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The microscopic details of how peptides translocate one at a time through nanopores are crucial
determinants for transport through membrane pores and important in developing nano-technologies. To
date, the translocation process has been too fast relative to the resolution of the single molecule techniques
that sought to detect its milestones. Using pH-tuned single-molecule electrophysiology and molecular
dynamics simulations, we demonstrate how peptide passage through the a-hemolysin protein can be
sufficiently slowed down to observe intermediate single-peptide sub-states associated to distinct structural
milestones along the pore, and how to control residence time, direction and the sequence of spatio-temporal
state-to-state dynamics of a single peptide. Molecular dynamics simulations of peptide translocation reveal
the time- dependent ordering of intermediate structures of the translocating peptide inside the pore at
atomic resolution. Calculations of the expected current ratios of the different pore-blocking microstates and
their time sequencing are in accord with the recorded current traces.

A
host of crucial biological processes rely on peptide trafficking through nanopores inserted into mem-

branes that delimit various cellular compartments. Examples include protein import inside mitochon-
dria1 or the endoplasmic reticulum2, protein transport across the chloroplast membrane3 or the nuclear

envelope of eukaryotic cells4, protein sorting to the peroxizomes5 and proteins translocated upon viral DNA
ejection in bacteriophages6. Due to the delicate interplay of many key molecular interactions, the biology of the
process in itself is rich in details, as is the range of nanotechnology applications involving peptide sequencing and
sorting through natural7 and artificial nanopores8–10. The underlying technique for nanopore transport studies is
the Coulter counter, resistive-pulse technique11, in which an external electric field ushers the passing macro-
molecules one at a time into the nanopore, leading to transient blockades of the electrical current through the
pore. The amplitude, duration and rate of the blockades can reveal the identity and concentration of the
macromolecule, and the interactions between the macromolecule and the nanopore can be studied in real-time
at high resolution.

Versatile with respect to their size, shape, and function, either solid-state or protein-based nanopores are
excellently suited for studying at the single-molecule level peptides- and proteins-pores interactions in-
vitro7–10,12–14, in order to gain valuable knowledge regarding the microscopic description of the biological pro-
cesses mentioned above. The large majority of the studies focusing on the molecular details of protein and peptide
unfolding or translocation through nanopores employed solid-state nanopores as model translocation sys-
tems15–17 graphene nanopores18 and a variety of protein channels including a - hemolysin (a - HL)19–25,
OmpF26,27, aerolysin28,29, the MspA channel30 or the Phi29 connector channel31. The potential of resistive-pulse
technique, in effect tracing structural dynamics from the time series recordings of the single-pore current, was
originally revealed by sensing single polymers in buffers32, and was soon followed by the proof of the principle
demonstration of the possibility to detect RNA and DNA molecules33, and to separate molecules at high reso-
lution34–36. In addition, protein unfolding transitions were investigated in the presence of denaturing agents16, or
in the presence of extrinsic factors such as temperature37 or electric fields38. Through extensive computational
studies as multiscale modeling and atomistic simulations, experimental results have been excellently comple-
mented, both for solid and biological nanopore23,39–46.
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The a-HL protein secreted by Staphylocous aureus is arguably the
nanopore of choice for single-molecule protein translocation studies
via electrical recordings in artificial lipid membranes. a-HL is struc-
turally stable, electrically-silent over a wide range of experimental
conditions47, its crystal structure has been resolved48, and can be
genetically engineered with tailored chemical functionality. As such,
it is archetypal for a wide range of translocation studies16,37,38.
Instrumental as they have been in single-molecule technique
development, all existing peptide translocation studies have suffered
so far from the problem that the time-sequencing of any intermediate
events evaded detection. This was because translocation was too fast
relative to the time resolution of single molecule current recording.
Therefore, any information about the peptide moving along the dif-
ferent structural compartments of the pore and/or undergoing major
conformational changes in the nanopore was undetectable. A signifi-
cant advance was recently reported by Rodriquez-Larea and Bayley49,
who demonstrated that distinct unfolding states can be observed in
single channel current recording of thioredoxin passing through a–
HL if the protein was pulled inside the pore by the attachment of a
long exogenous DNA polymer. Herein, we are interested in observ-
ing intermediates upon passage not for DNA-attached peptides, but
for free peptides, i.e., for peptides that pass freely the pore, rather
than being actively pulled through by one end. Moreover, we are
interested in relatively small peptides that can obturate the pore in
folded, compact states rather than being unfolded by pulling them
through from one of their termini. To this end, we chose a 20 amino
acids short peptide with a particular choice of two critical Gly resi-
dues which can form a kinked, folded beta-hairpin like structure
whose size is just right to ‘‘clog’’ the pore. In the realm of DNA,
the reduced ability to slow down translocation and the need to
optimally adjust the time resolution of signals reflecting intermedi-
ates and to accurately determine the amplitude and duration of
blockages were addressed by devising several strategies. The most
practical ones ruled out the need to modify the translocating mole-
cule or the nanopore itself and involved altering readily accessible
experimental parameters, such as the driving voltage, buffer prop-
erties and temperature50–52.

To slow down peptide translocation so that we can detect inter-
mediates, we took a fundamental look at the two components modu-
lating peptide translocation speed in our case: electrophoresis and
electro-osmosis. Seeking ways to alter the relative contribution of the
two enabled us to devise a strategy capable of monitoring transloca-
tion intermediates. This strategy involved varying the solution pH,
which was also successful in controlling DNA translocation time
through solid-state53. The advantage of our technique for the more
complex hemolysin pore, with its topologically distinct chambers (b-
barrel vs. vestibule) is that different sub-states on the translocating
pathway can be identified, controlled and kinetically quantified for
the first time. Moreover, the slow-down occurs for free peptide states
in the pore, i.e., in the absence of external pulling attachments. We
employed peptide engineering, single-molecule electrophysiology,
and molecular simulations to obtain several insights into the micro-
scopic description peptide interaction with the a–HL protein. We
focused on analogues of the cecropin A–magainin antimicrobial
chimera peptide (termed CAMA), and analyzed the association
and translocation of peptides through a membrane-immobilized a
- HL protein pore. Various parameters that characterize at the single
molecule level the peptide-protein nanopore interactions, such as the
frequency of current blockades, the translocation rate, the extent of
peptide-induced blockades and magnitude of the residual current,
were extracted from current signatures collected at several pH values
over a range of potentials. Our data suggest that the barrier to peptide
capture can be easily controlled by modulating the flow through thea
- HL b-barrel, via changes in the pH alone. For the first time to our
knowledge, we show how, as the peptide exits the pore at the single-
molecule level, the manipulation of the charged state of the a-HL

permeating pathway, via pH changes in the buffer, allows to discrim-
inate between two consecutive pore translocation steps: passage
through the b-barrel region and through its vestibule. The analysis
of the first-passage time distribution of peptide transport through the
a–HL vestibule revealed that the electro-osmotic flow is the pH-
dependent factor that modulates peptide translocation, and domi-
nates over the electrophoretic flow at acidic pH values.

