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STRUCTURAL BIOLOGY

Chemically induced protein cage assembly
with programmable opening and cargo release

Izabela Stupka'?t, Yusuke Azuma', Artur P. Biela'+, Motonori Imamura®®, Simon Scheuring*?,
Elzbieta Pyza®, Olga Woznicka®, Daniel P. Maskell®, Jonathan G. Heddle'*

Engineered protein cages are promising tools that can be customized for applications in medicine and nanotech-
nology. A major challenge is developing a straightforward strategy for endowing cages with bespoke, inducible
disassembly. Such cages would allow release of encapsulated cargoes at desired timing and location. Here, we
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achieve such programmable disassembly using protein cages, in which the subunits are held together by different
molecular cross-linkers. This modular system enables cage disassembly to be controlled in a condition-dependent
manner. Structural details of the resulting cages were determined using cryo-electron microscopy, which allowed
observation of bridging cross-linkers at intended positions. Triggered disassembly was demonstrated by high-
speed atomic force microscopy and subsequent cargo release using an encapsulated Forster resonance energy
transfer pair whose signal depends on the quaternary structure of the cage.

INTRODUCTION

Protein cages are well-defined, hollow nanostructures self-assembled
from multiple protein subunits. They are widespread in nature and
display diverse morphologies and functions, with viral capsids and
ferritin being among the most well-known examples (I). Natural
protein cages have been functionalized for potential uses across bio-
technology and medicine including as nanoreactors (2-4), building
blocks to construct nanomaterials (5, 6), and display/delivery
vehicles (7-9). Their broad prospects have inspired construction of
synthetic equivalents using engineered protein building blocks that
do not assemble into cage-like structures in the naturally occurring
state (10). Artificial cages have the added advantage that aspects of
their structure and functional characteristics can be controlled in a
tailored manner (11-13).

A major focus of current artificial protein cage design is to
control assembly-disassembly processes such that they can be trig-
gered by stimuli exogenous to the cage and its milieu such as light
or addition of chemical agents. Protein cages using native (14) or
designed, native-like (15, 16) protein-protein interfaces to drive
self-assembly into defined quaternary structures have been produced
and, where cages comprised two or more different protein subunits,
their formation can be triggered upon mixing (17, 18). In addition,
triggered disassembly by exogenous stimuli allows release of encap-
sulated cargo molecules. We define encapsulation as the placement
of a cargo molecule or nanoparticle fully within the protein cage
lumen, achieved via one or more types of interaction between the
cargo and cage including electrostatic and covalent bonds (e.g.,
genetic fusion). Metal coordination has been used as part of (19, 20)
or the sole (21) bonding chemistry to connect the building blocks of
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protein cages in a reversible fashion. In the latter case, engineered
cytochrome cb562 variants were shown to assemble into dodecameric
and hexameric cages with Fe(IIT) and Zn(II) and disassemble upon
addition of the chelating agent EDTA (21).

Tryptophan RNA-binding attenuation protein (TRAP) is a
bacterial, ring-shaped homo 11-mer (22). We previously described
a modified TRAP [TRAP (K35C/R64S)] that can assemble with
Au(I) into a hollow cage-like structure, 22 nm in diameter and
consisting of 24 rings, referred to as TRAP—cageA“(I), in which the
role of Au(I) is to form linear coordination bonds bridging cysteines
of neighboring rings (23-25). An additional modification at position
64 (R64S) was added to reduce positive charge around the central
hole of the TRAP ring (23).

In this work, we aimed to produce a protein cage whose dis-
assembly is programmable. In a programmable rather than simple
triggerable system, the same cages should be readily customized to
respond to different stimuli as desired. To achieve this goal, we
imagined a protein cage in which building blocks are held together
by cross-linkers that could be easily interchanged. We envisaged
that these cross-linkers would be situated in place of Au(I) but
carrying out a similar function, i.e., connecting the thiols of opposing
cysteines from different TRAP rings (Fig. 1A). Disassembly of such
cages would depend on the cleavage characteristics of the cross-
linkers used. To test this possibility, we used TRAP (K35C/R64S) as
a building block.

