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Membrane-spanning channels and pores have key roles in 
cellular processes and in biotechnological applications 
such as nanopore DNA sequencing1. A nanopore protein 

sequencing device requires the unravelling of a protein and the rec-
ognition of individual amino acids by ionic currents as the polypep-
tide is transported across the nanopore. Several studies revealed that 
tiny differences between molecules can be identified by nanopore 
currents2–7, suggesting that amino acid recognition should be a trac-
table problem. One of the main remaining challenges is to design 
a nanopore sensor capable of unfolding proteins without influenc-
ing the ionic signal8,9. Small transmembrane proteins have been 
designed to control the passive transport of ions across membranes, 
including a synthetic ion channel10, a four-helix divalent metal-ion 
transporter11, membrane-spanning pores12,13 and a DNA-scaffolded 
pore14; however, the ability to design nanopores with an integrated 
biopolymer handling unit has not been done. Such devices would 
add a new dimension to the protein engineering field and allow 
designing next-generation nanopore sensors for biopolymer analy-
sis. Advances in this field have nonetheless been hampered for a 
number of reasons. Usually, molecular machines form multimeric 
complexes that require complex post- and co-translational assem-
bly15. The latter is particularly challenging as all components must 
be soluble, unprocessed by proteases and co-expressed at similar 
levels. The introduction of artificial transmembrane regions pro-
vides an extra challenge as it reduces the solubility of the individ-
ual component and it can prevent proper assembly. Moreover, the 
design of the interface between the hydrophobic transmembrane 
polypeptides and the hydrophilic components remains unexplored. 
Finally, to obtain a functional device, the nanopore should remain 
constantly open and the operation of the molecular machine should 
not occlude the nanopore sensor.

In this work we addressed all of these challenges and fabri-
cated in two steps a 42-component 900 kDa integrated nanopore 
sensor that consists of three co-assembled proteins. In the first 
step, aided by molecular dynamic simulations, we devise a strat-
egy to design artificial nanopores from a soluble protein with a 
toroid shape (Fig. 1a–d). The designed synthetic nanopores exhib-
ited activities and electrical properties identical to the nanopores 

found in nature. In the second step, the multiprotein 20S protea-
some from Thermoplasma acidophilum16 was incorporated into the 
artificial nanopore (Fig. 1e–h). This design allows two approaches 
to single-molecule protein analysis including sequencing. In the 
chop-and-drop mode, unfolded proteins are first degraded by the 
proteasome and the resulting fragment delivered to the nanopore. 
In the thread-and-read mode, intact substrates are detected as they 
translocate across the nanopore. Notably, the activity of the protea-
some and the unfolding of proteins did not have an influence on the 
ionic signal.

Results and discussion
Design of transmembrane proteins. In cells, heptameric pro-
teasome activator 28α regulates the function of the proteasome by 
docking on the heptameric 20S core proteasome particle17. Hence, in 
the first step to build a proteasome–nanopore, we designed a nano-
pore based on the proteasome activator 28α (also called REG or 11S 
activators18, Mus musculus; Figs. 1a and 2a). The disorder region 
of REG (from P64 to P100) was replaced with the β-barrel trans-
membrane region (VHGNAEVHASFFDIGGSVSAGF) of the hep-
tameric anthrax protective antigen nanopore19 (Bacillus anthracis;  
Fig. 2a and Supplementary Fig. 1). A β-barrel transmembrane 
region was chosen because it offers high thermodynamic stability 
and can tolerate many sequences substitutions20,21. A short flexible 
and hydrophilic linker (SSG) was added to each side of the β-barrel 
(Fig. 1a–d, Fig. 2a and Supplementary Fig. 1) to mediate the interac-
tion between the transmembrane part of anthrax protective antigen 
and REG, and to provide a passage for the ion to enter the nanopore.

