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Abstract: Protein—protein pore interaction is a fundamental and ubiquitous process in biology and medical
biotechnology. Here, we employed high-resolution time-resolved single-channel electrical recording along
with protein engineering to examine a protein—protein pore interaction at single-molecule resolution. The
pore was formed by Staphylococcus aureus a-hemolysin (otHL) protein and contained electrostatic traps
formed by rings of seven aspartic acid residues placed at two different positions within the pore lumen.
The protein analytes were positively charged presequences (pb,) of varying length fused to the small
ribonuclease barnase (Ba). The presence of the electrostatic traps greatly enhanced the interaction of the
pb,-Ba protein with the aHL protein pore. This study demonstrates the high sensitivity of the nanopore
technique to an array of factors that govern the protein—protein pore interaction, including the length of the
pb. presequence, the position of the electrostatic traps within the pore lumen, the ionic strength of the
aqueous phase, and the transmembrane potential. Alterations in the functional properties of the pb,-Ba
protein and the aHL protein pore and systematic changes of the experimental parameters revealed the
balance between forces driving the pb,-Ba protein into the pore and forces driving it out.

Introduction still missing due to the considerable complexity in the trans-
location machineries, a lack of sufficient structural information,
complex, multistep process involving proteiprotein and and complications caused by the intrinsic gating substates of
LT s ! - most protein translocasés$.’
protein—pore interactiond2 For example, during protein trans- e o
location through mitochondrial membranes, a protgiore Recent advances in single-molecule technology u_tll_lglng
interaction constitutes one of the first important steps of protein ransmembrane protein pores demonstrated the possibility to
import into the mitochondrial matrix. Once synthesized in the €xa@mine biochemical events at high temporal and spatial
cytosol, the translocating proteins have to be recognized throughfsolution arEA detect, explore, and manipulate individual
their positively charged N-terminal targeting sequence by acidic POlyPeptides*4 For example, Loic Auvray and co-workers
binding sites of the receptors in the outer mitochondrial €MPloyed theo-hemolysin HL) protein pore to study the
membrané. Then, the proteins are unfolded and translocated folding—unfolding transitions oE. coli maltose binding protein
in a linear fashion across the two mitochondrial membranes to (MBP) under denaturing condition$.Their work shows that
reach the matri:> This process is mediated by the transmem- — — — _
brane potential of the inner membrane and the ATP-dependent © ﬁ’_'“é%&')’,f 'J'%E,%Vgi' M. Pietidewicz, D.; Kinnally, K. W.; Campo, M.

mitochondrial motor Hsp70. A comprehensive understanding (7) Becker, L.; Bannwarth, M.; Meisinger, C.; Hill, K.; Model, K.; Krimmer,
T.; Casadio, R.; Truscott, K. N.; Schulz, G. E.; Pfanner, N.; Wagned, R.

Protein translocation across biological membranes is a

of the proteir-pore interaction at single-molecule resolution is Mol. Biol. 2005 353 10111020.
(8) Movileanu, L.; Howorka, S.; Braha, O.; Bayley, Nat. Biotechnol200Q
t Department of Physics, Syracuse University. 18, 1091-1095.

+ ; ; (9) Movileanu, L.; Schmittschmitt, J. P.; Scholtz, J. M.; Bayley,Bibphys.
Northwestern University. J. 2005 89, 10301045,

?Stru_ctural Biology, Biochemistry, and Biophysics Program, Syracuse (10) Cheley, S.; Xie, H.; Bayley, HChembiochem2006 7, 1923-1927.
University. ) _ ) _ ) (11) Jung, Y.; Bayley, H.; Movileanu, LJ. Am. Chem. So2006 128, 15332~
I'The Syracuse Biomaterials Institute, Syracuse University. 15340.
(1) Simon, S. M.; Peskin, C. S.; Oster, G. Froc. Natl. Acad. Sci. U.S.A (12) Stefureac, R.; Long, Y. T.; Kraatz, H. B.; Howard, P.; Lee, J. S.

1992 89, 3770-3774. Biochemistry2006 45, 9172-9179.
(2) Wickner, W.; Schekman, RScience2005 310, 1452-1456. (13) Goodrich, C. P.; Kirmizialtin, S.; Huyghues-Despointes, B. M.; Zhu, A.
(3) Bohnert, M.; Pfanner, N.; van der, L. NFEBS Lett.2007, 581, 2802 P.; Scholtz, J. M.; Makarov, D. E.; Movileanu, 1. Phys. Chem. B007,
2810. 111, 3332-3335.
(4) Matouschek, ACurr. Opin. Struct. Biol.2003 13, 98—-109. (14) Oukhaled, G.; Mathe, J.; Biance, A.-L.; Bacri, L.; Betton, J.-M.; Lairez,
(5) Prakash, S.; Matouschek, Arends Biochem. Sc2004 29, 593-600. D.; Pelta, J.; Auvray, LPhys. Re. Lett. 2007, 98, 158101.
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the nanopore technique represents a versatile tool for studying —| 30A =
the kinetics of partially folded proteins at high temporal . .
resolution. These single-molecule electrical measurements will
likely stimulate new computational and theoretical work on the
behavior of polypeptides ifi-barrel protein pore¥15-17

