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Protein nanocages (PNCs) in cells and viruses have inspired the
development of self-assembling protein nanomaterials for various
purposes. Despite the successful creation of artificial PNCs, the
de novo design of PNCs with defined permeability remains chal-
lenging. Here, we report a prototype oxygen-impermeable PNC
(OIPNC) assembled from the vertex protein of the p-carboxysome
shell, CcmL, with quantum dots as the template via interfacial
engineering. The structure of the cage was solved at the atomic
scale by combined solid-state NMR spectroscopy and cryoelectron
microscopy, showing icosahedral assembly of CcmL pentamers
with highly conserved interpentamer interfaces. Moreover, a gat-
ing mechanism was established by reversibly blocking the pores of
the cage with molecular patches. Thus, the oxygen permeability,
which was probed by an oxygen sensor inside the cage, can be
completely controlled. The CcmL OIPNC represents a PNC platform
for oxygen-sensitive or oxygen-responsive storage, catalysis, deliv-
ery, sensing, etc.

protein cages | quantum dots | oxygen permeability | templated assembly |
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rotein nanocages (PNCs), which are widely found in the

biosphere, are well-organized structures formed through self-
assembly. They provide compartments for enzyme-catalyzed reac-
tions (1, 2), delivery (3), and storage (4) and have inspired the
design of self-assembling protein nanomaterials. Considerable
achievements in the design and assembly of PNCs with defined
symmetry, size, and stability have been reported (5-7). However,
little attention has been given to the creation of PNCs with con-
trollable permeability. In fact, permeability is a key characteristic
that can dictate or influence the functionality of PNCs (4, 8).
Carboxysome, a representative PNC, is a protein-based organelle
that is the site of carbon fixation in all cyanobacteria and some
chemoautotrophic bacteria (2). It encapsulates the enzymes car-
bonic anhydrase and ribulose 1,5-bisphosphate carboxylase/
oxygenase in a shell structure. This shell serves as a selective
diffusion barrier that allows HCO5;~ to access the lumen while
preventing escape of CO, (9) and possibly limiting entry of O,
thereby considerably improving carbon sequestration efficiency
(10). The carboxysome shell resembles an icosahedral viral capsid,
with facets composed of hexameric and trimeric protein building
blocks and vertices capped by pentameric proteins (2). The
ordered assembly of these shell proteins is the structural basis of
the selective permeability of these systems. The carboxysome
inspires the construction of O,-impermeable PNCs (OIPNCs)
with self-assembling proteins, which introduces possibilities for
the design and fabrication of novel materials and nanodevices
and may help to clarify the working principles of natural protein
organelles. For example, some O,-sensitive bioprobes (11) and
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clinical drugs (12) are particularly effective but face severe stabil-
ity problems or side effects due to reactions with O,; some
enzymes are extremely O,-sensitive and can be irreversibly inacti-
vated by O, (13, 14). OIPNCs can serve as a platform for solving
such problems.

Taking carboxysomes as an example, one strategy is the
reconstruction of carboxysomes via synthetic biology methods
in different systems such as bacteria (15) and plants (16). Previ-
ous attempts have resulted in shell-like structures assembled
from multiple or all recombinant carboxysome proteins (17-19).
However, controlling the assembly and functionalization of
carboxysome-derived cages is difficult due to their structural
complexity. Probing the O, impermeability of these cages is
equally challenging. Another strategy is the construction of sim-
plified OIPNCs through the de novo assembly of a single kind of
shell protein from carboxysomes. Working with a simplified
OIPNC is expected to be more predictable and more convenient
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both for controlled assembly and for further engineering. A
major challenge in this strategy is how to establish interfacial
interactions between shell proteins to achieve uniform assembly
and controllable permeability.

Here, we report a prototype OIPNC assembled through
nanoparticle templating of the pentameric vertex protein of the
p-carboxysome from Thermosynechococcus elongatus BP-1,
CemL. CemL pentamers can assemble into uniform cage-like
structures with quantum dots (QDs) as the template through
protein—QD interfacial engineering. The ordered assembly of
CemL pentamers around QDs has been observed in detail by
solid-state  NMR (ssNMR) spectroscopy and cryoelectron
microscopy (cryo-EM). Moreover, when probed by a QD O,
sensor, the resultant cages show switchable permeability to O,,
which can be simply and reversibly controlled by molecular
patches. This work represents a step toward the creation of arti-
ficial OIPNCs and lays the foundation for developing OIPNC-
based nanodevices.

