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Abstract

Many biological processes are regulated by interactions with small ligands. As oc-
cupancy states and sites number grow, it becomes harder for nowadays available methods
to characterize them. This problem can be solved by considering a new approach that mo-
lecule interaction is a partition to a phase that corresponds to the protein interface. In this
work, the two-site approach is used for obtaining a partition coefficient from flooding si-
mulations. From the partition coefficient, many properties in different concentrations can
be reconstructed, e.g. titration curves and tridimensional ligand densities. Furthermore,
the partition process is separated into steps from a thermodynamical cycle and each step
and concentration influence are analyzed carefully. The results obtained were satisfac-
tory close when compared to independent systems. The development of the tools in this
work has a very promising application potential, being very useful to a myriad of small

molecules interactions with proteins.

Resumo

A interacdo de pequenas moléculas com proteinas regula diversos processos biold-
gicos. Interacdes complexas possuem muitos sitios e estados de ocupancia possiveis, e
os métodos atuais costumam ser insuficientes para realizar uma boa caracterizacdo. Esse
problema € resolvido utilizando uma nova abordagem, a qual descreve a interagdo como a
particao para uma fase correspondente a interface proteica. Nesse trabalho, a abordagem
da particdo em dois sitios € utilizada para obter o coeficiente de particio em simulacdes
de flooding e a partir dele obter outras propriedades em diversas concentracdes, como
curvas de titulacdo e densidades tridimensionais. Além disso, o processo de parti¢ao
serd separado em etapas através de um ciclo termodindmico e a influéncia de cada etapa
juntamente com o papel da concentragdo serdao analisados com detalhes. Os resultados
obtiveram valores satisfatérios quando comparados com outros sistemas independentes.
O desenvolvimento das ferramentas deste trabalho possui potencial de aplica¢io bastante

promissor, sendo util para diversas interacdes de pequenas moléculas com proteinas.
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estd envolvido em mais processos, participando tanto como ativador ou

inibidor. Adaptado de The molecular switch, Philips, 2020[1]. . . . . . .

Curvas de titulagdo. Nas curvas de titulac@o € possivel ver qual a porcen-
tagem de receptores ocupados (Ppoung) €m relacdo a concentracao. Note
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Distribuicdo espacial da molécula em diversas concentracdes. Em azul,
estdo as regides de maior densidade sugeridas pelo procedimento docking-
FEP ao longo da superficie proteica (branco) para diversas concentracoes.

Adaptado de Stock et al., 2017[17]. . . . . . . . ...
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esquerda estd o sistema inicial de flooding, com as moléculas do ligante
presentes na dgua. Apds 300 ns de interagdo, € possivel notar que os ligan-
tes estdo na maior parte presentes na regido transmembranica. Vermelho:

ligante; branco: proteina; laranja: membrana; azul: dgua. . . . . . . . ..
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tremidade oposta.Retirado de http://isaacs.sourceforge.net/phys/pbc.html
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I Introducao

I.1 Interacido de pequenas moléculas com proteinas

A interacdo de proteinas com pequenas moléculas € um campo de estudo de extrema
importancia para a compreensao da vida: um receptor pode estar ativado ou inativado;
um canal aberto ou fechado; a proteina pode estar fosforilada ou ndo. Cada estado corres-
ponderd a uma sinalizagcdo diferente, e por consequéncia, respostas diferentes por parte
do organismo. Na maioria das vezes, o fator determinante para qual estado a proteina as-
sume & a ligagiio com pequenas moléculas. E possivel encontrar intimeros exemplos onde
a associacdo com essas moléculas de menor escala sdo importantes: regulacdo génica,
motilidade celular, controle metabdlico, sinalizacdo celular, entre outros. O controle da
estrutura da proteina inclusive pode ser visto como um elemento 16gico que determina a
ocorréncia ou nao de algum processo, permitindo a adaptacdo da vida as mais diversas
condicdes[1]. Muitas das pequenas moléculas ja sdo conhecidas pelo controle de diversos
processos processos celulares, como ATP, cofatores e fons, e a Figura 1 mostra a presenca

dessas moléculas com o tipo de interagdo realizada.
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Figura 1: Pequenas moléculas e seu efeito regulatério. Cada ponto representa uma molécula, sua posicéo
no eixo vertical a quantidade de intera¢des ativadoras e no eixo horizontal intera¢des inibitdrias. E possivel
ver que o ATP estd envolvido em mais processos, participando tanto como ativador ou inibidor. Adaptado

de The molecular switch, Philips, 2020[1].

A necessidade de caracterizar quais moléculas participam da regulacio desses pro-
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cessos € tamanha que estudos vém se preocupando em mapear as moléculas e seus efeitos
nas proteinas em estruturas complexas chamadas de interatomas[2]. Um ligante pode agir
tanto para estabilizar um estado quanto para desestabiliza-lo. A intera¢do de pequenas
moléculas com proteinas ndo se limita somente as enzimas: estima-se que cerca de 40%
dos pequenos farmacos atualmente utilizados possuem interacao com proteinas de mem-
brana, como canais, bombas e receptores celulares[3]. Além disso, esses ligantes também

sd0 cruciais para outros processos, como quimiotaxia[4].