RESULTS
Cage formation via molecular cross-linkers
We attempted to link the TRAP rings with bifunctional molecular
cross-linkers, either dithiobismaleimidoethane (DTME) or bis-
maleimidohexane (BMH). These were expected to serve as connectors
analogous to Au(I) in TRAP—cageA“(I), owing to the thiol-specific
reaction at neutral pH. As DTME contains a cleavable disulfide bond
but BMH does not, the resulting two cages (TRAP-cageD T™E and
TRAP-cage®™ ™) should have contrasting disassembly characteristics
when exposed to reducing agents (Fig. 1A).

To obtain the covalently cross-linked cages, TRAP (K35C/R64S)
was mixed with either DTME or BMH in an aqueous buffer.
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Fig. 1. Molecular cross-link-mediated TRAP-cage formation. (A) Schematic representation of the cross-linking reaction with dithiobismaleimidoethane (DTME) or
bismaleimidohexane (BMH). TRAP(K35C/R64S) rings are covalently connected to each other via reaction between the cysteines (represented by yellow spheres) and the
bismaleimide compounds (represented by red lines) to form a cage structure. In the formed cages, 1 of every 11 cysteines is not cross-linked and remains unrepresented
in the cage cartoon. Addition of dithiothreitol (DTT) results in disassembly of the DTME-mediated cage (TRAP-cage®™E, top, red dots represent cleaved cross-linkers) but
has no effect on cages assembled with BMH CFRAP-cagesBMH, bottom). (B) Size-exclusion chromatography (SEC) profiles of the purified TRAP-cageDTME (red line) and
TRAP-cage®™" (blue line). The profile of TRAP-cage™ " (black line) is provided as a control. (C) Transmission electron microscopy (TEM) images of TRAP-cage®™E (right)
and TRAP-cage®™" (left). Scale bars, 50 nm. (D) Cryo-electron microscopy (cryo-EM) density maps of the left-handed (left) and right-handed (right) forms of TRAP-cage®™E,
refined to 4.7 and 4.9 A resolution, respectively (EMD-11415 and EMD-11414, respectively). Inset: A magnified image of the ring-ring interface with the density map in gray
mesh, fitted protein model as a red cartoon, and fitted cross-linker models highlighted as green sticks, side view (top) and top view (bottom).

Stupka et al., Sci. Adv. 8, eabj9424 (2022) 5 January 2022 20f8



SCIENCE ADVANCES | RESEARCH ARTICLE

Size-exclusion chromatography (SEC) of the resulting reaction
mixtures showed a peak at an elution volume similar to that of
TRAP—cageAu(I) for both cross-linkers, suggesting successful cage
formation (fig. S1). The isolated fractions were further analyzed by
SEC (Fig. 1B), dynamic light scattering (DLS) (table S3), and
negative-stain transmission electron microscopy (TEM) (Fig. 1C
and fig. S2). These results were consistent with the successful
formation of monodisperse spherical cage structures ~25 nm in
diameter. Assembly appeared to be complete within 60 min (fig. S3).
No free cysteines were detected after reaction, while denaturation of
the cages resulted in the presence of otherwise undetectable TRAP
dimers, in line with the expected thiol-mediated covalent bond
formation where TRAP monomers of one ring are linked to mono-
mers of a neighboring ring resulting in covalent dimer formation
(fig. S4). Further analysis of the obtained TRAP-cages using SEC
coupled with right-angle and low-angle light scattering (SEC-RALS/
LALS) indicated the apparent average molecular masses of both
particles as ~2.2 MDa, suggesting a 24-ring arrangement (table S4).
The detailed structures of both TRAP-cage® ™" and TRAP-cage®™H
were determined using cryo-electron microscopy (cryo-EM) single-
particle reconstruction. We obtained electron density maps at
4.7 and 4.9 A resolution for the two types of cages, respectively.
These structures revealed that each cage was composed of 24 TRAP
rings arranged into two chiral forms, similar to that seen for
TRAP-cage™ " (25) (Fig. 1D, figs. S5 to S8, and tables S5 and S6).
TRAP ring models were fit into the cryo-EM maps, and closer
examination of the ring-ring interface revealed two electron densi-
ties bridging two opposing subunits, which likely correspond to the
bismaleimide cross-linkers (Fig. 1D). The cross-linkers appear to be
bent in a horseshoe shape between the opposing cysteine residues.