Despite that the 22 residues of this transmembrane region are 
sufficient to span the hydrophobic core of a lipid bilayer, the initial 
construct did not insert into a lipid bilayer (Fig. 2b). As the length 
of the linker is likely to play an essential role in guiding membrane 
insertion and controlling the transmembrane ionic transport, we 
tested one deletion mutant (Δ2) and five insertion mutants (∇2, ∇4, 
∇8, ∇12 and ∇16; Fig. 2b). With the exception of Δ2, all variants 
could insert into the lipid bilayer, although with different efficien-
cies. Mutants ∇8, ∇12 and ∇16 showed large current fluctuations, 
which prevented nanopore characterization (Supplementary Fig. 2).  
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The ∇4 mutant showed full current blocks and a heterogeneous uni-
tary conductance (Fig. 2c). Among all constructs tested, ∇2, which 
was efficiently expressed and purified (Supplementary Fig. 3),  
produced uniform pores in lipid bilayers with mean unitary con-
ductance (1.17 ± 0.14 nS at −35 mV, 1 M NaCl, 15 mM Tris, pH 7.5, 
n = 59; Fig. 2d). Remarkably, ∇2-REG-PA-nanopore (hereafter ref-
fered to as a REG–nanopore) inserted as efficiently and uniformly as 
other nanopores found in nature (for example, alpha-hemolysin22) 
and remained open indefinitely in the lipid bilayer (Supplementary 
Fig. 4a). The individual peptides corresponding to the transmem-
brane region of anthrax protective antigen could not form nano-
pores, indicating that a soluble scaffold is required to stabilize 
the nanopore in lipid bilayers. Transmission electron microscopy 
(TEM) images showed that the REG-nanopores assemble into 
oligomers (Supplementary Fig. 5a).

We first generalized the linker sequence to validate this design 
principle. We found that amino acid substitutions with serine resi-
dues were well tolerated (Fig. 2e). Hence, the β-barrel sequence 
elongated by linkers containing five serine residues was introduced 
in two additional soluble proteins. The first was a AAA + ATPase 
domain of Aquifex aeolicus, which activates the transcription 
σ54-RNA polymerase23 (Fig. 2f and Supplementary Fig. 1). The 
second was PA26, a proteasome activator from Trypanosoma bru-
cei18 (Fig. 2g and Supplementary Fig. 1). Both proteins inserted into 
lipid bilayers and formed open nanopores despite having different 
diameters and surface residues, indicating that the β-barrel trans-
membrane domain and a five-amino acid hydrophilic linker allows 
a generic method to introduce soluble proteins into lipid bilayers 
for biopolymer analysis. REG was preferred to PA26 as the latter 
occasionally closed in planar lipid bilayers (Fig. 2g).

Functional properties of the optimized artificial nanopore. 
Molecular dynamics simulations were performed on the REG–

nanopore construct to better understand the electrostatic and 
hydrophobic interactions between the nanopore and the lipid 
bilayer. As shown in Figs. 2a and 3a, two rings of hydrophobic resi-
dues anchor the transmembrane region to the hydrophobic edges 
of the bilayer, while alternated residues with aliphatic side-chains 
interface the core of the bilayer. The lumen of the pore is kept 
hydrated by hydrophilic residues. As expected, the hydrophilic 
side-chain of the linker residues are interacting with the charged 
head groups of membrane lipids. Inside the β-barrel region, the 
REG–nanopore showed an increased occupancy of cations com-
pared with anions (Supplementary Fig. 6). Similar to other β-barrel 
nanopores such as αHL22, REG-nanopores showed an asymmetric 
current–voltage (I–V) relationship (Fig. 3b,c). Ion selectivity mea-
surements using asymmetric NaCl concentrations (0.5 M/trans and 
2.0 M/cis) confirmed that the nanopore is cation selective (perme-
ability ratio (PNa