A principal maneira de representar a ligacdo de uma pequena molécula em uma
proteina é por uma curva de titulacdo, mostrada na Figura 2. Na curva de titulacio,
€ mostrada a fracdo do receptor que interage com o ligante em funcdo da concentragdo
disponivel de ligantes. Diversas informac¢des podem ser obtidas a partir dessa curva, como
a comparacao entre condi¢des, obtenc¢do da concentracdo necessdria para saturar metade
dos receptores e até o coeficiente de cooperatividade[5]. Um dos primeiros sistemas de
interacao utilizados para ilustrar a importancia da interacdo de pequenas moléculas com
proteinas foi a interacdo da mioglobina com o oxigénio[6]. Anos mais tarde, foi possivel
descrever mais minunciosamente essa interacao e obter valiosas informagdes a partir de
curvas de titulagdo, como a influéncia do pH e temperatura na interacdo, além de até

realizar uma regressao da curva de titulacao[7].

I.2 Alosteria e descricoes macroscopicas

A medida que outras caracterizagdes ocorreram, observou-se que a modulagdo por
pequenos ligantes pode ser muito complexa. Por exemplo, foi visto que algumas molé-
culas possuiam efeitos na proteina, porém sem exibir o comportamento de uma inibi¢ao
competitiva, 0 que sugeriu outra maneira de interacao. Assim surgiu a ideia da alosteria,
uma acdo a distancia da molécula, onde sua interacdo induziria uma mudanga conforma-

cional na proteina, incluindo no sitio de ligacao[1].

A descricdo analitica da interacdo de pequenos ligantes com proteinas € semelhante
ao de um equilibrio quimico:

K
R+ L — RL (1)
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Figura 2: Curvas de titulagdo. Nas curvas de titulagdo é possivel ver qual a porcentagem de receptores
ocupados (Ppound) €m relacdo a concentracdo. Note que K4 € o valor de concentragdo onde metade dos
receptores estdo ocupados. Quanto menor K4, maior a afinidade da proteina pelo substrato. Adaptado de

The molecular switch, Philips, 2020[1].

onde R € o receptor proteico, L € o ligante, RL € o complexo ligante-receptor e K é a
constante de equilibrio. A obtencdo de K € muito importante para descrever parametros
termodinamicos da interagdo, como a variacdo da energia livre padrao (K = e‘ATC%O).
Experimentalmente, a constante de ligacdo pode ser obtida de diversas maneiras, por
calorimetria, principalmente pelo método ITC[8] ou pelas curvas de satura¢do[9]. Em

trabalhos envolvendo abordagens computacionais, € preferivel encontrar K partindo da

abordagem microscépica:

[RL]
K =1

AL 0
K="t

np p

onde ngr, ny € p sao os nimeros de receptores complexados com o ligantes, vazios € a
densidade do ligante, respectivamente. Dividindo a equacao acima pelo nimero total de
receptores, obtemos:

Poce 1
Pfree ﬁ

=Kp

K —

pOCC (2)

Pfree

onde pyc. € Prree $40 as probabilidades de um receptor estar ocupado, € vazio, respectiva-
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mente. A razdo de probabilidades também € abordada na teoria da mecénica estatistica

como uma funcio da diferenga de energia entre dois estados (Ap). Logo:

6—5AM — Docc _ Kﬁ (3)
Pfree

onde § = 1/RT. Essa equivaléncia evidencia o quanto o cdlculo de K pode ser flexivel.
Cada tipo de experimento possuird uma maneira mais eficiente de encontrar a constante
de ligacdo. Por exemplo, a abordagem estatistica € bastante utilizada em trabalhos envol-
vendo simulacdes de Monte Carlo e de dinAmica molecular, pois é mais fécil realizar o
mapeamento dos estados ocupado e desocupado[10]. O célculo da constante através da
diferenca de energia também € amplamente usado em técnicas computacionais que calcu-
lam a variagdo de energia livre, como o Docking[11], Linear Interaction Energy (LIE)[12,

13] e o Free Energy Pertubation (FEP)[14, 15, 16].

