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Abstract: Facilitated translocation of polypeptides through a protein pore is a ubiquitous and fundamental
process in biology. Several translocation systems possess various well-defined binding sites within the
pore lumen, but a clear mechanistic understanding of how the interaction of the polypeptides with the
binding site alters the underlying kinetics is still missing. Here, we employed rational protein design and
single-channel electrical recordings to obtain detailed kinetic signatures of polypeptide translocation through
the staphylococcal a-hemolysin (oHL) transmembrane pore, a robust, tractable, and versatile 5-barrel protein.
Acidic binding sites composed of rings of negatively charged aspartic acid residues, engineered at strategic
positions within the g barrel, produced dramatic changes in the functional properties of the aHL protein,
facilitating the transport of cationic polypeptides from one side of the membrane to the other. When two
electrostatic binding sites were introduced, at the entry and exit of the § barrel, both the rate constants of
association and dissociation increased substantially, diminishing the free energy barrier for translocation.
By contrast, more hydrophobic polypeptides exhibited a considerable decrease in the rate constant of
association to the pore lumen, having to overcome a greater energetic barrier because of the hydrophilic
nature of the pore interior.

Introduction For example, electrophysiological and circular dichroism studies

of protein translocases from mitochondria (TGMpand chlo-

stems from the fact that approximately one-half of all proteins ropla_sts (TOCY have indicated that these transmembrane
proteins ares-barrel pores. A3-barrel pore may also serve as

produced in a cell must, at some point, traverse a cellular a passageway for enzymes to enter the cytosol, such as the lethal
membrane. Examples include not only several key processes, P geway y Y

involved in the cellular lifecyclé;3 but also the translocation factor (LF) and the edema factor (EF), which unfold at least
of protein toxins through protein channéf.The present partially and translocate through a 14-stranfeuhrrel formed

i i ind.511
challenge rests on better defining the molecular mechanismsby,\lprc’tectlve ?ntlézjen chall’mel (E.ﬁ of anthrax tgmrr]ﬁ lecul
employed by protein translocase channels and establishing the l:]merous :‘mh arl:entfl;\ quelstlons SL\’/Uﬁund the mc|> ecular
broader biophysical rules that govern the transport of polypep- mechanisms of thg-barrel translocases at drives polypep-

: - 2
tides. A transmembrangbarrel is a common scaffold used by ?:e translport. Hotvvl do ;/r?rlouzltrapsfor :)mdmtgd sﬁsscwnhm
protein-conducting channels. The translocation of protein pre- € pore lumen calalyze the net iow of polypeptides < L.an one

cursors into mitochondria and chloroplasts occurs through control or anticipate the underlying translocation kinetics by

transmembrang-barrel pores located in the outer membré&ne. rational design of either tha-barrel pore or the translocating
polypeptide? All these specific questions generate a broader

t Department of Physics, Syracuse University. question regarding protein translocation: how do mitochondrial

* University of Oxford. protein precursors move a significant distance into the organelle,

U $Str“.ft“ra' Biology, Biochemistry, and Biophysics Program, Syracuse 4y/ersing the translocase of the outer membrane (TOM) in the
niversity.
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Figure 1. Molecular model of theaHL protein pore highlighting the

Sacll, Hpal, BsiW|, Stul, Aflll, andXhol. pT7-aHL-RL3 was derived
from pTr-aHL-RL2%°2%in two separate ligation steps. For the first step,
pT7-aHL-RL2 was digested wittBsiWI and Aflll and the purified
vector was then ligated with two double-stranded oligonucleotide
cassettes. The first cassette was formed from SCISTACGGAT-
TCAATGGTAATGTTACTGGTGATGATACAGGAAAA, and phos-
phorylated SC198,'BATTTTTCCTGTATCATCACCAGTAACAT-
TACCATTGAATCC, while the second cassette was formed from
phosphorylated SC199,'STTGGAGGCCTTATTGGTGCAAAT-
GTTTCGATTCGTCATACAC, and SC200, STAAGTGTATGAC-
GAATCGAAACATTTGCACCAATAAGGCCTCC. The resulting three-
way ligation yielded pT7aHL-RL3-K8A. In the second ligation step,
the engineered Ala codon present in tildL-RL2 gene at position 8
was replaced with the wild-type Lys codon. To restore the wild-type
residue, pF-aHL-RL3-K8A was digested witihgelandMfel, and the
resulting fragment was ligated with the wild-type gene in the T7 vector

engineered acidic binding sites (in magenta) made of rings of aspartic acid (PT7-HL-WT) that had been cut with the same enzymes to yield pT7-

(K131D; and K1470). The model was built using PyMdlewith the
coordinates of 7ahl.pdb (Protein Data Baik)K147 is located on the cis
end of theg barrel, near the constriction region with a diameterdf A.
K131 is located on the trans side of tfiearrel, in a region of the lumen
with a diameter of~20 A, and is exposed to the aqueous phase.

absence of any energy-driven machinery? Previous studies usind;,

aHL-RL3. All genes were verified by DNA sequencing.

Construction of g-Barrel Mutants. aHL-K131D 7, aHL-K147D+,
and aHL- K131D/K147D;. Mutant genesgtHL-K131D; and aHL-
K147D;, were constructed by PCR-based recombination as previously
described? To constructxHL-K131D;, pT7-aHL-RL3 (see above) was
sed as the template for PCR with mutagenic primers: SC807,
GGTGATGATACAGGAgacATTGGAGGCCTTATTGG (forward),

recon;;ntuted |I.pld membranes hqve not clarlfled.these. long- _ g BSC808, CCAATAAGGCCTCCAATGICTCCTGTATCATCACC
standing questions owing to technical challenges, including the (reverse). The mutant codon and anticodon are in small typex/fibr

considerable complexity of the translocation machinery as well
as a general lack of sufficient structural informatfon.

