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RESUMO

A interacdo do nanoporo protéico (canal i6nico) formado pela a-hemolisina (a-HL) em
suporte lipidico plano (membrana) com polimeros do etilenoglicol foi investigada sob dois
aspectos: 1) entender as bases fisico-quimicas do processo de transporte destas moléculas
organicas via poros nanoscopicos e, ii) examinar a viabilidade do emprego do poro
nanoscopico como elemento sensor, para deteccdo estocastica e monitoramento em tempo real
de compostos organicos em sistemas aquosos. A escolha de duas formas de um mesmo
polimero deve-se ao fato de que apesar deles serem quimicamente semelhantes e estaveis,
geram estruturas com massa e configuragdes moleculares diferentes: circular, o éter de coroa
(1,4,7,10,13,16-hexaciclooctano, 264 Da), e linear, polietilenoglicois (PEGs, 200 a 3000 Da).
A repulsdo entropica é o principal fator determinante da interagdo entre o nanoporo e estas
moléculas em concentracdes de KCIl menores que 1 M. O aumento na concentragdo de KCl
até 4 M, aumenta fortemente a forca de interacdo entre o nanoporo € o polimero, tornando-a
maior que a repulsdo entropica. O potencial transmembrana, a estrutura e a massa molecular
do polimero também influem fortemente nesta interacdo. A presenca destas moléculas
organicas no lume aquoso do canal manifesta-se por decréscimo na condutancia idnica média
do nanoporo, e aumento no ruido de corrente ionica. Para o éter de coroa (264 Da) e PEGs
com massas moleculares (200-400 Da) semelhantes, o ruido “branco” até 1 kHz, indica um
rapido intercambio destas moléculas entre o canal e a solu¢do banhante da membrana.
Todavia contrariamente aos PEGs (200-400 Da), a reducao de condutancia (indicativo do
particionamento do éter de coroa no canal), e a intensificacdo do ruido de corrente (relativo a
dindmica do polimero no nanoporo) dependem fortemente e de forma ndo monotonica do
potencial transmembrana, demonstrando que o éter de coroa atua formando complexo com
K", enquanto que os PEGs menores, sio neutros. Considerando o fendmeno de ocupagio do
canal pelo éter de coroa, descrito por um modelo Markoviano de dois estados, determinamos
que o seu tempo de permanéncia no interior do canal, € maximo (~3 ps), na mesma voltagem
(100 mV) em que ocorre a maior redu¢do da condutancia idnica. Por outro lado, PEGs de
massa molecular maior (600, 1000, 1500, 2000 e 3000 Da) em concentragdes salinas elevadas
(>1 M KCl), interagem com o nanoporo, dependentemente do potencial transmembrana,
indicando a presenga de carga elétrica nas moléculas destes polimeros, nessas condigoes.
Estas interacdes sdo muito mais fortes que aquelas observadas para o éter de coroa e PEGs de
menor massa; conseqiientemente manifestam-se ndo s6 por aumento do ruido de corrente
i0nica, mas, principalmente, pela geragdo de “assinaturas moleculares” especificas, que
correspondem a profundidade de bloqueio e o tempo de permanéncia de cada molécula do
PEG, no lume aquoso do nanoporo. Os decréscimos nas condutancias do canal (bloqueios)
induzidos por PEGs foram praticamente proporcionais as variagdes na condutividade da
solugdo salina banhante da membrana, indicando que a agua no lume do poro nanoscépico e
na solucao banhante da membrana, se comporta de maneira similar, ¢ que a presenca do
polimero reduz a condutividade em ambos os meios por um mesmo mecanismo. A interagdo
entre os PEGs e o nanoporo depende da massa molecular do polimero. Em 4 M de KCI, o
tempo de ocupacgdo do poro aumentou de ~0.04 ms, na presenca do PEG 600 Da, para ~270
ms, no caso do PEG 3000 Da (uma diferenga de ~6000 vezes), enquanto que o coeficiente de
parti¢do aumentou em ~250 vezes. A energia de interacdo entre o nanoporo e os PEGs (=1000
Da) foi estimada em ~0.13 kT por monémero do polimero. Deste modo altas concentragdes de
cloreto de potédssio na solucdo banhante da membrana, aumenta a energia da interagdo das
moléculas poliméricas com o nanoporo, criando as condigdes favoraveis para deteccao
estocastica de PEGs (600 a 3000 Da). Outrossim, a viabilizacdo do sistema nanoporo-
membrana como elemento sensor para o desenvolvimento de biossensores estocasticos ¢
possivel, porém, estudos adicionais referentes a sua estabilizagdo fisico-quimica, aquisi¢do e
automacao da analise de assinaturas digitais de corrente, sdo necessarios.

Palavras-chave: nanoporo; sensor estocastico, a-hemolisina, membrana, nanotubo.
II



ABSTRACT

The interaction of protein nanopore formed by Staphylococcus aureus a-hemolysin (a-HL) in
planar lipid bilayers with polymers of ethylene glycol was investigated in order to: i)
understand the physico-chemical basis of the transport of the organic molecules through
nanoscopic pores; i) exam the viability to use this nanoscopic pore as a principal element for
stochastic sensing and real-time monitoring of aqueous systems. The rationale on which the
polymers of ethylene glycol were utilized is that they are chemically similar, stable and
available with different mass and molecular structure: in circular (crown ether;
1,4,7,10,13,16-hexaoxacyclooctane, 264 Da) and linear (polyethylene glycols; PEGs, from
200 to 3000 Da) forms. The entropic repulsion was found to be the principal factor
determined the interaction between nanopore and these molecules at KCI concentrations
smaller than 1M. The rise in KCI concentration strongly increases the interaction force and at
the extreme, 4M KCI, becomes the principal factor, which suppresses and overcomes the
entropic repulsion. The transmembrane potential, molecular mass and structure have
influenced considerably on the polymers-pore interaction also. The transport of the crown
ether (264 Da) and PEGs with molecular mass (200-400 Da) via a.-HL-pore leads to decrease
in conductance and increase in noise of ionic current. The noise is “white” up to 1 kHz at least
indicated fast exchange of these molecules between the pore and membrane-bathing solution.
However, in contrast to linear flexible PEGs, the cyclic rigid molecule of crown ether made
both the conductance reduction (reflecting the partitioning) and the noise (reporting the
dynamics of the molecule interaction) depends strongly and not monotonically on the
transmembrane potential. Such results indicates that the crown interacts with the pore in the
form of charged K'-crown complex, while the small PEGs are electrically neutral.
Considering the phenomenon of a-HL pore occupation in Markovian of two-state model
framework, lifetime of the crown could be estimated at microsecond scale. It reaches
maximum (~3 microseconds) at about ~100 mV where the crown-evoked reduction of the
channel conductance is most pronounced. The strong non monotonous voltage dependence of
the crown effect is result of the presence of effective steric barrier inside of the a-HL pore
which could be overcome with voltage. PEGs with larger molecular mass (600, 1000, 1500,
2000 and 3000 Da) at elevated KCI concentration (>1 M) interact somehow similarly to the
crown: their effects are voltage dependent, reporting the presence of the electrical charge at
the conditions. However, the interaction of these PEGs with the pore is much stronger and
manifests itself with “molecule signature”, which integrates the deepness and the life-time of
blockage evoked by a single molecule. The mean reduction of o-HL pore conductance
provoked by a single molecule of PEGs increased monotonically with molecule mass (600-
3000 Da) and is proportional to the change in conductivity of the bulk solution. It points out
that: 1) water in nanopore and in the bulk behaves similarly, and ii) the presence of polymers
inside the nanopore and in bulk solution act by the same mechanism — decrease their
conductance. The mean life time of PEG inside of a-HL pore and the partition coefficient was
also dependent of the molecule mass. So, in 4M of KCI, the life-time augments more than
6000 times, from the ~0.04 ms (for PEG 600) to ~270 ms (PEG 3000), while PEG molecule
mass is increased in 5 times only. At the same conditions, the partition coefficient rise in
about ~250 times. The interaction energy (for PEGs > 1000 Da) was estimated to be of ~0.13
KT per monomer. Such, the high KCI concentrations increase the attractive interactions and
improve stochastic detecting of organic molecules in aqueous systems. The study shows that
the nanopore is a promissory element for a sensor operated on the stochastic principle,
however additional efforts have to be done to stabilize lipid bilayer/nanopore system and to
optimize the collection of molecular signatures permitting automatization of the analysis.

Key-words: nanopore; stochastic sensor, a-hemolysin, membrane.
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1. INTRODUCAO

1.1. Consideracfes gerais sobre biossensores

A prospeccao de elementos de reconhecimento (elemento sensor) baseados em
biomoléculas, microorganismos, 6rgaos e até¢ células isoladas para o desenvolvimento de
biossensores, ¢ de grande interesse ¢ bastante promissora, considerando que estes sistemas
apesar de executarem eficientemente suas fungdes, encontram-se em constante
aperfeicoamento, portanto ainda ndo foram suficientemente otimizados durante a evolugao
das espécies. Por outro lado a complexidade das diferentes condicdes, as quais, esses sistemas
foram submetidos, dotou-os de altissimo nivel de sofisticacdo, permitindo na maioria das
vezes, a execucdo de varias tarefas simultaneamente, tais como, detec¢do de mais de um
analito, processamento em tempo real e elevada capacidade de resolucdo, dentre outras.Todas
estas caracteristicas ndo sdo encontradas conjuntamente nos biossensores até entdo
desenvolvidos, que normalmente se baseiam numa tUnica propriedade fisica ou quimica para
reconhecimento do analito.

Um biossensor pode ser definido como um dispositivo analitico composto por um
material biolégico ou derivado de um material bioldgico (biomimético), intimamente
associado com, ou integrado num transdutor fisico-quimico, o qual pode ser Ooptico,
eletroquimico, termoelétrico, piezoelétrico ou magnético (FISHMAN et al. 1998, SCHELLER
et al, 2001, CASTILLO, et al, 2004, WILSON & GIFFORD, 2005). Assim sendo o
biossensor pode ser representado esquematicamente por trés partes basicas (figural):

- Camada de bioreconhecimento onde se encontra o elemento sensor ou elemento

de reconhecimento que tem a funcdo de interagir diretamente com o analito. Esta
parte pode ser composta por: organismos inteiros, tecidos, organelas, células,

microorganismo, receptor, enzima, anticorpo, acido nucléico, entre outras;



- O transdutor que funciona convertendo o resultado da interagdo elemento sensor-
analito, principalmente num sinal elétrico na forma digital, passivel de
quantificagao;

- Unidade de processamento/amplificagdo, responsavel pelo processamento do
sinal gerado no transdutor, permitindo sua saida numa forma especifica passivel

de interpretacao.

CAMADA DE BIORECONHECIMENTO

l

TRANSDUTOR

!

< PROCESSAMENTO

SAIDA

FIGURA 1 — Esquema geral dos componentes de um biossensor, adaptado de Wang

(WANG, 2002).

Deste modo podemos classificar os biossensores em relacao a natureza do elemento
sensor em (FISHMAN et al, 1998):

1. Biossensores baseados em sistemas vivos, cuja resposta se deve ao
funcionamento de um 06rgdo ou organismo inteiro. Dentre eles podemos citar
orgdos olfatorios como anténulas de crusticeos e de baratas, e até o nariz
humano;

2. Biossensores baseados em células integras, cuja operagdo se deve ao
funcionamento do conjunto de células ou a uma unica célula dissociada. Como

exemplo temos o microfisiometro;



Biossensores baseados em enzimas, que funcionam em resposta a acdo de uma
enzima sobre seu substrato, o exemplo classico ¢ o acoplamento de uma enzima
ao eletrodo de oxigénio de Clarke;

Biossensores baseados em anticorpos, cujo funcionamento resulta da reagdo entre
moléculas do sistema imune e antigenos. Podemos citar os ensaios
imunoenzimaticos € o radioimunoensaio;

Biossensores baseados em lectinas, cujo funcionamento resulta da interagdo
destas moléculas com marcadores superficiais especificos de tecido tumoral
(BELTRAO et al, 2003);

Biossensores baseados em receptores de membrana, funcionando em resposta a
interagdo de um unico receptor ou grupo de receptores com seus ligantes.
Citamos principalmente os ensaios usando a técnica de “patch clamp”, em
sistemas comerciais recentemente langcados no mercado (MOORE, 2005) — Patch
Express da AXON INSTRUMENTS CORPORATION (WWW.AXON.COM,
2005) e Nanion automated PC da NANION CORPORATION

(WWW.NANION.DE, 2005), dentre outros.