Results
Following the formation of a robust lipid membrane, a successful
insertion of a single a-HL protein pore, added from the cis side of the
membrane results in an ‘open pore’ trans-membrane current Io 5

81.6 6 2.8 pA measured at a potential 150 mV, in a buffered solu-
tion containing 2 M KCl at pH 5 7. When exposed to the CAMA P6
peptide (KWKLFKKIGIGKFLQSAKKF-NH2) added on the trans
side of the membrane (i.e., on the b-barrel side of the pore) at a bulk
concentration of 30 mM, a transient decrease in the a-HL open
pore current vs. time occurs in a stochastic manner, reflected by
downwardly pointing spikes (Fig. 1). As reported before19,20, we
attribute these spikes to molecular events whereby a single peptide
enters the protein b-barrel and induces reversible partial blocks of
the ionic current through steric occlusions of the ion permeation
pathway, before getting released to the cis side of the membrane
under the influence of the potential imposed across the pore, positive
on the peptide side addition. We stress that in all the analyses we
excluded the distinct population of very fast occurring, low-ampli-
tude spikes, which reflected blockage events due to peptide bumping
into the pore mouth, and not the actual capture events of the peptide
into the inner region of the a - HL9s b-barrel that eventually lead to
the electrophoretic translocation of the peptide to the cis side of the
membrane.

Around neutral pH, the interaction between a peptide and the
protein b-barrel leads to homogenous blocking events, whose rela-
tive block on the current flow through the open protein (DI B1 5 IB1

2 IO) is associated to the B1 blockage sub-state (Fig. 1, panel a).
Zooming-in for details in the recorded current traces (see Fig. 1,
panels b, c and d) revealed that, as the buffer pH drops, a second
blockage sub-state, denoted B2, of a reduced relative magnitude (DI
B2 5 IB2 2 IO) becomes apparent. The a-HL’s b-barrel (inner dia-
meter of ,20 Å) and its vestibule (average diameter of ,46 Å) have
distinct sizes and distinct chemical and topological properties8. This
results in distinct current blockades when the peptide resides in one
of the two distinct chambers. Invoking volume-exclusion arguments,
we attribute the higher blockage level (denoted by B1) to the peptide
residing in the b-barrel, and the lower blockage level (denoted by B2)
to the peptide inside the vestibule. Thereafter, peptide released to the
cis side of the membrane completely unblocks the pore (Fig. 1).
Molecular dynamics simulations at neutral pH confirm this sequen-
tial journey and show a larger transversal accessible area when the
peptide passes through the vestibule than through the b-barrel
(Fig. 2, panel f). Similar current assignments were applied to the
investigation of polynucleotide translocation across a-HL54,55. In fur-
ther support to this assertion, the close analysis performed on all
experimental traces demonstrated the sequential occurrence of these
intermediary-blocking events. Namely, when the peptide is added to
the trans side, level B1 appeared always before level B2, ruling out the
possibility that a peptide, which has threaded through the constric-
tion region to the vestibule, retracts back into the protein b-barrel.
Conversely, when the peptide was added on the cis side of the mem-
brane, the interaction between a single CAMA P6 peptide and the
membrane-inserted a-HL, in all instances gave rise first to a relatively
small blockage sub-state DI B2 (cis) 5 38.21 1/2 0.55 pA reflecting
the peptide interaction with the vestibule, that was followed sequen-
tially by a larger blockage sub-state DI B1 (cis) 5 72.49 1/2 0.43 pA,
associated to the peptide residence within the b-barrel (Fig. S1).
Moreover, recordings made at lower pH (to ensure the slow-down
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of the peptide movement) revealed oscillations between sub-states B1

to B2 (Fig. S2), directly indicating that the peptide travels back and
forth along the two compartments of the protein pore. This sequence
of spatio-temporal events associated to peptide transient residence in
particular regions of the pore in low pH buffers, when the peptide
was added on either side of the membrane, is seen directly for the first
time to our knowledge. Even more convincingly, the fact that in
certain cases, sub-state O follows sub-state B1 or sub-state B2 (Fig.
S2) constitutes direct proof of the direction in which the initially
vestibule-trapped peptide gets released, namely to the trans or cis
side of the membrane.

Further insight into the microscopic details of the conformational
ensemble the peptide can adopt in states B1 and B2 observed in the
single-molecule recordings was revealed from the molecular
dynamics simulations of the peptide in the a-HL pore with both
peptide and protein at atomic details (see Fig. 2 and methods for
details). In the simulations, the peptide was subjected to an electrical
driving force via the application of a trans-membrane voltage across
the protein pore. However, given the intrinsic limitation of simula-
tions, this electrical driving force is an order of magnitude higher
than experimental values so as to observe a complete translocation
event. Three types of peptide structures were observed in the simula-
tions. The first type is that in the free state, where the peptide takes in
a heterogeneous, floppy kinked shape given by the turn-forming
propensity of the two alternate glycines (G) at positions 9 and 11
separated by one isoleucine (I) at position 10 (Fig. 2, panel a).
Otherwise than the G-formed kinks, the conformations of the
other residues are random in solution. In the confines of the b-barrel,

the peptide takes on a second ‘‘hairpin-like’’ kinked conformation
that clogs the b-barrel (Fig. 2, panel b). Additionally, the kinked
fold of the peptide is stabilized by inter-residue hydrogen bonding
(this also occurs but to a lesser extent in the free state). We
stress however that the kinked hairpin-like state is not a true beta
hairpin. A third peptide structure is also observed in which the pep-
tide extends and passes through the constriction as a linear chain
(Fig. S3). The peptide inside the b-barrel taking up the intermediate
kinked, ‘‘folded’’ structure causes full current blockage (state B1).
Upon passage in the vestibule, partial clogging of the pore leads to
an intermediate value of the current signals (B2), which we assign to
the peptide sampling the vestibule (Fig. 2, panel c). The linear
unfolded peptide threaded in the pore observed in the simulations
has relevance (as discussed later in the text) to the unfolding effect of
low pH conditions.