Results

QD-Templated Assembly of CcmL. In preliminary experiments,
we found that recombinantly prepared CcmL can form non-
uniform cage-like assemblies in vitro with low efficiency, sug-
gesting that it has the potential to assemble into higher-order
structures. The nanoparticle-templated assembly of proteins has
been demonstrated to effectively guide or regulate the assembly
of viral capsids (20), and nanoparticles can promote the assem-
bly process by decreasing the kinetic barrier and shifting the
minimum Gibbs free energy of the resultant protein cages (21).
Therefore, we investigated whether the use of a nanoparticle
template can guide the assembly of CcmL into uniform cage
structures. We chose CdSe/ZnS core/shell QDs as the template
for two reasons: the protein—-QD interactions can be conve-
niently tuned by histidine—Zn coordination, and a fluorescent
QD can function as an intrinsic O, sensor (22).

The structure of the CcmL pentamer resembles a truncated
pentagonal pyramid (Fig. 14) (24). When incubated with QDs
at a pentamer/QD molar ratio of 10:1, CcmL bound to the
QDs, as observed by transmission electron microscopy (TEM).
After separation of these CcmL-QD complexes using sucrose
density gradient centrifugation (SDGC), a band with the typical
QD color (orange) appeared in fraction 6 (F6) in the SDGC
tube (Fig. 1B), while free QDs in the control tube were bound
to the wall and precipitated at the bottom of the SDGC tube
due to aggregation (SI Appendix, Fig. S1). Analysis of the 10
fractions collected from the top to the bottom of the SDGC
tube by sodium dodecyl sulfate—polyacrylamide gel electropho-
resis (SDS-PAGE) showed that CemL was present mainly in
F1, F2, and F6 (Fig. 1C). The colocalization of CcmL and QDs
and the stabilization of QDs supported the interactions
between CcmL and QDs. However, TEM observations revealed
that the purified CcmL-QD complex in F6 was more like prod-
ucts of nonspecific binding than protein cages (Fig. 1D).

To induce assembly of CcmL onto QDs with a controlled ori-
entation, we genetically engineered CemL by inserting a penta-
histidine tag (Histag) between D33 and G34 in a loop localized
in the concave region of the pentamer (Fig. 1F and SI Appendix,
Fig. S2), taking advantage of the well-known metal-histidine
coordination behavior (25). After incubation of the mutated
CemL (HCemL) with QDs, the mixture was analyzed via a pro-
cess similar to that used for CemL-QD (Fig. 1 G-I). Although
QDs also appeared in F6 (Fig. 1G), HCcmL was primarily dis-
tributed in F6 (Fig. 1H), which was different from the distribu-
tion of CemL. According to the TEM observations, samples from
F6 contained uniform protein particles with a QD core (QD@
HCcmL), which showed a narrow size distribution and a mean
diameter of 12.5 + 1.2 nm (Fig. 1/). Dynamic light scattering
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(DLS) analysis also showed a narrow size distribution of QD@
HCcmL, with the hydrodynamic diameter peaking at 14.9 nm (S/
Appendix, Fig. S3). In addition, interaction analysis using biolayer
interferometry (BLI) revealed a 10*-fold higher affinity between
HCcmL and QDs than between CemL and QDs (Fig. 1 E and J).
These data confirmed that uniform QD@HCcmL assemblies
were formed, in which the inserted Histag played an important
role in regulating the CcmL-QD interactions.

Structural Identification of the HCcmL Pentamer in QD@HCcmL by
ssNMR Spectroscopy. To determine whether the templated
assembly of HCcemlL is ordered and explore the assembly mech-
anism, we first tried to solve the structure of the QD@HCcmL
assembly by ssNMR spectroscopy. The two-dimensional (2D)
PN-BCa (NCA) correlation spectra of uniformly *C,'>N-
labeled (U-"*C,">N) QD@HCemL and free HCemL were col-
lected first and showed good resolution (Fig. 24), indicating
that the conformations of HCemL were highly homogeneous in
both samples. Notably, the observation of only one set of resonan-
ces also suggests that all the HCcmL monomers in QD@HCcemL
are symmetry equivalent, similar to the case of inflamma-
some assembly (26). The superposition of the NCA spectra of
QD@HCcemL and free HCcmL showed similar chemical shift for
most signals, suggesting that the structure of HCecmL did not sig-
nificantly change after coassembly with QDs. To assign the reso-
nances, we collected a set of three-dimensional (3D) CONCA,
NCACX, and NCOCX (27) spectra of U-"*C,'>N-labeled HCecmL
and QD@HCemL (SI Appendix, Fig. S4). We assigned 72 reso-
nances for both samples based on these dipolar coupling-based
experiments, while the other 32 residues gave no signal, probably
due to their high flexibility (Fig. 2B and SI Appendix, Table S1).
All the assigned residues, except residues H70 and T75 in the two
samples, have similar chemical shifts. R92 gave a signal in the
spectrum of HCcmL but no signal in the spectrum of QD@
HCcemL (SI Appendix, Table S2). Moreover, it is worth noting
that Histags H34 through H38 exhibited five individual peaks in
the NCA spectrum of QD@HCcmL but only one broad peak in
the spectrum of free HCemL (Fig. 24). This difference is indica-
tive of the interactions between the Histag and QDs and agrees
well with the results of the BLI affinity measurements. The reso-
nance assignments also allowed us to predict the secondary
structure and torsion angles of QD@HCcmL by TALOS+ (28)
(Fig. 20).