To overcome these difficulties, we adopted a strategy for
implementing functionality into g-barrel pore to facilitate

K147D, the mutagenic primers were SC80%6 TCATACACTTgac-
TATGTTCAACCTG (forward), and SC810,'6AGGTTGAACAT-
AgtcAAGTGTATGACC (reverse). The non-mutagenic primers SC46,
5'ATAAAGTTGCAGGACCACTTCTG (forward), and SC47,6GA-

polypeptide translocation. The obvious advantage of this GAAGTGGTCCTGCAACTTTAT (reverse), were used for both sets
methodology |S not Only to Systemat|cal|y test an array Of of PCR reactions. To construct the dOUb|e aS!:)artate mLm'mL,'
hypotheses generated by the outstanding questions regardingtt31P/K147Dy, pT7-oHL-K147D was digested witStulandHindll,

protein translocation, but also to obtain the basic rules that
govern this molecular procesStaphylococcal aureus-hemol-
ysin (aHL)!? is a-barrel pore that is similar in structure and
size to many polypeptide-conductifigharrel pore¥ and is also

a versatile protein with an extraordinary stability under remodel-
ing (Figure 1)}*-17 Additional advantages of this transmembrane
protein pore are the availability of its high-resolution crystal
structurel? its stability over long periods and under extreme
environmental conditions;18 and its large single-channel
conductanceé? facilitating high-resolution electrical recordings.
Therefore, thexHL protein was viewed to be an ideal candidate
for the use as a model system to study the interactions betwee
a translocating cationic polypeptide ang-darrel protein pore
via single-channel electrical recordings.

Experimental Methods
Construction of pT7-aHL-RL3. pT7-aHL-RL3 encodes the WT-

oHL polypeptide, but contains six silent restriction sites that encompass

DNA encoding the transmembraysebarrel. These sites aré ® 3

(12) Song, L. Z.; Hobaugh, M. R.; Shustak, C.; Cheley, S.; Bayley,
J. E.Sciencel996 274, 1859-1866.

(13) Schwartz, M. P.; Matouschek, Rroc. Natl. Acad. Sci. U.S.A999 96,
13086-13090.

(14) Howorka, S.; Movileanu, L.; Lu, X. F.; Magnon, M.; Cheley, S.; Braha,
O.; Bayley, H.J. Am. Chem. So00Q 122 2411-2416.

(15) Movileanu, L.; Howorka, S.; Braha, O.; Bayley, Nat. Biotechnol200Q
18, 1091-1095.

(16) Bayley, H.; Braha, O.; Cheley, S.; Gu, L. Q. Engineered nanopores. In
NanoBiotechnology Niemeyer, C. M. a. M. C. A,, Ed.; Weinheim,
Germany, 2004; pp 93112.

(17) Jung, Y.; Bayley, H.; Movileanu, LJ. Am. Chem. So2006 128 15332~
15340

H.; Gouaux,

(18) Moviléanu, L.; Cheley, S.; Bayley, HBiophys. J.2003 85, 897-910.
(19) Movileanu, L.; Schmittschmitt, J. P.; Scholtz, J. M.; Bayley,Bibphys.
J. 2005 89, 1030-1045.

and the resulting small fragment was ligated to the large fragment
purified from pT7eHL-K131D after digestion with the same enzymes.
Successful replacement was screened by cutting plasmid isolates with
Aflll, since this site is removed by the K147Bwutation. All mutant
genes were verified by DNA sequencing.

Polypeptide Synthesis and Purification.The polypeptides used in
this work were Syn B2= MLSRQQSQRQSRQQSQRQSRYLL (HPLC
purity was 95.0%Mw = 2893.3 Da), Cox IV= MLSLRQSIRFFK-
PATRTLCSSRY (90.1%, 2762.3Da) and A¥ (AAKAA) sY —NH;
(96.4%, 2243.7 Da). The polypeptides were synthesized by an automatic
solid-phase method using an active ester coupling procedure with Fmoc-
amino acids, purified by reversed-phase HPLC, and confirmed by

MALDI-TOF mass spectrometry and analytical HPLC (GenScript

corporation, Scotch Plains, NJ).

Mutant aHL Pores. [3*S]methionine-labeled, mutaatHL polypep-
tides were synthesized and assembled in vitro by coupled transcription
and translation (IVTT) in the presence of rabbit erythrocyte membranes
as previously described. The labeled, membrane-bound homohep-
tamers were washed in MBSA buffer (10 mM MOPS; titrated with
NaOH, 150 mM NaCl, containing 0.1% (wt/v) BSA, pH 6.8),
solubilized in sample buffe¥, and then purified on an 8% SDS-
polyacrylamide gel. The gel was then dried between two sheets of
plastic film (catalog no. V713B; Promega Corporation) at’60for 2
h using a Bio-Rad drying system (“GelAir” catalog no. +6b/71,
Bio-Rad Laboratories). After autoradiography of the dried gel, bands
corresponding to each mutant oligomer were excised with scissors and

(20) Cheley, S.; Braha, G.; Lu, X. F.; Conlan, S.; BayleyPtotein Sci.1999
8, 12571267.