From the simulation, we calculated for each snapshot along the
dynamics of the translocation the transversal (cross-sectional) area
S(z) through which the current flows at each depth z along the axis of
the pore. The three major states of openness of the pore are observed,
assigned to when the peptide resides in the b-barrel, in the vestibule
and when the pore is open (Fig. 2, panel f). The ratio of the residual
current when the peptide is in the b-barrel/vestibule vs. the open
channel current can be modeled by integrating the z dependent
resistance (see SI, equation (10) and Fig. S4). This has been used in
the simulations to generate the data for residual current (Fig. S5,
panel a), in both B1 and B2 states (see Table S1). While the experi-
mental values, being pH dependent (pH , 3.3–5.1), range between
0.25–0.15 for B1 state and 0.51–0.73 for B2 state, the calculated values

Figure 1 | Typical single-pore current recordings reflecting peptide interaction with the a-HL pore immobilized in a lipid membrane. All traces

recorded at 150 mV, in symmetrical 2 M KCl at pH 5 7.1 (panel a), pH 5 5.1 (panel b), pH 5 4.5 (panel c) and pH 5 3.3 (panel d) with 30 mM peptide

applied to the trans side of the membrane. Dotted line in panels a-d shows level of open-pore current before a peptide partitioned within the b-barrel;

downward spikes reflect stochastic reduction of pore current induced by the reversible association of a peptide with an open protein pore. The zoomed-in

trace segments under each panels a–d reveal the distinct blockage sub-states, B1 and B2 (see text) associated with a single peptide in the pore at various pH

values. The distinct sub-states are visualized in panels (e)–(h), scatter plots of dwell time vs. relative blockage amplitude of blockage events. For

exemplification, we highlight by encircling the B1 state at neutral pH (panel e), and the B2 state at pH 5 4.5 (panel g).
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as function of conformation dynamics of the peptide during atomis-
tic simulation (Fig. S5, panel b) at a constant neutral pH, follow
closely being in the range of 0.24–0.38 for B1 and 0.49–0.70 for B2.
This further supports the measured intermediates and provided
atomic details of putative peptide conformational ensembles within
the b-barrel and vestibule.

A further task was to rationalize the data on the average time
values corresponding to consecutive peptide-induced blockage
events (tON) recorded at variable pH values. To account for why
does the peptide association rate to the pore (rateon 5 ton

21) dra-
matically decrease with lowering the pH (Fig. 3, panel a), we note that
at the mouth end of the protein b-barrel, pointing to the trans side
buffer lies a charged 7-fold symmetric ring composed of 14 aspartic
acids (D127 and D128) and 7 lysines (K131) from the seven protein
monomers, which at acidic pH assumes a net positive charge56, that
may constitute an electrostatic barrier for the incoming positively
charged peptides. That is, at low pH values, the local concentration of
peptides near the b-barrel mouth lowers as a direct consequence of
the repulsive interactions between the peptides (whose net positive
charge remains un-affected by the pH drop) and the mouth, leading
to a corresponding decrease in the peptide association rate to the b-
barrel (Fig. 3, panel a).

The next issue was to unravel the mechanism leading to the pH-
dependent peptide dynamics through the vestibule, reflected by an
increase in the duration (toff B2) of the lower blockage level B2 at

acidic pH values of the buffer (Fig. 3, panel b). A statistical analysis of
the vestibule translocation rates (rateoff B2 5 toff B2

21) as a function
of pH and of the potential applied across the membrane showed that
lowering the pH leads to a considerable decrease of the rate of ves-
tibule passage, suggesting that the dynamics and possibly the mech-
anism of peptide translocation are critically dependent upon buffer
acidity.

One possibility to rationalize this observation lies in the pH tuning
effect on the net charge of the a-HL vestibule, which becomes posi-
tively charged at acidic pH’s, as the protonation of D13, D2, D4,
D227 on each of the seven monomers of the a - HL homo-heptamer
leads to un-compensated positive charge on residues K8, R56, R104,
K154 (Fig. S6, SI). Therefore, to explain the effect of pH on peptide
translocation through the protein, two putative mechanisms may
be invoked: (i) the non-specific, long-range electrostatic repulsion
between the peptide and the protein inner surface, and (ii) the
interplay between the electro-osmotic flow through the anion-
selective protein and the electrophoretic motion of the peptide along
the electric field within the protein pore. Although at 2 M KCl
solution, the Debye length is k21 ,1.9 Å, which is low value relative
to the average diameter of the vestibule (46 Å), we cannot completely
rule out the existence of a disordered energy landscape as the
peptide moves along the pore, caused by the heterogeneity in the
charge distribution all along the protein at various pH values. In
addition to this, the microscopic understanding of all forces
acting on the translocating peptide is further complicated by possible
peptide adsorption processes at the mouth and inner surface of
the protein pore, which may interfere with the electro-osmotic effects
and non-specific electrostatic interactions between the peptide
and the pore57,58. Such pH-dependent, non-specific electrostatic
interactions between the peptide and the inner surface of the pore,
may be embodied in a distinct contribution to the net value of peptide
mobility through a-HL. To provide a mechanistic description of
the pH-dependent peptide translocation through a-HL within the
simplest analytical model, we focused herein on the second mech-
anism, whereby the electro-osmotic flow of water within the protein
vestibule adds up as a supplementary contribution, i.e. the convective
velocity to peptide transport, thus altering the absolute velocity of
the peptide measured with respect to the protein walls and its trans-
location dynamics. The low-pH augmented overall positive charge
of the a-HL inner surface56, which contributes to an enhanced
anionic selectivity of the protein nanopore and electro-osmotic
flow of the fluid, lends further support to the present approach. In
support to this mechanism, it should be noted that by lowering
the pH buffer below 5 results in almost doubling of the protein
anion-selectivity as compared to neutral pH (PK

1/PCl
2 5 0.44 at

pH 4.4 and PK
1/PCl

2 5 0.86 at pH 7.1, data not shown). Thus, in
the presence of an applied positive potential in the trans side of the
membrane, the cis-to-trans oriented motion of water associated to
the enhanced transport of anions across the pore, results in an ap-
preciable influence of the drift velocity of the translocating peptide
through the protein vestibule (Fig. 4). With direct relevance to the
present work and as an additional support for this model, most
recently it was demonstrated the possibility of controlling the elec-
tro-osmotic flow through a nanopore by modulating the surface
charge, which in turn directly affected the speed of translocating
molecules59.

