
HAL Id: hal-02112337
https://hal.science/hal-02112337

Submitted on 3 Jun 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Evidence of Unfolded Protein Translocation through a
Protein Nanopore

Manuela Pastoriza-Gallego, Marie-France Breton, Françoise Discala, Loïc
Auvray, Jean-Michel Betton, Juan Pelta

To cite this version:
Manuela Pastoriza-Gallego, Marie-France Breton, Françoise Discala, Loïc Auvray, Jean-Michel Betton,
et al.. Evidence of Unfolded Protein Translocation through a Protein Nanopore. ACS Nano, 2014, 8
(11), pp.11350-11360. �10.1021/NN5042398�. �hal-02112337�

https://hal.science/hal-02112337
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Evidence of Unfolded Protein 
Translocation through a Protein 
Nanopore

A
nanopore coupled with an electric

detection method is a powerful tool

to investigate fundamental bio-

logical, chemical, or physical problems at

the single-molecule level and to develop

potential future applications.1�13 These bio-

technological and medical applications

concern fast sequencing of nucleic acids9,11

or proteins,14 detection of biomarkers in

biofluid associated with human disease,15,16

misfolded proteins,17�19 protein stability

and folding,20�22 development of single-

moleculemass spectrometry for polymers.23,24

Proteins nanopores aremainly used to study

protein translocation,25�27 protein unfold-

ing by denaturing agent,21,28,29 electrical

force,22 pH,30 or by molecular motor,14 to

study protein traffic in cells,8 to probe dis-

ordered protein folding by divalent

cations31 or by a peptide ligand,17 to detect

native proteins with aptamers covalently

attached to the nanopore32,33 or with direc-

ted evolution approach todesign andobtain

new channels.34,35 Most experiments to

explore protein dynamics use artificial nano-

pores: solid-state nanopores,36�44 functio-

nalized conical gold nanotubes,45,46 glass

nanopore,47 or hybrid nanopores coated

with natural lipids48 or with a chemical

modification to attach antibodies49 instead

of protein channels, but their diameter is

generally larger than that of proteins to

be translocated and their specificity and

sensitivity are lower than that of biological

channels, except for hybrid nanopores. The

main advantage of artificial nanopores is

their intrinsic stability allowing the accumu-

lation of translocated molecules during

long experiments and then facilitating

their detection.38 Using protein nanopores

we could expect to develop more sensitive

applications, but evidence of protein trans-

location through these pores is lacking. This

is mainly due to the sensitivity limitation of

classical protein detectionmethods that can

detect about 1 pg of protein, and often they
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ABSTRACT Protein nanopores are mainly used to study transport, unfolding, intrinsically 
disordered proteins, protein-pore interactions, and protein ligand complexes. This single-molecule 
sensor for biomedical and biotechnological applications is promising but until now direct proof of 
protein translocation through a narrow channel is lacking. Here, we report the translocation of a 
chimera molecule through the aerolysin nanopore in the presence of a denaturing agent, 
guanidium chloride (1.5 M) and KCl (1 M). The chimera molecule is composed of the recombinant 
MalE protein with a unique cysteine residue at the C-terminal position covalently linked to a 
single-stranded DNA oligonucleotide. Real-time polymerase chain reaction (PCR) was used to 
detect the presence of chimera molecules that have been effectively translocated from the cis to 
trans chamber of the set up. Comparing the electrical signature of the chimera related to the 
protein or oligonucleotide alone demonstrates that each type of molecule displays different 
dynamics in term of transport time, event frequency, and current blockade. This original approach 
provides the possibility to study protein translocation through different biological, artificial, and 
biomimetic nanopores or nanotubes. New future applications are now conceivable such as protein 
refolding at the nanopore exit, peptides and protein sequencing, and peptide characterization for 
diagnostics.
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use antibodies making the experiments longer, costly,