Esta tltima classe ¢ particularmente interessante para este trabalho, mais

especificamente, a proposicdo de uma nova abordagem em relagdo a magnitude, tipo de

resposta e funcionalidade da molécula constituinte da membrana, empregada como elemento

1.2. Constituintes da membrana celular como elementos sensores

A membrana plasmatica das células ¢ extremamente diversificada em sua composi¢ao

lipidica e protéica, estando as propor¢des destes principais constituintes, diretamente

relacionadas as fungdes biologicas. A bicamada lipidica, além do papel estrutural, representa

3



uma grande barreira energética e por isto apresenta baixa permeacdo a substincias
hidrossoltveis; entretanto, oferece as condi¢des bioquimicas adequadas para que as proteinas
executem esta permeagdo de diversas maneiras. A passagem de substancias hidrofilicas
através das proteinas pode alterar a osmolaridade e distribuicao de cargas elétricas em ambos
0s meios, conseqlientemente a regulacdo do volume e condigdes eletrofisiologicas da célula
(ALBERTS et al, 2002; GENNIS, 1989; SCHULTZ et al, 1996; BALDWIN, 2000).

As proteinas desempenham as mais diversas fungdes. Em relacdo aos mecanismos de
transporte, as proteinas podem funcionar como enzimas (bombas eletrogénicas), carregadores
(trocadores) e canais i0nicos (poros seletivos). As bombas geralmente executam sua fungao: 1)
ligando-se a substancias hidrossoluveis através de sitios especificos em um dos lados da
membrana, ii) sofrerem mudangas conformacionais as custas de energia do metabolismo
celular, liberando o ligante do outro lado intensificando seu gradiente de concentracao,
processo conhecido como transporte ativo. Os carregadores também executam o transporte de
substancias de maneira similar as bombas, diferindo principalmente por ndo consumir energia
metabodlica. Por outro lado, as proteinas formadoras de canais iOnicos sob determinados
estimulos, sofrem mudangas conformacionais sem consumo de energia metabolica, criando
uma via geralmente hidrofilica de baixa energia através da matriz lipidica, permitindo a
passagem seletiva de ions no sentido de dissipagdo do seu gradiente eletroquimico (HILLE,
1992; ALBERTS et al, 2002; GENNIS, 1989; TIEN & LEITMANNOVA, 2000).

A maioria dos processos de reconhecimento celular envolvem receptores superficiais
de constituicdo geralmente glicoprotéica, que participam nos mecanismos de intera¢do entre
células de diversos sistemas, tais como, imunologico, nervoso, dentre outros (ALBERTS et al,
2002; ABBAS & LICHTMAN, 2005). As proteinas também servem de receptores para
hormonios, transduzindo para o interior da célula, a mensagem para ativagdo da maquinaria
enzimadtica, resultando na sintese de compostos indispensaveis a resposta celular (WEISS,

1996; VOET & VOET, 1997). Assim sendo, podemos considerar os constituintes protéicos da



membrana celular, principalmente os receptores e canais i0nicos, como elementos sensores
naturais.

Os receptores de membrana empregados em biossensores sdo labeis e devem ser
estabilizados de alguma maneira, podendo ser isolados e incorporados em lipossomas,
sinaptossomas e bicamadas lipidicas planas; ou utilizados diretamente em membranas nativas,
tais como em “patch clamp’ nas configuragdes de célula inteira, “inside-out™ e “outside-out™
(HAMILL et al, 1981; NEHER & SAKMANN, 1992).

Todos os receptores externos de membrana interagem com ligantes difusiveis no meio
extracelular (VOET & VOET, 1995; ZIGMOND et al, 1999; KANDEL et al, 2000). Nos
receptores metabotropicos o evento de ligacdo induz a ativagdo de enzimas de membrana
desencadeando uma cascata de reacdes resultando na produ¢do de mensageiros intracelulares
(KANDEL et al, 2000). Por outro lado, nos receptores ionotrépicos o evento de ligagdo do
agonista induz alteragdes conformacionais resultando na abertura de canais i6nicos, ¢ no fluxo
ionico através da membrana (NICHOLLS, 1995; KOCH, 1999). Assim sendo o fluxo de
corrente iOnica ¢ a informagdo obtida de forma indireta da presenca do ligante (analito). Em
funcdo da facilidade de monitoramento da corrente idnica através de canais iOnicos, 0s
receptores ionotropicos sdo preferencialmente escolhidos para o desenvolvimento de
biossensores. Apesar da grande diversidade de canais i0nicos presentes na membrana celular;
somente os dependentes de ligantes foram utilizados inicialmente como elementos sensores.
Adotando como critério a seletividade, podemos classificar os canais i6nicos em dois grandes
grupos: canais seletivos a cations e canais seletivos a anions (HILLE, 1992).

Os canais de cations sdo muito importantes por participarem na manutencdo do
potencial de repouso e no potencial de acdo em células excitaveis; todavia, por serem
extremamente seletivos, apresentam uma geometria desfavoravel (regido muito estreita) a

passagem de moléculas grandes (HILLE, 1992).



Por outro lado, a maioria dos canais anidnicos apresenta geometria favoravel,
permitindo a passagem de moléculas organicas grandes, como por exemplo, acido
desoxirribonucléico e até peptideos (SZABO et al, 1998; SUTHERLAND, et al, 2004).

Os primeiros relatos da proposta de utilizagdo de canais i6nicos independentes de
ligantes, porém dependentes de voltagem, como elementos de reconhecimento em
biossensores surgiram em meados da década de 90 (CORNELL et al, 1997; SACKMANN,
1996; KASIANOWICZ et al, 1994; TURNER, 1997). Surgiram também os primeiros
problemas técnicos para a fabricagdo de um dispositivo comercial. Dentre estes empecilhos
podemos citar basicamente: i) confec¢do de uma membrana lipidica estavel; ii) incorporacao
controlada da proteina formadora do canal na membrana, e iii) acoplamento do conjunto
proteina-membrana ao transdutor. As iniciativas de superagdo destes obstaculos comegou com
a confec¢do da membrana lipidica ligada diretamente a um suporte sélido, ou separada dele
por uma finissima camada de solu¢do aquosa, ou um colchdo polimérico altamente hidratado,
levando ao surgimento da denominacdo de membranas suportadas (SACKMANN, 1996).
Posteriormente acoplou-se a uma superficie de ouro, uma bicamada lipidica com vérios canais
de gramicidina incorporados. Uma fina camada de solu¢do aquosa separava da “folha” de
ouro, o folheto inferior da membrana. O canal de gramicidina formava-se pelo encontro de
suas duas partes complementares: uma imodvel presente no folheto inferior, fixada a folha de
ouro através de uma longa molécula polimérica; e a outra mével, presente no folheto superior.
Esta ultima por sua vez era acoplada a uma molécula de anticorpo especifico para o analito
em estudo. Assim sendo um aumento na concentracdo do analito (antigeno), permitia a
formacgao de grandes agregados moleculares, de menor difusibilidade e diminuia a quantidade
de canais formados, induzindo alteragdes na condutancia da membrana, que eram detectadas
pela folha de ouro, que funcionava como eletrodo para medida da admitincia elétrica do
sistema (CORNELL et al, 1997; TURNER, 1997). Obviamente muitos canais estavam

incorporados na membrana, portanto, monitorava-se a resposta integral dos eventos de ligacao



do anticorpo com o analito, usando-se indiretamente as alteragdes da passagem de corrente
ionica pelos canais. Por outro lado nanoporos projetados por mutagénese sitio dirigida,
produziu canais i6nicos mutantes formados pela alfa-toxina, que apresentavam correlagdo
entre a redugdo de condutancia com a concentragdo de diferentes ions (zinco, cobalto cobre e
niquel). A diminui¢do de condutancia e aumento do ruido de corrente induzido pela presenga
do ion estudado era realizada unicamente pela andalise espectral dos registros temporais de
corrente, uma vez que ndo se observaram bloqueios caracteristicos, dificultando a
identificagdo dos ions investigados (KASIANOWICZ et al, 1994; 1999). Em todos esses
estudos nio se observou ou correlacionou bloqueios individuais induzidos por uma tUnica
molécula da substancia potencialmente bloqueante, todavia ndo foi empregada a abordagem
de deteccdo estocastica, ou seja, de eventos unitarios.

Desde entdo despertou na comunidade cientifica, a perspectiva de encontrar um canal
que apresentasse as caracteristicas ideais para funcionar como elemento sensor estocastico: i)
geometria favoravel (diametro da ordem de nandmetros); ii) estabilidade; iii) condutancia

elevada; iv) estrutura molecular elucidada e, v) facilidade de manipulagdo genética e quimica.

1.3. O nanoporo protéico formado pela a-toxina como biossensor estocastico

A o-toxina ¢ uma exotoxina protéica de 33 kDa produzida pelo Staphylococcus
aureus e sua atividade formadora de canais em bicamadas lipidicas planas foi relatada pela
primeira vez em 1981 (KRASILNIKOV et al, 1981).

A estrutura cristalina tridimensional deste canal ja foi elucidada (SONG et al, 1996).
Os dados cristalograficos denotam a existéncia de sete mondmeros delimitando o nanoporo
aquoso, estequiometria recentemente corroborada em estudos eletrofisiologicos de
reconstituicdo de canais i0nicos unitarios em bicamadas lipidicas planas (KRASILNIKOV et

al, 2000). A geometria do poro aquoso e seu posicionamento assimétrico em relagdo ao plano
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da membrana, também ja foi elucidada em condigdes dindmicas empregando nao-eletrolitos
(KRASILNIKOV et al, 1988; MERZLYAK et al, 1999). Existem duas regides do canal bem
definidas, o lado cis com diametro de 4,6 nm que fica praticamente fora da membrana, ¢ o
lado trans que fica inserido na membrana e tem didmetro de 2 nm, sendo composto por 14
folhas B-barril. Estes dois dominios estdo separados por uma constricdo de 1,4 nm de
diametro, o que torna esse canal, uma ferramenta altamente promissora para aplicagdes
biotecnoldgicas (figura 2) (BAYLEY, 1995; KASIANOWICZ et al, 1996. BRAHA et al,
1997; GU et al, 1999). O nanoporo formado pela a-toxina apresenta alta estabilidade,
facilidade de incorporacdo em membranas artificiais ¢ condutancia ionica elevada, fatores que
a tornaram o “prototipo” de nanoporo protéico natural para o estudo do particionamento
dindmico de polietilenoglicol (PEG) (MOVILEANU et al, 2003), peptideos (MOVILEANU
et al, 2005), éteres de coroa (BEZRUKOV et al, 2004) e acidos nucléicos (KASTANOWICZ

et al, 2002) em regime de confinamento.

Cis CONSTRIGAOD

FIGURA 2 — Modelo do nanoporo formado pela a-toxina com dimensdes e entradas

em relacdo a membrana. Adaptado de SONG et al, 1996.

Por outro lado, a realizacio dos estudos de particionamento de polimeros em

nanoporos, direcionou a aplicabilidade destas estruturas para o desenvolvimento de



nanobiossensores estocasticos, ou seja, capazes de realizar a detec¢dao ao nivel de uma unica
molécula (BAYLEY & CREMER, 2001).

O primeiro relato de um experimento baseado numa unica molécula, permitindo sua
identificagdo funcional foi realizado 35 anos atrds, e consistiu na observacdo da corrente
i0nica através de um tnico poro formado pelo antibidtico peptidico gramicidina incorporado
numa bicamada lipidica (HLADKY & HAYDON, 1970). Posteriormente, demonstrou-se que
as correntes idnicas nestes canais unitarios eram moduladas por compostos conhecidos como
bloqueadores de canais, que se ligam reversivelmente dentro do lume aquoso do poro. Esta
descoberta ¢ o principio para o sensor estocastico fundamentado em nanoporos protéicos
projetados (BAYLEY et al, 2000).