Assuming negligible contributions from pressure gradients, the
drift velocity of a peptide in the electric field along the protein
vestibule is the vector sum of the electrophoretic and electro-osmotic
components. Because the protein is anion selective, such that the
positively charged peptide moves trans-to-cis, opposite to the net
flow of water carried by cis-to-trans moving anions, electro-osmotic
water flow opposes electrophoresis and the drift velocity of a peptide
moving along the electric field lines, in the trans to cis direction
within the protein vestibule can be written as (see SI):

Figure 2 | Simulations of peptide translocation ensembles.
Conformations of (a) free peptide, (b) peptide within the b-barrel

(representative B1 state) and (c) peptide within the vestibule

(representative B2 state) are shown. A typical MD simulation trajectory of

peptide during trans-cis translocation of peptide with snapshots at two

states (d) B1 state and (e) B2 state. The cross sectional areas used to

compute the current signals during translocation: (f) a comparison of the

open pore cross-section with the cross-sectional area of the pore when the

peptide is in the b-barrel (B1) and in the vestibule (B2); (g) the cross

sectional area and hence current signatures would be different also for a

kinked hairpin peptide vs. a linear single stranded peptide (see Fig. S5, SI).
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with Spore as the average cross-sectional area of the a-HL vestibule, m
the electrophoretic mobility of the peptide within the vestibule, Nh

the number of water molecules associated with each mobile ion,
[H2O] the water concentration, I the net electric current transported
while a peptide resides within the vestibule (i.e., corresponding to the
B2 sub-state), e2 the electronic charge, PK1 and PCl2 the ionic per-
meabilities and DV/lpore the electric field. Therefore, as the pore
augments its anion selectivity (P(Cl2)/P(K1) ? 1), electro-osmosis
increases and the drift velocity decreases. Thus, controlling the bal-
ance between the electrostatic and electro-osmotic forces is emerging
as a useful strategy to trap and identify translocating molecules
(examples are individual nanoparticles60 or DNA61). An interesting
limit exists in which electro-osmosis compensates electrophoresis
(vdrift 5 0), so that the peptide stalls within the pore. To probe this
limit, we carried out experiments at such lower pH that the anionic
selectivity of the a-HL protein and therefore the electroosmotic flow
were substantially augmented. Under such circumstances a peptide
captured by the protein b-barrel would likely bounce back and forth
within the pore before its release on either side. Our data supported
this hypothesis (Fig. S2). Data collected at pH 5 3.3 and pH 5 2.2
show that peptide capture in the b-barrel (B1 blockage), is followed

by the B2 sub-state when the peptide migrates to the vestibule, as
expected, but, unlike data collected at less acidic pH’s, a peptide
confined within the vestibule (B2 sub-state) did not get released from
the pore. Instead, the B1 blockage sub-state ensued again, indicating
movement backwards to the b-barrel (Fig. S2, panel a). Only after
several back-and-forth transitions between the B1 and B2 sub-states,
the pore entered the ‘open’ sub-state (O), and the peptide was
released. We note that such reversible O?B1<B2?O transitions
were also observed in ,4% of the events studied at pH 5 4.5, but
they became significantly prevalent at the lower pH’s, so that at a pH
5 3.3 such reversible transitions appear in ,22% of cases. Upon
decreasing the pH furthermore (pH 5 2.2), the peptide even reversed
its direction: as shown in a representative trace, after an
O?B1?B2?O sequence of events, the peptide immediately re-
entered the vestibule, getting trapped again in the B2 sub-state (Fig.
S2, panel b). We posit that despite being released on the cis side of the
membrane, the electro-osmotic flow manifested on the immediate
vicinity of the protein vestibule at such low pH’s serves as a trap for
the peptide, which is therefore guided backwards into the pore,
against the electric field across it. Only after several such reversible
transitions (O<B2), the peptide managed to fully disengage from the
electro-osmotic trap and dissociate from the protein (Fig. S2, panel
b). In support of this scenario anion selectivity at pH 5 2.84 equals
P2(Cl2)/P2(K1) 5 3.6, so that Eq. (1) with DV 5 150 mV and
with a diffusion coefficient D 5 1.5*10212 m2 s21 (see below) predicts
a negative value of the peptide drift velocity vdrift , 21*103 mm s21,

Figure 3 | (a) pH-dependence of peptide association rate to the pore b-barrel (rateon) from exponentially-distributed time intervals between
consecutive blockage events (ton) (at 150 mV) (b) pH-dependence of dissociation rate from vestibule from average dwell-time values in the B2 state
(toff B2). Dotted lines in (a) and (b) represent the 95% confidence domain for rateon and rateoffB2 values, respectively. (c) Typical segment of current trace

at 150 mV for 30 mM peptide added on the trans-side of the membrane, at pH 5 5.1, to pinpoint the representative time intervals associated to peptide

association with the open protein pore (ton) and translocation across the protein vestibule (toff B2).
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i.e., opposite the electrophoretic drift. The peptide therefore can
move backwardly against the electric field, giving rise to chain of
molecular events described above. To explain how the peptide can
‘‘sense’’ the electro-osmotic flow outside the aHL pore, and gives rise
to B2 « O sequence of events, one may note that in a recent paper,
authors demonstrated that the electro-osmotic flow inside the nano-
pore is able to generate a hydrodynamic flow field in the vicinity of
the pore comparable in size with the radius of gyration of the trans-
ported polymer62. Applied to our case, it is thus conceivable that the
velocity gradient of the water flow near the cis mouth of the nanopore
at acidic pH, may give rise to an adsorbing region able to funnel the
peptide back into the a-HL vestibule.