+/PCl
–) = 1.90 ± 0.18; Fig. 3d). Here and through-

out the manuscript, uncertainties indicate the standard deviations 
obtained from at least three experiments. The correct folding of the 
REG–nanopore in the lipid bilayer was characterized using cyclo-
dextrins (CDs)—circular molecules that bind to β-barrel nano-
pores24. α-CD, β-CD and γ-CD were added to the cis side of the 
artificial nanopore and the magnitude of the ionic current associ-
ated with a blockade (IB) was measured. It was reported that only 
β-CD and γ-CD can block anthrax protective antigen nanopores25, 
presumably because α-CD translocates too quickly to be observed. 
Accordingly, α-CD blockades were not observed (Supplementary 
Fig. 7a). β-CD induced fast blockades (spikes), which most likely 
reflects fast transport across the nanopore (Fig. 3e). γ-CD exhibited 
characteristic blockades (Fig. 3f). Recordings with the αHL nano-
pore showed that imipramine induce more blockades when added 
to the solution24, reflecting the binding of the analyte to cyclodextrin 
molecules inside the nanopore. Accordingly, REG-nanopores also 
induced further analyte blockades in the presence of γ-CD (Fig. 3g), 
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Fig. 1 | Design of a proteasome–nanopore. a, Structure of mouse REG (PDB ID: 5MSJ). b, A sticks diagram of the structure of serine–serine–glycine linker. c, A 
ribbon diagram of the structure of anthrax protective antigen (PDB ID: 3J9C). The transmembrane region of the protective antigen is in red. d, The structure of 
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and reduced average spike current values of the blockades induced 
by β-CD (Supplementary Fig. 7b–d), indicating a binding between 
the CD adaptors and the analyte. Finally, the ability of the nano-
pore to identify peptides was tested using angiotensin I (ten amino 
acids, with a net charge of zero) and dynorphin A (17 amino acids, 
with a net charge of +4). We found that the two peptides induced 
blockades, which could be distinguished in mixture using several 
parameters, including the residual current and the duration of the 

current blockades (Fig. 3h–j). Peptides smaller than angiotensin II 
(eight amino acids, with a net charge of zero) could not be observed 
by nanopore recordings (Supplementary Fig. 7e), thus providing an 
approximative detection limit of oligopeptide detection using the 
REG–nanopore.

Building a proteasome–nanopore. In the second and final step, the 
REG–nanopore is fused with the 20S proteasome from T. acidophilum.  
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The latter is made by four stacked rings composed of 14 α- and 
14 β-subunits (Fig. 1e,f)16. The two-flanking outer α-rings allow 
for the association of the 20S proteasome with several regulatory 
complexes26, among which is proteasome activator REG (Fig. 1a)27; 
however, we found that no clear interaction was observed when the 
proteasome was added to the cis side of an individual REG–nano-
pore. This is probably as the high ionic strength used (1 M NaCl) 
does not permit such an interaction28. The crystal structure of the T. 
acidophilum proteasome in complex with PA26 from Trypanosoma 
brucei18—a homologue of REG—shows that the carboxy-terminal 
tails of PA26 slide into a pocket on the 20S proteasome, near the 
amino-terminus of the α-subunit (Fig. 4a). Hence, we fused the 
C-terminal of REG (Y249 in REG corresponding to S231 in PA26; 
Fig. 4a) with L21 of a proteasome α-subunit, in which the first 20 
residues are removed (Δ20-α-subunit), leaving the proteasome gate 
open towards the REG–nanopore. The formation of the proteasome 
requires co-assembly of the α and β-subunits; thus, (1) a REG–nano-
pore fused to a proteasome Δ20-α-subunit (REGα△20 nanopore) 
containing a C-terminal His-tag, (2) a second opened proteasomal 
subunit (αΔ12, where the first 12 residues are removed allowing the 
fast degradation of unfolded substrates without the need for a pro-
teasome activator29) containing a C-terminal Strep-tag and (3) the 