Para facilitar o entendimento do funcionamento do biossensor estocastico baseado no
nanoporo formado pela a-toxina, devemos observar a representagdo esquematica da figura 3.
Um unico poro ¢ colocado numa bicamada lipidica que separa dois compartimentos com
solugdo salina. Quando um potencial ¢ aplicado, uma corrente i6nica méxima flui através do
poro carreada pelos ions da solu¢dao salina banhante de ambos os lados da bicamada. O
nanoporo contém um sitio de ligacdo para o analito, e toda vez que o analito ocupa o lume,
induz uma modulagdo, diminuindo a corrente méxima (bloqueio parcial). Na situagdo mais
simples, o elemento sensor tem dois estados - ocupado (pelo analito) e ndo-ocupado - € uma
saida caracteristica associada a cada um dos respectivos estados. Portanto, além de permitir a
determinagdo da concentracao do analito, o sensor estocastico € capaz de “sentir” a estrutura
molecular e gerar informagdes especificas do analito, as quais ja podem ser suficientes para
sua identificagcdo. Deste modo, esta técnica monitora os eventos individuais de liga¢ao, como
um contador molecular de Coulter (COULTER, 1953). A freqiiéncia de ocorréncia dos
eventos revela a concentracdo do analito, enquanto que a assinatura de corrente (“‘assinatura
digital”), ou seja, os tempos médios de duragdo e profundidade de bloqueio revelam sua

identidade. A partir destas informacdes € possivel calcular a constante de associagdo e a



constante de dissociagdo do analito-nanoporo. No caso de um equilibrio simples, Tosr= 1/Kofs,
onde T, € 0 tempo médio de permanéncia do analito e ko € a constante de dissociagdo; € Topn
= 1/(kon [A]), onde ton € 0 tempo médio entre os eventos de ligagdo, e ko, € a constante de
associagdo, e [A] ¢ a concentragao do analito. Consequentemente o sensor estocastico permite
obter informacdes sobre dados cinéticos que sdo extremamente uteis, e dificeis de obtencao
por outras técnicas. Em outros casos, a cinética de ligacdo pode ser mais complexa, mas isto
pode ser util na interpretacao de “assinaturas digitais” discretas.

Os biossensores estocasticos apresentam vantagens Obvias em relagdo aos sensores
baseados em outros principios de detec¢do, dentre elas podemos destacar: deteccao
simultdnea de mais de um analito (multianalito), elevada sensibilidade e rapidez de anélise. A
capacidade de detec¢do de mais de um analito ¢ explicada pela ligacdo mutuamente exclusiva
do analito, gracas a restri¢do de confinamento ao lume aquoso do nanoporo. Deste modo
mesmo que dois analitos se liguem ao mesmo sitio no lume aquoso, apenas um deles terd
acesso por vez, e serdo identificados por gerarem “assinaturas digitais de correntes”
especificas.

A a-toxina ¢ o nanoporo adequado para este tipo de elemento sensor, pois, oferece
condi¢cdes de alteragdes em sua estrutura molecular, possibilitando o seu remodelamento para
produzir nanoporos adaptados a detec¢@o de analitos com caracteristicas fisico-quimicas bem

diferentes.
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FIGURA 3. Um unico poro projetado ¢ colocado numa bicamada lipidica. Quando
um potencial ¢ aplicado, uma corrente ionica flui através do poro carreada pelos ions da
solucao salina banhante da bicamada. O poro contém um sitio de ligagdo para o analito,
representado pela esfera verde. Cada vez que o analito se liga ao poro a corrente ¢ modulada
como ilustrado no tragado. Deste modo, monitoram-se os eventos individuais de ligacdo. A
freqliéncia de ocorréncia dos eventos revela a concentracdo do analito, enquanto que a
assinatura de corrente (assinatura digital) revela sua identidade (Adaptado de BAYLEY &
CREMER, 2001).
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2. MATERIAL E METODOS

A abordagem metodoldgica consiste primordialmente em:

1- Utilizagdo de uma montagem experimental que permite a incorporacdo de um
unico nanoporo protéico de estrutura elucidada em uma bicamada lipidica plana de
parametros conhecidos e controlaveis;

2- Sistema de monitoragdo e aquisicdo em tempo real dos registros temporais de
corrente idnica através do nanoporo aquoso, permitindo a resolu¢do dos eventos de bloqueio a
nivel molecular;

3- Emprego de métodos tedricos estabelecidos, convencionais € modernos de andlise
de ruido e cinética de canais i0nicos, possibilitando o célculo dos parametros de interesse e
sua correlagdo com os analitos investigados;

4- Escolha de analitos poliméricos quimicamente semelhantes e estaveis, porém de
massa e configuracdo molecular varidvel, gerando estruturas moleculares de tamanho e
formas diferentes, mas, elucidadas.

Obviamente nao abordarei o nanoporo formado pela a-toxina nas proximas secoes,
uma vez que ja o fiz anteriormente. Assim sendo descreverei sobre a membrana, sistema de
aquisi¢do, emprego dos métodos tedricos e as propriedades fisico-quimicas dos analitos

escolhidos, finalizando com uma descri¢ao geral dos procedimentos experimentais.

2.1. A membrana lipidica plana

Todas as bicamadas lipidicas planas utilizadas neste trabalho foram confeccionadas
de acordo com a técnica de MONTAL & MUELLER, 1972. Esta técnica consiste
basicamente na formagdo de uma bicamada lipidica, por aposi¢do de dois filmes

monomoleculares de lipideo, em wum orificio de wuma particio de Teflon®
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(Politetrafluoretileno) que separa dois compartimentos de uma cdmara, também de Teflon®,
contendo solugdes aquosas (Figura 4 A). Os filmes monomoleculares de lipidio foram obtidos
a partir da deposicao de 10 pl de uma solugdo de diftanoil fosfatidilcolina (Avanti Polar
Lipids) 1% (p/v) em hexano (Merck) sobre as solu¢des aquosas. Depois de 10 minutos, com a
evaporagdo do hexano, ha a formagao espontanea dos filmes lipidicos na superficie da solucao
aquosa de cada compartimento. A etapa de formag¢do da membrana propriamente dita, tem
inicio com a inje¢do de mais solugdo sob o filme lipidico, elevando-se o nivel do liquido no
compartimento do lado de trds ou “trans”, até que o menisco atinja o orificio, depositando o
primeiro filme. Posteriormente aplica-se 0 mesmo procedimento para o compartimento frontal
ou lado “cis”, até ocorrer a deposi¢ao do segundo filme (Figura 4 B e C). Com a finalidade de
aumentar a adesdo ¢ estabilidade dos filmes lipidicos, as particdes foram previamente
banhadas em hexadecano 1% (p/v) em hexano (Merck).

Todos os experimentos foram executados sob as seguintes condigdes: temperatura

ambiente de 2342 °C; todas as parti¢des de Teflon® utilizadas apresentavam espessura de 15

um e orificio de aproximadamente 50-70 um de diametro.
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FIGURA 4. Foto da camara de Teflon® e esquema representativo do processo de
construgdo e da monitoracdo da bicamada lipidica plana. A) Camara de Teflon® com
indicagdo dos lados cis e trans, e eletrodos de conex@o da solugdo aquosa (verde e amarelo) ao
sistema eletronico de monitoramento ¢ aquisi¢do. B) Etapas da formacgéo: (1) filmes lipidicos
sobre as superficies das solucdes, (2) deposi¢ao do segundo filme lipidico e (3) bicamada
lipidica plana completamente formada. As setas indicam o sentido da elevacdo do nivel da
solugdo; C) Etapas da monitoragdo: (1) onda triangular aplicada ao sistema e (2) resposta de

corrente capacitiva do sistema.
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2.2. O sistema de monitoracao e aquisicdo de registros de corrente idnica

Em todos os experimentos o sistema utilizado para aplicagdo do potencial,
monitoragdo e aquisi¢do dos registros era constituido por um gerador de fun¢des (Hewlett
Packard, modelo 3310B), um filtro Butterworth (Frequency devices, modelo 902), um
amplificador de patch clamp (Axonpatch 200A ou B) e uma placa conversora analégico-
digital (PCI 6221 E, National Instruments Corporation) acoplado a um microcomputador IBM
PC, executando o Programa Acquirer gentilmente cedido pelo Doutor Sergey Berzrukov,
conectados conforme o esquema da figura 5. Com a finalidade de minimizar a interferéncia de
perturbagdes mecanicas e eletromagnéticas, a camara experimental encontrava-se sobre uma
mesa de amortecimento de alta performance (TMC 63-500) e blindada por uma gaiola de
Faraday.

A conexdo dos compartimentos da cdmara ao sistema de medidas elétricas era feita
através de pontes salinas do tipo Agar-KCl (3% em peso de Agar em KCI 3 M) e eletrodos de
prata-cloreto de prata (Ag/AgCl) (figura 4 A). Ao lado cis (compartimento frontal) da camara,
conectavamos o aterramento do amplificador e, ao lado trans (compartimento de tras),

basicamente o amplificador de “patch clamp”.

FIGURA 5. Esquema basico do sistema de monitoramento e aquisi¢do de registros de
corrente idnica através do nanoporo formado pela a-toxina. O filtro estd incorporado no

painel de entrada e saida.
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2.3. A andlise de assinaturas digitais e dados cinéticos

A abordagem geral aplicada na andlise de assinaturas digitais e calculo de parametros
cinéticos consistem basicamente em (BEZRUKOV, 2000; 2002):

1- Calcular a reducdo relativa (profundidade ou amplitude do bloqueio) de
condutancia do nanoporo na presenca do analito, indicando o grau de
preenchimento do lume do canal pelo analito;

2- Analisar as flutuagdes na corrente idnica através do canal, indicativo da cinética
de particionamento do polimero entre a solugdo banhante e o lume aquoso do
poro;

3- Analisar o espectro do ruido de corrente induzido pela presenca do analito no

lume aquoso do poro, indicativo da dindmica do analito no interior do canal.

2.3.1. O principio do contador molecular

A idéia fundamental da técnica de pulso resistivo empregado nos contadores Coulter
(COULTER, 1953), desde a década de 50, pode ser enunciada da seguinte forma: a presenca
de uma particula ndo condutora livre num meio condutor fluindo no interior de um pequeno
tubo capilar de vidro, induz um aumento da resisténcia do capilar em rela¢dao aquela quando o
meio ¢ preenchido unicamente de particulas condutoras (Figura 6). A magnitude do aumento
da resisténcia esta relacionada com o tamanho da particula.

As mudangas na resisténcia quando a particula ndo condutora se movimenta ao longo
do capilar de vidro geram pulsos de corrente, os quais podem ser amplificados e contados.
Estd técnica foi inicialmente empregada nos equipamentos para contagem de particulas

relativamente grandes, como células sangiiineas e bactérias (KUBITSCHEK, 1958).
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O decréscimo da condutancia (4g) de um capilar de raio R e comprimento L,

preenchido com meio condutor, ap6s a entrada de uma particula de raio r < R pode ser

expressa por (GREGG & STEIDLEY, 1965):

2o

Ag=|C
J |2 (1)

Onde, o ¢ a condutividade da solu¢do. Obviamente a amplitude do pulso ¢ proporcional a
terceira poténcia do raio da particula, ou seja, ao seu volume, portanto particulas de tamanho
proximo ao raio do capilar, induzem maior profundidade de bloqueio e eventos (pulsos)
completamente discerniveis no tempo. Por outro lado, particulas muito menores que o capilar,
0s “pulsos gerados”, também diminuem a condutancia, mas nao sao discretizados, pelos atuais
amplificadores de “patch clamp”. Neste caso podemos usar a abordagem trés, analise

espectral do ruido, para obtermos os parametros da “assinatura digital”.
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FIGURA 6 — O contador de Coulter. O fluxo de liquido mantido por diferenca de
pressdo externa movimenta particulas microscopicas através do orificio numa diviséria de
vidro. A entrada de cada particula no orificio produz um pulso na condutancia. O niimero de

pulsos por segundo relata a concentracdo ¢ o tamanho da particula pode ser inferido pela

amplitude do pulso (BERZRUKOV, 2000).
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2.3.2. Flutuacbes de condutancia

A andlise dos eventos discretizados de bloqueio pode ser realizada, inicialmente,
adotando-se um modelo de dois estados, onde em um, o nanoporo estd ocupado pelo analito
(estado bloqueado, B,), € no outro nado-bloqueado (B,), conseqiientemente podemos

representa-los esquematicamente por:

K @)

Onde, k; e k1 correspondem as constantes de transigdo entre esses estados. Considerando que
os fendmenos de bloqueio e desbloqueio do nanoporo sido independentes, uma maneira pratica
de calcular a média do tempo de permanéncia no estado bloqueado ou no estado nao-
bloqueado, ¢ estabelecer a fung¢ao densidade de probabilidade (F(t)) regente destes tempos em
cada um dos estados. Assim sendo, um histograma de freqiiéncia dos tempos de permanéncia
em cada estado, e admitindo uma fun¢do densidade de probabilidade do tipo exponencial

(COLQUHOUN & SIGWORTH, 1995; COLQUHOUN & HAWKES, 1995),

F(1) = ae”

)

Onde T corresponde a constante de decaimento da curva exponencial, e a=7". Deste modo 1/t
representa a média do tempo de permanéncia no estado bloqueado ou no estado nao-

bloqueado, ou seja, ¢ igual a k3 ou k.3, respectivamente (COLQUHOUN & HAWKES, 1982).
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Considerando que o analito interage com o nanoporo numa rea¢do bimolecular,
pode-se calcular a constante de associag@o e a constante de dissociagdo do analito-nanoporo.
No caso de um equilibrio simples t,=1/k;, onde 1, ¢ a média do tempo de bloqueio pelo
analito e ky ¢ a constante de dissociagdo; e t.; = 1/(k1 [A]), onde 11 é a média do tempo de
ndo-bloqueio, k3 ¢é a constante de associacdo e [A] ¢é a concentrag¢do do analito
(MOVILEANU et al, 2005). Deste modo a constante de equilibrio K pode ser calculada,
podemos admitir que o coeficiente de parti¢do (IT) é proporcional a concentragdo do analito

no lume aquoso, representado por:

H:K[AI] )

Onde, [A|] ¢ a concentragdo do analito no interior do nanoporo aquoso.