We now focus on the control of time sequencing of state-to state
dynamics. To correlate quantitatively the experimentally observed
lengthening of translocation time values of peptide with the drop in
the buffer pH, we next modeled the sojourn time of the charged
peptide as the first passage time for one-dimensional diffusion in a
constant electric field and under the influence of the electro-osmotic
flow of water. As previously demonstrated57, and taking into consid-
eration that in our situation the net drift velocity of the peptide is
given by Eq. (1), the distribution of peptide sojourn times into the
protein vestibule is described by the probability density function63 of
the type p tð Þ~ vdrif ttzlvestibuleð Þ exp { lvestibule{vdrif ttð Þ2

�
4Dt

� �� ��
2tH4Dpt
� �

, where lvestibule represents the vestibule length, D the
diffusion coefficient of the peptide within the vestibule, and the drift
velocity of the peptide (vdrift) accounts for both its interaction with
the electric driving force and the electro-osmotic flow of water. This
probability distribution yields an expression for the average time
spent in the vestibule:

htoff i~
1

rateoff B2
~

ð?
0

t vdrifttzlvestibuleð Þe
{

lvestibule{vdrift tð Þ2
4Dt

h i

2t
ffiffiffiffiffiffiffiffiffiffiffi
4Dpt
p dt

~
vdriftlvestibulezD

v 2
drift

ð2Þ

From a mechanistic point of view, the expression for Ætoffæ agrees well

with data in Fig. 4: at low pH, the enhanced anion selectivity of the
protein will reflect in part in an augmented electro-osmotic water
flux, that eventually lengthens the sojourn of the peptide in the
protein vestibule, before its release to the cis side of the membrane.
This is in further agreement with previous results showing that elec-
tro-osmosis plays crucial roles in protein translocation across nano-
pores, which in certain cases may occur oppositely to what simple
electrostatics would indicate64.

The voltage-dependence of the dissociation rate corresponding to
the lower blockage level (B2) associated to the peptide translocation
across the protein vestibule is shown in Fig. 5, panel d. Based on the
experimental evidence presented herein, we conjecture that, at low
pH values, the kinetics of peptide translocation is dominated by
the slowest translocation step, which appears to be the peptide
movement along the protein vestibule, and a larger potential drop
ensues a correspondingly shorter translocation time as embodied by
expression2. Therefore, supplementary to previous data reporting the
voltage-dependence of peptide translocation through a - HL
pores19,65, estimated near neutral pH, we posit that besides the electric
field, the electro-osmotic force contributes essentially to peptide
dynamics within a-HL at acidic pH’s. The rather restrictive topology
of the a - HL b-barrel imposes peptide confinement, resulting in
large conformational entropy and enthalpy changes that lead to a
barrier for peptide displacement under the applied potential.
Translocation is thereby governed by a rate obeying classical
Kramers theory, depending exponentially on voltage. At acidic pH,
as experimentally demonstrated herein, the peptide translocation is
dominated by its journey through the pore vestibule which given its
larger size, does not pose an overwhelmingly entropic or enthalpic
barrier to translocation, and peptide release to the cis side of the
membrane reflects mainly a diffusive motion biased by the applied
potential, which can be addressed by invoking the drift-diffusion
formalism.

Due to the fact that the blockage amplitude of sub-state B2 depends
linearly on the applied potential (Fig. 5, panel e), suggesting the
absence of a reduction in the excluded volume inside the protein,
we ruled out the possibility that the peptide stretches in the vestibule

Figure 4 | Schematic representation of pH-augmented electro-osmotic braking, i.e., anion selectivity of the a-HL pore as means to slow-down trans-to-
cis peptide passage. At acidic pH and positive potential on the trans side, the flux of anions transported cis-to-trans is higher than that of cations,

transported oppositely, leading to a net water flux in the cis-to-trans pore direction. The electro-osmotic water flux translates into an increased duration

of the time spent by the peptide in the vestibule during its journey from trans to cis under the positive potential; based on acidic pH-augmented anion

selectivity of a-HL, this phenomenon is more prevalent at pH 5 3.3 (panel b) than pH 5 5.1 (panel a).
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under the applied potential. This means that the peptide assumes a
relatively stable conformation during translocation through the ves-
tibule and therefore the diffusion coefficient of the peptide moving in
the vestibule remains invariant within the range of the applied poten-
tials. Furthermore, and as we show in Fig. S7, the association rate
reflecting the interaction of a single CAMA P6 peptide with the a-HL
protein (O R B1, rateon, .) (panel a), and the rate characterizing the
B1 R B2 transition (rateoffB1,¤) (panel b), estimated at pH 5 4.5 also
display a voltage dependent behavior. We posit that the voltage-
dependent capture rate of the peptide (the O R B1 transitions) is
indicative of an enhanced peptide-protein association constant at
increased transmembrane potentials, resulting most likely from the
fact that the applied potential lowers the height of this trans energy
barrier of peptide partitioning into the a-HL b-barrel19. Surprisingly
however, the rate characterizing the B1 R B2 transition (rateoffB1)
decreases as the transmembrane potential is enhanced, paradoxically
displaying an opposite behavior to that of the rate characterizing the
B2 R O transition (rateoffB2) (Fig. 5, panel d). That is, one would
expect that as the transmembrane potential increases, the net value of
the electrophoretic speed component increases (see expression 9, SI),
and the overall drift velocity of the peptide across the a-HL’s b-barrel
increases correspondingly (see expression 1). To rationalize the
experimental observation, we suggest that in the more confined
volume of the protein’s b-barrel, the electro-osmotic speed compon-
ent increases more steeply with the transmembrane potential than
the electrophoretic speed of the peptide, which tends to drive the
peptide towards the vestibule. This may be due to a voltage-mediated
reduction in electrophoretic mobility of the peptide within the b-
barrel, and a similar phenomenon was reported recently38. In addi-
tion, it may be that an increased transmembrane potential could lead
to a lengthening of the time needed for the peptide to search ran-
domly for an optimal orientation that would facilitate translocation

across the constriction region, which would rate-limit the peptide
translocation along the b-barrel. Undoubtedly, further experiments
and computational modeling are required to resolve the origin of this
seemingly anomalous dynamics of the peptide inside the b-barrel, at
acidic pH’s.