(21) Movileanu, L.; Bayley, HProc. Natl. Acad. Sci. U.S.2001, 98, 10137
10141.

(22) Howorka, S.; Bayley, HBiotechniquesl998 25, 764.

(23) Movileanu, L.; Cheley, S.; Howorka, S.; Braha, O.; Bayley,JHGen.

Physiol.2001, 117, 239-251.
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rehydrated in 0.5 mL of ultapure, distilled, and deionized water. The Table 1. Biophysical Properties of the Cationic Polypeptides
adherent, plastic gel-backings were released from the slices after

. " . " length fractional Kyte—Doolittel
rehydration and removed with flamed-metal forceps prior to maceration  polypeptide? (residues) charge® helicity® (%) hydropathy index?
with a disposable plastic pestle (catalog no. 749521-1590; Nalge Nunc
) ) CEE 26 +5 17.4 15.2

International). Gel fragments were removed with a spin filter (‘QIAshred- ¢y 1y 23 +5 5 52
der”, catalog no. 79654; Qiagen), and the resulting filtrate was stored  syn B2 23 +5 12 —44.4
frozen in 50uL aliquots at—80 °C.

Molecular Graphics. TheaHL model (7ahl.pdb) was generated with aThe sequences of the polypeptides are presecnted in the section Materials
the PyMol software packagé. and Methods® The charge is e_stlm%ted at pH 7¢%ractional helicity is

. h . . ) . calculated as previously describ®d® The positive numbers indicate the

Electrical Recordings in Planar Bilayers. Electrical recordings hydrophobic feature of the polypeptide, whereas the negative numbers
were carried out with planar bilayer lipid membrad&¥ The cis and indicate their hydrophilic nature. These values represent the sums of the
transchambers of the apparatus were separated bymﬂﬁuck Teflon Kyte-Doolittel hydropathy indexes for the individual amino acids in the

septum (Goodfellow Corporation, Malvern, PA). A 1,2 diphytanoyl- Polypeptidett

snrglycerophosphatidylcholine (Avanti Polar Lipids, Alabaster, AL)  carried out to examine the interaction of various cationic
bilayer was _formed across a @dn-wide aperture in the septum: The polypeptides with the WTxHL and engineereaxHL pores.
elhecc’:strorll);tte; 'ng;’tZ iﬁiﬂﬁerzr;ﬁe'\:'e ﬁ(t:rlo dllj?:e(rjm\tf F;%t;is'unél_ Three selected polypeptides were explored: an alanine-based
pnosphate, pri 7.4 P y 99 polypeptide AK with the repeat unit AAKAA, a mitochondrial

purified homoheptamears (6-2.0 uL) to the cis chamber, to give a d hetic hvdrophili
final protein concentration of 0.65.2 ng/mL. Single-channel currents ~ Presequence Cox 1V, and a synthetic hydrophilic presequence

were recorded by using a patch clamp amplifier (Axopatch 2008, Axon SYN Bz-lo_’soThese polypeptides were closely similar in length
Instruments, Foster City, CA) connected to Ag/AgCl electrodes through (~25 residues) and charge (eg5) at pH 7.4, but they differed
agar bridges. Theis chamber was grounded and a positive current greatly in their hydropathy index: 15.2;5.2, and—44.4,
(upward deflection) represents positive charge moving fromntrénes respectively (Table 13 When inserted into a planar lipid
to cis side. A Pentium PC was equipped with a DigiData 1322A A/D  bilayer, all four channels investigated here remained open for
cqnverter (Axon) for dat.a acquisition. The signal was low-pass filtered long periods (Supporting Information, Figure S2). By contrast,
with an 8-pole Bessel _fllter at a frequency of lQ kHz and sample_d at \when the cationic polypeptides were added totthasside, at
50 kHz, unless otherwise stated. For data acquisition and analysis, weyq,, micromolar concentrations, transient current blockades were
used the pClamp9.2 software package (Axon). observed, the nature of which was dependent on both the
Results features of the engineeredHL pore as well as the translocating
) o ) ) ) polypeptides (Figure 2, Supporting Information, Tables-S2

Design of the Binding SitesOur major hypothesis was that g4 ‘For the simplicity of further data interpretations, our single-
acidic blndlng_snes eng_lne(_ared within the_pore lumen _V\_/ould channel experiments were performed with the polypeptide
produce a major alteration in the polypeptide permeability of 5n51vte added only to thieans side. This is motivated by the
the aHL protein pore. We designed two mutants containing & 4t that a significant part of theHL protein (~50 A) protrudes
binding site located either at thteans entrance of the pore  yithin the cis aqueous phase (Figure ®)in other words, the
lumen, at posflyon 131, or near the constriction region Qf[ihe polypeptide analyte added to this chamber would undergo a
barrel, at position 147 (Figure 1). In both mutants, a lysine was gjgnificant entropic penalty within the voltage-independent part
replaced by an aspartic acid. Because of the stoichiometry of ¢ 1o pore lumet?-33 before its partitioning into the voltage-
theaHL protein pore, each single-site mutation in the monomer dependent transmembragebarrel part.
resulted in seven-residue replacements in the heptameric pore, Figure 2 illustrates the effect of the Syn B2 polypeptide on
creating an acidic iris composed of aspartic acid side chains. In o single-channel electrical signature of the \WHiL and
this way, a single-site mutation introduced-a4 net charge in engineerecHL protein pores. A log likelihood ratio (LLR)
the fully assembled pore (K13%r K147D;, Figure 1). TO (654819 of gwell-time histograms showed a two-exponential
reveal the cumulative effect of both acidic binding sites, we gjistribution of the transient current blockades produced by the
further designed a double-site mutant, K134Q47D;, which cationic polypeptides in single-channel recordings with the WT-
introduced a-28 net charge alteration in the lumen of thidL oHL pore. At a transmembrane potential 680 mV, we
pore. Replacement of Lys with Asp near the constriction region 5,yserved transient current blockades with two duratiagg:,
of the pore lumen modified the permeability properties of the — 594 0.4 ms. with a frequencit = 11 + 4 s°* (the short-
aHL pore from a slightly anion-selective to a cation-selective |jeq events), andog_» = 2.7+ 0.1 ms, withf, = 15+ 5 51
channel. For example, the permeability rafig/lPc; was 0.71
+ 0.05 g = 3) for the wild-typeaHL (WT-aHL) pore, in
accord with previous studiéd.The K131D, K147D;, and
K131D,/K147D; pores exhibited a permeability ratix/Pc, of
0.71+ 0.12 1 = 3), 1.43+ 0.13 (1= 3), and 4.50+ 0.97 f
= 3), respectively (Supporting Information, Figure S1, Table
S1).

