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Abstract: A transmembrane protein pore with a single 5000 Da poly(ethylene glycol) (PEG) molecule attached
covalently within the channel lumen has been constructed from seven staphyloeduoealolysin subunits.

The modified heptamer is stable and can be purified by electrophoresis in sodium dodecyl sulfate, without
dissociation of the subunits. The properties of the modified pore were studied by single channel current recording.
The PEG molecule reduces the mean conductance of the pore by 18%, as would be predicted from the effects
of PEG on the conductivity of bulk electrolytes. The recordings also reveal a variety of low amplitude current
fluctuations on a time scale of seconds, which are tentatively ascribed to the reorganization of the PEG molecule
within the channel lumen and associated movements of the polypeptide chain. Another class of events,
comprising uniform high-amplitude negative fluctuations in current with durations of milliseconds, is ascribed
to motions of the PEG molecule into one of the channel entrances, thereby producing more extensive channel
block. When instead a 3000 Da PEG is attached within the channel lumen, the single channel properties are
changed in keeping with the lower mass of the polymer. For example, the high-amplitude fluctuations occur
more frequently and are of shorter duration suggesting that the 3000 Da PEG is more mobile than the 5000
Da chain. With further development, the approach taken here should be useful for the indirect monitoring of
polymer dynamics at the single molecule level. By using polymers that respond to analytes, it should also be
possible to make biosensors from the covalently modified pores.

Introduction channel at the cis side of the bilayer measur8 A in diameter
. and broadens into a cavity4l A across (Figure 1a). In the
Staphylococcab-hemolysin ¢HL) has been a useful model  3nsmembrane domain the channel lumen narrows to form a
system with which to test new approaches for engineering 1 4.sirandegB-barrel with an average internal diameter of 20 A

membrane proteins and indeed proteins in general. iiHie (Figure 1a). ThexHL pore allows the passage of molecules of
monomer of 293 amino acids assembles on lipid bilayers to 5"t ~2000 Da across the bilayef* and is only weakly
form a mushroom-shaped heptameric pofée opening of the
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Figure 1. (a) Schematics of §5106C-PEG5K and HK8C-PEG5K shown as sagittal sections. In each engineered pore only one of the seven
subunits is modified. In this work, the mutant K8A was used as the unmodifitdsubunit (H), so that the net charge at the cis channel entrance
would not be altered in heteromers containing K8BC-PEG5K. (b) SDS-polyacrylamide gel electrophoedsistaptamers formed with unaltered
subunits and K8C-PEG5Kupper panel) or S106C-PEG5KIdwer panel). The subunits wergS-labeled during in vitro expression. K8C and

S106C were reduced with 0.5 mM DTT and reacted with 10 mM MePEG5K-OPSS for 20 mirf@t Bptamerization was carried out on rabbit
erythrocyte membranes. An autoradiogram is shown. The ratios of the two subunits in the initial mix are shown above each lane. The number of
PEG-modified subunits present in the heptamers in each band is as follows: K8C a, 1; b, 0 and 2;c, 3;d, 4; e, 5; f, 6; g, 7; S106C a, 1 and 2; b,
0. (c) Ratio of subunits in the heptamer in band a obtained from the unaltered (H) and S106C-PEG5K subunits. Protein extracted from band a
generated with a low fraction of S106C-PEG5K subunits (see panel b) was heatetd®% min and separated in a second SDS-polyacrylamide

gel. The bands were quantified by phosphorimager analysis. Lane 1, heated bayBLA6EFPEG5K); lane 2, heated and DTT-treated band a
(HeS106C-PEG5K); lane 3, PEG-modified S106C monomer before heptamerization; lane 4, PEG-modified S106C monomer after DTT treatment.

selective for the charge of transported i6rBesides being the
object of a wide variety of studies using mutagenési8 oaHL

the lumen of the pore. We have also been able to use single
channel electrical recording to observe current fluctuations

has been subjected to protein engineering by targeted chemicahssociated with the attachment of the polymer, a 3000 or 5000

modification. These studies include the attachment of photo-

cleavable protecting groups to block asseniblhe restoration

of activity to an inactive mutant by site-specific alkylati&h,
and the formation of channel blocker sites with noncovalent
molecular adapters. Here, we introduce a new targeted
modification, the attachment of a synthetic polymer clveithin

(4) Bezrukov, S. M.; Vodyanoy, |.; Brutyan, R. A.; Kasianowicz, J. J.
Macromolecules996 29, 8517-8522.