K147

In the mitochondrial translocation system, the transmembrane - ki
potential of the inner membrane is thought to drive electro- Lipid bilayer

membrane

phoretically insertion of the targeting presequence into the pore
lumen?819|n this hypothesis, the positively charged presequence
functions as a leading polypeptide fragment for driving the

protein analyte into the pore lumen. If this hypothesis is correct, Analyte constructs | Name_|Charge|Charge densiy

it may be possible to reconstitute a mitochondrial protein import |pb2(35}Ba +7 0.20

system artificially using a single protein pore inserted into a o651 B8] +13 020

planar lipid membrane. In this heterologous experimental

system, the transmembrane potential could pull on the prese- pb(95)-Bal +16 017

quence, assisting the partitioning of the protein into the pore

lumen. c + k- + 4+ T
Here, we employed a novel experimental design to investigate MUICIRELLICE SKIVERRILR ASKIRLNTTG RUGSTURRST SrEobsmiy

the above hypothesis. We analyzed the mechanisms by which  LQSWTALRVGA IPAATSSVAY LNWHNGQIDN EPKLDMNKOK I1SPAE

a single N-terminal targeting sequence-containing protein
interacts with a transmembrane protein pore. We combined high-
resolution, single-channel electrical recordings along with

protein engineering of the protein analyte and the protein pore

. . . . & &
to explore the proteinpore interaction at single-molecule Presequence (pb)) —» ¢ g
resolution. The pore was formed by t8¢aphylococcabtHL Barnase __*
protein, a robust and versatile heptaméiioarrel whose high- " -0
resolution atomic structure is known (Figure 2&Jhe protein g|_ pen
analyte, pb-Ba, consisted of the N-terminal region of pre- STim o= Closed

CytOChrom.ebZ (pbe, Figure 1b,c) fuse3d to the N terminus of Figure 1. Protein engineering of theHL pore and the ppBa proteins:
the small ribonuclease barnase (B&y:3 We expected that the  (a) Sectional view of theHL pore with engineered electrostatic traps shown
phy-Ba protein would be targeted to the pore lumen through by arrows. This view was generated by PyM®lusing the coordinates

. .. . . 0
attractive electrostatic interactions between the positively charged/™om the crystal structure of theHL pore (7ahl.pdbf?K131D and K147D
mutations introduced an acidic ring of aspartic acids on either the trans or

pbz presequence (Figure 1C) and_ rT"':‘gativ(:*'ly charged trapss end of thes barrel or both. Planar lipid membrane is indicated by the
engineered at strategic positions within fvarrel part of the area in gray. (b) Design of the pBa proteins. Different fragments of Yeast

oHL pore (Figure 1a). We tested this prediction using single- pre-cytochromés, (pby) were fused to the N-terminus of barnase (Ba) (see

. . . . . Supporting Information, Materials and Methods). The total charge and
channel electrical recordin§' to monitor the residence time charge density (i.e., the number of positively charged amino acids divided

of the pk-Ba protein within the pore lumen, as probed by py the total number of the residues ofplof the pb presequence are
transient alterations of the open-state, single-channel currentindicated in the table. (c) The amino acid sequence of the first 95 residues
i of the pb presequence. (d) Cartoon that indicates partitioning of the pb
(Figure 1d). > P , ; ,
. . . Ba protein into theoxHL protein pore from the trans side of the bilayer.
We tested three specific questions. First, we explored how pariitioning of a single pbBa protein into the pore lumen is observed by
electrostatic traps introduced into theHL pore through a transient blockade of the single-channel current. Both proteins are

mutation of seven amino acids to negatively charged asparticePresented at the same scale.

acid residues at either the trans opening (K131iR., a single and the pb presequence (Figure 1c) drove the partitioning of

amino acid mutation in one subunit will result in seven single- o pb-Ba protein into theaHL pore, permitting us to

site. mutations in the heptgmeric pore) or near the con.striction systematically study the proteipore interaction (Figure 1d).
region (K147D) or both (Figure 1a) would affect the residence Second, because we found that the partitioning of theRab

time of the pl-Ba protein within the pore lumen. We found =, qtein into a trap-containingHL pore is strongly dependent
that the interaction between the engineered traps (Figure 1a),, electric charges in the protein and pore, we also expected

- Kirmizialtin. S Mak N n that the residence time substantially increases by decreasing the
(15) Huang, L. Kirmizialtin, S.; Makarov, D. B). Chem. Phys2005 123 ionic strength of the aqueous phase due to a weak charge

(16) Tian, P.; Andricioaei, 1J. Mol. Biol. 2005 350, 1017-1034. screening of the plpresequence and the pore interior. We found
(17) West, D. K.; Brockwell, D. J.; Paci, Biophys. J.2006 91, L51—-L53.