To further elucidate the tertiary structure of HCcmlL,
3C-3C distance constraints were obtained from a series of
2D 3C-13C proton-driven spin diffusion (PDSD) spectra of
2-13C-glycerol-labeled HCemL and QD@HCcemL with differ-
ent PDSD mixing times (SI Appendix, Fig. S5). Before the anal-
ysis, we examined whether HCcmL maintained its pentameric
conformation in the QD@HCcmL assembly. Size-exclusion
chromatography confirmed that the HCcmL dissociated from
the QD@HCcmL sample maintained a pentameric state similar
to those of CcmL and HCcmL directly purified from Escheri-
chia coli (SI Appendix, Fig. S6). Therefore, the signals in the
PDSD spectra may correspond to intramonomer, intermono-
mer, and interpentamer contacts. Next, we used the following
strategy to differentiate these constraints. First, most intramono-
mer and nonintramonomer restraints can be differentiated by a
monomer structure model (SI Appendix, Fig. S7), which was pre-
dicted by CS-Rosetta (29) using chemical shift assignments, sev-
eral unambiguous distance constraints, and homology modeling
based on Kerfeld’s high-resolution X-ray structure of CcmL
(23). Second, interpentamer and noninterpentamer constraints
can be differentiated by comparing the PDSD spectra of HCcmL
and QD@HCcmL, since interpentamer contacts are expected to
be present only in the spectra of QD@HCcemL (SI Appendix,
Fig. S8). As a result, we obtained 317 intramonomer and 19
intermonomer distance constraints that were unambiguous
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Fig. 1. Comparison of the assemblies between CcmL/HCcmL and QDs (CdSe/ZnS). (A) The 3D crystal structure of the CcmL pentamer [PDB: 4JVZ (23)],
viewed from the side. (B) Image of an SDGC tube after separation of the CcmL-QD complex. The sample was separated into 10 fractions (F1 through F10)
from the top to the bottom of the tube. (C) Distribution of CcmL in F1 through F10 as analyzed by SDS-PAGE and Coomassie blue staining. (D) TEM image
of the CcmL-QD complex in F6. (E) Affinity measurement curves for the interactions between the CcmL pentamer and QD by BLI. (F) Model of HCcmL in
which a Histag was inserted between D33 (red) and G34 (yellow) of every CcmL protomer. (G) Image of the tube of HCcmL-QD-coassembled products
after separation by SDGC. (H) Distribution of HCcmL in F1 through F10 as analyzed by SDS-PAGE after SDGC. (/) TEM image of the QD@HCcmL harvested
from F6. The inset in the upper right shows the diameter distribution based on TEM data (~240 particles). (J) Affinity measurement curves for the interac-

tions between the HCcmL pentamer and QD by BLI.

(SI Appendix, Table S3). Interpentamer contacts were not observed
by ssNMR spectroscopy, probably due to static structural disorder
at the interpentamer interfaces, which can cause diminished reso-
nance intensity (30).

Using intramonomer distance constraints (Fig. 34) and tor-
sion angle constraints (Fig. 2C), we calculated the HCcmL
monomer structure in QD@HCcemL (Fig. 3 B, Left) by a stan-
dard calculation method, Xplor-NIH (31). As shown in Fig. 34,
interresidue antiparallel contacts between neighboring strands,
such as W59-187, V60-186, and V84-S63, were used to refine
the “basket” structure consisting of six B-sheets (enclosed by
the dotted circle in Fig. 3 B, Left). Alignment of the calculated
HCcmL monomer structure in QD@HCcmL with the crystal
structure of the CcmL monomer showed similar folds (Fig. 3 B,
Right), indicating that neither introduction of the Histag nor
coassembly with QDs significantly changed the structure of
CcemL. Moreover, unambiguously assigned intermonomer con-
straints (Fig. 3C) were used to identify the intermonomer inter-
faces (Fig. 3D). Using these intermonomer distance constraints
and the monomer structure, we obtained highly convergent
HCcmL pentamer structures with 0.5 A rmsd in the backbone

