. The yield was 0.55 g (60%), and the product was
characterized by 1H NMR and LC/MS. 1H NMR (500 MHz): δ (in
CDCl3) 6.83(s, br, NH), 3.83(s, 2H), 3.34(q, 2H) and 2.1(m, 1H).
LC-MS: M + H 176.90 (found), M + H 176.96 (calcd).

Synthesis of 2-Azido-1-azidomethyl-ethylamine. 2-Bromo-1-
bromomethyl-ethyl amine, hydrobromide (100 mg, 0.336 mmol),
and sodium azide (77 mg, 1.18 mmol) were stirred together in water
(5 mL) in a small two-neck flask fitted with a reflux condenser at
80 °C for 15 h (eq 2). After the reaction mixture was cooled to
room temperature, 2 mL of aqueous 5% KOH was added, and the
mixture was further stirred for another 2 h and then extracted with
methylene chloride (2 × 5 mL). An additional 3 mL of 5% aqueous
KOH was added to the aqueous phase, and extracted again with
methylene chloride (3 × 5 mL). The combined organic layers were
dried with Na2SO4 and filtered. The solvent was evaporated at 25
°C under reduced pressure using a rotatory evaporator, and the
product, 2-azido-1-azidomethyl-ethylamine was obtained as a clear
liquid in 80% (38 mg) yield. The product was characterized by 1H
NMR and LC/MS. 1H NMR (500 MHz): δ (in CDCl3) 3.5 (d, 4H),
3.0 (m, 1H), 1.8 (s, 2H, NH2). LC-MS: M + H 142.07 (found), M
+ H 142.08 (calcd).

Figure 9. Number of amine sites that were labeled with FITC according
to the UV-vis absorbance analysis. Also, the predicted number of
addressable amines, according to the synthesis scheme presented in Figure
1C, is shown.
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Synthesis of the Dendritic Structure of in the Cavity of
HspG41C. The overall synthetic scheme for both nonpassivated
and passivated cages is summarized in Scheme 1.

Passivation of Lysine Residues with NHS Ester of Acetic
Acid. HspG41C cage (6.11 mg/mL, 370 µM) in 1 mL of 100 mM
HEPES, 50 mM NaCl, pH 7.3 was treated in a small vial with
N-hydroxysuccinimide acetate (3.7 mM, 0.6 mg dissolved in 10
µL of DMF, 10-fold excess relative to subunit protein) for 1 h at
room temperature, followed by overnight incubation at 4 °C. The
acetyl labeled cage HspG41C(COCH3) was purified from unbound
small organic molecules by SEC and concentrated to 1 mL by
microamicon ultrafiltration with a 100k Mw cut-off membrane. The
concentration of the intact cage was determined by OD280 as 4.8
mg/mL, yield 80%. The passivated cage was characterized by LC/
MS. LC/MS analysis shows 1-6 lysine residues are passivated with
acetyl group.

HspG41C-alkyne Conjugate. HspG41C((p) cages (6.11 mg/
mL, 370 µM) in 1 mL of 100 mM HEPES, 50 mM NaCl, pH 6.5
were reacted in a small vial with N-propargyl bromoacetamide (3.7
mM, 0.65 mg dissolved in 10 µL DMF, 10-fold excess relative to
subunit protein) for 1 h at room temperature, followed by overnight
incubation at 4 °C. The alkyne-labeled HspG41C cages were
purified from the unreacted excess alkyne molecule by SEC and
concentrated to 1 mL by microamicon ultrafiltration with a 100k
Mw cut-off membrane. The concentrations of the intact cages were
determined by OD280 in the range 4-4.5 mg/mL, yield 65-74%.
The number of attached alkyne molecule per subunit protein was
determined by LC/MS.