(18) Geissler, A.; Krimmer, T.; Bomer, U.; Guiard, B.; Rassow, J.; Pfanner, N. '_[hat one can finely control the_ partitipning of th_eZF_B’a protein

Mol. Biol. Cell 200Q 11, 3977-3991. into theaHL pore by the precise tuning of the ionic strength of
(19) Pfanner, N.; Truscott, K. NNat. Struct. Biol.2002 9, 234—-236. ey s . .
(20) Song, L. Z.: Hobaugh. M. R.; Shustak, C.: Cheley, S.; Bayley, H.: Gouaux, agueous phase, facilitating a comprehensive exploration of the

(21) ‘Il-iulza{r?gjcgr.]'clglagtﬁf? 2K7élgi%wla%?zeM P.; Spenner, J. M.; Matouschek, A. protein—_po.re. interactiqn. Third, .We explored the det.aiIEd
Nat. Struct. Biol.1999 6, 1132-1138. mechanistic interpretation of previously conducted experiments

(22) 57“5‘1”2%9%_;1""2%5%‘% S.; Matouschek, Broc. Natl. Acad. Sci. U.S.200Q on protein import into intact mitochondrfa:23

(23) Huiang, S.; Ratliff, K. S.; Matouschek, Nat. Struct. Biol 2002 9, 301— Earlier work had shown that import rates into purified yeast
307. ; o :

(24) Sackmann, B.; Neher, Bingle-Channel Recordindluwer Academic/ mitochondria increased with the Iength of the presequéhce.

Plenum Publishers: New York, 1995. Here, we investigated how the partitioning of the-4a protein
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into theaHL pore depends on the length of theypibesequence.  translation (IVTT) in the presence of rabbit erythrocyte membranes as
Three ph presequences of 35 (gB5)), 65 (ph(65)), and 95 previously described:3?Briefly, the °S]methionine-labeled polypep-
(pbx(95)) amino acids in length were employed in this work tides were p_urified on an 8% SDS-ponacryIami(_je gel. The dri_ed gel
(Figure 1b,c). When fused to the N-terminus of Ba, these was autoradlographed, and the bands_correspondlhg taxéHcprotein
presequences are all exposed to aqueous Fhasel their pore were excised and rehydrated.m .E;LGO of MilliQ water. Ggl
presence does not alter the stability of the folded Ba do- fragments were removed with a spin filter, and the resulting filtrate

. . . was stored frozen in 50L aliquots at—80 °C.
21,23,26
main: For all engineeredtHL pores, the ppBa protein Electrical Recordings on Planar Lipid Bilayers. Electrical record-

with a long pb presequence interacted strongly with the jngs were carried out with planar bilayer lipid membranes (BLA.
electrostatic traps due to a weaker entropic penalty and stericThe cis andtrans chambers of the apparatus were separated by a 25
clash of the Ba domain with the polypeptide fragment partition- um thick Teflon septum (Goodfellow Corp., Malvern, PA). A 1,2
ing within the pore lumen. Overall, altering the experimental diphytanoylsnglycerophosphatidylcholine (Avanti Polar Lipids, Ala-
conditions and functional features of the protein pore and baster, AL) bilayer was formed across an/8@ wide aperture in the
interacting protein we were able to identify the mechanisms of septum. The electrolyte in both chambersswa M KCI, 10 mM
protein—pore interaction, revealing the complexity of this potassium phosphate, pH 7.4, unless otherwise statedxfhepores

process, which encompasses pulling entropic and electrostati¢Ve'® introduced by adding gel-purified homoheptamers<@.6uL)
forces to the cis chamber to give a final protein concentration of 0-@63

ng/mL. Single-channel currents were recorded using a patch clamp
Methods amplifier (Axopatch 200B, Axon Instruments, Foster City, CA)
connected to Ag/AgCl electrodes through agar bridges. The cis chamber
was grounded, and a positive current (upward deflection) represents
positive charge moving from the trans to cis side. An Optiplex Pentium
PC (Dell Computers, Austin, TX) was equipped with a DigiData 1322A
A/D converter (Axon) for data acquisition. The signal was low-pass
filtered with an 8-pole Bessel filter at a frequency of 20 kHz and
sampled at 50 kHz, unless otherwise stated. For data acquisition and
analysis, we used the pClamp 9.2 software package (Axon).

Barnase Proteins.The substrate proteins consisted of presequences
containing the first 35, 65, or 95 amino acids of yeast pre-cytochrome
(pby)?" fused to the N terminus of the small ribonuclease barnase’{Ba).
Cysteine, at the 30 position in the presequence, has been mutated t
valine (C14V) to prevent disulfide bonds between the fused prese-
guences. Histidine 102 in the Ba domain was also replaced by alanine
(H102A) for the inactivation of protein during its expressiorEincoli.