2.3.3. Anédlise espectral do ruido de corrente

As duas condi¢des de analise descritas anteriormente sdo validas quando ¢ possivel discretizar
os eventos de bloqueio, ou seja, temporalmente “resolvé-los”. Quando o analito apresenta um
tamanho muito menor que o didmetro do nanoporo, ou a for¢a de interagdo entre o poro € o
analito ¢ pequena, isto ndo ¢ possivel diretamente, mas os pardmetros cinéticos que também
permitem a identificagdo do analito podem ser calculados de maneira indireta, empregando
analise espectral do ruido de corrente.

Considerando que a média das flutuagdes de condutincia do nanoporo, pode ser

obtida por Ag vezes (N), onde, Ag é o decréscimo de condutancia induzido pela presenga do

analito e (N), o niimero de moléculas do analito no nanoporo, pode-se demonstrar que o
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coeficiente de difusdo (D) do analito no interior do lume aquoso ¢ expresso por (BEZRUKOV

& VODYANOY:; 1994):

D = Ag(Ag, )L’V ?/3S, (0) “

Onde (40a), ¢ o decréscimo médio de condutancia do nanoporo induzido pela presenca de
uma unica molécula do analito; V ¢ a voltagem transmembrana, L ¢ o comprimento do
nanoporo e 5i(0), ¢ a densidade espectral de poténcia do ruido de corrente de baixa freqiiéncia
induzido pela particula.

O fenomeno de bloqueio e ndo-bloqueio do nanoporo pode ser descrito por um
processo Markoviano de dois estados, e as constantes de interagdo entre o analito € o
nanoporo podem ser calculadas da analise espectral de poténcia do ruido de corrente (S)(f))

através da expressao (MACHLUP, 1954),

7’ 1

T,+7, 1+ (27zf r)z ©)

S,(f)=4(Ai)’

onde Ai ¢ aredugdo da corrente via nanoporo na presenga de uma tinica molécula do analito;
f é a freqiiéncia; 71 ¢ a média do tempo de bloqueio; 7.3 ¢ a média do tempo de ndo-bloqueio ¢
T, 0 tempo de relaxacdo definido como (7=77.1/(71+7.1)). A probabilidade de encontrar o poro

ocupado com a substancia &,

7
T, +7 2
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Na condi¢do onde f << 1/(27[7), a equacdo (6) pode ser reescrita de forma simplificada

como,

I 50
p(1—p)” 4(ai) “

T, =

onde S, (0) ¢ a densidade espectral na regido de baixa freqiiéncia. Deste modo, o ruido médio

de corrente <AI > , depende da probabilidade de bloqueio <AI > = p Ai, expressa por:

p=(Al)/Ai o

Conseqiientemente a média do tempo de permanéncia do analito no poro ¢ dada por:

__ S0 1
" AADAT (1-(Al)/ AT ©)

Onde um unico pardmetro permanece desconhecido, Ai, a reducdo da corrente ionica do
nanoporo, que pode ser determinado experimentalmente. Conhecendo-se t; e 1.; € possivel
determinar o coeficiente de particdo como ja descrito no topico 1.4.2., mesmo na auséncia de
bloqueios caracteristicos, ou seja, discretizados.

A principal dificuldade da implementagao destas abordagens, no sentido de viabilizar
o desenvolvimento de um biossensor estocastico baseado na o-toxina, ¢ uma ferramenta

computacional, ou seja, um programa que além de integralizar as trés formas de analise, tenha
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a capacidade de baseado no registro de corrente, reconhecer preliminarmente quais devem ser

escolhidas para uma melhor identificagdo e quantificagdo da concentragdo do(s) analito(s).

2.4. A escolha de analitos poliméricos

A escolha de analitos poliméricos do etilenoglicol em suas formas, circular, o éter de
coroa, ¢ linear, o polietilenoglicol, deve-se basicamente a sua semelhanca e estabilidade
quimica, possibilitando a geragdo de estruturas moleculares de tamanho e formas diferentes,
mas, clucidadas em diversas condi¢des. Adicionalmente esta classe de moléculas tém
recebido especial interesse por parte da comunidade cientifica nos ultimos anos, uma vez que
diversos estudos nas ciéncias basicas e aplicagdes biotecnoldgicas foram descritos (HARRIS,
1992; SOLOMONS & FRYHLE, 2001). Os éteres de coroa sao chamados de x-coroa-y, onde
X ¢ o nimero total de 4&tomos no anel e y ¢ o nimero de 4tomos de oxigénio. O 18-coroa-6
consiste de seis unidades de oOxido de etileno unidas covalentemente em um anel
macrociclico, portanto diferem do polietilenoglicol (linear), unicamente pela auséncia de
grupos terminais (BEZRUKOV et al, 2004; WHEI & BRITO NETO, 1998). O 18-coroa-6
interage com cations, principalmente potéassio, aprisionando-o em seu anel macrociclico,
através de campos elétricos gerados por ligagdes do tipo ion-dipolo (IZATT &
CHRISTENSEN, 1981). Este tipo de relacionamento ¢ denominado hospedeiro-hdspede,
permitindo o emprego destes compostos ciclicos em diversas aplicacdes como sondas
moleculares (DAVID & BRODBELT, 2003), componentes de sensores (REESE & ASHER,
2003) e até como droga (BORREL et al, 1995).

Por outro lado, os polietilenoglicdis sdo estruturas lineares e normalmente maiores
que os éteres de coroa, apresentando-se em solugdes aquosas na forma enovelada, podendo
formar complexos com diversos ions, incluindo o potassio. De maneira similar aos éteres de

coroa, os polietilenoglicdis ndo apresentam grupos ionizaveis, portanto, sdo classificados
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como ndo eletrdlitos, possibilitando sua aplicacdo em diversas areas. Na pesquisa basica os
polietilenoglicois foram utilizados como sondas moleculares para determinacdo, em
condi¢des dinamicas, da geometria de canais i6nicos (KRASILNIKOV et al, 1992;
MERZLYAK et al, 1999). Na area farmacéutica sdo empregados principalmente como meio
dispersor de medicamentos (HARRIS, 1992).

Deste modo em funcdo das propriedades fisico-quimicas descritas e das
investigagdes relativas a interagdo de éter de coroa e polietilenoglicdis com poros protéicos ja
realizados; juntamente com a importancia do monitoramento e quantificacdo destas moléculas
em meios aquosos, permite-nos deduzir que este polimeros atendem a abordagem

metodoldgica deste trabalho.

2.5. Procedimentos experimentais gerais

O protocolo experimental consistia basicamente em apos a confeccdo da bicamada
lipidica plana, aplicavam-se pulsos de voltagem de +80 mV para verificar a integridade
elétrica da membrana, através da medida de sua condutincia basal. Apds constatacdo da
integridade elétrica da membrana, adicionava-se ao compartimento cis da camara, a o-toxina
nas concentracdes especificadas no artigo e manuscrito (ver resultados). Apds a incorporagao
de um canal, aplicavam-se pulsos de voltagem de + 20 a £ 200 mV (faixa de variacdo de 20
mV), para determinag¢do da condutancia do canal em cada uma das voltagens. Posteriormente
adicionava-se o analito (éter de coroa ou polietilenoglicol) ao compartimento trans da camara
e repetia-se a seqiiéncia de voltagens. Este procedimento era repetido para concentragdes
crescentes de cada um dos analitos (ver resultados).

Antes do inicio de cada experimento testava-se sempre a assimetria nos potenciais de
jungdo dos eletrodos. Em caso de assimetria dos potenciais de juncdo acima de 1 mV, o par de

eletrodos era substituido por outro. A medida dos potenciais dos eletrodos também era feita
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logo apds o término de cada experimento e nos casos de assimetria acima de 1 mV,

descartava-se os registros obtidos.
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3. JUSTIFICATIVA

A identificacdo e quantificagdo de analitos em diferentes amostras sdo de
importancia fundamental em diversas areas, das ciéncias basicas até aplicacdes tecnoldgicas
na medicina diagnostica, industria farmacéutica, controle de poluentes, industria quimica e
biotecnologia, dentre outras.

Assim sendo, o desenvolvimento de novos sensores e biossensores desperta interesse
na comunidade cientifica, e o aporte financeiro tem sido consideravel nos ultimos anos.
Estimativas do National Institute of Standards and Technology indicam que foram investidos
nos Estados Unidos, nos anos de 1999 a 2003 aproximadamente 145.000.000,00 (cento e
quarenta e cinco milhdes) de dolares para o desenvolvimento de novos dispositivos sensores
baseados somente na tecnologia de andlise de 4cido desoxirribonucléico (DNA)
(BIOTECHNOLOGY  INFORMATION  CENTER-NATIONAL  AGRICULTURAL
LIBRARY/USDA). Nos paises em desenvolvimento o investimento tem sido menor, mas,
existe unanimidade na comunidade cientifica e orgdos governamentais financiadores de
ciéncia e tecnologia, como o Conselho Nacional de Desenvolvimento Cientifico e
Tecnologico (CNPq), que a area de biotecnologia seja priorizada com apoio financeiro
(www.cnpq.br).

Com os recentes avancos da nanotecnologia ocorreu naturalmente uma busca pela
miniaturizacdo dos dispositivos sensores ja existentes, como também o desenvolvimento de
sensores baseados em elementos sensores de dimensdes nanoscopicas, tais como nanotubos
de carbono, nanotubos de ouro, dentre outros (SUN et al, 2000; LI et al, 2003; ITO et al,
2004; SUTHERLAND, et al, 2004).

Os diversos principios envolvidos nos mecanismos de detec¢do presentes nos
sensores para analitos, comercializados, limita-os ao monitoramento e geracdo de uma

resposta integral, ou seja, que varios eventos ocorram até a expressdo de uma resposta
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informativa do fendmeno analisado (BAKKER & TELTING-DIAZ, 2002; MARZIALI &
AKESON, 2001). Esta limitagao ndo se restringe unicamente a quantificagdo do analito, mas,
impede que o elemento sensor reconhega mais de um analito simultaneamente.

Por outro lado, algumas estruturas bioldgicas, principalmente, as biomoléculas
formadoras de canais i6nicos aquosos apresentam propriedades intrinsecas evolutivamente
selecionadas, tornando-as elementos sensores naturais, capazes de “sentir” eficientemente
eventos imperceptiveis a outros dispositivos.

O principio do sensoriamento estocdstico, ou seja, a capacidade de deteccao de
eventos unitarios quantizados, ¢ constantemente aplicada pelos sistemas vivos, além da
detecgdo simultanea de mais de um analito, portanto, os nanoporos unitirios sdo as
ferramentas preferenciais para o desenvolvimento de biossensores. Nesta perspectiva
nanoporos aquosos como poros nucleares (BUSTAMANTE et al, 2000; MAZZANTI et al,
2001 ) e particularmente os poros formados por a-toxina (KRASILNIKOV & BEZRUKOV,
2004; MOVILEANU et al, 2003) tém servido como modelo, no estudo do mecanismo de
permeacao e particionamento de polimeros naturais e também sintéticos soliiveis em agua.