Preparation of HspG41C-alkyne-azide Bioconjugates (G0.5(p).
Protein cage derivatives G41C((p)-alkyne decorated with terminal
alkyne inside the cages were coupled with 2-azido-1-azidomethyl-
ethylamine through Cu-catalyzed azide-alkyne coupling (Cu.AAC)
reaction7 as follows. Under a nitrogen atmosphere in a glovebox,
HspG41C((p)-alkyne (7.0 mg/mL, 424 µM in protein subunit) and
2-azido-1-azidomethyl-ethylamine (8.54 mmol, 0.6 mg dissolved
in 10 µL of DMF, 10-fold excess per subunit protein) were mixed
in 1 mL of degassed 100 mM HEPES, 50 mM NaCl, pH 7.5 buffer
in a 4 mL glass vial. A 100 mM stock of Cu(CH3CN)4(OTf) in
degassed CH3CN and a 100 mM stock of sulfonated bathophenan-
throline ligand in degassed 100 mM HEPES, 50 mM NaCl, pH
7.5 buffer was prepared. A 1:2 mixture of Cu(CH3CN)4(OTf) and
the ligand was prepared and added to the reaction mixture to achieve
a final concentration of 2 mM Cu(I) and 4 mM ligand. The reaction
vials were sealed and stirred for 1 h at room temperature and
incubated overnight with stirring at 4 °C. After the reaction, the
mixture was treated with 40 µL of 0.5 M EDTA, pH 8.0 (10-fold
excess to that of Cu(I) reagent) to chelate and remove Cu ions
associated with the cage derivatives. The resultant alkyne conjugated
derivatives (G0.5(p) were purified from the small molecules and
Cu complexes by SEC, concentrated by microamicon ultrafiltration
with a 100k Mw cut-off membrane followed by washing with 100
mM HEPES, 50 mM NaCl, pH 7.5 buffer twice to remove any
carryover dissociated subunit protein and small molecules from the
SEC. The intact protein cage recovery was 78% (5.5 mg/mL) for
nonpassivated conjugate and 90% (6.3 mg/mL) for passivated
conjugate as determined by OD280 of cage derivatives. The
HspG41C-alkyne-azide bioconjugates (G0.5(p) were characterized
by LC/MS.

Preparation of HspG41C-alkyne-azide-alkyne Bioconjugate
(G1.0(p). Protein cage derivatives HspG41C(w ( p-alkyne-azide
(G0.5(p) with one intact azide inside the cage were subjected to

Cu ·AAC reaction with tripropargyl amine under similar conditions
as described above for generation G0.5((p). HspG41C(w ( p)-
alkyne-azide(5.5 mg, 333 µM for nonpassivated or 7.0 mg, 427
for passivated derivatives) in 1 mL of degassed 100 mM HEPES,
50 mM NaCl, pH 7.5 buffer and 20-fold excess tripropargyl amine
(10.99 mM, 1.32 mg dissolved in 10uL DMF for nonpassivated
cage; 14.1 mM, 1.9 mg dissolved in 10 µL of DMF for passivated
cage) were reacted together in a small glass vial under nitrogen in
a glovebox in degassed 1 mL of 100 mM HEPES, 50 mM NaCl,
pH 7.5 buffer in the presence of 2 mM of Cu(CH3CN)4(OTf) (0.74
mg) and 4 mM sulfonated bathophenanthroline ligand (2.40 mg)
as the final concentration. As in the above reaction, the vials were
sealed and stirred for 1 h at room temperature and incubated
overnight with stirring at 4 °C. After the reaction, the mixtures
were treated with 40 µL of 0.5 M EDTA, pH 8.0.The conjugated
derivatives (G1.0(p) were purified by SEC, concentrated by
microamicon ultrafiltration with a 100k Mw cut-off membrane
followed by washing with 100 mM HEPES, 50 mM NaCl, pH 7.5
buffer. The intact protein cage recovery was 75% (4.1 mg/mL) for
nonpassivated conjugate and 90% (6.3 mg/mL) for passivated
conjugate as determined by OD280. The HspG41C((p)-alkyne-
azide-alkyne bioconjugates (G1.0(p) were characterized by LC/
MS.

Preparation of HspG41C-alkyne-azide-alkyne-azide Conju-
gate (G1.5(p). Protein cage derivatives HspG41C((p)-alkyne-
azide-alkyne (G1.0(p) with two terminal alkyne inside the cage
were subjected to Cu ·AAC reaction with 2-azido-1-azidomethyl-
ethylamineundersimilarconditionsasdescribedabove.HspG41C((p)-
alkyne-azide-alkyne (7.0 mg, 424 µM in protein subunit) and
2-azido-1-azidomethyl-ethylamine (8.54mmol, 1.2 mg dissolved in
10 uL of DMF, 20-fold excess per subunit protein) were reacted
together in a small glass vial in degassed 1 mL 100 mM HEPES,
50 mM NaCl, pH 7.5 buffer in the presence of 1 mM of
Cu(CH3CN)4(OTf) (0.74 mg, dissolved in degassed CH3CN) and
2 mM sulfonated bathophenanthroline ligand (2.4 mg, dissolved
in degassed HEPES, pH7.5 buffer) as the final concentration. The
vials were sealed and stirred for 1 h at room temperature and
incubated overnight with stirring at 4 °C. After the reaction, the
mixture were treated with 40 µL of 0.5 M EDTA, pH 8.0 (10 molar
excess to that of Cu(1) catalyst added).The conjugated derivatives
(G1.5(p) were purified by SEC, concentrated by microamicon
ultrafiltration with a 100k Mw cut-off membrane followed by
washing with 100 mM HEPES, 50 mM NaCl, pH 7.5 buffer). The
intact protein cage recovery was 75% (5.3 mg/mL) for nonpassi-
vated conjugate and 85% (6.0 mg/mL) for passivated conjugate as
determined by OD280. The HspG41C((p)-alkyne-azide-alkyne-azide
bioconjugates (G1.5(p) were characterized by LC/MS.