proteasome β-subunit were co-expressed in Escherichia coli (E. coli)  
cells using a two-vector system (Supplementary Methods and  
Fig. 4b). Although all proteins could be expressed, sodium dodecyl 
sulphate–polyacrylamide gel electrophoresis (SDS-PAGE) analysis 
indicated that the proteasome–nanopore was proteolytically cleaved 
inside E. coli cells during expression (Supplementary Fig. 8b). 
Proteolysis was prevented by optimizing the linker length between 
the REG–nanopore and α-subunit and by introducing a polyhisti-
dine at the N-terminus of the REG–nanopore. The latter was intro-
duced to shield the linker between subunits from cellular proteases 
(Supplementary Fig. 8d). A co-assembled proteasome–nanopore 
(mutant 8; Supplementary Figs. 8 and 9) was then purified in two steps 
by affinity chromatography (Supplementary Methods and Fig. 4b).  
SDS-PAGE, native PAGE, TEM and liquid chromatography with 
tandem mass spectrometry confirmed the successful assembly of 
the multiprotein complex (Fig. 4d,e, and Supplementary Figs. 5 
and 10–12). Activity assays revealed that the proteasome–nanopore 
was active, with the proteolytic activity increasing with temperature 
and decreasing with salt concentration (Supplementary Fig. 13).  
The transmembrane proteasome inserted efficiently into lipid bilay-
ers, whereas the spontaneous release from the lipid bilayer was not 
observed (Supplementary Fig. 4b). The proteasome–nanopores  
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showed low-noise current recordings at negative applied poten-
tials (Fig. 4c); however, the proteasome–nanopore often gated at 
applied potentials higher than +20 mV (Supplementary Fig. 14).  

The different electrical properties allowed us to distinguish 
REG-nanopores from proteasome–nanopores, and allowed estab-
lishing that the subunits of the proteasome–nanopores did not 
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disassembled during the electrical recordings (Supplementary  
Fig. 15). The I–V curve of the proteasome–nanopore was similar to 
that of the REG–nanopore and to that of a proteasome–nanopore 
with a closed gate29 (the latter maintains the N-terminals region of 
the α subunits atop of the REG–nanopore, which keeps the entry 
of the nanopore closed, Supplementary Fig. 16a). Similarly, the ion 
selectivity (Supplementary Fig. 16b) and the electrical noise of the 
proteasome–nanopore were also similar to that of the REG–nano-
pore (Supplementary Fig. 16c–e). These lines of evidence indicate 
that the transmembrane region of the proteasome–nanopore was 
unchanged compared with the REG–nanopore, and that the protea-
some above the nanopore does not influence the ionic signal (see 
the Supplementary Information for further discussion).

Real-time protein processing. The activity of the transmembrane 
proteasome was tested using substrates containing a C-terminal 
ssrA tag, which mediates the interaction with valosin-containing 
protein-like ATPase of T. acidophilum (VAT)30. The latter is a 
processive hand-over-hand unfoldase that pulls on two extended 
residues of substrates through the proteasome chamber31. Here 
we used VATΔN32, in which the first 183 amino acids of the 
N-terminal domain corresponding to a regulatory domain were 
deleted (Supplementary Fig. 17). VATΔN displays higher unfold-
ing activity than wild-type (WT) VAT. We tested two substrates. 
The first, named S1 (123 amino acid residues), was designed to be 
unstructured. It contained an ssrA tag followed by four stretches of 
15 serine residues, each flanked by ten arginine residues and three 
hydrophobic residues (FYW, Supplementary Fig. 18). The polyargi-
nine residues were introduced to induce the electrophoretic trans-
port across the nanopore, while the hydrophobic residues are ideal 
targets for the proteolytic activity of the proteasome33. The ssrA tag 
was introduced to allow VATΔN recognition32. Superfolder green 
fluorescent protein34, which was modified by adding ten arginines 
and a ssrA tag at the C-terminus (here and throughout named sim-
ply GFP, Supplementary Fig. 18), was also tested. GFP was selected 
due to its high stability towards temperature denaturation (melting 
temperature 78 °C; ref. 35) and chemotropic agents (unfolding at 
more than 4 M guanidine hydrochloride; ref. 36), hence providing a 
good model system to test the limit of the proteasome–nanopore to 
unfold proteins. The activity of VATΔN was optimized using bulk 
assays (Supplementary Fig. 19). Hereafter, experiments were per-
formed at 40 °C in 1 M NaCl, 15 mM Tris-HCl, pH 7.5, 20 mM MgCl2 
solutions. Tests were performed using either proteolytic active or 
inactive proteasome–nanopores. In the latter, the amino-terminal 
threonine 1 in the active site was replaced with alanine15,37.