Assim sendo, a adaptacdo destas estruturas nanoscopicas como elemento sensores €
um obstaculo a ser vencido, mas, com perspectivas promissoras para a tecnologia de

biossensores.
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4. OBJETIVOS

4.1. Geral

Examinar a viabilidade de utilizacdo do nanoporo protéico formado pela a-toxina,

como elemento sensor baseado no principio estocéstico.

4.2. Especificos

1. Estudar o mecanismo de transporte de éteres de coroa e polietilenoglicdis através
de nanoporos unitdrios formados pela a-toxina em bicamadas lipidicas planas;
2. Estudar a dinamica do particionamento de éteres de coroa e polietilenoglicol no

lume aquoso do nanoporo formado pela o-toxina.
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ABSTRACT Closing linear poly(ethylene glycol) (PEG) into a circular “crown” dramatically changes its dynamics in the
a-hemolysin channel. In the electrically neutral crown ether (C,H,0)s, six ethylene oxide monomers are linked into a circle that
gives the molecule ion-complexing capacity and increases its rigidity. As with linear PEG, addition of the crown to the
membrane-bathing solution decreases the ionic conductance of the channel and generates additional conductance noise.
However, in contrast to linear PEG, both the conductance reduction (reporting on crown partitioning into the channel pore) and
the noise (reporting on crown dynamics in the pore) now depend on voltage strongly and nonmonotonically. Within the whole
frequency range accessible in channel reconstitution experiments, the noise power spectrum is “white”, showing that crown
exchange between the channel and the bulk solution is fast. Analyzing these data in the framework of a Markovian two-state
model, we are able to characterize the process guantitatively. We show that the lifetime of the crown in the channel reaches its
maximum (a few microseconds) at about the same voltage (~100 mV, negative from the side of protein addition) where the
crown’s reduction of the channel conductance is most pronounced. Our interpretation is that, because of its rigidity, the crown
feels an effective steric barrier in the narrowest part of the channel pore. This barrier together with crown-ion complexing and
resultant interaction with the applied field leads to behavior usually associated with voltage-dependent binding in the channel

pore.

INTRODUCTION

Crown ether molecules can be thought of as cyclic versions
of linear poly-(ethylene glycol} (PEG) molecules. Disregard-
ing end groups, crown ether (C,H,0)g differs from its linear
counterpart only in its topology. Our experiments with single
a-hemolysin channels reconstituted in planar lipid bilayers
reveal dramatic differences between the crown and PEG
effects on the channel conductance. Fig. 1 compares cffects
of the two compounds on the channel conductance in 1 M
KCl aqueous solutions at their symmetrical addition on both
sides of the bilayer. The crown effect on the small-ion
current through the channel is highly voltage dependent and
asymmetric, whereas the PEG-induced conductance re-
duction is only slightly sensitive to the voltage. The effect
of the crown increases >10-fold with the decreasing positive
voltage and shows a characteristic turnover behavior at high
negative voltages. Thus, changing topology of the molecule
by closing linear PEG into a circle leads to dramatic changes
i the effect of the molecule on the channel conductance.
The focus of this article is on the voltage-dependent
exchange of the crown between the channel pore and the
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bulk solution, the process underlying the crown effect on
conductance. Using experimentally measured current-volt-
age dependences and the power spectral densities of the
current fluctuations, we are able to extract parameters of the
exchange kinetic. We find that the crown residence time in
the channel shows a turnover behavior as a function of the
applied voltage. An explanation of the turnover behavior in
the framework of a voltage-biased diffusion model is sug-
gested whereas the complete theory will be published sepa-
rately.

Large ion channels are key structural elements of
metabolite exchange between different cellular compart-
ments and between cells (Nikaido, 2003). Understanding of
the main physical principles and structural aspects involved
in large-channel permeability and selectivity is still far from
being satisfactory, and our progress relies on the detailed
knowledge of the transport phenomenology. This knowledge
can be obtained in experiments with single channels re-
constituted into planar bilayers by studying the effect of
penetrating molecules on the ionic current through the
channel. High-resolution conductance recording and appro-
priate statistical analyses allow one to quantitatively evaluate
solute partitioning into, and dynamics within, the confines of
ion channel aqueous pores (Bayley and Martin, 2000;
Bezrukov, 2000).

a-Hemolysin is one of the toxins produced by Staphylo-
coccus aureus. The ability of this 33.2-kDa protein to form
channels in planar lipid bilayers was discovered more than

doi: 10.1529/biophysj.104.044453
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FIGURE | Comparison of the effects of the crown ether (C;H,0), (®)

and poly(ethylene glycol) (PEG) with molecular weight of 200 (O) on the
conductance of a single a-hemolysin channel reconstituted in a planar
bilayer. Both the crown and PEG were added symmetrically to 1 M KCl
solutions on both sides of the membrane. In both cases conductance is
normalized to its value in pure salt solution. To facilitate the comparison,
PEG was applied in a fivefold higher concentration than the crown.

20 years ago (Krasilnikov et al., 1980, 1981). The three-
dimensional crystal structure of the channel is now known
with high resolution (Gouaux et al., 1994; Song et al., 1996).
According to the crystal structure, the channel is comprised
of seven monomers — a result recently confirmed in
electrophysiological experiments with single a-hemolysin
channels reconstructed into planar lipid bilayers (Krasilnikov
et al., 2000). The geometry of the water-filled lumen of such
reconstituted channels and their asymmetrical position with
respect to the membrane plane were also studied (Krasilni-
kov et al., 1988; Merzlyak et al., 1999). There are two
distinct regions of the lumen of the channel (Fig. 2 A). On the
cis-side (which is the side of the protein addition) the channel
has a large cavity, which measures ~4.6 nm in the internal
diameter and is mainly located outside the membrane. In the
transmembrane domain, the channel lumen narrows to form
a 14-stranded B-barrel with an average internal diameter of
~2.0 nm. These two domains are separated by a constriction
zone whose diameter is ~1.4 nm. a-Hemolysin channel is
recognized as a highly promising tool for biotechnology
(Bayley, 1995; Kasianowicz, et al., 1996; Braha et al., 1997,
Gu et al., 1999, 2000; Bayley and Martin, 2000; Howorka
et al., 2001; Cheley et al., 2002; Nakane et al., 2003; Meller,
2003).

Here we investigate interactions between the a-hemolysin
channel and the crown ether 1.4.,7,10,13,16-hexaoxacy-
clooctane (18-crown-6) whose structure is shown in Fig. 2 B.
Studies of the crown ethers’ effects on the conductance of
ion channels are important because the crown ether
superfamily was shown to exhibit a range of pharmacolog-
ical effects (Pressman, 1976; Brown and Foubister, 1983;
Kolbeck et al., 1992; Gurbanov et al., 1993; Borrel et al,,
1995). The 18-crown-6 consists of six cthylene oxide
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FIGURE 2 Schematic illustrations of the channel and crown. (A)
a-Hemolysin channel in the presence of the crown ether. The stem region
of the channel is a cylindrical B-sheet barrel. Cartoon shows the relative
sizes of the open channel and crown/K* complexes. Adapted from Gu et al.
(2000). (B) Ball-and-stick model of the crown ether. CS Chem3D Pro
(CambridgeSoft, Cambridge, MA) was used to build the model and to draw
the figure. The atoms are represented with the following color scheme: O
(black), H (gray), and C (light gray). Van der Waals spheres (dotted) are
shown for two opposite H atoms. The largest and smallest sizes of the crown
molecule are 1.15 nm and 0.51 nm, correspondingly. The structure is in
agreement with crystallographic data (Steed and Atwood, 2000).

-0-CH,-CH,- units joined covalently in a macrocyclic ring.
Neglecting the end groups of linear poly(ethylene glycol)
(PEG), the only difference between the two molecules is in
their topology.

The crown does not possess ionizable groups and,
therefore, belongs to nonelectrolytes. However, it has a ring
of oxygen atoms surrounded by an external hydrophobic
ring. These structural features enable the crown to form
stable complexes with alkaline metal ions (Pedersen, 1968,
1988; Ozutsumi and Ishiguro, 1992) in which the metal ion
binds near the center of the oxygen ring.

In our previous studies of the PEG effects on the
a-hemolysin channel conductance it was shown that polymer
partitioning is size (Krasilnikov et al., 1988, 1992; Bezrukov
at al., 1996) and concentration (Krasilnikov and Bezrukov,
2004) dependent. Polymer partition coefficient was deduced
from the effect of polymers on channel conductance. Added
at the same weight concentration, differently sized polymers
reduce the bulk solution conductivity to a similar extent (e.g.,
Krasilnikov, 2002; Stojilkovic et al., 2003). However, they
act on channel conductance in a size-dependent manner.
When polymer concentrations are not too high, polymer
coils that are much larger than the diameter of the channel
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pore are excluded from the pore. They influence channel
conductance only at access areas, producing relatively small
effects (Bezrukov and Vodyanoy, 1993). Polymers that are
significantly smaller than the pore diameter are able to
partition into the pore freely. Small PEG with molecular
weights of 200-300 reduce channel conductance approxi-
mately to the same extent as they reduce bulk solution con-
ductivity. Their effect on the channel conductance is only weakly
voltage dependent as shown in Fig. 1.

In contrast, we find that addition of the crown (molecular
weight of 264) influences ion current through the
a-hemolysin channel in a pronounced voltage-dependent
manner (Fig. 1). As the applied voltage is changed from
—200 mV to +200 mV, the effect of the crown on channel
conductance varies >10-fold. Importantly, this channel-
imposed asymmetry is seen at otherwise symmetrical
conditions when the crown is added on both sides of the
membrane in equal concentrations. The effect on the con-
ductance is not monotonic in the applied voltage: for 1 M
KCl it has a maximum at potentials close to =120 mV.

From the current-voltage dependences and current fluctua-
tions around the steady-state value (open channel noise) we
learn about the kinetics of crown partitioning in the channel.
The exchange of the crown between the channel pore and the
bulk is so fast that the power spectrum of the crown-induced
noise is “‘white”’, that is, frequency independent, over the
whole frequency range accessible in reconstitution experi-
ments. Analyzing the low-frequency part of the spectrum
together with the crown effect on the average conductance we
are able to determine the lifetime of the crown in the channel.
This time increases from hundreds of nanoseconds at positive
(from the cis-side) voltages to several microseconds at
~—100 mV where the crown effect on the channel
conductance is maximal. Further increase in magnitude of
the negative voltage decreases the lifetime to ~0.5 usat —200
mV. This suggests that the crown translocation through the
channel is field dependent (Woodhull, 1973; Hille, 1992;
Tikhonov and Magazanik, 1998).

The strong voltage dependence of the crown effects and its
marked asymmetry indicate that it is the charged crown/K
complex that is responsible for the blockage. We hypothe-
size that closing a linear polymer molecule into a circle
affects its translocation because the complex of the cyclic
molecule with a potassium ion sees an effective barrier in the
channel. This barrier together with the applied voltage
distribution along the channel axis is responsible for the
observed asymmetric voltage dependence.

MATERIALS AND METHODS

Diphytanoyl phosphatidylcholine (DPhPC) was purchased from Avanti
Polar Lipids (Alabaster, AL). The wild type of S. aureus a-hemolysin was
a generous gift of Dr. Hagan Bayley (Texas A&M University). Crown cther
1,4,7,10,13,16-hexaoxacyclooctane (18-crown-6) was purchased from
Sigma-Aldrich (Allentown, PA). Other chemicals were of analytical grade.
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Bilayer lipid membranes were formed at room temperature of 23 = 2°C
using the lipid monolayer opposition technique from 10 mg/ml solutions of
DPhPC in pentane on a 70-pm diameter aperture in the 15-pm-thick Teflon
partition as previously described (e.g., Krasilnikov and Bezrukov, 2004 after
Montal and Mueller, 1972). The total capacitance was 90-100 pF, the film
capacitance was close to 50 pF. The membrane potential was maintained
using Ag/AgCl electrodes in 3 M KCI, 2% agarose bridges assembled within
standard 200-ul pipette tips.