The genes for the three different precursors were inserted under the
lac promoter into pQEGO plasmids. Results and Discussion

Expression and Purification of the pb-Ba Proteins. E. coliM15 . . . .
cells were transformed with the plasmids encoding theBdoproteins Dramatic Strengthenmg of the Protem—P.ore Inte_ract|on
and induced by IPTG. After 20 min, the cells were pulsed with 0.4 nduced by the Exit Trap. We followed the interaction of the
mg/mL leucine. Cells were harvested and re-suspended in the breaking?2-Ba proteins with the engineeredHL protein pores in planar
buffer (50 mM NaOAc/HOAc pH 5, 1 mM PMSF 2 mM EDTA, 5  lipid bilayers by characterizing transient current blockades of
mM benzamidine) and then sonicated on ice and spun dowrf@t 4  individual channels (Figure 1a). The single-channel experiments
Pellets were re-suspended in the washing buffer (50 mM NaOAc/HOAc, were performed with the pkBa protein added to thieansside
pH 5, 1% (w/v) Triton, 200 mM NaCl, 1 mM PMSF, 2mM EDTA, 5 of the bilayer because thus side of theoHL protein protrudes
mM benzamidine). This step was repeated three times, and the finaltgr in the aqueous phase, about 50 A away from the bilayer
ﬂ%”if ‘g’el{/le éi:;;?nee”i%rgc:]rl‘srigfr%cgz’/” (t\)/:/J/trng(rsignm'\(/)l Ei\l&rlnol\/'?d surface, which would lead to complications in the interpretation

. , 0.1% , O. . .
PMSF, 2 mM EDTA, 5 mM DTT, 1lug/mL leupeptin, lug/mL of .the smgle-chgpnel data (Flgure. la).' We measured  the
residence probability of the piBa protein within thexHL pore,

antipain, pH 5). Pellets were homogenized, and the resultant solutionsd fined h id . by th . | ithi
were spun down at 130 0Qdor 1 h and at 4°C. The supernatants efined as the residence time spent by the protein analyte within

were dialyzed against the dialysis buffer (50 mM NaOAc/HOAc, 1.5 the pore lumen divided by the total recording time
M guanidine hydrochloride, 0.5 mM PMSF, 2 mM EDTA, pH 5) for t

3 hat4°C. The supernatants were diluted into 50 mL of dilution buffer P = occupied (1)
(50 mM NaOAc/HOAc, 2 mM EDTA, 5 mM DTT, pH 5). The proteins r tiotal

were concentrated by Amicon 50 mL stirred cell &4(~8—10 mg/L

of the cell culture). wheretoccupied@Ndtiorar indicate the total residence time of the

Mutagenesis of theaHL Protein. The K131D, K147D;, and pby-Ba protein within the pore lumen and the total recording
K131D:/K147D; mutants were made from theL gene in the plasmid — time, respectively.

e oo e comspeatn ot e s et s, SEle channels of widtypehemolysin (WTGHL) o a

Qo - . . .

: transmembrane potential 6140 mV and in 1 M KCI, 10 mM
Isewheré? Briefly, K131D K147D PCR- . . g

elsewheré? Briefly, K131D and were constructed by PC potassium phosphate, pH 7.4 permit a current48 pA (Figure

based recombination as previously descrife131D/K147D was . . .
constructed by cassette mutagen&sis. 2a). Addition of 200 nM pp(95)-Ba proteins to thé&rans side

Expression and Purification of theaHL Protein Pores. TheaHL of the bilayer produced infrequent and short-lived current

proteins were synthesized in vitro by coupled transcription and blockades with an event frequency and dwell tifre 0.06 4
0.01 standr = 0.314 0.06 ms ( = 3), respectively (Figure
(25) Matouschek, /b Azem, 7\ Rallif, K.; Glick, B. S.; Schmid, K.; Schatz, - 2q). Presumably, the current blockades were caused by the pb
(26) Schwartz, M. P.; Huang, S.; Matouschek, JA.Biol. Chem.1999 274, Ba proteins partitioning into the pore lumen and obstructing
) gjgi}égﬁéo 31985 4. 32653272, the ionic flow through thexHL pore. Introducing a ring of
(28) Paddon, C. J.; Hartley, R. Weene1987, 53, 11-19.
(29) Wolfe, A. J.; Mohammad, M. M.; Cheley, S.; Bayley, H.; Movileanu, L. ~ (32) Cheley, S.; Braha, G.; Lu, X. F.; Conlan, S.; BayleyPtotein Sci.1999

J. Am. Chem. So@007, 129, 14034-14041. 8, 1257-1267.
(30) Howorka, S.; Bayley, HBiotechniques1998 25, 764-+. (33) Movileanu, L.; Bayley, HProc. Natl. Acad. Sci. U.S. 2001, 98, 10137
(31) Movileanu, L.; Cheley, S.; Howorka, S.; Braha, O.; Bayley,JHGen. 10141.