Single-Channel Electrical Recordings of the Wild-Type (28) gg%rpnagr&,bﬁ%s.;h (l;lrghe’\rl,eﬁig%lﬁ(-clhgabn5nel Recordingcluwer Academic/
and Engineered aHL Pores in the Presence of Cationic (29) Hille, B. lon Channels of Excitable Membraninauer Associates, Inc.:

Polypeptides. Single-channel electrical recordir§g® were Sunderland, MA, 2001. o ,
(30) Muro, C.; Grigoriev, S. M.; Pietkiewicz, D.; Kinnally, K. W.; Campo, M.
L. Biophys. J.2003 84, 2981-2989.
(25) Delano, W. LDeLano ScientificbeLano Scientific: San Carlos, CA, 2007. (31) Kyte, J.; Doolittle, R. FJ. Mol. Biol. 1982 157, 105-132.

(the long-lived eventsp = 3) (Figure 2A). The short-lived
current blockades (denoted by the subscript “1”) were not
voltage dependent, and we interpreted them as transient colli-
sions of the cationic polypeptides with ttransopening of the
oHL pores (data not shown). Therefore, they were neglected
in the further determination of the kinetic constants. The long-

(26) Miles, G.; Movileanu, L.; Bayley, HProtein Sci.2002 11, 894-902. (32) Howorka, S.; Movileanu, L.; Braha, O.; Bayley, Proc. Natl. Acad. Sci.
(27) Gu, L. Q.; Dalla Serra, M.; Vincent, J. B.; Vigh, G.; Cheley, S.; Braha, O.; U.S.A.2001, 98, 12996-13001.
Bayley, H.Proc. Natl. Acad. Sci. U.S.2000 97, 3959-3964. (33) Howorka, S.; Bayley, HBiophys. J.2002 83, 3202-3210.
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Figure 2. Representative single-channel electrical recordings with the wild-
type and engineeredHL protein pores in the presence of 2 of the

Syn B2 polypeptide added to thmnsside: (A) WT-aHL, (B) K131Dy,

(C) K147Dy, (D) K131D/K147D;. The frequency and duration of the

Kott—2 = Lltott—2, andtos—2 is the mean dwell time of the long-
lived events® The voltage dependence of the rate constant of
dissociationkyi—» underwent a crossover behavior, indicating
the transition from thetrans to cissmediated dissociation.
Accordingly, k-2 was fitted by a sum of two exponentials
that resulted from the combination &f—>%S and Kof—oa"s19
This analysis provides various fundamental parameters that
describe the translocation mechanism, including thekgis £)
and trans K229 rate constants of dissociation at a certain
transmembrane potential and their corresponding fractional rate
constants of associatioR,n-2""S and kon-o%S. These rate
constants were calculated Bg,-2"S x Kon—2 and Pon—2%S x
Kon—2, respectivelyt® The probability of the polypeptide to exit
the pore through thé&rans andcis opening was calculated as
Pon-2"2"= koff—2""7Koff—2 @NAPon-2" = Koff—2"Fkoft 2, respec-
tively. AlsO kon-2 = Kon-2™" + kon-2%S, where kon2 =
1/([polypeptFon-2).

The Rate Constants of Associationkyn-2). Remarkably,
the rate constants of associatiég.(2) spanned at least 5 orders
of magnitude and exhibited a well-defined pattern with the

polypeptide-induced current blockades were dependent on the position of Nature of the pore and the cationic polypeptide (Tablég)
the engineered binding site. All traces were recorded in symmetrical buffer exponentially decreased with the transmembrane potential,

conditions (1 M KCI and 10 mM potassium phosphate, pH 7.4}-80

mV. The smooth curves from the right-handed histograms were either

double-exponential (for A and B) or single-exponential (for C and D) fits
(details are provided in the main text and Supporting Information, Table

suggesting a voltage-dependent single-barrier profile for the rate
constant of association. Interestingkg,—» increased with the
hydrophilic feature of the polypeptides in the following se-

S2). The single-channel electrical traces were low-pass Bessel filtered at 2quence: AK< Cox IV < Syn B2, and for all pores (Table 2).

kHz.

lived events (denoted by the subscript “2”) were voltage

dependent and were attributed to major partitioning of the

polypeptides into the pore luméh.Highly frequent current
blockades were observed with the K134ibre @of—1 = 0.31