Experiments were done using an Axopatch 200B amplifier (Axon
Instruments, Foster City, CA) in the voltage clamp mode. Currents were
filtered by a low-pass eight-pole Butterworth filier (Model 9002, Frequency
Devices, Haverhill, MA) at 15 kHz and recorded simultancously by a video
cassette recorder operated in a digital mode and directly saved into the
computer memory with a sampling frequency of 50 kHz. Amplitude and
power spectrum noise analyses were performed using software developed in
house.

Small amounts of @-hemolysin from a diluted stock solution of 50 pg/ml
were added to the cis-side of the chamber. The final concentration of the
protein in the membrane-bathing solution was ~100 pM. Unless stated
otherwise, the standard membrane-bathing solution used in the bilayer
experiments contained 1 M KCl and 5 mM Tris with pH adjusted to 7.5 by
citric acid. Potential is defined as positive when it is greater at the side of the
protein addition.

EXPERIMENTAL RESULTS

Conductances of single a-hemolysin channels show certain
dispersion from channel to channel (e.g., Krasilnikov et al.,
1988; Krasilnikov and Bezrukov, 2004). For example, at
23°C in 1 M KCl solutions at —40 mV and neutral pH it is
960 + 70 pS. Therefore, to measure the conductance
changes with appropriate accuracy, the effect of the crown in
each experiment was evaluated by comparing conductance
of the same single channel in crown-free and crown-con-
taining solutions.

Fig. 3 shows the current through a single channel before
and after symmetric addition of the crown to 10-mM con-
centration in the membrane-bathing solutions on both sides
of the membrane. There are two crown-induced effects: a de-
crease in the mean current and an increase in the current noise.
Both effects strongly depend on the applied voltage. They
are considerably larger for the negative sign of the applied
voltage. In addition, the effects depend on the salt concen-
tration.

Fig. 4 A demonstrates the voltage dependence of the
channel conductance for several crown concentrations. The
uppermost curve shows that even in the absence of the crown
the channel is not Ohmic—its conductance depends on the
applied voltage. To make the effect of crown addition seen
more clearly, Fig. 4 B gives the ratio of the channel
conductance in the presence of the crown to that in the
crown-free solution. The crown-induced conductance re-
duction is nonmonotonic in the applied voltage. In 1 M KCI
solutions the crown effect reaches its maximum around
—120 mV.

The dependence of the crown-induced conductance
reduction on KCI concentration is illustrated by the results
shown in Fig. 5. The ratio of the channel conductance to its
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FIGURE 3 Ion currents through a single a-hemolysin channel as altered

by the presence of 10 mM of the crown ether. The recordings were taken
from the same single channel before and after crown addition to 1 M KCI
buffer solution. At time zero potential was switched from 0 to —100 mV.
Note that in the presence of the crown the mean current decreases while the
current noise grows. Current recordings are filtered by averaging over
0.5-ms intervals. The insets show current recordings at a fourfold finer scale.

value in the absence of the crown at voltages corresponding
to the maximum of the crown-induced effect in solutions of
different KCI concentrations is shown in Fig. 5 A as a
function of the crown concentration. It is seen that the crown
effect on channel conductance is increased by increasing salt
concentration. This result may indicate the strengthening of
hydrophobic interaction between the crown and the
channel—the phenomenon described earlier for poly(ethyl-
ene glycol)s (Bezrukov et al., 1996; Merzlyak et al., 1999).
Fig. 5 B shows how the optimal maximum effect depends
on the salt concentration in 10-mM crown solutions. As the
salt concentration increases, the maximum effect of the
crown on the channel conductance is reached at smaller (in
magnitude) negative voltages. Identical dependences on salt
concentration were found at other crown concentrations.
The crown-induced reduction in the average ionic current
through the channel is accompanied by generation of excess
noise (Fig. 3). Fig. 6 gives the power spectral density of the
current in the presence of 10 mM crown at —100 mV applied
potential (top trace) versus the background measured at 0 mV
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(bottom trace). Equilibrium noise of a single channel with
the relatively high conductance (~1 nS in 1 M KCI)
contributes significantly to the level of the background noise
(Krasilnikov and Bezrukov, 2004). However, in the par-
ticular case of the bottom curve, most of the noise comes
from the amplifier’s feedback resistor. The rising part of the
power spectrurn is related to finite electrode and electrolyte
resistance, amplifier noise, and membrane and film capac-
itance (Sigworth, 1995). The middle trace shows noise of the
channel at —100 mV in the crown-free solution. It exceeds
the equilibrium channel noise significantly due to modula-
tion of the channel conductance by fluctuating charges of
ionizable residues (Bezrukov and Kasianowicz, 1993;
Kasianowicz and Bezrukov, 1995). The sharp decrease seen
in all three spectra at frequencies >10,000 Hz is due to anti-
aliasing signal filtering (Materials and Methods).

Fig. 6 shows that the spectrum of the crown-induced noise
is “white’ (frequency independent) up to frequencies of ~10
kHz. The absence of dispersion at these frequencies means
that the process of crown exchange between the channel pore
and the bulk is fast in the sense that the characteristic
relaxation time is much smaller than the inverse of the highest
frequency in the measurement range, 1/27f.x = 20 us. For
this reason we build our analysis on the low-frequency
spectral density, S1(0), studied as a function of the applied
voltage at different crown concentrations.

Fig. 7 compares results of the noise and conductance
measurements at small crown concentrations obtained in 1 M
KCl (A and B) with those in 4 M KCI (C and D). The low-
frequency- spectral density, S;(0), was calculated as the
average between frequencies 100 Hz < f < 1000 Hz with the
background subtracted. It is seen that both the conductance
reduction and the excess noise are much stronger at the
higher salt concentration.

DISCUSSION

Noise analysis usually involves determination of the ‘‘comer
frequency’’ that immediately relates the noise spectrum with
the characteristic time of a system (Conti and Wanke, 1975;
Neher and Stevens, 1977; DeFelice, 1981). In the case
studied here this frequency is out of reach. Fig. 6 shows that
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FIGURE 5 Crown effects on the channel conduc-
tance at different salt concentrations. (A) Ratios of the
channel conductance in the presence of the crown (at the
voltages corresponding to maximum effect; see Fig. 4)
.®  to the conductance in crown-free solutions at different
salt concentrations (the data are shown by different
symbols as explained in the inset). Dashed lines
demonstrate the crown effect on the channel conduc-
tance as a linear extrapolation from small crown
concentrations. Solid lines illustrate the fitting of the
channel conductance data to the first-order binding
isotherm. Data points represent averages over at least
three experiments for the voltages corresponding to the
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within the range of accessible frequencies the spectrum is
white. Using an alternative language, the experimental points
contributing to the noise track in Fig. 3 are uncorrelated in
time (except for the correlations introduced by the anti-
aliasing filter). Analysis of such data sets presents a special
challenge (e.g., Boguna et al., 2001).

In principle, the white part of the spectrum allows one to
estimate mobility of a particle in a channel using a concept of
“molecular Coulter counting” (Bezrukov et al., 1994;
Rostovtseva and Bezrukov, 1998; Bezrukov, 2000). How-
ever, in practically important cases of inhomogeneous pores,
as in this study (Fig. 2 A), this approach gives an order of
magnitude estimate only. In contrast to ATP molecules in
VDAC channel (Rostovtseva and Bezrukov, 1998), formal
application of this approach to the results shown in Fig. 7
yields the voltage-dependent values for the crown mobility
in the channel. As the applied voltage changes from —200
mV to +200 mV, the calculated effective diffusion co-
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FIGURE 6 The power spectral density of current noise of a single open
a-hemolysin channel in the presence of 10 mM crown at 0 (bottom curve)
and at —100 mV (top curve) and in crown-free 1 M KCl solutions at —100
mV (middle curve).
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maximum in the crown-induced effect. (B) The voltage
where the maximum in the crown-induced effect on
channel conductance is reached (scc Fig. 4) in KCl
solutions containing 10 mM of the crown as a function
of the salt concentration.

efficient varies ~10-fold staying from two to one orders of
magnitude smaller than its bulk value of 4.8 X el

(Yuldasheva et al., 2003).

Two-state model

In this article the low-frequency part of the noise spectrum is
used to determine kinetic parameters of the crown exchange
between the channel and the bulk in the framework of a two-
state model. This model was used previously to estimate the
lifetime of PEG molecules in alamethicin channels (Bezrukov
and Vodyanoy, 1993). The model assumes that the blockage
effect on the channel conductance can be described as a two-
state Markov process. We start with the Machlup’s original
formula for the power spectral density of such a process
(Machlup, 1954). In our case it can be written in the form:

7 1

Srmhes el 1
Tyt 71+ (27Tf1'}2: W

Si(f) = 4(Ai)*

where fis frequency, 7y, is the mean lifetime of the channel in
the crown-blocked state, 7, is the mean time between succes-
sive blockages, A is the change in the current induced by a
single-molecule blockage event, and 7 = Ty, /{Th+7,) isthe
relaxation time. Blockage probability in this model is given by

Th

= ; 2
P i @
According to Egs. 1 and 2 time 7, can be written as
1 5(0
™= L ®)

p(1—p)* 4(Ai)"

where §;(0)stands for the low-frequency limit of the power
spectral density. In the framework of the model the decrease
in the average ionic current through the channel, (Af) is
related to the blockage probability by (Af) = p Ai so that
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Therefore, the mean lifetime of the crown-blocked state is
given by

il 15100 1
T HADAL (1 —(ADY/A) &

51(0) and (AT} are directly measured in experiment. The
only uncertain parameter required to find 7, is the amplitude
of the current drop in an elementary blockage event, Ai. In
principle, one can find this parameter by measuring the
average current reduction, (Af), in the limit of high crown
concentrations, where 7, tends to zero and the probability of
blockage given in Eq. 2 approaches unity. For example,
extrapolation of the 1 M KCI curve in Fig. 5 A to infinite
crown concentrations yields a value of ~0.4 for the relative
current reduction, (Af)/1, where [ is the ionic current through
the channel in crown-free solution. In 4 M KCl solutions this
number is close to 0.65.

However, one might expect that at high crown concen-
trations, more than one crown molecule is involved in the
blockage process. If so, our two-state model fails. With this
in mind, we chose to keep Ai as an adjustable parameter. For
4 M KCl1 we calculated lifetimes of the crown in the channel
by means of Eq. 5 using the results of the noise and
conductance measurements obtained from the same single
channel at small crown concentrations of 2, 4, and 8§ mM
(Fig. 7. C and D). The lifetimes for the data set at —80 mV
calculated for different values of parameter Ai/l are
presented in Fig. 8. It is seen that they are indeed sensitive
to the choice of this parameter. At the same time, within the

in the channel should be independent of the crown
concentration. Guided by this criterion we find that the best
choice for the value of the ratio Ai/I is 0.55 (Fig. 8). This
analysis was repeated at several negative voltages from the
range of —200 mV < V < — 40 mV. The ratio Ai/I was
found to be voltage independent within the accuracy of the
measurements, Ai/f = 0.55 = 0.07.

Using this procedure the adjustable parameter Ai was also
found for other salt concentrations. The results are:
Ai/I =035 at 1 M KCl and Ai/T=04 at 2 M KCL
Together with 0.55 found for 4 M KCl, these values are in fair
agreement with Ai/I values determined from the conductance
versus crown concentration data (Fig. 5 A), though they are
systematically smaller. Fitting data in Fig. 5 A to a simple
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FIGURE 8 Crown lifetime from the 4 M KCI data at =80 mV for 2 mM,

4 mM, and 8 mM crown concentrations calculated according to Eq. 5 for
different values of the adjustable parameterAi/[.
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binding isotherm and extrapolating to the infinite crown
concentration we find ~20% higher estimates forAi/I. This
systematic deviation suggests that at the high crown concen-
trations a second crown molecule is involved in channel
blockage. However, at the relatively small crown concen-
trations (=8 mM) used in our noise analysis, the blockage is
well described by our simple two-state Markov model.

Knowing parameter Ai we can now calculate the crown
residence time in the channel by Eq. 5 and analyze its
dependence on the applied voltage. The results for 2-, 4-, and
8-mM crown concentrations in 4 M KCl are shown in Fig. 9
A. One can see that the three curves are close to one another.
The deviations between the points are within the expected
combined errors of noise and conductance measurements.
Good agreement between the three curves indicates self-
consistency of our analysis of the experimental data based on
the two-state model.