Physiol.2001, 117, 239-251. (34) Movileanu, L.; Cheley, S.; Bayley, HBiophys. J.2003 85, 897—-910.
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WT-oHL negative charges into the pore near the trans surface of the
membrane (K131R Figure 1a) increased the frequency of the
40 current blockades almost 2 orders of magnitude, but had only
a small effect on the dwell timé & 5.9+ 0.36 s, 7 = 0.24
+ 0.03 ms,n = 3, Figure 2a). The high event frequency
observed in single-channel recordings with K131ias likely
caused by the location of the engineered trap, near aqueous
phase in thdrans side of the bilayer, which contains the b
(95)-Ba protein (Figure 1a).

The effect of the pf{95)-Ba protein on the single-channel
current through theHL pore changed significantly when the
electrostatic trap was moved from ttransopening of the pore
to thecisend of theg barrel (K1470, Figure 1a). The transient
current blockades became long lived, with the duratiQnir{
the range of tens of seconds to minutes (Figure 2a) and a high
residence probability (0.9% 0.01,n = 3), but a moderate

o
o

20

Current (pA) ®

Current (pA)

60— K147D, frequency {0.012 s2) (Figure 2b). ThexHL protein pore that
‘é_ 1 contained both traps (K13%IKX147D;, Figure 1la) at the same
:40* = time was also blocked by the gB5)-Ba protein for long periods
% I with a residence probability of 0.9% 0.03 (= 3, Figure 2b).
= 20— This residence probably is slightly greater than the value
5 b recorded with the K147ppore, but the K131pK147D; pore

0- produced fewer long-lived current blockade€)(006 s) than

the K1470 pore. In the absence of thepBa protein, the WT

~60 K131D-./K147D and engineeredtHL pores were open for long periods and
‘é_ 7 7 & showed no transient current fluctuations (Supporting Informa-
:40 tion, Figure Sla), suggesting that the current blockades men-
c tioned above were not caused by intrinsic gating fluctuations
g20 of the aHL pore alone
= .
8 o Tuning the Protein—Pore Interaction by lonic Strength.

The pb presequence is positively charged, and the traps within
40 sec the pore lumen are negatively charged. Therefore, it seems likely
that the interaction between the two proteins is electrostatic in
nature. If this mechanism is correct, it should be possible to
tune the interaction by changing the ionic strength of the buffer
solution. We found that the transient current blockades, produced
by the pb-Ba proteins in single-channel traces recorded with
0.01. the K1470 pore, were more frequent and long lived in low-
salt buffer than in high-salt buffer (Figure 3). Decreasing the
1E-3] salt concentration from 1 to 0.15 M KCl increases the residence
probability by 2-fold and 1.6< 10%-fold for the pl3(95)-Ba and
1E-44 pby(35)-Ba proteins, respectively, at a transmembrane potential
of +20 mV (Figure 3b).
1E-5U 1 These results confirm that the interaction between the pb
‘Ir), ‘f‘}e ‘7‘;7 ‘i‘;e presequence and the trap-containiddL pore is electrostatic
) 7)) ) in nature and can be manipulated by the ionic strength of the
> . %, buffer solution. Again, control single-channel electrical record-
7)0 ings with the K147 pore alone in low-salt buffer showed that
s neither the short-lived nor long-lived current blockades, detected
Figure 2. Effect of the ph-Ba protein on the single-channel electrical under these experimental conditions, were caused by intrinsic
recordings performed with the wild-type (WT) and electrostatic trap- gating events of the trap-containingfiL pore itself (Supporting

containingoHL pores: (a) Representative single-channel electrical record- . . e . .
ings of the WTeHL, K131D;, K147D;, and K131B/K147D; pores in the Information, Figure S1b). In addition, bovine serum albumin

presence of 200 nM ptB5)-Ba added to thdrans chamber. (b) A (BSA) showed only a weak interaction with the K144iotein

semilogarithmic plot of the residence probability of a single channel in the pore (Supporting Information, Figure S2), indicating that a
presence of 200 nM ptP5)-Ba added to th#anschamber. The residence ' '

probability was calculated as the total time for which the channel is in the _propert;_/ Spe_c'f'c to the phBa protein is responsible for its
closed state divided by the total recording time. Single-channel recordings interaction with the pore.

were performed at room temperature 1 M KCIl, 10 mM potassium ; ; i
phosphate, pH 7.4 with a transmembrane potentiat4® mV. The white Controlling a Single Protein in a Nanopore by the Length

and black arrows indicate the open and closed states, respectively. TheOf the Presequence.Previous work has shown that the
single-channel electrical traces were low-pass Bessel filtered at 2 kHz.  efficiency of protein translocation in vitro is dependent on the

14

0.14

Residence probability
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a
pb,(35)-Ba pb,(95)-Ba

'S
')

Current (pA)
S
Current (pA)

S &

1 M KCI

o

H

0.15 M KCI

Current (pA)

o N

Current (pA)
N

30 sec 30 sec

o

pb,(95)-Ba

14\ .