(5) Bezrukov, S. M.; Kasianowicz, J.Hur. Biophys. J1997, 26, 471—
476.

(6) Menestrina, GJ. Membr. Biol.1986 90, 177—190.

(7) Walker, B. J.; Krishnasastry, M.; Bayley, H. Biol. Chem.1993
268 5285-5292.

(8) Walker, B.; Bayley, HJ. Biol. Chem.1995 270, 23065-23071.

(9) Braha, O.; Walker, B.; Cheley, S.; Kasianowicz, J. J.; Song, L.;
Gouaux, J. E.; Bayley, HChem. Biol.1997, 4, 497-505.

(10) Cheley, S.; Braha, O.; Lu, X.; Conlan, S.; Bayley,Rotein Sci.
1999 8, 1257-1267.

(11) Chang, C.-Y.; Niblack, B.; Walker, B.; Bayley, Bhem. Biol1995
2, 391-400.

(12) Walker, B.; Bayley, HProtein Eng.1995 8, 491-495.

(13) Gu, L.-Q.; Braha, O.; Conlan, S.; Cheley, S.; Bayley,Nature
1999 398 686-690.

Da poly(ethylene glycol) (PEG) molecule.

In addition to the protein engineering, the present work is of
interest in two areas: single molecule detection and the
development of biosensors. The examination and manipulation
of individual molecules is a thriving area of research. Single
molecule detection methods, which include electrical record-
ing,1*5optical spectroscopif,l”and force measuremenrifs;an
provide structural and functional information that is often
difficult or impossible to obtain by conventional techniques,
which measure the properties of large ensembles of molecules.
Recent accomplishments include observations of the movement
of individual atoms and small molecul&sthe movement of
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linear and rotary motor proteiri§,the turnover of individual
enzymes? and the unfolding and refolding of proteitfs.

J. Am. Chem. Soc., Vol. 122, No. 11,220

uL per lane). After removal of the paper, the gel was crushed in the

water and the mixture was left to stand for 10 h &G4 A solution of

In the area of biosensors, significant progress has been madd®EG-modified heptamers was then obtained by removal of the

in developing protein channels and pores as sensor eleffiefits.
According to this concept, analyte molecules modulate the ionic
current passing through the pores under a transmembran

acrylamide with a cellulose acetate filter (& diameter, Rainin,
Woburn, MA). PEG3000 produced no gel shift in heteroheptamers
modified at position 106. Therefore, to make3106C-PEG3K

&inmodified subunits (H) and S106-PEG3K were assembled together

potential. For example, binding sites can be engineered into, 5 ratio of 4:3. After preparative SDS-polyacrylamide gel electro-

pores expressly for capturing anz_:llyte m_olecule_s, which act asphoresis, as described above, the major band contai@¥ Hs-
partial channel blockers. Stochastic sensing, which uses currents106C-PEG3K and ~60% H;, as deduced from the subunit ratio

from single pores, is an especially attractive prosgéges24
The approach yields both the concentration and identity of an
analyte, the latter from its distinctive current signature. By using

determined by analytical SDS-polyacrylamide gel electrophoresis and
by the results of single channel recording.
Planar Bilayer Recordings.Planar lipid membrane recordings were

aHL as a stochastic sensing element, we have succeeded irfarried out at 24t 1 °C%**31The cis and trans chambers, each of 2

detecting divalent metal iohsand a variety of organic mol-

ecules'® The work presented here represents a major step toward

using responsive polyméfs?’ for stochastic sensing.