and complicated. The setup for protein transport

through protein nanopores is limited by both the

duration time and applied voltage, thus restricting

the amount of translocated protein. Only one study

has already demonstrated the translocation of the light

chain protease through the heavy chain channel of

botulinumneurotoxin, but protease activity after trans-

location was assessed after the insertion of more than

2000 channels.50

Twenty years ago, DNA translocation through an

alpha-hemolysin channel was demonstrated by poly-

merase chain reaction (PCR).51 Later, experiments were

performed to study protein entry and transport

through other protein channels with an indirect evi-

dence of translocation as a decrease of dwell time as

a function of electrical force26,52 and an increase of this

time as a function of molecular weight.26,53,54

To be transported through protein channels, native

proteins must be unfolded. Therefore, their immuno-

detection by antibodies after translocation required

a reversible renaturation or refolding process. With

native protein bovine serum albumin, direct proof of

translocation with antibodies was obtained using a

large solid-state nanopore.38 We report a novel ap-

proach to demonstrate that electrical events detected

with denatured proteins going through a single pro-

tein nanopore are truly translocation events. Since

direct detection of proteins is really compromised,

we design a chimera molecule consisting in a recom-

binant protein covalently linked to an oligonucleotide

to allow amplification by quantitative reverse tran-

scription PCR (qRT-PCR) (Figure 1). In contrast with

other previous results,50,55 we describe here the first

assay to directly detect translocated molecules, and

not their activity, using single protein channels.

RESULTS AND DISCUSSION

Chimera Design, Preparation, Characterization and qRT-PCR

Experiments. A 60 base-oligonucleotide, designed for

the detection of bluetongue in routine laboratories,

was used as a DNA template for amplification by qRT-

PCR.56 This synthetic oligonucleotide was modified to

contain an amino group in the 50 end. The recombinant

maltose-binding protein (MalE) was modified by sub-

stituting its C-terminal lysine by a unique cysteine

residue. These modifications in both molecules were

introduced to chemically react with the hetero-

bifunctional cross-linker SPDP (for details, seeMethods

section). After the conjugation reaction, the MalE-DNA

chimera molecule was purified and characterized be-

fore using it in translocation experiments. A scheme

of this chimera construction is shown in Figure 1a.

Polyacrylamide gel electrophoresis analysis showed

that the purifiedMalE-DNAmolecule had the expected

molecular size, and revealed the presence of few

dimeric MalE K370C species because of cysteine

oxidation (Figure 1b, left). However, when there was

a separation by polyacrylamide gel electrophoresis in

the presence of ethidium bromide, only the chimera

molecule containing DNA was detected (Figure 1b,

right).

To determine whether the presence of a protein

attached to an oligonucleotide could influence our

qRT-PCR assay, we first generated standard curves by

serial dilutions of purified OCMN5 oligonucleotide or

MalE-OCMN5 chimera (Figure 2). Fluorescence increase

during amplification was measured (Figure 2a). We

have represented the evolution of threshold cycle

variation as a function of the number of molecules,

oligonucleotide, and chimera, previously calculated

by spectrophotometry methods (Figure 2b). After es-

tablishing a standard curve between 1000 and 1010

molecules (Figure 2b), we have adjusted all experimen-

tal data with a fit represented in green in the figure. At

a very low molecule number, we can observe a little

difference in chimera values related to the oligonucleo-

tide ones. This difference could be due to less efficient

priming near the 50 end of DNA coupled to the protein

during amplification. A previously more complex

chimeric system of detection by PCR was published.57

The sensitivity is similar to our detection system but is

not adapted to protein translocation experiments.

Dynamics of Chimera, Protein, Oligonucleotide Molecules.

To further analyze translocation of chimera, we have

also compared electrical signatures and dynamics of

the three kinds of molecules, chimera, protein alone,

and oligonucleotide alone through aerolysin (Figure 3).