and 1.4 A rmsd among all heavy atoms (Fig. 3 E, Left and
SI Appendix, Fig. S9 and Table S3). In the structure determined
by ssNMR spectroscopy, the artificially introduced Histags
were at the bottom of the HCemL pentamer, forming an open
“claw” for grasping the QD core (Fig. 3 E, Left). Furthermore,
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the segments (marked with red in Fig. 3B) on both sides of H34
through H38 were likely relatively flexible, since their signals were
not observed in dipolar coupling-based experiments. The flexibil-
ity of these segments made it easier for H34 through H38 to fit to
the QD surface, facilitating the assembly of QD@HCcmL. Com-
pared to the crystal structure (Protein Data Bank [PDB]: 4JVZ)
of CemL, the ssNMR structure of the HCemL pentamer in the
hybrid assembly appears looser, with more random loop regions
(Fig. 3 E, Right). The differences between the ssNMR and X-ray
structures should be attributed to the five introduced His residues
and their interactions with QDs in QD@HCcmL.

Structural Model of QD-Templated HCcmL Nanocage Solved by Inte-
grating ssNMR and Cryo-EM. To characterize the arrangement of
HCcmL pentamers around the QDs, cryo-EM single-particle
analysis was used to reconstruct the QD@HCcmL assemblies.
Over 55,000 particles were selected for 3D refinement after
several rounds of 2D classification (Fig. 44 and SI Appendix,
Fig. S10). Because of the high density and nonspecific shape of
the QDs, the overall reconstruction was not well resolved. By
subtracting the signal of the QD density and focusing on
the refinement of the outer cage (Fig. 4B and SI Appendix,
Fig. S10), we were able to obtain a good 3D reconstruction.
Even without applying symmetry operations during the recon-
struction (Fig. 4 C, Left), the 3D map showed global icosahe-
dral symmetry, which was consistent with the observation of
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Fig. 2. Comparison of the ssNMR spectra of free and assembled HCcmL and the secondary structure of HCcmL in QD@HCcmL. (A) Superposition of the
2D NCA spectra of HCcmL (purple) and QD@HCcmL (green). The signals with substantially different chemical shifts or intensities are enclosed by dashed
lines. (B) The amino acid sequence of HCcmL in QD@HCcmL, in which the residues assigned and unassigned by dipolar coupling-based experiments are
shown in green and black, respectively. (C) The probability of secondary structure prediction calculated by TALOS+ based on the chemical shifts. The resi-

dues not detected by dipolar coupling-based experiments are shown in gray.

only one set of ssNMR resonances, as discussed above (Fig. 2).
Further refinement with icosahedral symmetry achieved a 9.2-A
cryo-EM map (Fig. 4 C, Right, Fig. 4D, and SI Appendix, Fig.
S10). The final maps with and without icosahedral symmetry
applied were very similar, with a cross-correlation coefficient of
0.82 (SI Appendix, Figs. S11 and S12). The diameter of the cage
from the cryo-EM map was ~14.0 nm, consistent with the DLS
results shown in SI Appendix, Fig. S3. The cryo-EM results fur-
ther confirmed the formation and stability of the QD@HCcmL
cage at the subnanometer scale.

Combining the structural information obtained from ssNMR
spectroscopy and cryo-EM with all-atom molecular dynamics
simulations has been proven to be a powerful strategy for solv-
ing the structures of biological or synthetic molecules (26, 32).
Therefore, we fitted the cryo-EM map with the ssNMR pen-
tamer structure using molecular dynamics flexible fitting
(MDFF) (33) (Fig. 4E). The final model fit the experimental
map remarkably well, with an overall cross-correlation coeffi-
cient of 0.93, which was quite similar to the simulation results
(0.96) for the HIV-1 capsid (34). By using this model, we