Experimental Section

Proteins. The mutantaHL S106C gene was obtained by cassette
mutagenesis of the semisynthetic geri#_ -RL2.1° S106C also contains
the mutation Lys-8— Ala, and four conservative replacements: Val-
124— Leu, Gly-130— Ser, Asn-139— GlIn, and lle-142— Leu. These
changes, which were introduced to prevent adventitious prote#lysis
and to facilitate cassette mutagené8islo not alter the electrical
properties of the por¥. The K8A and K8C constructs have already
been describet?? 3S-labeledxHL polypeptides K8A, K8C, and S106C
were obtained by expression in vittbTo increase the yield of protein,
unlabeled methionine was included in the translation ¥{K8A was
used as the unmodifiedHL subunit (H) in heteroheptameric pores.
Therefore, when a PEG-modified K8C subunit is included in the
heptamer, the charge at position 8 is not altered as it would be if the
wild-type protein were used.

Chemical Modification of Single-Cysteine Mutants. K8C or
S106C monomers were diluted 6-fold from the translation mix into a
buffer containing 10 mM MOP®laOH, pH 7.4, 150 mM NacCl, 0.5
mM EDTA and reduced with 0.5 mM DTT for 10 min, before
modification with 10 mM monomethoxy-PEG50@0pyridyl disulfide
(MePEG5K-OPSS, Shearwater Polymers, Huntsville, AL) for 20 min
at 25°C. Treatment with MePEG3K-OPSS was performed in the same
way.

PEG-Modified Heteroheptameric Pores.The modified K8C or
S106C monomers were mixed with unmodified K8AL monomers
(H) in various initial ratios and the mixed subunits were allowed to
assemble on rabbit erythrocyte membratfe§.o analyze which

mL, were separated by a 2Bn-thick Teflon septum (Goodfellow
Corporation, Malvern, PA). An aperture in the septuml50um
diameter) was pretreated with 10% (v/v) hexadecane (Aldrich Chemical
Co., Milwaukee, WI) inn-pentane (Burdick & Jackson, Muskegon,
MI). The electrolyte in both chambers was 300 mM KCI, 5 mM Tris
HCI, pH 7.0, containing 10&M EDTA. A bilayer membrane was
formed! with 1,2-diphytanoylsn-glycerophosphocholine (Avanti Polar
Lipids, Alabaster, AL).aHL pores were introduced by adding gel-
purified heptamers (1 to L) to the cis chamber, to give a final protein
concentration of 0.050.3 ng/mL. The cis solution was stirred for-30
min until a single pore inserted {80 pA step at-40 mV).

Currents were recorded by using a patch clamp amplifier (Axopatch
200B, Axon Instruments, Foster City, CA) connected to the chambers
by Ag/AgCl electrodes, and monitored with an oscilloscope (Model
TAS250, Tektronix, Heenveen, Netherlands). The cis chamber was
grounded and a negative current (downward deflection) represents
positive charge moving from the cis to the trans side. A Pentium PC
equipped with a DigiData 1200 A/D converter (Axon Instruments,
Foster City, CA) and a strip chart recorder (BD112, Kipp & Zonen,
Bohemia, NY) were used for data acquisition. For most of the
experiments, the current traces were low-pass filtered with a built-in
4-pole Bessel filter at a frequency of 5 kHz and stored by using a digital
audio tape recorder (DAS-75, Dagan Corporation, Minneapolis, MN).
For computer analysis, the data were further filtered with a 8-pole Bessel
filter at frequencies in the range 168000 Hz and sampled at 10 kHz.
For display and statistical analysis, we used the FETCHAN and pSTAT
programs, both from the software package pCLAMP7 (Axon Instru-
ments) and Origin (Microcal Software, Northampton, MA). In the case
of HeS106C-PEG30Q0 a different protocol was used to allow the
examination of rapid events. The signal, filtered at 10 kHz, was recorded
on digital audio tape. For analysis, the signal was filtered at 7 kHz
with a low-pass Bessel filter and sampled at 333 kHz for computer

heteromers had been formed with PEG5000-modified subunits, the acquisition using a threshold protocol in the CLAMPEX program from
membranes were recovered by centrifugation, dissolved in gel loading PCLAMP7.