From the current traces, we observed short and long

spikes (Figure 3 a,c,e). Detail of these current traces,

V = 70 mV, focused on typical long blockade duration

events for each type of molecule, chimera (Figure 3b),

protein (Figure 3e), and oligonucleotide (Figure 3h),

showed that their duration is different and specific.

The short spikes time is similar for the three type of

molecules, around 0.1 ms (Figure 3 c,f,i. We found for

each species used that the mean blockade frequency,

obtained from the blockade histograms (Supporting

Information, Figure S2) is proportional to molecule

concentration (Figure 3j). For the protein, the frequency

is higher than for the oligonucleotide or chimera. Dwell

time is independent of the molecule concentration

under experimental conditions. Duration of events is

deduced from the distribution of blockade duration

(Supporting Information, Figure S2). The transport time

of chimera (1091( 80μs) corresponds to thedwell time

contribution of protein alone (658 ( 30 μs) and oligo-

nucleotide alone (486 ( 27 μs) (Figure 3k). The ex-

istence of straddling times (short spikes) (Figure 3 c,f,i

and transport times (long spikes) (Figure 3 b,e,h)

have been described previously for protein alone

with aerolysin channel26 and for oligonucleotides

with alpha-hemolysin channel.51 At the same protein

concentration, 3 μM, we have found the same event
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frequency inside standard deviations, (f(MalEwt) =

15.2 ( 1.8 s�1, f(MalEK370C) = 14.3 ( 1.7 s�1) and dwell

time (t(MalEwt) = 725 ( 80 μs, t(MalEK370C) = 596 (

74μs), respectively, for thewild-typeprotein and for the

mutant protein with cysteine residue at the C-terminal

position. To check if a current blockade could be asso-

ciated with a type of molecule, we have fitted the

distributions of events as a function of current blockade

ratio (%) for chimera, protein, and oligonucleotide with a

Gaussian function (Figure 4b,d,f). We can observe a differ-

ent normalized blockade ratio for the protein and the

oligonucleotide for the deeper current drop (Table 1). The

deepcurrentblockadeof thechimeramolecule, 72(14%,

is between that for the protein or oligonucleotide alone.

A theoretical value of the current blockade ratio

could be estimated making an approximation of the

Figure 1. Chimera construction and purification. (a) Schemeof chimera constructionA 60 nucleotide synthetic sequencewith
an amino group in 50 DNA extremity was coupled to a recombinantMalE wt proteinwith a C-terminal amino acid substitution
of lysine to cysteine. An aminogroup from themodifiedoligonucleotidewas chemically coupled to the cysteine of the protein
using SPDP (N-succinimidyl 3-(2-pyridyldithio) propionate) in two steps. First, amino from oligonucleotide wasmodifiedwith
the SPDP (1). After that, protein was coupled to the “activated” oligonucleotide (2) and molecules were separated by two
chromatographic steps, desalting and gel filtration. (b) SDS-PAGE analysis after chimera purification. Left, Coomassie bleu
coloration. Right, ethidium bromide signal under UV light. Lane 1, molecular weight marker, ladder; lane 2, chimera, lane 3,
MalE K370C (a small amount of dimeric MalE is visible because of oxidation). Chimera concentration was calculated using
spectrophotometric measures at 280 and 260 nm (E260 nm = 588700 M�1 cm�1 and E280 nm = 337520.1 M�1 m�1).
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volume occupied by the chimera molecule inside the

pore. The predicted volume occupied by the unfolded

chain, with a thickness or persistence length of about

0.66 nm, for the unfolded protein part of chimera,

passing through the aerolysin channel represents at

least 60% of current blockade. The short current drop

events detected here, (e30% of current blockade)

could not be associated with translocation events.

Long events with a current drop superior to 60% of

blockade ratio could be associated with transport

events (Table 1).

A recent study probed the translocation and un-

folding dynamics of a folded small protein of 108

amino acids (thioredoxin) linked to DNA by electrical

driving force.22 This paper shows the ability to unzip

native protein attached to single-strandedDNA through

a single alpha-hemolysin channel with applied voltage.