40f10 | PNAS
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analyzed the residues involved in the interpentamer interfaces
in QD@HCcmL. The assembly had well-conserved interpen-
tamer interfaces that were mainly composed of residues T9,
V10, D33 through H36, E40 through L42, W59, and D88
through R92 (Fig. 4F), of which T9, H34, H35, H36, F41, W59,
T89, V90, S91, and R92 were highly conserved at all interpen-
tamer interfaces (Fig. 4G), confirming the ordered organization
of HCcmL around the QD template. We further statistically
analyzed the types of interactions between these conserved resi-
dues and found that hydrogen bonds were the dominant type
of interactions at the interfaces (SI Appendix, Fig. S134 and
Table S4), which was similar to what was observed at the inter-
faces in HIV capsid protein hexamer arrays (35). In particular,
40% of the total hydrogen bonds were estimated to involve the
artificially introduced Histag (H34, H35, and H36), and these
His residues served as both proton donors and proton accept-
ors (SI Appendix, Fig. S13B). Therefore, the critical role of the
Histag in the orderly assembly of HCemL lies not only in its
interactions with the QDs but also in its involvement in the
hydrogen-bond network at the interpentamer interfaces. We
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Fig. 3. ssNMR structural determination of the HCcmL pentamer in QD@HCcmL. (A) The 2D '*C-"3C correlation spectrum with a PDSD mixing time of
500 ms for 2-"3C-glycerol-labeled QD@HCcmL. The signals corresponding to intramonomer distance restraints for refining the antiparallel arrangement of
the neighboring strands, as shown in B, are marked. (B, Left) HCcmL monomer structure in QD@HCcmL determined by ssNMR spectroscopy. The fragments
observed and not observed by dipolar coupling-based experiments are shown in green and red, respectively. (Right) Superposition of the HCcmL mono-
mer (green) and CcmL monomer (blue, PDB: 4JVZ). (C and D) The 2D '3C-"3C correlation spectrum with a PDSD mixing time of 500 ms for 2-'3C-glycerol-
labeled QD@HCcmL (C), in which the signals corresponding to the intermonomer distance restraints for refining intermonomer interface (D) are marked.
(E, Left) The structure of the HCcmL pentamer in QD@HCcmL calculated using ssNMR restraints. Each monomer is shown in a different color. (Right)
Superposition of the HCcmL pentamer (green) and CcmL pentamer (blue, PDB: 4JVZ) shown in different orientations.
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Fig. 4. Structural determination of QD@HCcmL by a hybrid method combining ssNMR spectroscopy and cryo-EM. (A) Representative motion-corrected
cryo-EM micrograph of QD@HCcmL with a zoomed-in view of a few representative particles at top right corner (red box). (B) Reference-free 2D class aver-
ages after particle subtraction of QDs. (C) Final 3D reconstruction with (Right) and without (Left) refinement using icosahedral symmetry. (D) Gold-
standard Fourier shell correlation plots for the final 3D reconstruction. (E) Fitting of the ssNMR pentamer structure into a cryo-EM map using molecular
dynamics flexible fitting. The HCcmL pentamer central pores and pores surrounded by HCcmL pentamers were named pore 1 and pore 2, respectively.
(F) Interpentamer interfaces in the HCcmL cage (E), mainly containing amino acids T9, V10, D33 through H36, E40 through L42, W59, and D88
through R92. (G) The probability of amino acid residues appearing at each interpentamer interface of the QD@HCcmL assembly.

speculate that H37 and H38 mainly interact with the QDs,
while H34, H35, and H36 mediate the ordered arrangement of
the interpentamer interfaces.

The structural model of the nanocage demonstrates that the
convex region of the HCecmL pentamer faces outward. Such an
orientation is opposite to what is observed in carboxysomes (36).
Actually, this orientation was expected at the beginning of this
study. In a preliminary experiment, we found that the coassembly
efficiency of CcmL and QDs was lower when the Histag was
inserted into the convex region of the CcmL pentamer than when
it was inserted into the concave region. Therefore, we chose the
mutant with the Histag inserted into the concave region (Fig. 1F).

Control of the 0, Permeability of the QD-Templated HCcmL Cage.
To explore whether the QD-templated HCcmL cage is O,
impermeable, we first analyzed its structure. Two types of pores
were observed in the shell of the cage. Type-1 pores were pre-
sent at the fivefold axis of symmetry in the HCcmL pentamers
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(pore 1, Fig. 4E), and type-2 pores were observed at the threefold
axis of symmetry in the cage (pore 2, Fig. 4F). According to
measurements using Hole software (37), both types of pores have
size distributions (SI Appendix, Fig. S14) with average diameters
of ~4.0 A for pore 1 and ~14.0 A for pore 2. Although the size of
pore 1 is a bit larger than that of O, [3.46 A (38)], it is positively
charged (SI Appendix, Fig. S15) and thus does not attract nonpo-
lar molecules such as O, (39). Moreover, hydration of pore 1
causes steric hindrance to the transit of O, molecules. Therefore,
pore 1 is thought to be O, impermeable (see detailed description
in Discussion). The average size of pore 2 is much larger than
that of O,, suggesting that type-2 pores could physically allow O,
to enter the cage. However, type-2 pores could potentially be
used as gates to regulate the O, permeability of the HCemL cage
with molecular patches.