buffer and loaded, without heating, onto a 6% SDS-polyacrylamide
gel (5 cm long, 0.75 mm thick, Miniprotean II, Bio-Rad, Hercules,

Current amplitudes and lifetimes of the various conductance states
are given as mean values (standard deviations). The value af™

CA). To determine subunit ratios, the samples were heated and analyzedienotes the number of experiments analyzed or, when indicated, the

in a 10% SDS-polyacrylamide gel. The dried gels were subjected to

number of events examined.

phosphorimager or autoradiographic analysis. To prepare the heteromers

HeS106C-PEG5Kand HK8C-PEG5K for bilayer recording, subunits
were assembled in the following ratios: H:S106C-PEG5K, 3:4, and
H:K8C-PEG5K, 6:1. Samples corresponding to a total ofgl2of
translation mix per lane were loaded, without heating, onto 6% SDS-
polyacrylamide gels (35 cm long, 1.5 mm thick), which were run for
18 h at 150 V. The unfixed gels were vacuum dried at°’60onto

Results and Discussion

Engineering an oHL Pore with a Single PEG Molecule
Tethered within the Central Cavity. In previous work, we
have modified the lumen of the heptameaiidL pore by direct
genetic engineeriffgand by noncovalent modification with

Whatman 3MM paper and the protein bands located by autoradiography. molecular adaptef$.A principal goal has been to create protein
The desired bands were cut from the gel and rehydrated in water (300pores that respond to various analytes and can thus be employed

(20) Xie, X. S.; Lu, H. P.J. Biol. Chem1999 274, 1596715970.

(21) Ziegler, C.; Gpel, W. Curr. Op. Chem. Biol1998 2, 585-591.
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(25) Hoffman, A. S.Macromol. Symp1995 98, 645-664.

(26) Urry, D. W.Biopolymers1998 47, 167-178.

(27) Hubbell, J. ACurr. Op. Biotechnol1999 10, 123-129.

(28) Walker, B. J.; Bayley, HProtein Eng.1994 7, 91-97.

(29) Walker, B. J.; Krishnasastry, M.; Zorn, L.; Kasianowicz, J. J.;
Bayley, H.J. Biol. Chem1992 267, 10902-10909.

as components of biosensors, especially stochastic sensors in
which single molecule detection is us&dAn additional way

to modify the interior of the protein would be by the covalent
attachment of responsive molecuf&€s?” Responsive polymers
attached at specific sites in proteins have demonstrated potential.

(30) Walker, B. J.; Krishnasastry, M.; Zorn, L.; Bayley, HBiol. Chem.
1992 267, 21782-21786.

(31) Montal, M.; Mueller, P.Proc. Natl. Acad. Sci. U.S.AL972 69,
3561-3566.
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Table 1. Conduction Properties of UnaltereHl{) and PEG-ModifiedaHL Pore$

substates (pS) after PEG cleavage (p%)

channel mean conductance (pS)
H, 268+ 5(11)
HeK8C-PEG5K 244+ 19 (8)
HeS106C-PEG5K 221+ 9 (7)
HeS106C-PEG3K 237+ 4 (5)

none n.a.

17+ 4,d (8) 270+ 5 (8)
10+ 1, d; 120+ 7, s (7) 267+ 7 (4)
128+ 3, s (5% 272+ 3 (5)

a Experiments were performed at a transmembrane potential 60 mV with 300 mM KCI, 5 mM TrisHCI (pH 7.00), 100uM EDTA in both
chambers. The number of experiments analyzed is shown in parenth@besmean £ standard deviation) of the mean conductance values from
the major peaks of all-points histograms (e.g. Figure 2a) was calcufaiéé. mean change in conductanéey(+ standard deviation) between the
most common substates. d, discrete low amplitude events; s, negative currentSphesonductance was determined after treatment with DTT

as described in the text. When a step to an increased steady current was observed, the PEG was assumed to have left the cavity. In the case of

HeS106C-PEG5K this took 18-25 min with 10-15 mM DTT. ©In the case of E5106C-PEG3Klow amplitude events were seen on one occasion

in six experiments and are not recorded in the table.