They could detect four steps in the translocation-

unfolding process. The authors have also studied the

effect ofmutations on the constant rates between these

steps. Finally, experiments in the presence or absence

of a denaturing agent concluded that DNA was driving

molecules through the alpha-hemolysin pore. In this

interesting work, there is no direct evidence of protein

translocation through the nanopore.

Unfortunately, we cannot develop a chimera unzip-

ping assay without a denaturing agent in our experi-

mental conditions using the aerolysin nanopore. The

aerolysin channel is voltage sensitive,58 and remains

open at 70 mV. Furthermore, in our experimental

conditions with 1 M guanidium chloride, pore stability

is compromised at higher voltages. Other experiments

from our laboratory show that the maltose binding

protein is stable up to 200 mV in the chimera form

using the alpha-hemolysin channel (Payet et al; manu-

script in preparation). In our experimental conditions,

the protein side of the chimera is probably entering the

aerolysin pore first, and this would enable two levels of

current signal to be detected during translocation as it

is shown in the paper of Rodriguez-Larrea and Bayley.

We probably do not have enough resolution to detect

a two-step signal expected when chimera is going

through the pore, but the direct proof of this transport

through the nanopore is shown with PCR assays. In the

study of Rodriguez-Larrea and Bayley, the ionic current

level of the empty pore is around 300 pA, the authors

work with 2 M KCl and an alpha-hemolysin pore. Here,

the ionic current of the aerolysin channel is around

65 pA. We cannot increase the salt concentration to

improve the resolution because at high salt concentra-

tion unfolded proteins will precipitate by salting out.

We wonder why the unfolded protein enters first in

the nanopore. The charge density on the single-

stranded DNA (one negative charge each nucleotide)

is much larger than on the protein used (one negative

charge each 46 residues) and the driving force is

the electrical potential. According to recent publica-

tions59�61 about protein translocation using polymer

theory, the molecule needs to be brought to the pore

entry and this is achieved because of a combination of

diffusion and electrophoretic drift in the vicinity of the

pore. The applied voltage needs to be a sufficiently

strong force to capture the molecule. Then, the poly-

mer can translocate through a narrow pore since the

conformational macromolecule entropy is reduced,

resulting in a free-energy barrier. This free-energy

barrier is additionally modulated by protein�pore

interactions. Up to now, all experimental measure-

ments of these energy barriers with protein channels

show a lower barrier for an unfolded protein26,28 in

comparison to polyelectrolytes.62,63 Here, the imposed

Figure 2. Chimera detection by qRT-PCR. (a) Cycle thresh-
old (Ct) calculation. Standard curves of amplification were
done using known quantities of chimera (triangle) and
oligonucleotide (circles). The range used in these amplifica-
tions goes from 1000 molecules to 1010 molecules. We can
follow the number of amplified molecules per cycle using
SYBRgreen fluorescence (incorporated during amplification
reaction). These sigmoid curves allow us to set a threshold
value in the exponential phase that will determine the (Ct)
for each amplified point. We give an example for 5600 and
56 000 molecules (oligonucleotide or chimera) from two
different experiments. (b) Standard curve for chimera quan-
tification. Known amounts of chimera (red) or oligonucleo-
tide (blue) were used to establish a standard curve of (Ct)
versus number of molecules. Green line corresponds to the
fit of both molecules, y = A � B Ln(x), with y = (Ct), A = 33(
0.4, B = 1.29( 0.02 and x is the number of molecules. More
than 10 different experiments were done for the standard
curve calculations for chimera and oligonucleotide. In each
experiment, measures were done at least in triplicate.
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voltage difference,V= 70mV, is low enough to limit the