/
"\ pb,(35)-Ba
0.01,

1E-3
1E-4
1E-5
1E-6/

pb,(95)-Ba

Residence probability

20 40 60 80100
10 20 30 40 50 60
Transmembrane potential (mV)
Figure 3. Dependence of the interaction between the-Ba proteins and the K147pore on the ionic strength. (a) Single-channel electrical recordings
performed at a transmembrane potentiab@&0 mV and with the buffer solution containing eithe M KCI (the upper traces) or 0.15 M KCI (the lower
traces). (b) The residence probability. The data presented in panel b are calculated from the single-channel electrical recordings with dheaidnuffer s

containing 0.15 M KCI. ppBa (200 nM) was added to theans chamber. The insert represents the control experiment with thexWiTpore and the

pbz(95)-Ba protein in buffer solution containing 0.15 M KCI. The other experimental conditions of the single-channel recordings were the sameas those i
Figure 2.

length of the presequené&?32535most likely because longer  fused to the folded Ba domafThe ply(35), pk(65), and pb-
presequences can reach the translocation machinery in the innef95) presequences would have a length~df20, ~224, and
mitochondrial membrane to interact with the ATP-dependent ~329 A, respectively, in a fully extended conformation, which
motor Hsp78® or/and the electrical potential across this is much longer than the length of tigebarrel part of the pore
membrané?3 To test whether the residence time of the protein (~50 A). All pb, presequences share the same first 35 residues
in the pore lumen is also dependent on the length of the pb and have the same charge density (Figure 1b), which raises the
presequence, we compared the residence probabilities of thequestion of why the interaction between the K14fore and
protein analytes with the p{85), pk(65), and pb(95) prese- the plk-Ba protein depends on the length of the pkesequence.
quences in the K147Dpore at transmembrane potentials of The simplest hypothesis is that the part of the-Ba protein
+20,+30, and+40 mV (Figure 4). We found that also in the outside the pore pulls on the part inside the pore due to the
heterologous single-molecule system analyzed here the interacentropic repulsion of the folded Ba domain from the pore (Figure
tion of the pore with the pif95)-Ba proteins was stronger than  1d)38 Since all protein analytes have the same Ba domain, the
that with the ph(35)-Ba proteins at all ransmembrane potentials apparent difference in the interaction of the protein with the
(Table 1, Figure 4b). pore should be due to the length of the pbesequence. If this
Mitochondrial presequences have negligible secondary struc-reasoning is correct, the g85)-Ba protein causes less repulsion
ture in solution’” and they are exposed to aqueous phase whenthan pk(35)-Ba because higher transmembrane potential was
needed to produce long-lived current blockades by thé3ph-

(35) De Los, R. P.; Ben, 2vi, A.; Slutsky, O.; Azem, A.; Goloubinoff,/Roc. Ba protein with both K131p(Supporting Information, Figure
Natl. Acad. Sci. U.S.A2006 103 6166-6171. i
(36) Voisine, C.; Craig, E. A.; Zufall, N.; von Ahsen, O.; Pfanner, N.; Voos, 53) and K147B pores (Flgure 4)'

W. Cell 1999 97, 565-574.

(37) Roise, D.; Theiler, F.; Horvath, S. J.; Tomich, J. M.; Richards, J. H.; Allison, (38) Krasilnikov, O. V.; Rodrigues, C. G.; Bezrukov, S. Mhys. Re. Lett.
D. S.; Schatz, GEMBO J.1988 7, 649-653. 2006 97, 018301.
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Figure 4. Dependence of the interaction between thg Ba proteins and the K147pore on the pppresequence at various transmembrane potentials. (a)
Representative single-channel electrical recordings in the presence of,{B6)pBa and pk(95)-Ba proteins. (b) Dependence of the residence probability
on the transmembrane potential ofifa (200 nM) was added to thieanschamber. The other experimental conditions of the single-channel recordings were

the same as those in Figure 2.

Table 1.
Proteins Interacting with a Single Trap-Containi
Pore?

Residence Probabilities (P;) Measured for the pb,-Ba

ng K147D; Protein

protein transmembrane potential (mV) residence probability, P;
pby(35)-Ba +15 0.00021+ 0.00015
+20 0.00032+ 0.00024
+30 0.006+ 0.006
+40 0.12+ 0.02
pby(65)-Ba +15 0.0073+ 0.0021
+20 0.063+ 0.003
+30 0.63+0.18
+40 0.86+ 0.06
pbx(95)-Ba +15 0.053+ 0.004
+20 0.38+ 0.02
+30 0.89+ 0.10
+40 0.95+ 0.04

aThe buffer solution contairel M KCI, 10 mM potassium phosphate,

pH 7.4. The numbers represent meansDs.

the charge-charge interaction occurs at the mouth of the pore,
meaning the interaction between the positively charged prese-
guence and the negatively charged aspartic acids at position
131. The transmembrane potential tilts the free energy landscape
with @ maximum and minimum driving force when the
presequence is trapped at position 147 and 131, respectively.
In accord with our hypothesis, single-channel electrical record-
ings performed at-55 °C (+80 mV, 50 nM pb2(95)-Ba added

to thetransside of the lipid bilayer) showed that the frequency

of the long-lived current blockades increased with the temper-
ature, whereas their dwell time decreased (Supporting Informa-
tion, Figure S4). The temperature dependence experiments
revealed that both the association and dissociation rate constants
increased by increasing the temperature because the activation
free energies for the proteirprotein pore interaction decreased.