To experimentally test this hypothesis, we next measured the
O, permeability of the HCcmL cage with O,-sensitive CdS/ZnS
core/shell QDs as the probe. The responses of the QDs to
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Responses of the O,-sensitive QDs (CdS/ZnS), QD@HCcmL, QD@HCcmL (patched), and QD@HCcmL (patch removed) to O, treatment. (A-D) Fluores-

cence (FL) spectra of QDs (A), QD@HCcmL with unblocked type-2 pores (B), QD@HCcmL (patched) (C), and QD@HCcmL (patch removed) (D) upon treat-
ment with 50% O, for 30 min. (E) Histogram of the fluorescence intensities of QDs, QD@HCcmL, QD@HCcmL (patched), and QD@HCcmL (patch removed)
after 15 or 30 min of treatment with 50% O,. Data were normalized to the fluorescence values of the corresponding samples at 0 min and represent
means + SDs from three independent replicates. **P < 0.01; ***P < 0.001; and ****P < 0.0001. Statistical significance was assessed by one-way ANOVA

followed by Fisher's least significant difference (LSD) test.

O, were examined by fluorescence measurements with differ-
ent parameters, and the results showed both exposure
time—dependent and O, level-dependent fluorescence decrease
(Fig. 54 and SI Appendix, Figs. S164 and S17). These results
confirmed the feasibility of using QDs as an O, probe. After
formation of the QD@HCcemL complexes (SI Appendix, Fig. S18),
the fluorescence of the QDs became less sensitive to O, expo-
sure. Specifically, after treatment of the samples with 50% O,
for 30 min, the fluorescence of the QDs in the HCcmL cages
was quenched to 65.4% of its initial value (at 0 min) (Fig. 5 B
and E and SI Appendix, Fig. S16B), while that of free QDs
decreased to 29.7% at equivalent QD concentrations (Fig. 5 4
and E and SI Appendix, Fig. S19). Due to the presence of type-2
pores, the cages were not predicted to be impermeable; how-
ever, the results suggest that the HCcmL cages could partially
protect the QDs from O, even if they have pores larger than O,.
This partial protection can be attributed to the close interaction
between HCemL pentamers and the QD surface revealed by the
high-resolution structural analysis above (Figs. 3 and 4). The
close protein-QD interaction prevented O, from freely diffusing
within the cage, which is supported by O,-sensing experiments
with a small-molecule probe sandwiched between HCcmL pen-
tamers and QDs (SI Appendix, Supplementary Text and Figs.
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S20-S29). A calculation of the quenching rate (QR) under con-
ditions of enough O, gassing and the available surface area (SA)
of QDs exposed by type-2 pores indicates that there is a good
correlation between QR (35%) and SA (39%) (SI Appendix,
Supplementary Text and Fig. S30), in agreement with the partial
protection theory. In addition, two experiments with other pro-
teins demonstrated that strongly adsorbed proteins on QDs can
indeed protect QD fluorescence from O, quenching (SI Appendix,
Supplementary Text and Fig. S31).

After determining that the HCcmL cage is O, permeable,
probably due to the presence of type-2 pores, we then explored
the possibility of tuning the cage to make it a true OIPNC by
blocking the pores. Analysis of the residues surrounding pore 2
revealed an abundance of histidine residues. Therefore, we, on
the basis of coordination chemistry, hypothesized that the pores
could be blocked with Ni**-nitrilotriacetic acid (Ni-NTA). TEM
observations showed no detectable changes in the morphology
of QD@HCcmL after incubation with Ni-NTA (denoted as
QD@HCcemL [patched]) (ST Appendix, Fig. S32). ssNMR analysis
supports the proposed patching model. By comparing the 2D
BC13C correlation spectra before and after Ni-NTA treatment
(SI Appendix, Fig. S334), we found that the paramagnetic relaxation
enhancement (PRE) (40, 41) effect of Ni*" resulted in the
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disappearance of ssNMR signals of some residues (V6, C7, G21,
V22, K23, V47, A48, G53, A54, A82, V83, V84, and AS85)
around the type-2 pore after Ni-NTA treatment (SI Appendix,
Fig. S33B). The disappearance of these signals indicates the
binding of Ni-NTA to the histidine residues around the type-2
pore. When these samples were challenged with 50% O,, the
fluorescence of QD@HCcemL (patched) showed almost no
decrease (Fig. 5 C and E and SI Appendix, Fig. S16C), suggest-
ing that the pores had been successfully blocked, forming an
OIPNC. To test whether the blocking is reversible, we washed
the QD@HCcemL (patched) particles with excess imidazole to
remove the Ni-NTA patches and then remeasured the O, per-
meability. TEM characterization revealed that the morphology
of QD@HCcmL after washing off the Ni-NTA (denoted as
QD@HCcmL [patch removed]) remained intact (SI Appendix,
Fig. S34). After treatment with 50% O, for 30 min, the fluores-
cence of QD@HCcmL (patch removed) decreased to 65.0%
of the initial value (at 0 min) (Fig. 5 D and E and SI Appendix,
Fig. S16D), which is similar to the case of QD@HCcmL before
patching under the same O, treatment conditions. These results
demonstrate that the HCcmL cage can serve as a nanocontainer
whose O, permeability can be controlled by a gating mechanism.