entry of the oligonucleotide into the nanopore by

forcing the electrical charge of the aerolysin channel

(the overall charge is �52e). We are mainly expecting

some collision and/or interaction events and a few

translocation ones. The most observed events are

Figure 3. Dynamics of molecules through the aerolysin pore. Comparison of current traces, event frequency, and dwell time of
molecules, chimera, MalEK370 C protein, and oligonucleotide, going through the pore. Left panels correspond to 60 s current
recordings,middlepanels correspond to long anddeep current blockadedetails and right panels correspond to short and less deep
current blockade details: (a, b, and c) chimera, green; (d, e, and f) MalE K370C, brown (proteins were prereduced with DTT before
translocation experiments to be sure any dimer is present in the sample); (g, h, and i) oligonucleotide, blue. (j) Event frequency as a
function of molecules concentration, lines are linear fits. (k) Dwell time duration as a function of molecule concentration, lines
correspond to linear fits. Experiments are made at 1 M KCl, 1 M Gdm-HCl, 5 mM HEPES pH 7.4. Applied voltage is 70 mV. Chimera
concentration is 5 μM (a,b,c), protein concentration is 3 μM (d,e,f), and oligonucleotide concentration is 3 μM (g,h,i).
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associated with a low current blockage ratio

(Figure 4e,f), collision, or interaction events. For un-

folded protein chains, the protein�pore electrostatic

interactions are reduced at the pore entry and

we observe more translocation events. The electro-

osmotic flow could also have a role in chimera capture

rate, but information about electro-osmotic flow in

protein nanopores is lacking. These arguments can

possibly explain why the protein enters first into the

nanopore in the chimera molecule. A recent work in

our laboratory, shows at 10 �C, without denaturing

agent, an entry energy barrier of 10kBT for single-

stranded DNA with an aerolysin channel (Payet et al,

submitted to PRL), and we have previously found 4kBT

for unfolded MalE, at 25 �C.26

Direct Proof of Protein Translocation through a Narrow

Protein Nanopore. After obtaining the standard curve

(Figure 2b), we proceeded to translocation experi-

ments with chimera in the presence of guanidium

hydrochloride 1 M (Gdm-HCl) to denature the protein.

At this concentration of denaturant, the protein (MalE)

is completely unfolded according our previous results,

using the alpha-hemolysin and aerolysin channel. The

unfolded proteins induce current pore blockades, with

a duration below 1 ms and a current blockade ratio

around 60%�70%. The frequency of events increases

Figure 4. Electrical signal of three kinds of molecules, chimera, protein, and oligonucleotide. Left, scatter plots of blockade
duration versus current blockade ratio for each kind of molecule, chimera (a and b) (green); protein (c and d) (brown); and
oligonucleotide (e and f) (blue). Right, events distribution versus current blockade ratio. Any kind of molecule has its
characteristic blockade ratio. Experiments are made at 1 M KCl, 1 M Gdm-HCl, 5 mM HEPES pH 7.4. Applied voltage is 70 mV.
Chimera concentration is 5 μM, protein concentration is 3 μM, oligonucleotide concentration is 3 μM. We have fitted with
Gaussian function (red color), the distributions of events as a function of current blockade ratio (%) for chimera, protein, and
oligonucleotide, dotted line for the not deep distribution of blockades and full line for the deep distribution of blockades.

TABLE 1. Current Blockade Ratio Determination for Each

Molecule Type from the Histograms of Figure 4b,d,f

current blockade ratio (%) current blockade ratio (%)

chimera 30 ( 3.2 72 ( 14

Protein-K370C 24 ( 5.6 62 ( 11.5

oligonucleotide 27 ( 2.5 82 ( 7
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as the concentration of denaturing agent increases,

following a sigmoidal denaturation curve. At 1 M

Gdm-HCl, we have reached the plateau of the unfold-

ing curve.21,28

We tried to do recordings as long as the stability of

the lipid bilayer allowed us. We introduced different

chimera concentrations in the cis chamber of the setup

and proceeded with current trace recording at 70 mV.