They have, for example, been used to modulate the affinity of
streptavidin for biotirg2-33

To ascertain the difficulties that might be involved in

central 7-fold axi$. Bands ¢ and d were distinctly broadened,
most likely reflecting an incomplete separation of the five
permutations each of J{8C-PEG5kK and HK8C-PEG5K,.

assembling a structure with an internal polymer, we decided to These experiments show that heptamers containing PEG5000

place a 5000 Da PEG molecule within (or largely within) the
central cavity of the cap domain of theL pore. The calculated

in an external location can be assembled and all eight combina-
tions of subunits can be identified by analytical SDS-polyacryl-

volume of PEG5000 based on the experimental hydrated amide gel electrophoresis.

radius-34is comparable to the volume of the cavity, which is
36 000 &, assuming a sphere of diameter 41 A. The Flory
dimension Rg) of PEG5000 of 60 AR- = aN®6, whereN is
the number of polymer repeat units aat the effective repeat
length (3.5 A))3¥ which has been variously interpreted as a
radius or diameteté-37gives a larger volume for PEG5000, but
this may be unrealisti&’

Heptamers Containing Up to Seven PEG Molecules Can
Be Made by Derivatization at an External Site on theaHL

A Single PEG Chain Can Be Attached at a Point within
the Central Cavity of the aHL Pore. Next, we attempted to
use the same approach to makelL heptamers containing
PEG5000 attached covalently to a cysteine residue within the
large central cavity (position 106 in the polypeptide chain).
Modified S106C monomers were mixed with unmodifizdL
monomers (H) and allowed to assemble on rabbit erythrocyte
membraned? By contrast with the results with K8C-PEG5K,
the analysis of H/S106C-PEG5K heteroheptamers revealed only

Pore. The PEG conjugation chemistry and a means to analyze two major bands (Figure 1b), suggesting that the formation of

the assembly of derivatized subunits were tested withutie

SDS-resistant heptamers containing several modified S106C

single-cysteine mutant K8C. In this case, the PEG chains would subunits is disfavored due to crowding of the PEG chains within
end up located near the surface of the heptamer, at the cis mouththe central cavity. The measured ratio of unalten¢tl (H) to

and therefore be unlikely to interfere with assembly (Figure
1a)3839 35-Jabeled K8C polypeptides were obtained by expres-
sion in vitr?®® and modified with monomethoxy-PEG5000-
pyridyl disulfide (MePEG5K-OPSS). The PEG is attached to
the protein through a disulfide bond that is readily cleaved with
dithiothreitol (DTT) (Figure 1c). The modified K8C polypep-
tides were mixed with unmodifie®?S-labeledoxHL monomers
(H) in various initial ratios and the mixed subunits were allowed
to assemble on rabbit erythrocyte membratfeAnalysis of
H/K8C-PEG5K heteroheptamers by SDS-polyacrylamide gel
electrophoresis and autoradiography revealed seven bangls, a

S106C-PEG5K subunits in band a was 5.9:1, and therefore the
oligomer in the band must contain six unmodified subunits (H)
and one S106-PEG5K subunit, namely3106C-PEG5K At

high S106C-PEG5K:H ratios in the assembly mix, a faint band
was seen above band a and may represg8iB6C-PEG5K

This experiment shows thatzH106C-PEG5Kcan be formed

and that it is stable as a heptamer at room temperature in the
denaturing detergent SDS. Therefore, the cavity might be large
enough to contain a PEG5000 molecule. Any hydration pressure
that develops in packing the PEG internally would have to be
insufficient to dissociate the heptamer. Alternatively, unfavorable