+ 0.06 ms,f; = 100+ 20 s%; and7oi—2 = 3.0 £ 0.04 msf,
=294 11 s1, n= 3) (Figure 2B). Furthermore, in contrast to
WT-oHL and K131D0, the short-lived events were not observed
with K147D;7 (tofi—2 = 0.14£ 0.02 msf, =47+ 1stn=

3) and K131B/K147Dy (tof—2 = 0.091+ 0.005 msf, = 400

+ 17 s'%, n = 3, Figure 2C,D), as judged by a log likelihood

In Figure 3, we show both fractional rates of associatigi,,®s
and kon-2@"S that correspond to the exit of the polypeptides
across theis andtransopening of thexHL pore, respectively.
At a transmembrane potential ¢80 mV, koo was dominant
for the K14705 and K131G/K147D; pores (Figure 3). This
finding indicates that the exit of the polypeptides primarily
occurred across thes opening of the pore when the binding
site K147D was present. Therefore, the position of the binding
site qualitatively altered the net flux of cationic polypeptides
through theaHL pore. For Syn B2 and Cox IV, the values of
Kon—2%S calculated for the K147Ppore moderately increased

ratio test. One simple interpretation for the assignment of the c0mpared to those values corresponding to the &L-pore.

short-lived events “1” is that the interaction of the polypeptide
with the trans opening of the pore is more than a simple
collision, but rather is likely accompanied by other complex
electrostatic interactions. As thieans opening is the same for
all aHL pores examined in this work, transient short-lived
conformational fluctuations of the positively charged polypeptide
within the pore lumen would allow its trapping by the negatively
charged binding site located at position 147.

Determination of the Kinetic Constants.We found that the
reciprocal ofz,, (the mean inter-event interval) is linearly
dependent on the polypeptide concentration, whergagthe

In contrast,kon—2°S for the K1310/K147D; pore values were
substantially greater than the values obtained with the dMTL-
pore (Table 2, Figure 3), suggesting that two binding sites, at
the entry and exit of the pore, synergistically enhance the net
flux of cationic polypeptides through theHL pore from the
trans to cis side.

The Rate Constants of Dissociationkyi—2). Similar with
the previous study employing alanine-based polypepfities,
fitted thekoir—2(V), whereV is the transmembrane potential, with
a two-exponential function that can be attributed to a two-
barrier-free energy landscape; the first barrier corresponds to

mean dwell time from the histogram of the occupied states) is the activation-free energy of the polypeptide to exit the pore
independent of the polypeptide concentration (data not shown).through thetrans side kof-2"2"9, whereas the second barrier
Thus, a simple bimolecular interaction between the polypeptide corresponds to the activation-free energy of the polypeptide to
and the pore can be assumed. The rate constants of associatioexit the pore through theis side ko—2°%). Therefore, in a linear

kon were derived from the slopes of plots oftd{ versus
[polypept], where [polypept] is the polypeptide concentration
in the aqueous phase. The rate constants of dissocidigh (
were determined by averaging thea gkl

The cationic polypeptide exits theHL pore through either
the trans or cis opening, so that the total rate constant of
dissociation was defined &si—» = Kofi—2% + Koff—22"S where

plot, thekot—2(V) showed a biphasic profile with a minimum
that corresponded to a critical value of the transmembrane
potential ). ForV >V, polypeptide exit through thes side

is energetically favorablekgr—o' > ko9, and vice-versa

for V < V. In Figure 4, we show the rate constants of
dissociation Ksf—2), normalized to the value that corresponds
to +20 mV, in a semilogarithmic plot versus the transmembrane
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Table 2. The Rate Constants of Association kon-1, kon—2, kon—2""2", and kon—2% of the Interaction between Cationic Polypeptides and oHL
Pores at a Transmembrane Potential of +80 mVa

konfl konfz kmiztrans knnfzc‘s

peptide pore (M~ts7) x 10°5 (M~ts7Y) x 10°5 Mts7Y) x10°° M~1s7Y) x 10°°

Syn B2 WT-oaHL 3.2+13 444+1.3 3.1+ 0.8 15+ 04
K131Dy 29+ 6 8.5+ 2.6 43+15 4.0+ 1.3
K147D; N/AP 13.8+ 6.8 <0.014 13.0+ 1.6
K131D;/K147D; N/AP 117+1 <0.1Z 116+ 1

Cox IV WT-aHL 0.20+ 0.02 0.60+ 0.03 0.3+ 0.2 0.30+ 0.15
K131D; 0.3+0.1 0.90+ 0.15 0.035f 0.007 0.6+ 0.1
K147D; N/AP 0.80+ 0.03 < 0.0008 0.8+0.2
K131D,/K147D; N/AP 5.0+0.1 < 0.0045 49+0.1

AK WT-oHL 0.04+0.01 0.008+ 0.002 0.0002@: 0.00005 0.008t 0.001
K131Dy 0.20+ 0.07 0.08+ 0.01 0.032+ 0.001 0.050t 0.002
K147D; 0.17+£0.01 0.001£ 0.0002 <0.0000008 0.0010+ 0.0002
K131D,/K147D; N/AP 4.14+0.73 <0.004 4.1+0.7

a All experiments were carried out in symmetrical conditiofissdM KCI, 10 mM potassium phosphate, pH 7.4. A 84 portion of polypeptide was
added to therans chamber. The values represent mean$Ds calculated from three separate single-channel experin®értte. short-lived voltage-
independent events “1” were undetectalbl&he numbers represent the upper limit of the rate constant of association based upon a probability lower than
0.1%.