One way to test that this repulsion has an entropic contribution Therefore, the difference in the interaction of proteins of varying
is to increase the temperature at which the experiments arepbz length with the pore is at least in part due to the entropic
performed. We investigated the effect of temperature on repulsion. Control single-channel recordings with the K131D
protein—pore interaction using the K13Z%[Pore mutant because

4086 J. AM. CHEM. SOC. = VOL. 130, NO. 12, 2008
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(data not shown), again confirming the exceptional robustnesssome aspects of the behavior of the translocation machinery in
of this s-barrel protein. intact mitochondria remarkably closeland as the experimental
The repulsion forces exerted on the folded Ba domain can system is easily manipulated it may make it possible to test
be estimated and are in the range of the forces that the importmechanistic explanations for the behaviors. For example, the
machinery would be expected to prod@é8 At +15 mV, the acidic-chain hypothesis states that two binding sites of the
residence probabilities observed with the(35)-Ba and pb protein translocase of the outer membrane (TOM complex)
(95)-Ba proteins interacting with the K147pore were 0.00021  mediate the interaction of the positively charged presequences
+ 0.00015 and 0.053- 0.0035, respectively (Figure 4b, Table with the outer membrane translocation machirf@ryn our
1). Therefore, the change of the free energy of the pretein model system too the precursor proteins interacted with the pore
protein pore interaction can be calculated from the reduction in only when acidic rings were engineered into the translocation
the residence probabili§y channel and two electrostatic traps enhanced the interaction.
How do the binding sites function in protein translocation?

P PPA99) The binding site at the entry of the pore may lead to
Eentropic: KTIn —P pby(35) (2 concentrating the pbBa proteins at the translocation channel
r (the targeting steff Indeed, in our studies the electrostatic trap

at the entry of the pore increased the frequency of the interaction
between the phBa proteins and thetHL pore. The second
repulsion is elastic in nature, an extension-ef0 A (~20 binding site at the exit of translocation channel can provide an
residues) yields an entropic force ©6.4 pN. The force exerted  5qgitional mechanism to minimize back sliding (the translocation
on the pk(35) presequence during protein import into the step)*2 When we explored the electrostatic trap at the exit of
mitochondrial matrix must be greater than the entropic force the pore, the back sliding to theans side was minimized by
exerted by the folded Ba domain. Indeed, recent theoretical yjrye of the detected long-lived current blockades. The strongest
studies on the pulling forces required to induce the mechanical jnteraction was observed when two traps were present within
unfolding of the pb(35)-Ba protein indicated values between he pore lumen, suggesting that coupling the targeting and
11 and 13.5 pN? A transmembrane potential 840 mV, and  {ransiocation steps are likely required for efficient protein
assuming a linear voltage drop across the bilayer4® A in import43

length, results in an electrical pulling force on the; pese- Concluding Remarks. In summary, we demonstrated that
quence of-6.4 pN. In accord with these calculations, we noticed sjngle-channel recordings with protein nanopores, along with
first long-lived events produced by the 85)-Ba protein at  protein engineering, represent a powerful approach to analyze
~+40 mV (Figure 4a), at which point the pulling force  protein-pore interactions. We found that threading a protein
counterbalances the entropic repulsion exerted by the foldedthrough a narrow transmembrane protein pore requires both a
Ba domain. In contrast, the g95)-Ba protein produced long-  |eading sequence of the translocating protein and an electrostatic
lived current blockades even at much lower transmembrane rap (j.e., binding site) located within the pore lumen. Alterations
potentials, confirming a weak effect of the entropic repulsion f various factors, including the length of the presequence,

which gives a value of-5.5T. If the hypothetical entropic

of the Ba domain exerted on the partitioned(9b) presequence
(Figure 4b).

location of the trap, transmembrane potential, temperature, and
ionic strength, revealed the complexity of the protenore