(Figure 1b). The protein in each band was eluted and heated tojnteractions would be reduced if part of the PEG chain were
dissociate the subunits. Further electrophoresis (not shown)extruded through the cis or trans entrance. Experiments with
revealed the ratio of subunits in each band, which showed thatPEG3000 support the latter interpretation. The electrophoretic

all eight possible combinatioh®f unmodifiedaHL (H) and
K8C-PEG5K subunits had been formed (bothathd HK8C-
PEGS5K are in band b, Figure 1b). Interestingly, the electro-
phoretic mobility of heptamers containing a single PEG5000
molecule was increased (band a), while the mobilities of

mobility of HeS106C-PEG3K is the same as that of the
unmodified heptamer (}) (data not shown) suggesting that the
hydrodynamic properties of the heptamer are unaltered and the
PEG3000 chain is largely contained within the cavity. By
contrast, the altered electrophoretic mobility 0§3106C-

heptamers containing three or more attached PEG5000s (band®EG5K, (Figure 1b) suggests that part of the PEG5000 chain
c—g) were decreased. Heptamers with two to five PEGs exist js exposed to solvent.

in more than one form: the outcome of permutation about the

(32) Stayton, P. S.; Shimoboji, T.; Long, C.; Chilkoti, A.; Chen, G.;
Harris, J. M.; Hoffman, A. SNature 1995 378 472-474.

(33) Ding, Z.; Long, C. J.; Hayashi, Y.; Bulmus, E. V.; Hoffman, A. S;
Stayton, P. SBioconjugate Cheml999 10, 395-400.

(34) Scherrer, R.; Gerhardt, P. Bacteriol.1971, 107, 718-735.

(35) Doi, M. Introduction to polymer physic€larendon Press: Oxford,
1996.

(36) Kenworthy, A. K.; Hristova, K.; Needham, D.; Mclintosh, T. J.
Biophys. J.1995 68, 1921-1936.

(37) Rex, S.; Zuckermann, M. J.; Lafleur, M.; Silvius, J.Btophys. J.
1998 75, 2900-2914.

lonic Currents Through Individual PEG-Modified aoHL
Pores. The cavity in theaHL pore lies on the conductive
pathway and so the incorporation of a PEG molecule at position
106 would be expected to alter the current that flows through
the pore in response to an applied potential. This possibility
was tested by performing single channel current measurements
on HsS106C-PEG5Keluted from preparative gelsthe control
homoheptamer (k) exhibits a uniform unitary conductance state
(Table 1 and refs 9, 10, and 13). By contrast, the PEG-modified
oHL pore showed dynamic gating behaviors centered around a
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low-amplitude states over#single channel noise was modest,
<5% broadening at half-width of the individual peaks in current
histograms (filtered at 5 kHz), denoting an absence of unusual
higher frequency events within these states. In two cases (out
of seven that were analyzed), the typical low-amplitude behavior
(Figure 2a) was preceded by two-state behavior with faster
kinetics A\g = 7 &+ 1 pS; mean lifetime of lower conductance
state 709+ 81 ms,n = 19 events; frequency of occurrence
0.32 sY). The faster transitions lasted for 5 and 8 min before
irreversible &15 min) conversion to the typical behavior. When
the PEG was cleaved from the pore, by reduction of the disulfide
bond with DTT, the current increased to a value similar to that
observed with H (Figure 2b), after a lag period of &5 min
(n = 4). Long-lived low-amplitude fluctuations were also
observed with HK8C-PEG5K, centered around a mean
conductance of 244 19 pS 6 = 8) (Table 1), which is higher
than the value for E5106C-PEG5K There were typically three
o 1 o e to five substates with lifetimes ranging from a few tens of
8 18 20 milliseconds to hundreds of millisecondsg values (8 pS to

Current (pA) 50 pS) were often larger than those of the substates®166C-

PEG5K;. Strikingly, the short-lived high amplitude spikes were
completely absent.