The main difficulty is to prevent lipid bilayer breaking

or hole formation during sample collection in the

trans chamber. If the membrane is broken we cannot

measured any current. If we observe a higher current,

typically hundred pA to nano pA, in comparison to the

ionic current of a single channel, around 65 pA, that

suggests either there are multiple pores inserted into

the bilayer or a few lipids of the bilayer are detached

from the membrane during sample collection. In both

cases, the number of molecules estimated by qRT-PCR

will be out of range (membrane break) or too high to

be in accord with event frequency values detected by

electrical current recordings (Figure 5d and Table 2).

We performed several essays to recover the chi-

mera sample in the trans chamber without membrane

breaking. Since PCR is using a DNA polymerase and our

Figure 5. Chimera detection after translocation through an aerolysin nanopore. (a,b,c) Scheme of experimental set up. (a)
After a single pore insertion into the lipid bilayer, chimera molecules are incorporated in a cis chamber, voltage is applied to
drive molecules through the pore. Membrane remains intact during experiment duration and after trans compartment
molecules collection. (b) After several minutes up to few hours of translocation measurements, the membrane is broken or it
is brokenduring trans compartmentmolecules recovery. (c) After severalminutes of translocationmeasurements,membrane
had a hole. (d) Detection of translocated chimera molecules through aerolysin pore; molecules were recovered from the
trans chamber and quantified by qRT-PCR. Red line corresponds to the fit of chimera molecules, y = A� B Ln(x), where y = Ct,
A = 33( 0.4, B = 1.29( 0.02 and x is the number of molecules. Green squares correspond to direct detection and three serial
dilutions of 10 μM chimera translocation after a 136 min experiment without membrane break.

TABLE 2. Number of Molecules Detected by qRT-PCR after Translocation Experiments

molecule concentration (μM) membrane statusa Ct calculated number of molecules

oligonucleotide 6 intact 18.85 ( 0.35 58196

chimera 10 intact 17.9 ( 1.76 121699 ( 11966

chimera 5 broken n.m.b n.m.b

chimera 15 hole 13.98 ( 1.14a 2531154

aMembrane status: After several minutes to hours of experiment recording, trans compartment content is collected: intact, membrane is still detected after trans compartment

collection; broken, membrane was broken during experiment so we immediately recover the trans compartment content; hole, at the end of the experiment a hole was

detected so we stopped recording and recovered trans compartment content. b n.m., not measurable. Fluorescence in qRT-PCR essay is too high to be measured. A 1/100

dilution of these samples give a Ct = 5.08 ( 0.82 (2.5 � 109 molecules) for one experiment and Ct = 2.34 ( 0.41 (2.1 � 1010 molecules) for another one.
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experimental conditions used 2M salt (1 M KCl and 1M

Gdm-HCl), we dialyzed our sample and concentrated

it before amplification measurements (see Methods

section for details). After sample preparation we pro-

ceeded to qRT-PCR measurement, and the results are

shown in Figure 5. We have measured different sam-

ples, raw and diluted, from several experiments and

we could detect around 10 000 to 100 000 molecules

according to the chimera standard curve. We have

also measured oligonucleotide and protein alone

going though aerolysin under the same experimental

conditions. We could detect oligonucleotide after the

qRT-PCR analysis but not protein alone (Table 2 and

data not shown). For the oligonucleotide, the number

of molecules detected by qRT-PCR after translocation

is under 9% of the number of events estimated with

frequency values. This is in agreement with the low-

event population of a deep current blockade ratio

(Figure 4e,f). Depending on membrane status at the

end of the experiment, quantification analysis showed

very different results (Table 2). When we tried to

compare the number of molecules detected by PCR

after the transport through the aerolysin pore to that

obtained using frequencies, the number of molecules,

121699 ( 11966, is of the same order of the number

of events detected by the electrical signal of current

blockade, 83966 ( 14274. Frequency analysis was

difficult since during recording we had periods where

several pores were inserted in the membrane (up to

three pores) and not always in the same orientation.