Thread and read. Two approaches to study single proteins become 
possible by using the proteasome–nanopore fabricated in this 
work. In the first, named thread and read, proteins are unfolded by 
VATΔN and thread across inactivated proteasome. The linearized 
polypeptide then translocates across the nanopore by the action of 
the electroosmotic flow. We tested this approach using S1 and GFP 
at 40 °C and −30 mV in 1 M NaCl, 15 mM Tris, pH 7.5. The addition 
of folded GFP to the cis side of a proteasome–nanopore induced no 
blockades. By contrast, the addition of unfolded and polycharged 
S1 induced many blockades that showed a residual current (Ires, 
defined as the percent ratio between the blocked nanopore current 
the open nanopore current) of 7.3 ± 0.1% (Supplementary Figs. 20b 
and 21b). The blockades were either short (with a dwell time of 
0.30 ± 0.01 ms) or second-long (Supplementary Figs. 20b and 21b, 
and Supplementary Table 1). The shorter blockades probably reflect 
the translocation of S1 across the proteasome–nanopore and the 
long blockades reflect the occlusion of the proteasome chamber by 
the substrate. The reduced dwell time of S1 with increasing volt-
age (Supplementary Fig. 21) indicates that S1 translocate across the 
nanopore38. When an equal concentration of VATΔN and substrate 

protein in the presence of 2.0 mM ATP were added to the solution, 
S1 blockades became longer (6.64 ± 0.21 ms) and the Ires% increased 
by about tenfold (70.2 ± 1.0; Fig. 5a, and Supplementary Figs. 20  
and 22), probably reflecting the VATΔN-assisted and stretched 
translocation of S1 across the nanopore. GFP blockades were 
also observed in the presence of VATΔN and ATP (Fig. 5b, and 
Supplementary Figs. 23 and 24), indicating that the unfoldase lin-
earized and fed the substrate protein through the nanopore. GFP 
blockades were not observed in the absence of either VATΔN or 
ATP, or when PAN39 unfoldase or WT-VAT (WT-VAT contains 
an N-terminal domain that inhibits its unfolding activity32) were 
used instead of VATΔN (Supplementary Fig. 25). When the ATP 
concentration was increased to 6.0 mM the average dwell time 
of GFP blockades decreased to 2.4 ± 1.7 ms (Supplementary Fig. 
26), suggesting that VATΔN is capable of feeding the polypeptide 
through the nanopore at a speed that can be tuned by the concen-
tration of ATP. Contrary to S1 blockades, VATΔN-assisted GFP 
blockades showed Ires% close to zero, suggesting the formation of 
secondary structures of the substrate protein inside the protea-
somal chamber after VATΔN-unfolding and before translocating 
across the nanopore. In the presence of 1 M urea, GFP current 
blockades became similar to the blockades induced by unstruc-
tured S1 (with a dwell time of 7.8 ± 1.7 ms and an Ires% of 70.3 ± 0.9;  
Fig. 5a,c, and Supplementary Figs. 22 and 27). Urea probably pre-
vented the partial refolding of the substrate allowing a stretched 
translocation across the nanopore after GFP was unfolded by 
VATΔN at the top of proteasome–nanopore. Although a stretched 
translocation across the nanopore is an important achievemnt, the 
electrical signal of individual events was relatively heterogeneous 
(Fig. 5a–c and Supplementary Figs. 22, 24, 26 and 27) and the iden-
tification of amino acids was not attainable. The latter might become 
possible by using a nanopore with subnanometre diameter, such as 
heptameric FraC3, possibly coupled with a more uniform electro-
osmotic transport across the nanopore. Nonetheless, an important 
finding was that the unfolding of the protein above the nanopore 
did not affect the ionic signal (see the Supplementary Information 
for a more detailed discussion), indicating that the ionic signal can 
be entirely used for polypeptide identification.