S Discussion
'm S-Barrels with a Single Attractive Trap. In this work, we
2, 10qmma M _ obtained a highly detailed kinetic signature of the translocation
) il = of cationic polypeptides through a transmembraszrrel pore
= 044 é containing negatively charged binding sites engineered within
- - % the pore lumen. For a binding site located within thbarrel,
?: % we found that its position qualitatively alters the flow of
g 1E3 % polypeptides. This situation is similar to that of a selective ion
% channel containing a binding site for a particular type of small
1E-5 7 ions, such as sodium or potassiétn3® The polypeptide flux
< 29 through a binding site-containingHL pore is greater than that
3 f{; through a wild-typexHL pore (Table 2).

By comparison with WTeHL, K131D; exhibited an increase
of the rate constant of associatidgn(»). The high rate constant
: of association is consistent with the location of the binding site
Figure 3. The rate constants of associatien-2"">andkon—2" calculated near the side of greater polypeptide concentration (Figures 1,
for a transmembrane potential 8880 mV. The other conditions are lthe“ 3). Except for the hydrophobic polypeptide Ak, » is higher
same as those mentioned in Figure 2. The missing bars indicated’ by . .
have a value less than 0.k34.» (Table 2). The values represent means  With the K147 and K131G/K147D; pores than with the WT-
SDs calculated from three separate single-channel experiments. oHL pore. The WTeHL pore has a “steric” binding site for

polypeptides, near the constriction regi§rPrevious work on

potential §). In the range of the transmembrane potential of the interactions between the cationic alanine-based polypeptides
20—100 mV, ko decreased with an increase\rfor the WT- and theaHL pore showed that the overall free energy landscape
oHL pore regardless of the polypeptide, suggesting that the pore¢an be depicted by a two-barrier, single-well proffle.
lacking the binding site(s) is poorly permeable for cationic = We interpret these results in terms of the alteration of the
polypeptides. In contraskes—» increased with an increase Vh free energy barrier for polypeptide translocation. The first barrier
for the K131D/K147D; pore (Figure 4), indicating an enhanced (‘the entry barrier”) is determined by the energetic cost of the
permeability for cationic polypeptides, which is in accord with Polypeptides for their partitioning from aqueous phase into the
the absence of the short-lived events “1” noticed with all Pore lumen. The second barrier (“the exit barrier”) is determined
polypeptides examined in this work. Table 3 illustrates the PY the energetic cost of the polypeptides required to traverse
values of the rate constants of dissociatign 1, Koz, Ko™ the constriction of thetHL pore near theis end of thes barrel.

andkes_2% for all cases examined here. The rate constants of The acidic binding sites, either at position 131 or 147, add an

dissociation Kyr_5) determined for the K147Pand K1310/ addltl_onal Qttr?ctlve blndlng site that alters either “the erltry
K147 I ter than th | or exit barrier,” respectively. For example, the polypeptides

D,7 pores were generally greater than .ose. Values COIme-y anslocate faster through the K147pore than through the
sponding to the WiaHL and K1310 pores, primarily because

= . ) Y WT-aHL pore (oi—2%S, Table 3, Figure 2), resulting in a
of a substantial increase in the rate constant of dISSOCIatlonsigniﬁcanﬂy reduced “exit barrier” through thus end of thes

through thecis opening of the poreké—2™, Table 3). For the  parrel. wWe propose that both negatively charged binding sites
K147D; and K1310G/K147D; pores, the values dg—o"2"Swere

negligible, indicating a facilitated flow of cationic polypeptides (34) Berezhkovskii, A. M.; Bezrukov, S. MBiophys. J2005 88, L17—L19.

icQj H i (35) Bauer, W. R.; Nadler, W0. Chem. Phys2005 122
from thetransto cis side of the membrane, which is in excellent (36) Bauer W, R.- Nadler Wroc. Natl. Acad. S, U-S.2006 103 11446

agreement with our hypothesis. 11451,

e
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Figure 4. Voltage-dependence of the rate constants of dissocidtignz
normalized to that value corresponding+@0 mV and fitted with a two-
exponential functiot® (A) the Syn B2 polypeptide, (B) the Cox IV
mitochondrial polypeptide in the presence of 10d DTT, (C) the AK
polypeptide. All experiments were carried out in symmetrical buffer
conditions (1 M KCI, 10 mM potassium phosphate, pH 7.4). A/@34
portion of polypeptide was added to tlransside of the bilayer. The values
represent means= SDs calculated from three separate single-channel
experiments.

have a catalytic role in translocating the polypeptides from one
side of the membrane to the other.

Alternatively, the kinetic data obtained from single-channel
recordings can be interpreted in the light of the occupation
probability n and the first passage timgg—, to traverse the
oHL pores3536In this work, the experiments were performed
at low micromolar concentration of cationic polypeptides. Under
these conditions, the reciprocal of,-2 is proportional to the
concentration of polypeptide, indicating that complex interac-

polypeptide and the protein pofeThis superposition produces
an increase in the occupation numbewhich is in accord with
our experimental findings, because the flow of polypeptidles
increases with the occupation number. On the other hand, the
engineered trap at position 147 dramatically reducgs
(Figures 2-4), increasing the flow of the translocating polypep-
tides. Finally, the two engineered traps, at the entry (K131D)
and the exit (K147D) of thg barrel, increase the occupation
numbem and decrease the first passage tige 2, respectively,
substantially enhancing the flow of translocating polypeptides
(Figures 2-4).