IO Single channel current measurements were also performed
24 1 on Hs<S106C-PEG3K The preparation was contaminated with
H7 channels and bilayers containing them were disregarded. The
mean unitary conductance o(8106C-PEG3Kwas 237+ 4
16 pS (h = 5), somewhat higher than that ok&1L06C-PEG5K

— Low-amplitude events were seen in only one of the six single
channels that were observed. The short-lived higher amplitude
1000000 negative spikes (mean lifetime, 13210 us,n = 5) were shorter
than those seen with g3106C-PEG5K were of a similar
amplitude (128t 3 pS,n = 5), and occurred more often (26
100004 10 s'1, n=15). After treatment with 10 mM DTT, the PEG3000
molecule exited the cavity after 15 s to 4 mim= 5), far more
rapidly than PEG5000.

Tentative Interpretation of Current Fluctuations in PEG-

103 Modified aHL Pores. The current fluctuations observed when

] . : . R a PEG molecule of 5000 Da is anchored within the central cavity
8 0 12 4 6 8 20 2 24 % 23 of aHL are remarkable, compared for example with the single

Current (pA) invariant conductance state observed when a more rigid cyclo-

Figure 2. (a) A representative current trace and semilogarithmic dextrin is bound noncovalently within the channel luni&n.

amplitude histogram for a single channel current fronfSD6C- While switching between defined conductance states, rather than

PEG5K. The current was recorded &tl00 mV under symmetrical g continuum of states, was unexpected, plausible explanations

tI;lé)ffl'e/lr\ C'?Egigﬁgsiers;%qdm'\gst I2 3'g]hMt;rrli:{wilg(lcheZc;g?])c;Slp%%lm0 can be proposed for the four main behaviors that we have
. ilayer lipid was 1,2-diphy y - : )

line. Protein was added to the cis chamber, which was at ground. A Obslerved with HS,:LOG,C PEGSK . .

positive potential indicates a higher potential in the trans chamber and ~ First, the reduction in current carried by the main conductance

a positive current is one in which cations flow from the trans to the cis States (Figure 2a) most likely arises from changes in the
chamber. The current was low-pass filtered at 100 Hz and sampled atproperties of the electrolyte in the cavity caused by the presence
10 kHz. An expanded view of a high-amplitude substate (the last spike of the PEG molecule. The unaltered pbre is ohmic and only

in the trace) is shown filtered at 3 kHz. d, low amplitude subconductance weakly ion selective, suggesting that ion transport is through a
state; s, short-lived spike. (b) Signal from the same channel after channel filled with electrolyte with properties close to that of
treatment with 12 mM DTT in the cis chamber, filtered at 100 Hz. bulk solution. The volume of the cavity is36 000 K. Were

main conductance state of diminished amplitude compared with the entire PEG5000 molecule within the cavity, its “concentra-
H; (Figure 2a, Table 1). The mean of the main peaks in tion” would be~23%. At this concentration, the conductivity
conductance histograms fOI'eS‘ﬂ.OGC-PEGSK was 221+ 9 of a solution of 100 mM KCI would be reduced by 48%),far

pS (1 = 7) at+100 mV, in symmetric 300 mM KCI, 5 mM greater than the 18% decrease in single channel conductance
Tris*HCI (pH 7.00), 100uM EDTA, a reduction of 18% over observed by us. Nevertheless, the result is reasonable given that
the value for H (Table 1). Two distinct subconductance @ hydrated PEG molecule cannot occlude the entire conductive
behaviors were observed: relatively long-lived low amplitude Pathway, from one entrance to the other, and that the PEG chain
fluctuations (mean lifetime, 14.% 1.7 s,n = 27 events) and ~ May lie partly outside the lumen.