With experimental parameter values (see SI) we employed Eq. (2)
to estimate the diffusion coefficient D of the peptide in the vestibule
at pH 5 4.5. By non-linear fitting of data in Fig. 5(d) with Eq.(2),
(i.e., the rateoff B2 vs. DV dependency), we arrived at D 5

1.5*10212 m2s21. Existing data on diffusion of peptide with compar-
able size in water suggest a value between D 5 5*10210 m2 s21 4

1029 m2 s21 66,67. Our result, placing the diffusion coefficient in
the vestibule two orders of magnitude lower, reflects the restricted
movement of the confined peptide within a nanoscopic volume,
mediated by local interactions with the protein inner walls (involved
in the so-called internal friction68) as opposed to the free peptide
diffusion in the bulk. For comparison, a similarly sized peptide in a
buffer slightly more viscous that water, was measured to have D 5

2.4*10212 m2 s21 69.
It should be noted that if electro-osmotic effects were negligible,

i.e., if the second term in Eq. (1) was set to zero, the non-linear fit of
data in Fig. 5, panel (d) with Eq. (2), in which the average value of the
peptide drift speed within the protein vestibule would write simply as
vdrift 5 mDV/lpore, would result in a value of the peptide diffusion
coefficient D , 10215 m2 s21, which is at least three order of mag-
nitude less than values reported in the literature (vide supra). Such a
diffusion coefficient is unrealistically slow also when invoking the
Stokes-Einstein equation (D 5 kT/6pgr) for the diffusion of the
peptide viewed as a spherical particle of radius r~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3=4pð Þdvolume

3
p

,
where dvolume represents the peptide’s effective volume. In the pro-
tein vestibule where the apparent viscosity of water was estimated at
g 5 0.2 Pa s (vide infra), a diffusion coefficient of D , 10215 m2 s21

Figure 5 | (a–c) Selected segments of voltage-dependence of peptide sojourn in B2, quantified via dwell-time (toff B2), as well as amplitude of pore
blockage induced by peptide trapping within the vestibule (DIB2) relative to open-pore current (pH 5 4.5). Statistical analysis yielded voltage-

dependence of the rate of peptide exiting the B2 sub-state (rateoffB2; panel d) and the I-DV dependence of DIB2 measured at pH 5 4.5 (panel e). Dotted

lines in (d) represent 95% confidence domain for rateoffB2. Data in (d) were non-linearly fitted (dashed-line) to estimate the peptide diffusion coefficient

D within the vestibule.
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would result in dvolume , 5 mm3, which is unrealistically high for a 20
amino-acid long peptide as clearly such a volume does not fit the
pore.

We note that control experiments carried out at a basic pH (pH 5

9.17), convincingly showed the absence of the blockage sub-state B2,
and the scatter plot of dwell time vs. relative blockage amplitude of
blockage events (DIblock 5 IB1 2 IO) detected at this pH revealed only
the B1 sub-state (Fig. S8). This observation can be rationalized
through the quasi-absent anion selectivity at neutral-to-basic
pH’s70 which, with relevance to our experiments, reflects into a much
decrease electro-osmotic force acting oppositely to peptide move-
ment thus strengthening further the role played by the electro-
osmotic flow in slowing down the peptide motion through the
vestibule.

To further probe the origin of the slow-down, we employed other
synthesized peptide constructs, termed CAMA P1 (KWKLFKKIG-
IGKHFLSAKKF-NH2) and CAMA P5 (KWKHLKKIGIGKHFLS-
AKKF-NH2), that contained one (CAMA P1) and two histidines
(CAMA P5), respectively (see also Table S2). In doing so, we ensured
that at mildly acidic pH values (e.g., pH 5 4.5), and below the
histidine’s pKa measured in solution (pKa , 6), the net charge on
these peptides will be greater by one (CAMA P1; effective charge
,9je2jat pH 5 4.5) and respectively two (CAMA P5; effective charge
,10je2jat pH 5 4.5) electron charges, by comparison to CAMA P6
(effective charge ,8je2jat pH 5 4.5), see Table S2. We reasoned that
due to their close geometrical size and hydrophilicity, the dwell time
of CAMA P5 peptide within the a-HL vestibule measured at pH 5

4.5, under the influence of a similar positive potential and electro-
osmotic force, would be shortest as compared to CAMA P1 and
CAMA P6 – in this order – as a direct consequence of its higher
positive charge. As demonstrated by results shown in Fig. S9, it is
clear that toff B2 is shortest for the case of CAMA P5 peptide (Fig. S9,

panel c), as compared to CAMA P1 (Fig. S9, panel b) and CAMA P6
(Fig. S9, panel a). The calculated dissociation rate values rate off B2

associated to the release of the three distinct peptides from the a-HL
vestibule at pH 5 4.5 (rate off B2 (CAMA P5) 5 917.4 6 182.8 s21;
rate off B2 (CAMA P1) 5 276.2 6 37.5 s21; rate off B2 (CAMA P6) 5

141.4 6 15.2 s21). To partially account for the larger mobility of
CAMA P5 and CAMA P1 peptides as compared to CAMA P6, we
do not rule out an additional pH-induced change in peptide folding
mechanism, due to the partial protonation of histidine residues at
acidic pH values71.

A seeming puzzle was the anomalously small residence times of
the peptide within the protein b-barrel at acidic pH values (Fig. 6).
One would expect that, as for the peptide moving within the vestibule
(vide supra), an augmented electro-osmotic flow manifested at low
pH would impede peptide movement across the b-barrel as well, and
therefore that the translocation rate describing the peptide escape
from the b-barrel towards the vestibule would decrease. Never-
theless, our data demonstrated the opposite tendency: peptides dis-
played a shorter residence time within the b-barrel at acidic pH
values (Fig. 6, panels a–e). It may be possible that acidic pH values
may trigger conformational changes in the peptide that lead to its
increased mechanical mobility, or that reduce the activation barrier
for moving across the pore constriction towards the vestibule. The
mechanistic origin of this may stem from the net water flux that,
within the b-barrel, can tug on the peptide to elongate it, thus facil-
itating the peptide threading through. This reconciles both the
experimental observation that the b-barrel blockage (DI B1) is smal-
ler at low pH (Fig. 6, panel f), pointing to a progressive, pH-induced
decrease of the excluded volume within the b-barrel, and the
simulation data, that shows larger cross section area available for
the current upon passing an unfolded single stranded peptide vs. a
kinked hairpin (Fig. 2, f–g).