The most interesting feature of the voltage dependence of
the residence time shown in Fig. 9 A is the turnover behavior.
The lifetime of the crown in the channel reaches its
maximum of 3.3 ws at from —60 to —80 mV. Similar
behavior was found in 1 and 2 M KCl solutions (data not
shown). It turns out that the maximum residence time de-
creases at lower salt concentrations. The voltages corres-
ponding to the maxima shift to more negative values. The
maximum residence time in 1 M KCl is about twofold
smaller than this time in 4 M KCl solution.

Crown-induced noise and conductance reduction allow us
to determine another important parameter: the average time
between successive crown bindings, 7,. From Eq. 2 it follows
that
rF
R

©)

To

where the blockage probability p, given in Eq. 4, can be
readily determined if the parameter Ai is known. The on-rate
constant, ko, can then be calculated as 1/(ToCerown). Its
dependence on voltage in 4 M KCl solutions is shown in Fig.
9 B. It is seen that the on-rate constant increases with the
negative voltage magnitude. Thus, our analysis of the low-
frequency, white part of the noise spectrum makes it possible
to determine both kinetic parameters of the two-state model.
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Turnover of the residence time

One of the most interesting results of our analysis is the
turnover behavior of the average residence time of the crown
in the channel, considered as a function of the applied
voltage (Fig. 9 A). To rationalize this behavior we have to
make a step beyond the scope of our two-state model and to
consider detailed dynamics of the crown in the channel in the
presence of the extemal voltage. Realistic analysis of such
dynamics requires not only the fine structural information
about the channel pore but also the knowledge of electric
field distribution in the channel, including fields from the
charges on the pore-forming protein molecules. Instead, we
put forward a one-dimensional diffusion model that grasps
the most important qualitative features of the phenomenon.
The model predicts the turnover behavior of the average
lifetime of the crown in the channel.

When evaluating the average lifetime we take into account
the fact that the crown forms a positively charged complex
with a K" ion. Based on the channel geometry (Fig. 2 A) it is
reasonable to assume that the complex reduces channel
conductance mainly when it is located in the narrow part of
the pore. The time spent by the complex in this part is very
sensitive to the sign of the applied voltage. Negative voltages
drag the complex into the channel from the trans-side. To
traverse the channel, the complex has to pass through the
constriction zone that forms an almost impermeable barrier
for the complex at moderate voltages. To escape from the
same side from which the complex entered, it has to diffuse
against the driving force produced by the applied voltage.
Thus, the complex is effectively trapped at the constriction
zone. However, at high enough voltages complexes pass
through the constriction zone and translocate. The turnover
of the average lifetime is determined by the competition
between the two scenarios.

The situation is quite different at positive voltages.
Because the cis-side vestibule of the pore is wide, the
complex-induced conductance reduction is small. In addi-
tion, the voltage mainly drops in the narrow part of the
channel. As a consequence, the voltage-induced potential
well for the complex in the cis-side vestibule is relatively
shallow so that the complex lifetime in such a well is short.
These arguments are supported by the results obtained at

u 2mM
e 4mM
A BmM

FIGURE 9 Kinetic parameters of the crown block-
age of the a-hemolysin pore as functions of applied
voltage. (A) Lifetimes of the crown in the channel in
4 M KCl solutions at different concentrations of the
crown as functions of applied transmembrane voltage.
Adjustable parameter in Eq. 5 is chosen as Ai/I = 0.55.
(B) On-rate constant of crown binding (k,,) calculated
for 2,4, and 8 mM of the crown in 4 M KCl membrane-
bathing solution. The dashed curve is a first-order
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asymmetrical crown addition (data not shown). At negative
voltages, within the accuracy of our measurements, the effect
of crown addition only to the frans-side of the membrane
was the same as for symmetrical addition. At positive
voltages the effect of the cis-side addition was measurable
but small. At +200 mV, 50 mM of the crown in 1 M KCl
solutions decreased channel conductance by ~5%.

We have developed a theory that describes the dynamics
of the complex in the narrow part of the channel in the
framework of a one-dimensional diffusion model. For
impermeable barriers our theory predicts only monotonic
decrease of the complex lifetime in the channel with voltage,
whereas for permeable barriers, the theory predicts a turnover
behavior, In the case of impermeable barriers and high
negative voltages, V| 3> kT'/e, where e is the charge of the
complex and k and T are the Boltzmann constant and the
absolute temperature, the average lifetime is given by

F exp(—eV/kT)
D (V/kTY ™

T

14

D

Here [ is the distance between the channel opening and the
constriction zone and V is the voltage drop at this distance.
Substituting / = 5 nm (half the channel length; Fig. 2 A), D =
4.8 X 107" m* ™" (Yuldasheva et al., 2003), and V &~ —100
mV we arrive at rp & 2 X 1077 s, which is only an order of
magnitude smaller than the experimental value at this voltage
that is close to the critical one. In this estimate we have used
the bulk value of the complex diffusion coefficient. However,
in reality, a particle whose size is comparable to the pore
aperture can be greatly slowed down by interactions with the
pore walls. If we account for this “‘restricted diffusion”
(Bean, 1972; Bezrukov, 2000) by using a smaller value of the
diffusion coefficient, the estimation in Eq. 7 gets close to the
experimental value. Increase of the residence time with the
salt concentration may be due to the increasing interaction of
the crown with the pore-lining residues of the protein,
analogously to the salt-dependent PEG-protein interactions
(Timasheff, 1993).

In several recent studies with the a-hemolysin channel
(Sanchez-Quesada et al., 2000; Cheley et al., 2002; Gu et al.,
2003) it has been suggested that different molecules, both
neutral and charged, can bind in the channel pore near the
constriction zone. Our theory suggests an alternative. In
our model of voltage-biased diffusion, a ‘‘binding site™
is effectively created by the steric constriction and the
external electric field that forces the complex against the
constriction.

CONCLUDING REMARKS

This article is focused on the effect of the crown ether
(C;H40); on ionic conductance of single a-hemolysin chan-
nels reconstituted into planar lipid bilayers. By measuring
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the reduction of the channel conductance and the power
spectral density of current fluctuations induced by the crown,
we analyze how the effect depends on the applied voltage and
the crown and salt concentrations. We find that the blockage
efficiency of the crown exhibits a strong dependence on both
the sign and magnitude of the applied voltage and increases
at higher salt concentrations.

To rationalize our experimental results we assume that the
channel has two conductance states: open state and partially
blocked state in which the current through the channel is re-
duced because of the presence of the crown. We additionally
assume that transitions between the two states are Markovian.
With these assumptions we have determined all parameters of
the model from the experimental data and analyzed their
dependence on the voltage. One of the most interesting results
of our analysis is the dependence of the average crown
residence time in the channel on the applied voltage, which is
nonmonotonic and has a maximum around 100 mV.

We suggest that this behavior can be explained by a model
that treats the complex dynamics in the pore in terms of one-
dimensional voltage-biased diffusion. The turnover of the
residence time is a consequence of a competition between
two tendencies: voltage-induced trapping of the crown in the
constriction zone and voltage-dependent passage of the
crown through this. Indeed, the crown forms a complex with
positive ions. Negative voltages drive the complex from the
trans-side into the narrow part of the channel pore. The
complex reaches the constriction zone (Fig. 2 A) where it
gets stuck because this part of the pore is almost imperme-
able for it. Being at the constriction zone, the complex
partially blocks the channel. At not-too-high negative
voltages the complex does not pass through the constriction
and mostly escapes from the channel moving against the
electric field. This is why its lifetime in the channel increases
when the negative voltage grows in magnitude. However,
high-enough voltages drive the complex through the
constriction zone and the complex lifetime in the channel
starts to decrease with the voltage magnitude. The diffusion
model of voltage-dependent blockage will be discussed in
detail elsewhere.

Crown ethers appear to be a promising tool for
investigating channel-facilitated membrane transport. At
the same time, many aspects of the crown dynamics in the
channel remain unclear. The list includes interaction of the
crown complex with the pore-forming protein, electric field
distribution along the channel, hydration of the complex
inside the channel, and the effect of the hydration variation at
the channel entrance. Further studies of these aspects will
help us to get better understanding of the phenomenon and
might prove useful for explaining pharmacological effects of
the crown ether superfamily at the molecular level.

We thank Adrian Parsegian and Daniel Harries for fruitful discussicns.
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ABSTRACT

High salt concentrations dramatically increase attractive interactions between the
alpha-Hemolysin channel and poly-(ethylene glycol) (PEG) and, thereby, change polymer
partitioning qualitatively, enhancing it by orders of magnitude. At 4 M KCI the capture of a
single PEG molecule by the channel can be observed as a well-defined step in the small-ion
current through the channel. As expected, the amplitude of these steps and their duration
increase monotonically with PEG molecular weight. However, the on-rate of polymer capture

is a surprisingly weak function of polymer molecular weight.

Keywords: ionic conductance; fluctuations; diffusion-limited reactions.



INTRODUCTION

The progress in physics of polymer partitioning into the confines of nanopores is
crucial for many areas of fundamental science and technology. Recent experimental [1-3] and
theoretical [4-7] work suggests that not only quantitative but qualitative picture of polymer
interactions with a nanoscopic pore needs a thorough refinement. Another important aspect
concerns the mechanisms of ion conduction in nano-structures [8,9]. Effects of water ordering
by the surface, electrostatic and hydrodynamic interactions of ions with the channel walls,
ion-ion interactions at the nanoscale, etc., are among the questions of interest.

In the present study we examine the time-resolved blockages of ion current through
the alpha-Hemolysin channel that are induced by single poly-(ethylene glycol) (PEG)
molecules. We use the extreme of potassium chloride concentration of 4 M to take advantage
of the polymer/pore attraction promoted by salt [10]. These strong interactions change
polymer partitioning qualitatively. They slow down the polymer exchange between the
channel and the bulk to a degree that makes polymer capturing and release by the channel
time-resolvable. They also dominate the forces of entropic repulsion. For PEG 600 to PEG
3000, the free energy component which is due to polymer confinement by the pore is nearly
completely suppressed by the attraction thus increasing polymer partition coefficient by
orders of magnitude (Figure 1) and making the on-rate of polymer capture by the pore only a
weak function of polymer molecular weight.

The blockage of small-ion current through the channel by a single polymer molecule
is incomplete. Larger molecules reduce its ionic conductance more efficiently. They also stay

in the channel longer, allowing us to estimate the attractive interaction as 0.13 KT per

monomer.
Figure 1. The partitioning of
O PEG 2000 molecules into the
124
20 PEG + 80 i KCI solution alpha-Hemolysin channel ~with
5 mM Tris pH=7.5 .
L g the KClI concentration.
2 Conditions: 20% (w/v) PEG 2000
E 41 /O both sides; 20 g PEG + 80 ml
_O KCl solution; 5 mM Tris pH=7.5;
04 ©O :
— T T 71— 40 mV - trans; ST - cis.
0 1 2 3 4



RESULTS AND DISCUSSION

We quantify polymer partitioning by measuring ion current through a single
nanopore of the alpha-Hemolysin channel in the presence of dilute solutions of PEG of
different molecular weights. Upon entering the channel a polymer molecule partially blocks
its ionic conductance. Three parameters of this process are analyzed as functions of polymer
molecular weight: the average rate of the blockage events, their average duration, and their
average amplitude.

Examples of the records of ion currents through single alpha-Hemolysin channels in
the presence of PEG of different molecular weights in the membrane-bathing solution are
shown in Figure 2. It is seen that partitioning of polymer molecules induces stepwise current
fluctuations whose amplitude and duration depend on the polymer molecular weight.

Only one polymer molecule is involved in the blockage. Figure 3 demonstrates that
the blockage rate (the average number of the stepwise fluctuations per second) is strictly
proportional to PEG concentration, thus suggesting that the blockage is a first order reaction.

The blockage of ion current is never complete, but the degree of blockage grows
with the size of a polymer molecule. Figure 4 summarizes the results of statistical analysis of
the blockage amplitudes. PEG 600 reduces current by about 45%, PEG 3000 by 95%. The
solid line compares the effect on channel conductance with the prediction for PEG-induced

decrease of the bulk solution conductivity [11]:

O (1 7 P
0'0_(1 ¢)exp( 2.71_¢j .

where of oy is the ratio of bulk solution conductivity in the presence and absence of
PEG and ¢ is polymer volume fraction.