This work demonstrates that an electrostatic interaction
between the translocating polypeptides and the pore lumen is a
determining factor that facilitates their transport. Intuitively, a
very strong interaction between the translocating polypeptide
and the pore lumen is accompanied by a much longer residence
time inside the pore, which will reduce the net flux of
polypeptides. This could be reasoned by the facts that (i)
polypeptides bound temporarily inside the pore might hamper
the translocation of other polypeptides by blocking the channel
and (ii) the interaction is so strong that the polypeptide exits
the pore through thé&ans opening. In this paper, we did not
examine the effect of the strength of the binding interaction on
the transport of polypeptides, and this issue remains to be
clarified in a future study.

Why Two Traps Are Better Than One. Compared with
WT-aHL, the rate constants of associatidgn(,) and dissocia-
tion (kori—2) increased for the double mutant (Tables3). This
situation is different from that observed with the K14/ibre
in which only theky—, rate constant was increased or that
observed with the K131Ppore in which only thek,n-» rate
constant was increased (Tables3. Together, the 131 and
147 binding sites have a synergistic effect by increasing both
Kon-2 and ket—2. We propose that both binding sites act as a
Brownian ratchet pulling successive fragments of the translo-
cating polypeptide through attractive electrostatic forces. These
results show that the kinetics of polypeptide translocation
through an engineeredHL pore is dramatically altered by
comparison with the WTxHL pore, and is dependent on the
position of the binding site.

This data may offer an explanation why the TOM channel
possesses two major acidic binding sites, one at the entry of
the barrel, and one at its exit, protruding into the intermembrane
surface?” The presequence-containing proteins traverse the TOM
channels in the absence of any ATP or energy-driven cellular
factor and with an enormous entropic cé$tositively charged
presequences interact with the negatively charged binding sites
within the TOM channels, resulting in electrostatic forces
required to guide the translocating proteins across the outer
membrane of mitochondria. The binding sites at the entry and
exit of the TOM channel reduce the activation free energy of
the polypeptides to partition into the channel through the
cytosolic opening and to escape the channel through the opposite
opening, respectively. For example, removal of the acidic
binding site at the intermembrane surface inhibited protein
import 3 to 8-fold38 By analogy, the results obtained with the

tions between polypeptides due to the polypeptide-induced K131D,/K147D; pore provide strong evidence for a substantial

current blockades are negligible. Therefore, the flow of polypep-
tides through thexHL pore isJ = n[polypept]fos—2.3536 The

transmembrane potential implies the superposition of an attrac-

tive potential with the native interaction potential between the

(37) Chacinska, A.; Pfanner, N.; Meisinger, @ends Cell Biol2002 12, 299—

303.
(38) Bolliger, L.; Junne, T.; Schatz, G.; Lithgow, EMBO J.1995 14, 6318—
6326.
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Table 3. The Rate Constants of Dissociation Kofi—1, Kofi—2, Kori—2@"S, and kofi—2 of the Interaction between Cationic Polypeptides and aHL

Pores at a Transmembrane Potential of +80 mV2

Kott-1 Koti—2 Kotr—g"" [

peptide protein pore (s %1073 (s %1078 (s7Y)x107° (s7Y) %1072

Syn B2 WT-aHL 11+04 0.37+0.02 0.29+ 0.01 0.14+ 0.01
K131Dy 3.2+20 0.33+0.04 0.20+ 0.03 0.12+ 0.02
K147D; N/AbP 72+1.2 N/AC 7+2
K131D;/K147D; N/AbP 11+1 N/AC 10+ 1

Cox IV WT-aHL 0.76+ 0.01 0.114+0.01 0.050+ 0.002 0.052+ 0.002
K131Dy 21+13 0.16+ 0.04 0.15+ 0.04 0.009+ 0.003
K147D; N/AP 4.8+ 0.6 N/A® 5.1+ 0.6
K131D,/K147D; N/AP 22+0.2 N/AC 2.0+0.2

AK WT-oHL 9.3+0.9 1.3+ 0.1 0.04+ 0.01 1.2+0.5
K131Dy 25+0.1 0.57+£ 0.02 0.21+0.01 0.344+0.03
K147D; 79+3.9 1.3+ 0.5 N/AC 1.3+£0.3
K131D,/K147D; N/AP 76+2.0 N/AC 6.2+ 2.0

a All experiments were carried out in symmetrical conditiofissdM KCI, 10 mM potassium phosphate, pH 7.4. A 84 portion of polypeptide was
added to the trans chamber. The values represent mea®Bs calculated from three separate single-channel experinfeFite. short-lived voltage-
independent events “1” were undetectalSi€he rate constant of association was not determined, because the events exhibited a probability lower than
0.1%.