Figure 6 | pH-dependence of translocation kinetics and blockage amplitudes. Representative current traces in (a)–(d) same as in Fig. 1. Statistical

analysis quantified hereafter in terms of reaction rates (panel e) shows a definite increase in the dissociation rate (rateoff B1) of the peptide from the b-

barrel for more acidic pH values, as the peptide moves toward the protein vestibule to later exit on the cis side. Dotted lines represent the 95% confidence

domain for the rateoff B1. Panel f quantifies the pH-dependence of the relative current blockage (DIblock) induced by a peptide corresponding to the two

distinct blockages, i.e., in sub-states B1 and B2.
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While at constant pH we observed no change in peptide volume vs.
applied potential (see Fig. 5, panel e), such a change was observed in
volume vs. pH dependences (Fig. 6, panel f and discussion in SI). This
indicated that elevated values of the electro-osmotic flux acting col-
lectively and oppositely to the electrophoretic force create local forces
that can induce gradual changes in the folded volume of the confined
peptide, along the axis of the protein pore. This effectively lowers the
drag by a reduction in the hydrodynamic cross section of the peptide
and explains the shortening of the b-barrel sojourn with pH.
Independently from our estimate of D 5 10212 m2 s21 (Fig. 5, panel
d), we also estimated (see SI) the diffusion coefficient from the block-
ing volume of the peptide (approx. 4.13 nm3) via a Stokes-Einstein’s
relationship, leading to an unrealistically high D (approx. 10210 m2

s21). Bringing D to the true estimate of 10212 m2 s21 led to value of the
water viscosity g 5 0.2 Pa s, in agreement with anomalous viscosity
of water in nano-confined volumes72,73. Taken together, data pre-
sented in Fig. 3b and Fig. 6e reveal yet another insight. The rate
limiting step for peptide release from the pore is dictated by the
peptide’s longest residence in one of the two spatially distinct regions
of the pore, i.e., either the b-barrel or the vestibule, which in turn
depends on the pH. That is, at pH 5 3.3, the experimentally inferred
reaction rate corresponding to the peptide traversing the pore’s b-
barrel (rateoff B1) is at least one order of magnitude higher than that
associated to the peptide exiting the pore’s vestibule (rateoff B2) (pH
5 3.3; rateoff B1 5 456.46 6 55.4 s21 and rateoff B2 5 28.38 6

4.28 s21), whereas an opposite tendency is seen at a higher pH (pH
5 5.5; rateoff B1 5 203.05 6 25.9 s21 and rateoff B2 5 2.6*103 6

3.5*102 s21). Moreover, towards neutral and basic pH values, while
peptide’s residence in the b-barrel steadily blocks the current, pep-
tide passage through the vestibule becomes so fast that it evades
detection (see Fig. 1, panel a and Fig. S8). The fact that the journey
of a peptide through the a-HL pore is limited in kinetic terms by the
distinct pore compartments within the diffusive pathway may have
far reaching consequences for the task of devising more efficient a-
HL protein-based architectures to be used in molecular recognition
studies of peptides or other macromolecules.

Discussion
In this work we have demonstrated that peptide capture and trans-
location kinetics through the native a-HL protein can be readily
tuned by varying the buffer pH. Our approach provides a unique
look to visualize sequentially the peptide translocation process, as it
proceeds through the b-barrel and vestibule of the protein. Through
analysis of parameters such as current blockage induced by peptide
within the protein pore and residence time in various domains of the
diffusing pathway, we discovered that peptide dynamics through the
channel is largely determined by the overall charge within the elec-
tro-diffusion pathway, and that the electro-osmotic flow imposes a
marked difference on peptide translocation particularly at low pH
values, slowing down the peptide drift velocity along the vestibule
region. An intriguing consequence of our studies is that the mech-
anism of peptide dynamics within the a-HL protein is amenable to
further development at low pH values in particular, through the fact
that when acting oppositely, the lumped force stemming from the
low pH-enhanced electro-osmotic flux and the electrophoretic force,
can induce gradual changes of the folding of a b-barrel-confined
peptide, resulting in an augmented propensity of the peptide for
moving across the protein constriction barrier towards the vestibule.
We further suggest the manifestation of distinct spatially-localized
peptide-a-HL protein interaction sites, which rate-limit the peptide
journey through the a-HL pore depending on the pH, in the sense
that, for example, peptide translocation kinetics through the a-HL
pore at low pH values is set by the peptide journey across the pro-
tein’s vestibule region. Our data highlights the immense potential
offered by the single-protein-based approach towards identifying
consecutive reactions steps associated to peptide binding within

distinct regions within nanopores, characterized by reaction rates
differing by orders of magnitude, impossible to detect from
ensemble-based measurements.

These results demonstrate the facile possibility to control and
reduce the translocation of guest macromolecules between the inner
compartments of the a-HL protein pore rendering it discontinuous
along the permeation pathway, thus paving the way to a more accur-
ate exploration of macromolecules-induced blockage depths. With
the implication of complimentary single-molecule tools, such as
atomic force microscopy and optical tweezers, and working in con-
junction with supra-molecular guests as a way to produce protein
pores with internal topologies possessing particular physico-chem-
ical properties, or employing tailored enzyme-driven translocation
approaches, such model systems may be refined, to probe with
improved spatio-temporal resolution the folding and translocation
of biological polymers.

Given the complexity of the biological and physical aspects related
to a complete exploration and description of local forces that alter the
peptide dynamics within the pore at various pH values, whereby the
charged state of crucial residues pointing towards the inner volume
of the a-HL changes with solution acidity, single point mutagenesis
on the a-HL pore remains a tool of choice in order to provide direct
evidence of residues relevant for peptide translocation. We therefore
presented a proof-of-concept system which could be refined and
further embedded in integrated single-molecule platforms that allow
controllable stalling and releasing of the pore-captured macromole-
cules, and control the kinetic behavior and folding of peptides within
nano-volumes.

Methods
Peptide synthesis. The peptides were synthesized using the solid phase method with
Fmoc (9-fluorenyl-methoxycarbonyl)-chemistry74,75. Peptide purification was then
carried out using preparative HPLC on a C18 reverse-phase column. The amino acid
compositions of the purified peptides were confirmed using an amino acid analyzer
(HITACHI 8500A, Japan). The molecular weights of the synthetic peptides were
determined using a matrix-assisted laser desorption ionization (MALDI) mass
spectrometer (see Table S3 and Fig. S10 for mass analysis of the peptides).