Discussion

Permeability is an essential property of PNCs. Controlled perme-
ability of PNCs is frequently observed in natural systems. In addi-
tion to carboxysomes, ferritins use pores to control iron flow (4),
and tailed bacteriophage capsids utilize pore-based packaging
machines for genome encapsidation and release (8, 42). In this
study, we designed and fabricated a prototype OIPNC minimized
from the multicomponent shell of p-carboxysome. The OIPNC is
composed of only one kind of building block, the vertex protein
of B-carboxysome (CcmL). To this end, we utilized QDs as tem-
plates for the assembly of CemL pentamers, in which protein—
QD interfacial interactions were engineered by inserting Histags
into the concave region of the CemL pentamer to achieve
ordered assembly. Although a proportion of cages were some-
what distorted due to the nonspecific shape of the QD templates,
the O,-sensing experiment with pores blocked supports the idea
that a HCemL cage did form and covered the QD core, owing to
the flexibility in interfacial interactions between HCcmL pentam-
ers. Moreover, in the minimized OIPNC, a gating mechanism was
established to easily control the O, permeability with a molecular
patch such as Ni-NTA. This study represents an attempt to design
PNCs with controllable molecular permeability.

Integration of inorganic nanomaterials and proteins is a com-
mon and important way to fabricate functional nanostructures
through different techniques such as self-assembly (43), biocon-
jugation (44), and biomineralization (45). Although numerous
kinds of such hybrid structures have been developed, solving the
structure of proteins therein with atomic resolution remains a
major challenge but is essential for understanding the inorganic-
protein interfaces and structure—function relationships and guid-
ing the design of hybrid structures. For instance, the resolution
of protein structures solved by cryo-EM in hybrid assemblies of
virus-like particles with inorganic nanoparticle cores was only
~3 nm (20, 46). One reason for the difficulty is that X-ray crys-
tallography is not possible for protein-inorganic hybrid com-
plexes in most cases due to difficulties in crystallization. Another
reason is that the strong electron density or nonspecific shape of
the nanoparticle makes it difficult to obtain high-resolution elec-
tron density maps by cryo-EM. Fortunately, the integration of
ssNMR spectroscopy and cryo-EM data allowed us to obtain an
atomic-resolution structure of the HCemL cage. Neither ssNMR
spectroscopy nor cryo-EM require crystalline samples. Symme-
try in the assembly usually results in uniform conformations of
the local units, which allows characterization by ssNMR
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spectroscopy. sSNMR spectroscopy always provides atomic-level
information regarding amino acids within a protein molecule,
while a cryo-EM map allows us to determine the overall enve-
lope of the assembly. The combination of these two techniques
is an emerging method for solving protein structures with atomic
resolution. In recent years, this combined method has been suc-
cessfully applied to determine the structures of a few systems
[e.g., the type-III secretion system needle (47), cyclophilin A
(CypA) in complex with the HIV-1 capsid (48), and aminopepti-
dase TET2 (32)]. In contrast to these previous structures, which
are composed of only organic biomolecules, HCcmL is coas-
sembled with a 5-nm inorganic nanoparticle. Herein, we present
an atomic-resolution structure of a protein assembly in inorganic
nanoparticle-protein complexes, opening application possibilities
of the combination of ssNMR spectroscopy and cryo-EM and
highlighting the power of this emerging method.