What other secondary mechanisms might also contribute to jnteraction encompassing repulsion, driving, and electrostatic

the difference in the interaction between the trap-contaiaidg

forces. This preliminary work can be expanded in the future to

pore and the psBa proteins with varying length of the pb  other robusig-barrel protein pores or other interacting protein
presequence? One simple interpretation is that this differencesypstrates with varying structural and stability features. This
reflects the fact that the longer presequence has more pOSitiVElymethodology makes it possible to test detailed biochemical and
charged residues that might also interact with the pore openingpjophysical models of the mechanism of protein translocation.
containing negatively charged aspartic acid resid®®sevious  ith further experimentation, the broader rules inferred from
work employing mitochondrial import assay indicated that gych studies should be directly applicable to different complex
altering the residue composition of the presequence led t0 g_parrel protein translocases such as those of anthrax th%in,
significant reduction in import rate8.Second, the long-lived  potylinum neurotoxiné®4” and the mitochondrial import ma-
blockades might be lengthened further by the excursion of the chinery37 generating more realistic models on protein trans-
long presequences beyond the restriction site near the positiongcation. Also, with adaptation to recently developed solid-state
K147, hindering the protein from sliding back to ttiansside. nanopore484%it might be possible in the future to pull folded

In this case, the constriction region, near K147 residéean CProtein domains through their leading presequences, thus
act as an entrapment site. By analogy, it has been propose
(41) Schatz, GNature 1997, 388 121-122.

that ATP-dependent Hsp70 motor plays a critical role in .

. . . 42) Mayer, A.; Neupert, W.; Lill, RCell 1995 80, 127-137.
entrapping the presequence once it passes through the |nne&43) Chacinska, A.; Pfanner, N.; Meisinger, Bends Cell Biol 2002 12, 299—
membranég? Both mechanisms are supported by the increased
residence time with the increase of the number of charged
residues in the pbpresequence (Figure 4b).

Although protein translocation is a complex procéssjr
simplified model using engineeredL protein pore reproduced

303.
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(45) Melnyk, R. A.; Collier, R. JProc. Natl. Acad. Sci. U.S. 2006 103 9802
9807.

(46) Koriazova, L. K.; Montal, MNat. Struct. Biol.2003 10, 13—18.

(47) Fischer, A.; Montal, MProc. Natl. Acad. Sci. U.S.2007 104, 10447
10452,

(48) Keyser, U. F.; Koeleman, B. N.; van Dorp, S.; Krapf, D.; Smeets, R. M.
M.; Lemay, S. G.; Dekker, N. H.; Dekker, lat. Phys.2006 2, 473~
477.

(49) Dekker, CNat. Nanotechnol2007, 2, 209-215.

(39) Shariff, K.; Ghosal, S.; Matouschek, Biophys. J2004 86, 3647—-3652.
(40) Gambill, B. D.; Voos, W.; Kang, P. J.; Miao, B.; Langer, T.; Craig, E. A.;
Pfanner, N.J. Cel Biol. 1993 123 109-117.

J. AM. CHEM. SOC. = VOL. 130, NO. 12, 2008 4087



ARTICLES Mohammad et al.

unfolding them mechanically. In this way, the nanopore  Acknowledgment. The authors thank Steve Cheley (Oxford)
technique would permit characterization of new mechanically for kindly providing theaHL-RL3 plasmids, Hagan Bayley
induced unfolding pathways in a system more immediately (Oxford) for stimulating discussions, and Aaron J. Wolfe and
relevant to a natural process such as protein import into Teresa Murray (Syracuse University) for critical reading of this
mitochondria and protein degradation by ATP-dependent pro- Manuscript. This work was supported by Syracuse University
tease$®than simple AFM experimenf8.A spin off of this work start-up funds and the U.S. Nat?onal Scie_nce Foundation DMR-
might be investigation of different protein domains through 706517 (to L.M.) and the National Institutes of Health RO1
attractive forces between movable polypeptide arms and eIec-GMO63004 (to AM.).

trostatic traps engineered within the desired location of the pore  Supporting Information Available: Typical single-channel
lumen. This approach complements previous work that has electrical recordings with the WaHL and engineeredHL
employed tethered movable arms for detection and explorationprotein pores, interaction between bovine serum albumin and a
of proteins and DNA8/10:51.52 single trap-containing K147Pprotein pore, interaction of the
pb;-Ba proteins with the single trap-containing K131pore,

and the effect of temperature on the interaction between the

(50) Sato, T.; Esaki, M.; Fernandez, J. M.; EndoPToc. Natl. Acad. Sci. U.S.A

51 %I005 1192 é?glas%l_lsom. X B ML Chelev. S Brah ph(95)-Ba protein and a single trap-containing K13iore.
oworka, S.; ovileanu, L.; LU, X. F.; agnon, o eley, S.; branha, : - B H .
0. Bayley, H.J. Am. Chem. So200Q 122, 24112416, This material is available free of charge via the Internet at
(52) Howorka, S.; Movileanu, L.; Braha, O.; Bayley, Proc. Natl. Acad. Sci. http://pubs_acs_org.
U.S.A.2001, 98, 12996-13001.
(53) Delano, W. L.DeLano ScientificSan Carlos, CA, 2007. JA710787A

4088 J. AM. CHEM. SOC. = VOL. 130, NO. 12, 2008