Stability of the cross-linked TRAP-cages
Both TRAP-cage®™F and TRAP-cage™™ showed similarly high
stability in response to elevated temperatures, chaotropic agents,
and surfactants. Specifically, they displayed no notable morphology
change after 10-min incubation at 75°C, pHs in the range of 3 to 11,
up to 4 M GdnHC], up to at least 7 M urea, 7% of SDS, and 10% serum
(figs. S9 and $10). However, TRAP-cage®™F readily disassembles,
as expected, upon addition of reducing agents tris(2-carboxyethyl)
phosphine (TCEP) or dithiothreitol (DTT) (Fig. 2, A and C, and
fig. S11). In contrast, TRAP-cage®™" was unaffected by TCEP or
DTT (Fig. 2, B and C, and fig. S11). In comparison, TRAP-cage*"
was previously shown to have similar but slightly higher levels of
stability, being stable for at least 180 min at 95°C, at pHs 2 to
13, >7 M urea, and > 5% SDS. Lower heat stability is also implied bl){’
comparison of TEM images of TRAP-cage®™F and TRAP-cage™
before heating (fig. S2) and after 10-min incubation at 95°C (figs.
S9A, bottom, and S10A, bottom, respectively). Postheating shows
some deformation and aggregation of cage structures, suggesting
that the cages are undergoing denaturation/aggregation processes.
To understand more details of the mechanism of DTT-dependent
disassembly in TRAP-cage®™F, we further investigated at the
single-cage level in real time using high-speed atomic force micros-
copy (HS-AFM). This confirmed that, in contrast to TRAP-cageBMH,
TRAP-cage®™F readily disassembles into discrete patches with
TRAP subunits appearing to “peel off” from the cage surface, even-
tually leading to the opening of the whole structure approximately
2 min after the first ring detachment (Fig. 2D, fig. S12, and movies
S1 and S2). Cage disassembly observed in AFM upon reducing
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agent addition was confirmed to be due to the action of the reduc-
ing agent rather than the AFM tip (fig. S13 and movie S3). Such a
stepwise disassembly process of the TRAP-cage”™F is markedly
different from TRAP—cageA“(I), which showed an almost concerted
breaking mechanism on a much shorter time scale (23).

Packaging of protein cargoes in the cross-linked TRAP-cages
To facilitate cage stability tests against various thiol-containing
reagents, we used a spectroscopic method (26) for real-time
monitoring of bulk cage disassembly in solution. In this system, we
encapsulated two fluorescent proteins, mOrange2 and mCherry,
serving as a Forster resonance energy transfer (FRET) donor and
acceptor, respectively. These fluorescent proteins are genetically
fused to the TRAP N terminus, which faces the cage interior in the
assemblies and were coproduced with unmodified TRAP to form
“patchwork” rings, thus avoiding steric hindrance during cage
formation (27). Such covalent fusion to a shell-forming protein is a
widely used strategy for encapsulation of desired guests in protein
cages (I, 27, 28). The resulting TRAP ring-fluorescent protein
fusions were then assembled into cages using either Au(I) or DTME
(Fig. 3A). After purification using SEC, isolated particles were
analyzed by native polyacrylamide gel electrophoresis (PAGE) com-
bined with fluorescence imaging (Fig. 3B and fig. S14) and TEM
imaging (Fig. 3C), which confirmed encapsulation of the FRET
labels in the lumen of monodisperse spherical cages. Guest protein
stoichiometry was determined using absorbance ratio at 280/548 nm
or 280/587 nm, showing that approximately 12 + 3 mOrange2 and
8 + 1 mCherry proteins were encapsulated per cage (see the details
in Materials and Methods) (29).

The presence of both proteins in the constrained volume of the
TRAP-cage lumen should enable efficient FRET (28, 30). Such
intracage energy transfer should result, upon mOrange2 excitation,
in decrease in the donor fluorescence and increase in the acceptor
mCherry signal (compared to when free in solution). Cage disas-
sembly by stimulus, however, should lead to release of these guests
from the spatial confinement to the surrounding environment,
cancelling the FRET effect (26). All the spectra in this study are
normalized at mOrange2 fluorescence peak to judge their colocaliza-
tion in TRAP-cages by the relative values of fluorescence intensity
ratios (28). The processed fluorescence spectra of TRAP-cageA"()
and TRAP-cageP?™F copackaging the FRET pair showed an ap-
proximately 1.5-fold higher signal in mCherry emission at 610 nm,
compared to the corresponding control samples containing cages
encapsulating only mCherry or mOrange2 mixed in solution
(Fig. 4, A and B). However, the addition of DTT, which induces
disassembly for both types of cages, led to FRET cancellation as
observed in the resulting spectra where fluorescence levels were
reduced to nearly the same as that of the corresponding control
samples (Fig. 4, A and B). These results indicated efficient energy
transfer between the FRET labels by encapsulation and its cancella-
tion by TRAP dissociation, indicating that the assay can be used to
monitor the TRAP-cage disassembly process.