short-lived higher amplitude negative spikes (mean lifetime, 13.7  Second, the slow low-amplitude fluctuations in current can
+ 2.2 ms,n = 87 events; frequency of occurrence 02®.02 be tentatively ascribed to rearrangements of the PEG5000
s71). Typically there were three to five low-amplitude states molecule within the cavity correlated with associated movements
separated byAg = 10+ 1 pS. The excess current noise of the of the protein (the fluctuations do not occur with unmodified
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H7). Protein motions can occur over a wide range of time the low-amplitude events purely represented states of the PEG
scale$! and recently they have been observed at the single molecule, the PEG would have to retain “memory” of them
molecule level. For example, substrate fluorescence revealedduring the larger excursions.

fluctuations in a rate constant of cholesterol oxidase with a
correlation time of about 1 %42 and FRET measurements

The results obtained with PEG3000 are consistent with the
interpretation of the behavior of¢g3106C-PEG5Kas outlined

revealed fluctuations in the conformation of staphylococcal above. The mean conductance @B06C-PEG3Kis only 12%
nuclease with an average time constant of 41 ms, which waslower than the unmodified pore (Table 1), in keeping with the

increased to 133 ms with substrate bodéhdhe third phenom-

lower mass of PEG3000 compared with PEG5000. The lower

enon, the very slow (minutes) interconversion between related “concentration” of PEG within the §$106C-PEG3K pore
states, is also likely to be related to rearrangement of the PEGmight also explain the faster release of the PEG chain by DTT.
and an associated adjustment of the protein. Long-lived con- The high-amplitude spikes occur about 100 times more often
formational states in proteins have been encountered previ-with HsS106C-PEG3K compared to k5106C-PEG5K and
ously204445 Alternative explanations are that the current are about 100 times shorter in duration, suggesting that PEG3000
fluctuations arise entirely from movements of the PEG chain is more mobile than PEG5000 within the cavity. Finally,
or, at the other extreme, that the fluctuations can be ascribedalthough the interpretation of the low-amplitude events remains
solely to movements of the protein destabilized by the presencespeculative, their rarity in the case ofg$106C-PEG3K

of the PEG. It may be possible to distinguish these possibilities suggests that polymer motion is less strongly coupled to protein
experimentally. For example, if the motion of the PEG were movement than it is in §8106C-PEG5K

uncoupled from the motion of the protein, the frequency and

Conclusions and Prospectsin summary, we have shown

duration of the fluctuations would be independent of the point that a multisubunit protein, a heptameric transmembrane pore,

of attachment of the PEG within the central cavity.

can be constructed with a synthetic polymer tethered within an

The fourth phenomenon, the short-lived, high-amplitude, internal cavity. We do not know whether the entire polymer
negative current spikes, may represent the partial looping of chain is encapsulated. Certainly, the fluctuations of current
the PEG5000 chain into the transmembrane barrel or into thepassing through a Sing|e pore in a transmembrane potentia|

cis opening. The millisecond duration of the states is far longer suggest that the PEG chain is flexible and may therefore sample

than the dwell time of free PEG molecules within thelL

the external solvent. While a detailed interpretation of the current

pore>46hut of the same magnitude as relaxation times of PEGs fluctuations will require additional experimentation, it seems

tethered to supported bilayets?® The uniform amplitude of

possible that current recording will become a useful tool for

these events (Figure 2a, histogram peak “s”) suggests that onenonitoring the dynamic properties of PEG and other polymers,

or the other of the two possible looping events predominates. including oligopeptides and oligonucleotides, at the single
The pore always returns to the conductance state from which itmolecule level. Further, by using polymers that respond to

undergoes a high-amplitude excursion< 55 events), further

analytes, it should be possible to make bioserfséisased on

suggesting that the low-amplitude events involve protein con- this new class of engineered pores. This possibility does not
formational changes as well as PEG reorganization. If instead depend on a detailed interpretation of the current fluctuations,
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only that they would be modulated by analytes in a concentra-
tion-dependent manner and at the same time provide analyte-
specific signature®1324 Systematic studies involving the at-
tachment of a variety of polymers at different sites on the inner
wall of the aHL pore have been initiated.
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