reduction of the free energy barrier, revealing the catalytic role and narrowep-clamp-containing P& channel compared with
played by the two attractive traps in polypeptide translocation a more conductive and widerclamp-lacking PAs, concluding
through theaHL pore. that the¢-clamp represents a trap that can grasp successive
The Effect of the Hydrophobicity of the Polypeptide.The ~ hydrophobic segments in kFand ER.* In a very recent
single-channel recordings (Figure 3) revealed that the polypep-follow-up work, Melnyk and Collier discovered that a loop
tide—pore interaction is dependent not only on the binding sites, network within the pore lumen is required to position the
but also the nature of the polypeptide substrate. More hydro- ¢-clamp of exposed Phe residues in an active conformation,
phobic peptides exhibited a lower rate constant of associationrevealing the complexity of the mechanisms of the protein
(kon-2). As shown in Table 2 and Figure 3, the rate constants translocation machiner§. The studies in Collier's group
of associatiorkon_» Span over at least 5 orders of magnitude reinforce that further experimentation is needed for exploring
for the three polypeptides examined in this work. This variability the translocation through simplgrbarrel models to infer the
was strongly dependent on the hydropathy index of the basic rules that govern this ubiquitous molecular process in
translocating polypeptide (Table 1). Syn B2, a highly hydrophilic biology.
polypeptide, exhibited values &§,» between (4.4t 1.3) x Concluding Remarks and Future ProspectsRecent work
10° and (1.2+ 0.1) x 10’ M~1 s71 for the WT-wHL and demonstrates that a robust nanopore can represent a versatile
K131D;/K147D; pores, respectively (Table 2). Remarkably, Single-molecule tool for exploring protein unfolding triggered
much lower association rate constants were observed with theby chemical denaturant3With a few exceptions, both the basic
hydrophobic AK polypeptide, between 82) x 10? and (4.1 biophysicd®43 and the potential biotechnological applica-
+ 0.7) x 1P M1 571, respectively. Overall, the kinetic rate  tionst”#44>of protein translocation still remain largely unex-
constantk,n» increased from the hydrophobic to hydrophilic  plored. Notably, single-molecule protein translocation studies
polypeptides. are also expected to inspire new theoretical efforts, especially
Consistently, these results show that the energetic barrier isin molecular dynamics simulations attempting an atomistic
greater for the hydrophobic polypeptides due to the hydrophilic description of polypeptide translocation through protein
nature of the pore lumen. Control experiments for determining translocase$# _ o _
the polypeptide concentration in the bath were carried out by e show here an experimental strategy to illuminate various
quantitative ninhydrin assay (data not sho#fiJhese controls ~ Kinetic contributions to polypeptide translocation through a
were performed to rule out that a decrease oktheate constant ~ /-barrel protein pore. These contributions were identified by
is primarily caused by the partitioning of hydrophobic polypep- either engineering ne_gat|vely charged blr_1d|ng sites W|th_|n Fhe
tides into the lipid bilayer. Interestingly, these results might Pore lumen or alterations of the polypeptide features. Binding
explain the requirement of hydrophobic binding sites within SIt€S engineered within the lumen revealed major changes in
translocon&4%41to dramatically reduce the energetic barrier for the free energy barrier for polypeptides to traverse the pore and

transmcatm_g hydl’OphObIC fragments of the polypepyde sub- (42) Oukhaled, G.; Mathe, J.; Biance, A.-L.; Bacri, L.; Betton, J.-M.; Lairez,
strates. Collier and co-workers found that a phenylalanine clamp D.; Pelta, J.; Auvray, LPhys. Re. Lett. 2007, 98, 158101.
_ H i (43) Stefureac, R.; Long, Y. T.; Kraatz, H. B.; Howard, P.; Lee, J. S.
(¢ clamp) of the PAz channel of gnthrax toxin funpt|ons as .a Biochemistry2006 45, 91729179,
catalyzing factor for the translocation of the N-terminal domains (44) Sutherland, T. C.; Long, Y. T.; Stefureac, R. I.; Bediako-Amoa, I.; Kraatz,
4 ; H. B.; Lee, J. SNano. Lett.2005 4, 1273-1277.
of the Iethgl (LR') and ede_ma factor (EE The translocation _ (45) Han, A.,; Schurmann, G.; Monding, G.; Bitterli, R. A.; de Rooij, N. F,;
of polypeptides is paradoxically accelerated by a less-conductive  ~ Staufer, U.Appl. Phys. Lett2006 88.
(46) Huang, L.; Kirmizialtin, S.; Makarov, D. E]. Chem. Phys2005 123
124903.
(39) Sarin, V. K.; Kent, S. B.; Tam, J. P.; Merrifield, R. Bnal. Biochem. (47) Tian, P.; Andricioaei, 1J. Mol. Biol. 2005 350, 1017-1034.
1981, 117, 147-157. (48) Gumbart, J.; Schulten, Biophys. J.2006 90, 2356-2367.
(40) von Heijne, G Science2005 309, 709-710. (49) Goodrich, C. P.; Kirmizialtin, S.; Huyghues-Despointes, B. M.; Zhu, A.
(41) Melnyk, R. A,; Collier, R. JProc. Natl. Acad. Sci. U.S.2006 103 9802 P.; Scholtz, J. M.; Makarov, D. E.; Movileanu, 1. Phys. Chem. B007,
9807. 111, 3332-3335.
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to escape through either thgs or trans opening of theaHL tion that with further experimentation the broader biophysical
pore. With this strategy, translocation can take place in the rules inferred from such studies will be directly applicable to
absence of ATP-driven cellular factors, but with tunable driving various comple)3-barrel protein translocases. Specifically, the
force and binding interactions between the polypeptide and the outcomes of these studies will be essential for many future
pore lumen. Furthermore, because of its unprecedented thermahttempts at deciphering complex machineries (e.g., anthrax,
stability 50 the aHL protein might also be employed agdarrel botulinum, TOM, and TIM channels), generating more realistic
translocase model in temperature-dependence experiments omodels on protein translocatidh.

polypeptide translocation. These studies would have the potential
to illuminate the precise nature of the polypeptigere lumen
interaction by determining the entropic and enthalpic contribu-
tions to the thermodynamic and kinetic constants, revealing
information about which process in polypeptide translocation
is dominant.
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