Preparation of HspG41C-alkyne-azide-alkyne-azide-alkyne
Conjugate (G2.0(p). Protein cage derivatives HspG41C((p)-
alkyne-azide-alkyne-azide (G1.5(p) with multiple azide functional-
ity inside the cage were subjected to Cu ·AAC reaction with 50-
fold molar excess (relative to subunit protein) tripropargylamine
in 100 mM HEPES, 50 mM NaCl, pH 7.5 buffer under similar
conditions as mentioned above to afford G2.0((p). After the EDTA
treatment, the cage derivatives were purified over SEC and
concentrated by microamicon ultrafiltration with a 100k Mw cut-
off membrane followed by washing with 100 mM HEPES, 50 mM
NaCl, pH 7.5 buffer. The intact protein cages recovery was 75-80%
(3.5-4.0 mg obtained out of 5.0 mg starting G1.5(p generation)
as determined by OD280 of cage derivatives.

Preparation of HspG41C-alkyne-azide-alkyne-azide-alkyne-
azide Conjugate (G2.5(p). Protein cage derivatives HspG41C((p)-
alkyne-azide-alkyne-azide (G2.0(p) with multiple terminal alkynes
inside the cage were subjected to Cu ·AAC reaction with 50-fold
molar excess (relative to subunit protein) 2-azido-1-azidomethyl-
ethylamine in 100 mM HEPES, 50 mM NaCl, pH 7.5 buffer under
similar conditions as mentioned above to provide G2.5((p). After

(46) Kubas, G. J. Inorg. Synth. 1979, 19, 90–92.
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the EDTA treatment, the cage derivatives were purified over SEC
and concentrated by microamicon ultrafiltration with a 100k Mw

cut-off membrane followed by washing with 100 mM HEPES, 50
mM NaCl, pH 7.5 buffer. The intact protein cages recovery was
65-75% (3.25-3.75 mg obtained out of 5.0 mg starting G1.5(p
materials) as determined by OD280 of cage derivatives.

Attempted Preparation of G3.0(p and G3.5(p Genera-
tions. G2.5((p) generations were subjected to Cu ·AAC reaction
with 50-fold molar excess (relative to subunit protein) tripropar-
gylamine in 100 mM HEPES, 50 mM NaCl, pH 7.5 buffer under
similar anaerobic conditions and purified as mentioned above to
provide G3.0((p). Similarly, G3.0((p) was treated with 50-fold
molar excess (relative to subunit protein) 2-azido-1-azidomethyl-
ethylamine in 100 mM HEPES, 50 mM NaCl, pH 7.5 buffer under
similar conditions and purified as mentioned above to provide
G3.5((p).