To perform this comparison we assume that the polymer volume fraction in Eq. (1)
is proportional to PEG molecular weight. Specifically, we calculate the polymer volume
fraction approximately as the weight of a single PEG molecule divided by the adjustable
parameter, the weight of 7.5 nm’ of water (see ref. [11] for a more accurate procedure). This
volume is very close to the volume of the stem part of the channel — the part which
contributes most to the total channel resistance. It is seen that the solid line fits the data

reasonably well (Figure 4).
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Figure 2. In the presence of PEG ionic current through the alpha-Hemolysin channel exhibits
step-wise transitions between completely open and partially blocked states. Both the duration
and amplitude of blockage increase with the polymer molecular weight. Conditions for these
and other experiments of the present study (if not specified otherwise): bilayer lipid
membranes were formed by the monolayer opposition technique from diphytanoyl
phosphatidylcholine (Avanti Polar Lipids, Alabaster, AL) at room temperature of 23 + 2°C as
previously described [3]; membrane-bathing aqueous solution contained 4 M KCI at pH 7.5
buffered by 5 mM Tris with 40 uM of PEG (polyethylene glycol standard, Fluka, GmbH,
Germany) added from the trans-side of the membrane; alpha-Hemolysin was added from the
cis-side of the membrane, the final concentration of the protein in the membrane-bathing
solution was about 100 pM; applied voltage was 40 mV, negative from the side of protein

addition. Averaging = 0.02 ms. High conductance (0) and particularly blocked (b) states are
shown with arrows.
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Larger polymers stay in the pore longer. Figure 5 shows the dependence of polymer

residence time 7 as a function of polymer molecular weight W. The dependence is quite
sharp and for larger PEG is close to exponential. Using a simple reasoning that involves
escape from a potential well whose depth AF(N) is proportional to the number of monomers N

we can write

AF(N)
KT )

To € CXP

AF(N)= N 2)

Defining the number of monomers within a PEG molecule as W/44, from the linear

part of the curve we infer the energy of attraction per monomer as y~0.13 KT.

Figure 3. The on-rate of ion current

wlOOOO- . Eggﬁggo blockage by polymers is proportional to
= A PEG1500 their concentration. For a larger polymer
@ 1000 v Egggggg (PEG 3000) the same on-rate is achieved
2 at larger weight/volume concentration
O 100 than for any of smaller one. However,
%) Sops: the slope of the curves is the same in all
T 10 PEG1000 gggigg; cases. The proportionality between the
= PEG2000 0.98+0.02 on-rate and polymer concentration means
() PEG3000 0.96+0.05 .

b : : : : that only one polymer molecule is
L 0.01 0.1 1 10

i ible for the blockage.
PEG concentration, w/v responsible tor the blockage

Figure 4. The relative conductance of

1 Q " EqualonL; Chr2DoF=7.89 the channel in the PEG-blocked state
NS 50'_ \ : ’ ' (symbols) shows that the blocking
° 404 efficiency increases with the polymer
o 1 molecular weight. The larger is the
D 30'_ polymer, the smaller is the remaining
S 204 conductance. The solid line is a fit by
FCJ) 10] Eq. (1) to the data. The volume fraction
] ¢ is set to be proportional to the polymer
01 ; ; ; molecular weight with an adjustable

05 10 15 20 25 30 parameter described in the text.
PEG, kDa Data are mean of 3-4 experiments.
Other conditions are equal to Figure 1.
Data were fitted with an equation 1
(solid line) and with a monoexponential
function (dashed line).
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The proportionality between the average rate of blockage events v and polymer

concentration [C] demonstrated in Figure 3 allows us to quantify the on-rate constant of
polymer capture by the channel, xo,(W), as a function of polymer molecular weight using
v=ion(W)[C]. Figure 6 presents these data for 40 uM polymer concentration. Surprisingly, the
dependence on polymer molecular weight is weak. The moderate drop in the on-rate can be

attributed almost completely to the decrease in the diffusion coefficient D(W) calculated as

3

Kon (W) oc DW) ac W 5 3)

(solid line in Figure 5). Thus, the entropic part of interaction which is a leading
interaction term at small salt concentrations [1, 10, 12, 13] and which allows pore sizing by
polymer partitioning [14] is practically negligible at this high salt concentration. Importantly,
experiments reported in the present study were performed using dilute polymer solutions
where non-ideality effects [3, 7] are virtually non-existent. The largest weight/volume
concentration was used for 4 mM PEG 3000. It was 1.2% which is well below the c*
concentration for this PEG, which is about 13% [3].

This anomalous behavior most probably is a consequence of the strong polymer/pore
attraction induced by high salt concentrations that compensates for the free energy of polymer
confinement. This argument is in qualitative agreement with the energy of 0.13 KT per
monomer, deduced from Figure 5 data. From the partitioning measured at small salt
concentrations [e.g., 1, 10, 12] where the attraction is weak, the free energy of confinement
for e.g. PEG 2000 is of the order of one kT (~0.02 kT/monomer). Therefore, the energy of
interaction between several monomers (of 45 monomers comprising PEG 2000) and the pore
is enough to offset the entropy loss. Indeed, the actual mechanism of polymer capture by the
pore is necessarily much more complicated [4]; however, our simple estimate shows the

importance of the attraction between the pore and the polymer.
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Figure 5. The dwell time of a captured polymer sharply increases with the polymer
molecular weight. The data for the larger PEG 1000, PEG 1500, PEG 2000 and PEG 3000
allows us to estimate the free energy of attraction per monomer (see text).
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CONCLUSIONS

Partitioning of water-soluble polymers into ion channel pores has long been used for
sizing of ion channel pores [14, 15]. In the case of alpha-Hemolysin, it was shown that there
are attractive interactions between PEG and the channel, which grow with the salt
concentration in the membrane-bathing solution. Under otherwise identical experimental
conditions, PEG partition coefficient was found to be higher in 1 M KCI than in 0.1 M KCl
solutions [10]. In the present study we went to the extreme, 4 M potassium chloride
concentration, which is very close to the limit of this salt solubility at the room temperature of
23° C. This high salt concentration changed polymer partitioning qualitatively and allowed us
to observe time-resolved events of single PEG molecule exchange between the channels and
the bulk. The main findings are:

(i) Comparison of blockage amplitudes with the bulk effect (Figure 4) suggests that
both the conductance of the channel with a trapped PEG molecule and the conductivity of
PEG-containing bulk solutions scale similarly with the polymer monomeric concentration.
Based on the results obtained we conclude that the nanoscopic volume of water in the alpha-
Hemolysin pore behaves quite macroscopically in what concerns conduction of ions.
Reduction of the aqueous phase conductivity by PEG seems to have identical mechanisms
both in the channel and in the bulk.

(if) The sharp increase of polymer residence time in the pore with PEG molecular
weight (Figure 5) supports the idea of strong salt-induced interaction. For the free energy of
polymer/pore attraction it gives an estimate of 0.13 kT per monomer.

(iii) The anomalously weak dependence of the capture on-rate on polymer molecular
weight (Figure 6) suggests that entropic repulsion is suppressed by the strong polymer/pore
attraction.

Thus, partitioning of PEG molecules into the alpha-Hemolysin channel in the limit
of strong attraction studied here is qualitatively different from this polymer partitioning at
small salt concentrations [10, 12-15] including the recent single-molecule study [1] where the

entropic term was found to lead in polymer/pore interaction.
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7. CONCLUSOES GERAIS

Os resultados dos trabalhos desenvolvidos nesta tese permitem concluir:

1- A forca de interagdo entre o nanoporo formado pela a-toxina incorporado numa
bicamada lipidica plana, e polimeros do etilenoglicol nas formas circular (éter de coroa) e
linear (polietilenoglicois), aumenta com a concentragdo de cloreto de potassio presente na
solug@o aquosa banhante da membrana;

2- A repulsdo entropica é o principal responsavel pelo particionamento do éter de
coroa (C,;H40)¢ e polietilenoglicois de massa molecular (<400 Da) no lume aquoso do
nanoporo, quando a membrana ¢ banhada por solu¢do aquosa de KCI menor que 1 M; sendo
superada por interacdes atrativas, em concentragdes de KCI, maiores;

3- A presenga de éter de coroa e polietilenoglicois de massa molecular <400 Da,
reduzem a condutancia idnica do nanoporo, enquanto aumentam o ruido de corrente;

4- O tempo de ocupacdo maximo (~ 3 uS) do nanoporo pelo éter de coroa (C,H4O)s,
e a redu¢do maxima de condutincia i6nica acontecem no potencial transmembrana de 100
mV, enquanto que, para polietilenoglicois de massa molecular (<400 Da) estes pardmetros,
praticamente ndo dependem do campo elétrico transmembrana;

5- A forga de interagdo entre o nanoporo e polietilenoglicdis de massa molecular
(600, 1000, 1500, 2000 e 3000 Da) ¢ maior que aquela observada para o éter de coroa
(C,H40)6 e polietilenoglicois de menor massa molecular, manifestando-se, ndo s6 por
aumento do ruido de corrente idnica, mas, principalmente por bloqueios de amplitudes e
tempos caracteristicos e dependentes da massa molecular do polimero, denominados
“assinaturas moleculares™;

6- A reducdo média da condutancia idnica do nanoporo da a-toxina induzida por
uma unica molécula de PEG aumenta monotonicamente com a massa molecular (600-3000

Da), e ¢ proporcional a mudanca de condutividade da solucdo banhante da membrana,
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indicando que 4agua no interior do poro e na solugdo externa sdo semelhantes, portanto, o PEG
atua da mesma forma nos dois compartimentos.

7- A interagdo entre o nanoporo ¢ polietilenoglicois depende fortemente da massa
molecular do polimero, de tal maneira que em 4 M KCI, o tempo de ocupagdo do poro
aumentou em mais do que 6000 vezes de ~0.04 ms 4 ~ 270 ms, enquanto a massa molecular
do PEG aumentou somente em 5 vezes de 600 a 3000 Da;

8- A energia de interagdo entre o nanoporo e os polietilenoglicois de massa
molecular (> 1000 Da) é da ordem de ~0.13 KT por mondémero do polimero, na presenga de 4
M de KCI;

9- O nanoporo formado pela alfa-toxina incorporado em bicamada lipidica plana
funciona como elemento sensor, detectando estocasticamente polietilenoglicéis de massa
molecular maior que 600 Da em meios aquosos;

10- A capacidade de detecg¢do estocastica do nanoporo formado pela alfa-toxina
incorporado em bicamada lipidica plana ¢ favorecida em elevadas concentracdes salinas de
KCI na solugdo banhante da membrana, uma vez que, a interagdo nanoporo-polimero ¢

intensificada nestas condigdes.
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8. PERSPECTIVAS

- Descobrir condigdes que favorecam a estabilidade mecénica e fisico-quimica do
sistema nanoporo-membrana;

- Criar bancos de dados de assinaturas moleculares;

- Desenvolver programas capazes de automatizar a analise de assinaturas digitais de
corrente;

- Miniaturizar a montagem experimental permitindo sua portabilidade.
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9. ANEXOS

Comunicagdes em congressos a partir desta tese:

- KRASILNIKOV, Oleg Vladimirovich; MERZLYAK, Petr G; YULDASHEVA,
Liliya N; RODRIGUES, Claudio Gabriel; BEZRUKOV, Sergey M. INTERACTION OF
18CROWN6 WITH AQUEOUS PORE OF STAPHYLOCOCCAL ALPHA-HEMOLYSIN.
In: 48TH ANNUAL MEETING BIOPHYSICAL SOCIETY, 2004, Baltimore, USA.
Biophysical Journal. 2004. v. 86, p. 338a-338a.

- KRASILNIKOV, Oleg Vladimirovich; BEZRUKOV, Sergey M; MERZLYAK,
Petr G; YULDASHEVA, Liliya N; RODRIGUES, Claudio Gabriel. CURRENT
FLUCTUATION ANALYSIS OF AN ORGANIC MOLECULE TRANSPORT THROUGH
A SINGLE NANOSCOPIC PORE. In: V CONGRESSO IBERO-AMERICANO DE
BIOFISICA, 2003, Rio de Janeiro. Anais do V congresso Ibero-Americano de Biofisica. Rio

de Janeiro: 2003. p. 162-162.
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