Chop and drop. The enclosed architecture of the VATΔN- 
proteasome–nanopore allows a fundamentally new approach in 
single-molecule nanopore protein analysis, in which the protea-
some cleaves an unfolded protein and the resulting peptides are rec-
ognized as they translocate the nanopore. We recently showed that 
the ionic signal from peptide blockades to a FraC nanopore relate 
directly to the volume of the peptide3,4. Hence, a proteasome–nano-
pore might be used as the equivalent of protein fingerprinting by 
mass spectrometry, but at the single-molecule level. We tested this 
approach using S1 and GFP. When an active proteasome–nanopore 
was used, the second-long blockades observed during unassisted 
S1 translocation disappeared whereas the short blockades became 
faster (0.20 ± 0.01 ms; Fig. 5d and Supplementary Fig. 28a). These 
results therefore suggest that the proteasome processes the sub-
strates as they translocate across the nanopore. When VATΔN and 
ATP were added in solution, more spaced and shorter blockades 
were observed (Fig. 5e and Supplementary Fig. 28b), indicating that 
the reduced speed of polypeptide threading across the proteasomal 
chamber allowed the degradation of S1 into smaller peptides that 
are quickly transported across the nanopore. Accordingly, when 
GFP was tested under the same conditions fewer blockades were 
observed. The size limit of peptide detection of the REG–nanopore 
is approximately ten amino acids (Fig. 3h–j and Supplementary 
Fig. 7e), whereas the proteasome has been shown to produce pep-
tide fragments between around six and ten amino acids depend-
ing on the protein substrate40. In turn, this suggests that the slower 
unfolding of GFP compared with the unstructured S1 allowed for a 

Nature Chemistry | VOL 13 | December 2021 | 1192–1199 | www.nature.com/naturechemistry1198

http://www.nature.com/naturechemistry


ArticlesNature Chemistry

more efficient proteolysis of the substrate into yet smaller peptides 
(Fig. 5), which are transported across the nanopore too quickly to 
be observed. Although further improvements will be required for 
allowing single-molecule fingerprinting (for example, changing the 
nanopore size or tuning the proteolytic pattern of the proteasome), 
this work present the first important demonstration that small 
molecule products of an enzymatic reaction can be addressed by a 
nanopore.

In conclusion, this work describes a strategy to build nanopores 
with advanced functionalities. Soluble proteins with a toroidal 
shape can be inserted into a lipid membrane by replacing a loop 
on the protein surface with the transmembrane region of a β-barrel 
pore flanked by a short hydrophilic linker. The artificial nanopores 
inserted efficiently into lipid bilayers and showed a well-defined 
β-barrel structure. Bespoke optimizations of the length and compo-
sition of the hydrophilic linker allowed to engineer a nanopore that 
displayed low current noise and remained constantly open under 
an applied potential. Using this approach, we fabricated from the 
bottom up a 42-protein component nanopore sensor that is capable 
of processing folded proteins. This multiprotein molecular machine 
opens the door to two new potential approaches in single-molecule 
protein characterization, in which individual proteins are addressed 
by a nanopore either as intact linearized polypeptides or as a pattern 
of fragmented peptides.

Online content
Any methods, additional references, Nature Research report-
ing summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of 
author contributions and competing interests; and statements of 
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Methods
A detailed description of the methodology can be found in the Supplementary 
Information. A short description is given here.

General materials. Oligonucleotides and gBlock gene fragments were obtained 
from Integrated DNA Technologies. All enzymes were purchased from Fisher 
Scientific. All peptides and chemicals were obtained from Sigma-Aldrich. 
1,2-Diphytanoyl-sn-glycero-3-phosphocholine was purchased from Avanti  
Polar Lipids.

Plasmid construction for proteins. All gBlock gene fragments were ordered 
for synthesis by Integrated DNA Technologies. Plasmid and gene were ligated 
together using T4 ligase (Fermentas). The identity of the clones was confirmed by 
sequencing at Macrogen.

Data recordings and analysis. Current recordings were performed in a planar 
bilayer set-up as described previously41. Electronic signals were recorded by using 
an Axopatch 200B (Axon Instruments) with digitization performed with a Digidata 
1440 (Axon Instruments). Clampex 10.7 software and Clampfit 10.7 software 
(Molecular Devices) were used for electronic signal recording and subsequent data 
analysis, respectively. Events were collected using the single-channel search feature 
in Clampfit.

Data availability
All relevant data are included in the article and its Supplementary Information. 
Statistical source data, unmodified gels, and molecular dynamics simulations 
results are provided in Source data. Data is also available from the authors upon 
reasonable request. Source data are provided with this paper.
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