Since the frequency of molecules going through

stem or vestibule side is not the same,26 then we can

obtain a quantitative estimation and not an exact

measurement. Frequently, the membrane was broken

at the end of the experiment or when recovering the

trans compartment (Figure 5b) or there was a hole in

the membrane (Figure 5c). The number of molecules

detected by qRT-PCR in these cases was higher by at

least a factor 105 or 100 respectively for a membrane

broken or a hole in the membrane than that expected

as a function of translocation frequency determined by

electrical measurements (Figure 5d and Table 2).

CONCLUSION

We have designed and produced a monodisperse

chimera molecule composed of a recombinant protein

with a unique cysteine residue at the C-terminal position

covalently linked to a single-stranded DNA oligonucleo-

tide. This chimera allowed us to increase the sensitivity of

protein detection by real-time PCR up to 1000molecules.

We have demonstrated that an unfolded protein,

with a radius of the polypeptide chain larger than the

nanopore diameter, driven by an electrical applied

voltage through a protein channel, aerolysin, is really

translocated. This is the first evidence that proteins can

enter and go through a protein pore and be directly

detected after translocation. We have observed that

electrical signature and transport dynamics depend

on the nature of the molecule, chimera, protein, or

oligonucleotide. In our experimental conditions, the

translocation time is longer for chimera in comparison

to protein or oligonucleotide.

The new generation of nanopores and nanotubes,

with a specific design and manufacture may allow the

development of future biotechnology and medical

applications. The more challenging application con-

cerns peptide and protein sequencing by nanopores.

To achieve this challenge we must control protein

unfolding, threading of unfolded polypeptide chain

into the nanopore, and the translocation time. Another

promising application concerns the development of

recombinant protein refolding with a nanopore. The

industrial production of recombinant proteins is lim-

ited by the incomplete or imperfect folding of the

produced proteins.64 A sequential refolding through

the nanopore's exit could be used to assist the rena-

turation of recombinant proteins. Furthermore, many

human diseases have been unable to be diagnosed,

and many biomarkers are peptides or proteins. A

possible upcoming application is to use nanopores to

detect biomarkers in biofluid. Some human diseases

are related to partial unfolding or alternative folding,

which are known as conformational diseases, and

result in reduced life expectancy and quality of life.

The nanopores technology can be used to study these

conformational diseases.

An open question concerns solid-state nanopores

and the ability to detect protein translocation events

in terms of capture rate and dwell time, as a function of

the filter and acquisition conditions. According to the

dynamics models applied and theoretically values ex-

pected, the transport could be explainedwith orwithout

protein�pore interaction, electro-osmotic flow, Brown-

ian diffusion, anomalous diffusion, or a purely electro-

phoresis behavior.36�44,65,66 We plan to apply this ap-

proach to native and unfolded protein translocation

through narrow solid-state nanopores. In the future, we

will work on protein renaturation in the trans compart-

ment by changing its content or adding chaperone

molecules to assist recombinant protein refolding.

METHODS

Chimera Construction and Purification. OCMN5, a single stranded
DNAoligonucleotidewas synthetically producedby Eurogentec
(Eurogentec S.A., Belgium). The 60 nucleotide sequence from

bluetongue virus (BTV)56 was modified at the 50 end to bear an

amino group and a 6-Carbone linker. The molecular weight

of this molecule was 18721 M�1 cm�1, and its molar extinction

coefficient E260 nm = 588700 M�1 cm�1.
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The MalEK370C mutation was constructed by oligonu-
cleotide mutagenesis using a QuikChangeII XL Site-Directed
Mutagenesis kit (Stratagene). The corresponding modified pro-
tein was produced in Escherichia coli and purified as previously
described for wild-type MalE.67 Before conjugation, the purified
protein was reduced with 25 mM DTT and equilibrated in
PBS-EDTA using a PD10 column. After elution, MalEK370C was
concentrated using theVivaspin6 concentrator (Sartorius Stedim
Biotech, Germany).