sHspG41C Cages Purification and Characterization. A small
Hsp G41C cage was purified from an E. coli heterologous
expression system as previously described.32 One liter cultures of
E. coli (BL21 [DE3] B strain) containing pET-30a(+) MjHsp16.5
plasmid were grown overnight in LB plus kanamycin medium (37
°C, 220 rpm). Cells were harvested by centrifugation at 3700g for
15 min and resuspended in 30 mL of 100 mM HEPES, 50 mM
NaCl, pH 8.0. Lysozyme, DNase, and RNase were added to the
final concentrations of 50, 60, and 100 µg/mL, respectively. The
sample was incubated for 30 min at room temperature, French
pressed (American Laboratory Press Co., Silver Springs, MD),
and sonicated on ice (Branson Sonifier 250, Danbury, CT, power
4, duty cycle 50%, 3 × 5 min with 3 min intervals). Bacterial
cell debris was removed via centrifugation for 20 min at 12 000g.
The supernatant was heated for 15 min at 65 °C, thereby
denaturing many E. coli proteins. The supernatant was centri-
fuged for 20 min at 12 000g and purified by gel filtration
chromatography (Superose-6, Bio-Rad Duoflow, Hercules, CA).
HspG41C, HspG41C((p)-alkyne, HspG41C((p)-alkyne-azide
(G0.5(p),HspG41C((p)-alkyne-azide-alkyne(G1.0(p),HspG41C-
((p)-alkyne-azide-alkyne-azide (G1.5(p), and HspG41C((p)-
alkyne-azide-alkyne-azide-alkyne (G2.0(p) HspG41C((p)-
alkyne-azide-alkyne-azide-alkyne-azide (G2.5(p) protein cages
were routinely characterized by SEC (Superose 6, Bio-Rad
Duoflow), DLS (Brookhaven 90Plus, Brookhaven, NY), TEM
(Leo 912 AB), SDS-PAGE, and mass spectrometry (NanoAc-
quity/Q-Tof Premier; Waters, Milford, MA). The protein con-
centration was determined by absorbance at 280 nm using the
published extinction coefficient (9322 M-1 cm-1).31 The as-
sembled protein cages including G41C to G2.5((p) were imaged
by transmission electron microscopy by negatively strained with
2% uranyl acetate on formvar carbon coated grids.

Labeling of G41C, G41C((p)-alkyne, G0.5((p), G1.0((p),
G1.5((p), G2.0((p), and G2.5((p) with FITC and Calcula-
tions Used to Generate Figure 9. Each cage derivate (200 µL, 2
mg/mL) was incubated overnight at room temperature with a 15-
fold molar excess of FTIC per subunit of cages in 100 mM HEPES,
50 mM NaCl at pH 8.4. The FITC-labeled products were purified
byMicroBio-SpinColumnspackedwithBio-GelP-30polyacrylamide.

The molar concentrations of FITC molecules attached to the
subunit derivatives were determined for each construct by compar-
ing the absorbance at 495 to a standard curve. The standard curve
(A495) was made from a series of solutions containing known
concentrations of FITC molecules. The protein concentrations
(g/L) of the cage derivatives were determined by BCA protein assay
kit (Pierce, product no. 23227) following the manufacturer’s
instructions, and the subunit molar concentration was calculated
by dividing protein mass concentration (g/L) by the molecular
weight of the subunit (16 498 g/mol). Finally, the number of FITC
molecules per subunit was calculated by dividing the molar
concentration of FITC by the molar concentration of the subunit.

The predictions were made by fixing the starting points (G41C
and G41C-alk((p)) of the predicted traces to integer values nearest
to their corresponding experimentally determined values. The
predicted number of amines addressed per subunit for each
generation was then calculated by adding the number of diazido
amines present at a given generation, based in Figure 1C, to the
experimentally determined starting point.

Mass Spectrometry. MS analyses were performed on a Q-Tof
Premier (Waters; Waters, Milford, MA). HspG41C((p), HspG41C-
((p)-alkyne, G0.5((p), G1.0((p), G1.5((p), G2.0((p), G2.5((p)
(0.1-2 µL, 0.3-2.0 mg/mL) were injected onto a BioBasic SEC-
300 (Thermal Electron, Waltham, MA) column and eluted with
40% IPA, 0.1% formic acid. Deconvoluted spectra were generated
with the software MaxEnt1 provided by Waters. Small organic
molecules were analyzed using C18 column (218TP5115, Vydac,
Deerfield, IL) and eluted with a water-acetonitrile linear gradient
(eluent A, 0.1% formic acid in water; eluent B, 0.1% formic acid
in acetonitrile).

Mass analyses of the intact Hsp cage derivatives were carried
out on samples in 10 mM triethylammonium acetate (TEAA) (pH
6.8) buffer.47 Spectra were acquired in the range of m/z 50-30 000
by directly infusing samples into the mass spectrometer at a flow
rate of 15 µL/min. Source and desolvation temperatures were 80
and 120 °C, respectively. Collisional focusing, which facilitated
the focusing and transmission of ionized cages in vacuo, was
achieved by increasing the source pressure to ∼7.0 mbar.48 The
capillary voltage and the sample cone voltage were 3000 and 50
V, respectively. Pressure in the collision cell and the TOF tube
were maintained at 1.0 × 10-2 and 2.0 × 10-6 mbar, respectively.
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