Kinetics of cross-linked TRAP-cage disassembly

We next measured the disassembly kinetics of both TRAP-cage
and TRAP-cage®™F upon DTT addition. The change in the
fluorescence intensity ratio at 568/610 nm was exploited to track
the time-dependent disassembly process (Fig. 4C). For both cages,
the increase in the fluorescence ratio reached a plateau approximately

Au(l)
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Fig. 2. Redox responsiveness of TRAP-cages. (A and B) Native polyacrylamide gel electrophoresis (PAGE) analysis of TRAP-cage®™F (A) and TRAP-cage®™" (B) in the
presence of DTT and tris(2-carboxyethyl) phosphine (TCEP). “C"in (A) and (B) denote TRAP—cageDTNIE and TRAP—cageBMH, respectively. M, molecular weight marker. (C) TEM
images showing effects of 0.1 mM (left) and 1 mM (middle) TCEP on TRAP-cage®™E and the effect of 10 mM TCEP addition on TRAP-cage®™" (right). Scale bars, 50 nm.
(D) Selected frames from a high-speed atomic force microscopy (HS-AFM) movie (movie S1) ofTRAP—cageDTME, taken at two frames/s, 200 nm by 200 nm, 200 x 200 pixel,
showing the effect of 4 mM DTT addition to TRAP-cageP™E, Time after addition of DTT indicated. A TRAP ring subunit within the TRAP-cage is indicated with a white

arrow. Scale bar, 50 nm, in frame t =—01:25.0. Z color scale is set to —1 to 16 nm (lookup table, top left).
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Fig. 3. Packaging protein cargoes in TRAP-cages. (A) Schematic representation
of TRAP-cage loading with fluorescent proteins. Patchworked TRAP rings fused
with either mCherry (red cylinders) or mOrange2 (orange cylinders) at the N terminus
were mixed together with either DTME or triphenylphosphine monosulfate
(TPPMS)-Au(l)-Cl. (B) Native PAGE showing the fluorescent properties of purified
TRAP-cages associated with the fluorescent cargoes. The gel was visualized using
InstantBlue protein staining (left) and fluorescence using excitation at 532 nm and
emission at 610 nm (right). (C) TEM images of empty (left) TRAP-cages and those
filled with fluorescent proteins (right), assembled using either Au(l) (top) or DTME
(bottom). Scale bars, 50 nm.

5 min after DTT addition, indicating complete cargo liberation.
However, the mechanism of this process appeared to be different as
indicated by the curve shapes. The pseudo-exponential curve for
TRAP-cage™*") suggests that there is a notable rate acceleration
over the bond breaking reactions at the single ring and cage levels.
In contrast, the sigmoidal curve obtained for TRAP-cage”™F with DTT
indicates that individual bond cleavage events are less cooperative
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Fig. 4. FRET label release upon TRAP-cages disassembly. (A and B) Normalized
emission spectra of TRAP-cages™“" (A) and TRAP-cages®™E (B) loaded with both
mOrange2 and mCherry upon excitation at 510 nm before (red lines) and after
addition of 10 mM DTT (black lines). mOrange2 emission peak is visible at 568 nm,
mCherry emission peak at 610 nm. The blue and magenta lines indicate spectra of
cages loaded only with mOrange2 or mCherry proteins mixed together immedi-
ately before measurement in the absence or presence of DTT, respectively. (C to
E) Time-dependent disassembly of TRAP-cages™“" (black circles) and TRAP-cages’™F
(red circles) after addition of 10 mM DTT (C), 2.5 mM cysteine (Cys) (D), or 50 mM
glutathione (GSH) (E). A total of 100% leakage denotes the highest donor intensity
after 10 min of 10 mM DTT treatment.

compared to the TRAP-cage™™ case (see the detailed discussion in

fig. S15). The hypothesis of two distinct cage-breaking mechanisms
is greatly supported by the HS-AFM results, showing a concerted or
a stepwise disassembly of TRAP-cage™"™ and TRAP-cage®™F,
respectively (movie S1).