Conjugation is based in a previously described method68

using SPDP (N-succinimidyl 3-(2-pyridyldithio) propionate).
A scheme that accounts for this method is represented in
Figure 1a. In brief, 50 nmol of oligonucleotide in PBS-EDTA
was mixed with 20 mM SPDP during 30 min at room tempera-
ture. The excess of nonreacted SPDP was eliminated with a
desalting column equilibrated in PBS-EDTA. Fractions contain-
ing oligonucleotide (optical density at 260 nm) were mixed to
125 nmol of prereduced protein overnight at room temperature
under gentle shaking. The reaction product was concentrated and
loaded into a gel filtration column Superdex 75 (GE Healthcare)
equilibrated in 150 mM KCl, 5 mM HEPES at pH 7.4.

Chimera concentration was calculated using extinction
coefficients at both 280 and 260 nm. At 280 nm, the extinction
coefficient was calculated by the addition of OCMN5 oligonu-
cleotide contribution to the protein extinction coefficient,
resulting in E280 nm= 337520M�1 cm�1. At 260 nm, the protein
contribution to the extinction coefficient of chimera molecules
was insignificant in relation to the oligonucleotide one (see
above).

Nanopore Setup. Membrane lipid bilayers were made using
a previously describedmethod.51,69Both chambers of the set up
were filled with 1 mL of the same buffer, 1 M KCl, 1 M Gdm-HCl,
5 mM HEPES, pH 7.4. Recombinant aerolysin was produced and
used for nanopore insertion as previously described.26After one
single pore insertion, different chimera, protein or oligonucleo-
tide concentrations were added to the cis compartment in
different experiments. Data were recorded for a few hours until
the membrane bilayer started to be less stable. Trans compart-
ment content was recovered, without breaking the membrane
or after breaking themembrane, to further quantify transported
molecules (Figure 5).

Ionic current through the aerolysin nanopore wasmeasured
using an Axopatch 200B amplifier. Data were filtered at 10 kHz
and acquired at 4 μs intervals with the DigiData 1322A digitizer
coupled to Clamplex software (Axon Instruments, USA). Statistical
analysis of the current traces was used to measure blockades
duration and frequencies as previously described.70

Oligonucleotide and Chimera Molecules Quantification by qRT-PCR.

Samples from translocation experiments were dialyzed to DNase
and RNase free water at 4 �C. After that, samples were concen-
trated using Vivaspin6 and Vivaspin500 devices (Sartorius Stedim
Biotech, Germany). About 10 μL was recovered after dialysis and
concentration, and 3 μL was used for qRT-PCR. A scheme of a
classical RT-PCR protocol adapted to our experimental conditions
is shown in Supporting Information, Figure S1.

qRT-PCR was performed using a C100 thermal cycler
coupled to a CFX 96 real time system (Biorad). Specific primers

for amplification were used.56 Amplifications were done in a

final volume of 20 μL using the SupertScript III Platinium SYBR

GreenOne-Step qRT-PCR kit (Invitrogen). Amplification protocol

consisted of 10 min at 45 �C followed by a denaturing step of

10 min at 95 �C and 40 cycles of denaturing for 15 s at 95 �C,

hybridization and elongation for 1 min at 60 �C. After amplifica-

tion a sigmoid curve representing the fluorescencemeasurement

was obtained (Figure 2a). Standard curves were established

to quantify transported molecules. The range used in these

amplifications goes from 1000 molecules to 1010 molecules.

Known quantities of oligonucleotide alone or chimera were used

(Figure 2b). After amplification and acquisition of fluorescence

emitted during the amplification process, we set the cycle thresh-

old (CT) in the exponential phase of the sigmoid curve at a level

that allowed us to obtain the best regression in standard curves.

The fit of the representation of CT as a function of number of

molecules was used to calculate the number of transported

molecules through the aerolysin nanopore.
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