On the basis of the structure of the HCcmL cage, two types
of pores should be considered when investigating its permeabil-
ity. In principle, the cage may be permeable to any molecule
small enough to fit through the pores. However, we concentrate
on the permeability to O, in this study. Although there is no
direct experimental evidence in the literature that O, cannot
pass through the central pore of the CemL pentamer (corre-
sponding to the type-1 pore in the HCemL cage), there are
findings that provide indirect information about this topic (49).
Recent molecular dynamics simulation studies of the carboxy-
some shell hexamer proteins CsoS1A, CcmK4 (50), and
CcemK2 (51) showed that the positive potential inside the pores
facilitates passage of anions through the pores. However,
although the pore sizes (4.0 A or even larger in diameter) can
accommodate a free small molecule such as O,, it is difficult
for such nonpolar molecules to pass through, as determined by
the calculation of free energy (50, 51). The central pore of the
CemL pentamer is similar to those of the hexamer shell pro-
teins (i.e., CsoS1A, CcmK4, and CemK?2) in terms of narrow
size and positive potential (39). Therefore, the type-1 pore (4.0
A in diameter) is probably O, impermeable. Our O,-sensing
experiment showed that the HCemL protein cage is completely
O, impermeable after blocking the type-2 pores with Ni-NTA.
This supports the O, impermeability of the type-1 pore; other-
wise, it might be also blocked by Ni-NTA. Dynamics of pores,
as well as overall structures, has been described in many pro-
tein assembly systems and is crucial to their functions (52-55).
According to the analysis of other carboxysome shell proteins
(51), dynamic changes of the type-1 pore are possible upon
binding of anions such as HCO;™, but the presence of O, is
unlikely to trigger significant conformational changes in this
region. The type-2 pores are much larger than O, molecules
(14 A versus 3.46 A in size). Analysis of the residues surround-
ing these pores indicated that the pores could be blocked with
molecular patches that have a high affinity for the abundant
histidine residues, which led to a gating mechanism for revers-
ibly controlling O, permeability. The success in establishing a
gating mechanism for the artificial HCcmL nanocage, which is
attributed to the understanding of its detailed structural fea-
tures, will enhance the controllability of the protein nanotech-
nology platform.

In conclusion, a prototype OIPNC was constructed using the
vertex protein of B-carboxysome as a building block and QDs as
a template. The high-resolution structure obtained by a combi-
nation of ssNMR spectroscopy and cryo-EM confirmed the
highly ordered assembly of the cage and enabled the design of
a gating mechanism to control O, permeability, as demon-
strated with a QD-based O, sensor. The nanoparticle templat-
ing strategy can be extended to other protein building blocks
for de novo assembly of nanostructures, helping to establish
interfacial interactions between proteins, like the way in which
molecular chaperones work. This study also offers a paradigm
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for solving the structures of proteins complexed with inorganic
nanoparticles at atomic resolution, which will improve our
understanding of protein—nanoparticle interactions and organi-
zation at an unprecedented depth. The O,-probing strategies
developed here may be useful for experimental studies of the
O, permeability of bacterial microcompartments (BMCs),
BMC-derived shells (56, 57), and other natural or artificial
nanocontainers. The HCemL cage here can only be called a
prototype OIPNC, for it is not empty but contains a QD.
Interpentamer interfacial interactions can be strengthened
through genetic engineering to achieve efficient self-assembly
of cages from CcmL. Also, understanding the structural
dynamics of the cages and the ability to manipulate it deserve
further endeavors. OIPNCs hold great potential in developing
O,-sensitive or O,-responsive nanocontainers, nanoreactors,
sensors, and carriers as well as nanocompartments in artificial
cells (58).

Methods

Detailed methods are provided in SI Appendix, SI Methods. This includes
detailed information about preparation and labeling of proteins, water solu-
bilization of QDs, assembly of proteins and QDs, TEM, optical property
measurements, measurement of affinity between proteins and QDs, DLS,
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ssNMR spectroscopy and data processing, structure calculations of HCcmL
monomer and pentamer, cryo-EM, single-particle image processing and 3D
reconstruction, MDFF, analysis of the HCcmL pentamer interfaces in QD@
HCcmL cages, patching and patch removal of HCcmL cages, and O, sensing
with QDs and Ir complex.

Data Availability. The cryo-EM structure of QD@HCcmL complex has been
deposited to the Electron Microscopy Data Bank under accession code EMD-
32549 (https://www.ebi.ac.uk/lemdb/EMD-32549). The ssNMR structure of
HCcmL pentamer has been deposited to the Biological Magnetic Resonance
Bank and the Protein Data Bank under accession codes 36468 (https:/bmrb.io/
data_library/summary/index.php?bmrbld=36468) and 7WKC (https:/www.
rcsb.org/structure/7WKC). All study data are included in the article and/or
SI Appendix.
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