Protein cages able to carry cargo and disassemble in the presence
of reducing agents have potential applications in intracellular delivery.
Ideally, such nanovehicles should remain intact under extracellular
conditions but disassemble upon exposure to intracellular environ-
ments, liberating their cargoes. We assessed this possibility by
monitoring cage disassembly kinetics in the presence of cysteine
and glutathione (GSH) used as model thiol-containing compounds.

A time-dependent increase in FRET cancellation was observed
for TRAP—cageA“(I) upon cysteine addition, plateauing (indicating
complete cargo release) after approximately 15 min when 2.5 mM
cysteine was used and much more quickly at higher cysteine concen-
trations (Fig. 4D and fig. S16A). In contrast, TRAP-cage”™F contain-
ing the same FRET pair showed essentially no change in fluorescence,
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suggesting that the cage did not disassemble under these conditions
(Fig. 4D and fig. S16A). The observed stability toward cysteine is
likely due to the slow kinetics of the covalent bond cleavage reaction
catalyzed by free thiol, in contrast to likely a much faster ligand exchange
for TRAP-cage™"". We found that disassembly of TRAP-cage”™F
can be induced by increasing the concentration and redox potential
of free thiol-containing compound: The reduced form of GSH could
open TRAP-cage®™F despite the disassembly rate being notably
slower than for TRAP—cageAu(D (Fig. 4E and fig. S16B).

DISCUSSION

With naturally occurring protein cages serving as an inspiration, arti-
ficial cages are being developed with customized capabilities (10, 11).
This study demonstrates that connecting protein building blocks
with molecular cross-linkers provides a straightforward mechanism
to produce artificial protein cages with programmable disassembly
properties and that are free of both protein-protein interactions and
metals as a means of connecting the building blocks. The increased
tolerance of TRAP-cage®™F to cysteine highlights its potential utility
as a therapeutic delivery vehicle designed to survive in extracellular
environments. Incorporation of a FRET pair cargo exemplifies the
potential of TRAP-cages to act as efficient, generalized containers
for protein guests, while it also presents itself as a rigorous and
potentially universal method for monitoring cage disassembly. We
expect that the modular design strategy presented here will lay the
groundwork for further development of protein nanocontainers
having specific cargo packaging and release properties.

MATERIALS AND METHODS

Plasmids

pET21b_TRAP-K35C R64S (25) was used for expression of the
TRAP(K35C/R64S) variants. The tetracycline-inducible protein
expression vectors, pACTet_H-mOrange-TRAP-K35C or pACTet_H-
mCherry-TRAP-K35C, were derived from pACTet_H-mOrange or
pACTet_H-mCherry, respectively. These parent plasmids were
gifts from D. Hilvert (ETH Ziirich). pET21b_TRAP-K35C was syn-
thesized by BioCat GmbH. All the molecular cloning details, as well
as the primer (table S1), plasmid, and protein sequences (table S2),
used in this study are described in the Supplementary Materials.

Protein expression and purification

TRAP(K35C/R64S) was produced using Escherichia coli strain
BL21(DE3) cells that were transformed with pET21b_TRAP-K35C
R64S as described previously (25). The protein was purified by
ion-exchange chromatography using HiTrap Q FF column, followed
by SEC on a HiLoad 26/600 Superdex 200 pg column. To produce
patchwork TRAP rings, E. coli strain BL21(DE3) cells were cotrans-
formed with either pACTet_H-mOrange-TRAP-K35C or pACTet_H-
mCherry-TRAP-K35C and pET21_TRAP-K35C (see table S2).
Protein expression was induced by addition of 0.2 mM isopropyl-B-
p-thiogalactopyranoside and tetracycline (10 ng/ml) in the case of
pACTet_H-mCherry-TRAP-K35C or tetracycline (30 ng/ml) in the
case of pACTet_H-mOrange-TRAP-K35C. Patchwork TRAP rings
were then isolated using Ni-nitrilotriacetic acid (NTA) affinity
chromatography, followed by SEC using a Superdex 200 Increase
10/300 GL column (GE Healthcare). Protein purity was checked by
SDS-PAGE, and protein concentration was determined by absorbance
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measured using extinction coefficients: € mcherry 587 = 72,000 Mtem™,
€ mOrange 548 = 58,000 M ' cm ™" (31), and € rap 280 = 8250 M cm”!
(http://expasy.org/tools/protparam.html). The detailed procedure
of protein production is described in the Supplementary Materials.