Electrophysiology. Single molecule electrophysiology experiments were performed
as previously described20,65. Planar lipid membranes made of 1,2-diphytanoyl-sn-
glycerophosphocholine (Avanti Polar Lipids, Alabaster, AL) were obtained using the
Montal–Mueller technique76,26 across a 1510 hexadecane/pentane (HPLC-grade,
Sigma–Aldrich, Germany) pretreated, ,120 mm in diameter orifice punctured on a
25 mm-thick Teflon film (Goodfellow, Malvern, MA) that separated the cis
(grounded) and trans chambers of the recording cell. The electrolyte used in both
chambers contained 2 M KCl buffered in 10 mM HEPES (Sigma2Aldrich,
Germany) for experiments performed at neutral pH 5 7.1, or 5 mM MES
(Sigma2Aldrich, Germany) for experiments carried out at mildly acidic pH values
(pH 5 3.3, 4.5, 5.1). All reagents were of molecular biology purity. After obtaining a
mechanically stable lipid bilayer, ,0.522 mL of a-hemolysin (a-HL)
(Sigma2Aldrich, Germany) were added from a monomeric stock solution made in
0.5 M KCl, to the grounded, cis chamber, under continuous stirring for about 5–10
minutes. Once the successful membrane insertion of a single a-HL heptamer was
attained, and depending on the particular experiment, either CAMA P6, CAMA P1 or
CAMA P5 peptide was introduced in trans chamber at a bulk concentration of
30 mM, from a 1 mM stock solution made in distilled water. To alleviate
electromagnetic and mechanic interference, the bilayer chamber was housed in a
Faraday cage (Warner Instruments, U.S.A), and placed on the top of a vibration-free
platform (BenchMate 2210, Warner Instruments, U.S.A). All experiments were
carried out at room temperature of ,23uC. Electric currents mediated by a single a-
HL protein pore immobilized in a lipid membrane, in the absence or presence of
peptides, were detected and amplified via a Multi Clamp 700B amplifier (Molecular
Devices, U.S.A) set to the voltage-clamp mode, and filtered at 30 kHz with the built-in
low-pass Bessel filter. Data acquisition was performed with a NI 6251 acquisition
board (National Instruments, U.S.A) at a sampling frequency of 80 kHz, with
customized routines written in the LabVIEW 8.20(National Instruments, U.S.A)
environment. The statistical analysis on the relative blockage amplitudes induced by
peptides on the electric current through a singlea-HL protein, as well as the frequency
and duration of the peptides-induced current blockades were analyzed within the
statistics of exponentially distributed events, as previously described77. In short, we
approached the statistical inference of rate constants using an alternative procedure to
dwell-time histograms, as proposed originally in a previous work77, whereby the
average time values separating two consecutive blockage events and average blocked
time were employed to derive association and dissociation rate constants describing
the reversible interaction between peptides and the a-HL protein. The inverse of
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average time values corresponding to the inter-event blockage intervals (ton) and
various peptide-induced blockage levels (toff), provided quantitative estimations of
the association (rateon) and dissociation (rateoff) reaction rates characterizing the a-
HL - peptide reversible interaction. As indicated in Fig. S11, representative
histograms of time intervals associated to the B1 R B2 transition (toffB1) and B2 R O
transition (toffB2), respectively, collected at various acidities (i.e., pH 5 7.1, pH 5 4.5
and pH 5 3.3) and an applied transmembrane potential DV 5 150 mV, were best
fitted with a decaying mono-exponential function (y , exp(2t/toff)). This in turn
indicates the existence of only one type of peptide population interacting with the
protein pore, so that we are bound to believe that our system does not discriminate
between the orientation of the peptide in the pore entering with either the C- or N-
terminal. Data graphing and statistics were mainly done with the help of the Origin6
(Origin Lab, U.S.A) and pClamp 6.03 (Axon Instruments, U.S.A) software. At least
three independent experiments were carried out in order to arrive at the numerical
estimates reported herein.

Simulation methods. Peptide sequence, CAMA P6 (KWKLFKKIGIGKFLQSAKKF)
is translocated across alpha-hemolysin pore from the trans - to cis - end by using
electric field corresponding to a trans-membrane voltage of 190 mV. The electric
field is calculated from the applied trans-membrane voltage through the extent of the
system along the z-axis, given by, V 5 2ELz. The peptide coordinates were generated
in PYMOL, minimized for 5000 steps using a combination of Steepest descent
method and adopted basis Newton Raphson method followed by heating to 300 K
with constraints on the heavy atoms and subsequent equilibration at 300 K by slowly
removing the constraints with CHARMM simulation package (version 37b2)78. The
peptide sequence has a net positive charge, 17 due to seven LYS and an additional 11
with N-terminal LYS being NH3

1 and C-terminal PHE as CONH2. The peptide
coordinates were merged with that of alpha-hemolysin (PDB ID: 7AHL) followed by
subsequent rotation and translation to fit it at the trans-end of the pore. As the peptide
entry at the trans-end of the pore can be random, the peptide is placed in two
vertically opposite orientations depending on the positions of the terminal residues-
(State 1) With N- and C-termini pointing towards the cis-end and (State 2) With both
termini pointing towards the trans- end of the pore. To accelerate peptide
translocation from trans- towards the cis- end within the computational time limit,
electric field, E 5 1.034 3 108 V/m, is applied to the peptide (corresponding to V 5

1900 mV, an order of magnitude higher than experimental voltage) whereas the
pore residues remain subjected to the experimental trans-membrane voltage
corresponding to an electric field, E 5 1.034 3 107 V/m. All the residues of the alpha-
hemolysin but the pore lining residues (identified using POREWALKER79) are fixed
in coordinate space80. In addition, unfolding of the CAMAP6 peptide within the
geometrical constriction of the pore and subsequent translocation under the effect of
electric field was effected using time dependent half quadratic perturbation method
(HQBM: Half Quadratic biased Molecular Dynamics module of CHARMM
simulation package)81,82. A conformational change was forced on the peptide by
application of a time-dependent bias on all backbone atoms, moving each of them
away from the other, in effect forcing the peptide away from its initial configuration
and leading to its unfolding (The force constant of the half harmonic potential, a 5

50.0 kcal/molA4). As the protein unfolds completely the protein is translocated up
using the same electric field, E 5 1.034 3 108 V/m. Trajectories for both folded and
unfolded peptide range from 40–50 ns depending on the duration for complete
translocation. Full atomistic simulation of the translocation process is conducted with
CHARMM-27 force field in ACE implicit solvent model (continuum with dielectric
constant of 80) using Langevin dynamics (friction coefficient 10 ps21)83–86

maintaining a constant temperature of 300 K. Van der Waals interactions were
computed using switching function with a cutoff of 12 Å. SHAKE algorithm was used
to constrain the hydrogen bonds permitting a time step of 2 fs. The formalism for the
biased molecular dynamics is being described in details in the SI.
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