Cage assembly and characterization

DTME and BMH were purchased from Thermo Fisher Scientific.
The molecular cross-linkers were reconstituted in dimethyl sulfoxide
(DMSO) to 20 mM stock concentration before use. TRAP(K35C/
R64S) (100 to 500 uM) in 2x phosphate-buffered saline (PBS)
containing 2 mM EDTA, referred to as 2x PBS-E was mixed with
fivefold molar excess of either DTME or BMH and stirred at room
temperature for 1 hour. Final DMSO concentration in solution was
kept at no greater than 12.5%. After the reaction, the insoluble
fraction, likely due to low solubility of cross-linkers in aqueous
solution, was removed by centrifugation for 5 min at 12,000g.
Supernatants were then purified by SEC using a Superose 6 Increase
10/300 GL column (GE Healthcare) at a flow rate of 0.5 ml/min on an
AKTA purifier fast protein liquid chromatography (GE Healthcare).
Fractions containing cross-linked TRAP-cages were pooled and con-
centrated using Amicon Ultra-4 (100 kDa molecular mass cut-off)
centrifugal filter units. Approximately 4 mg of TRAP(K35C/R64S)
was used for cage formation. After purification and concentration,
typically, 1 mg of cross-linker induced cages was obtained, resulting in
ayield of approximately 25%. Formation and purification of Au(I)-
induced TRAP-cages were performed as previously described (25).
Cage formation with fusion proteins was performed using the same
protocols as described for both cross-linked and Au(I)-induced cag-
es with an additional Ni-NTA purification step before SEC to purify
the sample away from partially assembled cages (His-tagged mCherry
and mOrange2 that are not fully protected inside the cages bind to
Ni-NTA column). The protein concentration and ratio of encapsulated
guests were estimated using the absorbance ratio at 280/548 nm
or 280/587 nm using an analogous method to the one previously
reported (29, 32). Extinction coefficients used for calculations were
€ mCherry 587 = 72,000 M~ cm ™, € m0range2 548 = 58,000 M ™' cm ™, and
€ Trap 280 = 8250 M~! cm™!. Because of spectral overlap between
mCherry and mOrange2, to properly calculate the concentrations of
both encapsulated guests, mCherry extinction coefficients was also
estimated at 548 nm (€ mcherry 548 = 42,500 M'em™) using the ab-
sorbance ratio at 548/587 nm of mCherry without fusion to TRAP. Like-
wise, the extinction coefficients of mCherry and mOrange2 at 280 nm
were experimentally determined as € mcherry 280 = 56,700 M 'lem™
and € morange2 280 = 52,200 Mlem™, respectively. Chemical cross-
linking was assessed by tricine-SDS-PAGE, and the morphological
fidelity of assembled cages was confirmed by DLS, RALS/LALS,
negative stain TEM, and native PAGE analysis. The detailed pro-
cedure of the individual method is provided in the Supplementary
Materials.

High-speed atomic force microscopy

Before the HS-AFM experiment, TRAP-cage® ™ and TRAP-cage®™™"!
were diluted to 10 to 30 pg/ml with a 10 mM phosphate buffer
(pH 7.4) containing 400 mM NaCl and 3 mM (for TRAP-cageDTME)
or 10 mM (for TRAP—cageBMH) KCIL. Two to three microliters of the
sample was applied to the freshly cleaved mica. HS-AFM (SS-NEX,
Research Institute of Biomolecule Metrology, Japan) (33, 34) with a
laboratory-built phase-shift amplitude detector (35) and an automated
force controller (36) was used. Ultra-Short Cantilevers (USC-F1.2-k0.15,
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NanoWorld, Switzerland), with nominal spring constant of 0.15 N/m,
were excited at 550 to 650 kHz with a free amplitude of 2 to 3 nm
(peak to peak). Images were taken with 150 x 150 pixel at 300 nm
by 300 nm at two frames/s for TRAP-cage®™* and 200 x 200 pixel
at 200 nm by 200 nm at two frames/s or 200 x 200 pixel at 600 nm
by 600 nm at one frame/s for TRAP-cageDTME. DTT (4 or 10 mM
as the final concentration) was added to the observation buffer
by pipetting during HS-AFM observation. For TRAP-cage®™F,
single cages were monitored before and after DTT addition. For
TRAP-cage®™ ™, the scan area was changed several times after DTT
addition to distinguish between cage damage induced by HS-AFM
applied tapping forces or DTT addition. The obtained sequential
HS-AFM images were analyzed and processed using laboratory-
made Igor Pro (WaveMetrics, USA)-based functions. First, the
frames were contrast adjusted, and then the minor lateral drift was
corrected using an iterative subpixel registration algorithm (37).

Cage stability

Stability of TRAP-cages against chemicals and heat was tested using
a similar method to that described previously (25). All agents used
for the assays (DTT, TCEP, SDS, Gdn-HCI, urea, and rat serum)
were reconstituted or diluted in PBS, mixed with TRAP-cage
samples, and incubated at room temperature or 37°C (for rat serum
only) overnight. Thermal stability assessment was performed by
heating samples at different temperatures for 10 min. The samples
were then subjected to native PAGE. These experiments were
repeated twice, each giving uniform results.

Cryo-electron microscopy

Preparation of samples in vitreous ice was carried out using 4 pl of
protein samples at ~1 mg/ml in PBS. After applying the samples on
EM grids (Quantifoil 1.2/1.3, Cu, 300 mesh), they were plunge-
frozen in liquid ethane using a FEI Vitrobot with the following pa-
rameters: blot force, 0; blot time, 4 s; wait time, 0 s; and drain time, 0 s.
Micrographs were collected using a FEI TitanKrios cryo-microscope
with 300-kV operation and a Falcon III camera at 75k magnifica-
tion. A total of 4942 and 10,169 micrographs were collected for
TRAP-cage®™F and TRAP-cage®™™, respectively. All micrographs
were motion corrected using MotionCorr2 (38), and contrast trans-
fer function estimation was performed using CTFFIND4 (39). Parti-
cles were picked and extracted using cryoSPARC v2.12.4 (40) first in
manual mode (about 4000 particles), followed by automated mode,
where initial two-dimensional (2D) classes served as a template. Ex-
tracted particles were 2D classified again to select best particles for
subsequent reconstruction steps. 3D reconstruction was performed
by the heterogeneous refinement protocol using EMD-4443 and
EMD-4444 [TRAP—cageA“(D] as searching models (25).

Fluorescence measurements

Fluorescent spectra were acquired at room temperature using 70 nM
mOrange2 in 2x PBS-E in a 1-cm light-pass-length polystyrene
cuvette on an RF-6000 Fluorescence Spectrofluorometer (Shimadzu).
The proteins were excited at 510 nm, and emissions were scanned
over a wavelength range from 530 to 700 nm. DTT was subsequently
added to the same samples to a final concentration of 10 mM. Sam-
ples were then incubated for 10 min at room temperature, and spec-
tra were remeasured. As previously discussed (28), the molecular
environment of guest proteins can be altered by external conditions,
which may lead to subtle changes in fluorophore properties even if
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they retain correct folding and packaging. Therefore, all the spectra
in this study were normalized relative to the mOrange2 fluores-
cence peak to judge their colocalization in TRAP-cages by the rela-
tive values of fluorescence intensity ratios. For kinetic measurements,
Cys (final, 2.5, 10, and 25 mM) or GSH (final, 10, 25, and 50 mM)
was added to samples which were excited at 510 nm, and emission
at 568 and 610 nm was measured at various time points over 20 to
90 min. After each measurement, 10 mM DTT was added to the
samples to trigger complete cages disassembly. Time-dependent
disassembly was observed as a change in the fluorescence intensity
ratio at 568/610 nm and as percentage of the leakage seen for
completely disassembled cages treated with DTT. Kinetics measure-
ments were repeated twice.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj9424
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