1.3 Interacoes de baixa afinidade

As interacdes de baixa afinidade tém uma caracterizacio bastante desafiadora. De-
vido a pouca especificidade ao longo da superficie da proteina, os pequenos ligantes po-
dem se associar em diversas regides, o que dificulta a busca por sitios através de ferramen-
tas computacionais, pois o espaco amostral € muito grande e homogéneo. Para solucionar
essa questdo, foi desenvolvido um protocolo que combina técnicas computacionais com o
intuito de facilitar a busca dos sitios e calcular a respectiva constante de equilibrio para as
ditas interacOes de baixa afinidade (ou reversiveis)[17]. O primeiro passo foi encontrar os
candidatos a sitios de ligacdo utilizando a técnica de docking molecular. Caracterizados
0s s sitios, o préximo objetivo consistiu no cdlculo da constante de ligacdo agregada da
seguinte reacao:

K(nla na, ... 7nS)

R(04,0,,...,0 ) + nL, m——— R(ny, ny, ... ;1) {2}

onde R(0q, 02, ..., 05) é o receptor vazio nos s sitios, nL sdo os n ligantes livres e R(n1, no, ...

€ o receptor com n; moléculas no sitio 1, no moléculas no sitio 2, e assim por diante e

K (ny,na,...,ng) é a constante de equilibrio agregada.

Essa constante agregada corresponde a um estado de multiplas ocupancias em diver-

sos sitios. Caso os sitios possuissem uma correlacdo, seria necessario obter todas as com-
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Figura 3: Procedimento de docking. O docking é uma ferramenta computacional que varre a superficie da

proteina (branco) para encontrar os potenciais sitios de liga¢do de uma molécula (vermelho).

binacdes possiveis dos estados, o que seria impraticdvel. Para simplificar, considerou-se

que os sitios sao independentes, podendo assim realizar a fatoragao:
K(ny,ng,...,ng) = K(ny) x K(ng) x ... x K(ng) 4)

onde K (ng) é a constante de ligacdo de n ligantes no sitio s com todos os outros vazios. As
constantes para os sitios individuais foram encontradas a partir de dois cédlculos de FEP.
No primeiro cédlculo € obtido a energia de retirar a molécula da dgua (i), enquanto no
segundo obtém-se a energia de retirada de um ligante do sitio sugerido (/). Entretanto,
para os cdlculos de FEP amostrarem a transformacao desejada € necessaria uma aplicacao
de um potencial artificial que mantém o ligante dentro do sitio com constante de forga k;.

A constante de ligacdo depende desses trés parametros, possuindo a forma:

) 2T e
K(l) = EG AW =n) (5)

Como um sitio pode comportar até n, moléculas, a constante de ligagc@o até a ocupancia
maxima € dada por K (ns) = II K(i|i — 1), onde K (i|i — 1) é a constante relacionada a

ligacdo do n-ésimo ligante com o sitio pré ocupado por n-1 ligantes.

Com as constantes agregadas, foi possivel realizar projecdes de propriedades para
qualquer concentracao desejada, incluindo as densidades tridimensionais do ligante, mos-

trados na Figura 4.

O procedimento docking-FEP mostra-se bem-sucedido quando existe um pequeno
numero de estados possiveis. A medida que a interagdo degenerada possui novos estados
de ocupancia, a consideragdo de que os sitios sdo independentes vai tornando-se impro-
vavel. Assim, seria necessdria a amostragem de todos os estados possiveis, que crescem

numa ordem geométrica, o que torna o cdlculo das constantes de ligacdo via FEP im-
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Figura 4: Distribui¢ao espacial da molécula em diversas concentracdes. Em azul, estdo as regides de maior
densidade sugeridas pelo procedimento docking-FEP ao longo da superficie proteica (branco) para diversas

concentragdes. Adaptado de Stock et al., 2017[17].

praticdvel. Para contornar essas limita¢des, deve-se analisar o fendmeno sob uma nova
abordagem. A interagdo entre as moléculas e a proteina pode ser vista como um fendmeno

de particdo entre duas fases: a superficie proteica e o reservatorio.

Nesse trabalho, a caracterizacdo como um processo de particao serd aproveitada para
desenvolver um conjunto de ferramentas tedricas nas quais seria possivel calcular uma
propriedade andloga a uma constante de ligacdo agregada a partir de altas concentra-
coes e realizar os estudos das propriedades em concentracdes fisiologicas. Além disso,
também foi estudada a influéncia da concentragdo nessas propriedades a partir da decom-
posicdo dos fatores que influenciam a ligacdo de uma molécula em um sitio: afinidade
pelo reservatdrio, perturbacdo estrutural da proteina e afinidade pela proteina. Ao final,
serd possivel obter de maneira muito simples diversas propriedades do regime diluido -
numero de ligantes complexados a proteina, densidades tridimensionais, variacdo de ener-
gia livre - ao entender o comportamento de cada termo em funcao da concentragdo, sem

necessidade de simula¢des adicionais.

As propriedades em altas concentragdes serdo obtidas a partir de simulagdes de flo-
oding, que sdo simulacdes de dindmica molecular da proteina e presenca do ligante numa
concentracdo fixa. No inicio do flooding, as moléculas estdo dispersas no ambiente e
movimentam-se de acordo com suas interagdes, particionando-se na membrana e certas
regides da superficie proteica, como mostrado na Figura 5. No flooding nao existe a adi-
cdo de potenciais artificiais, logo a permanéncia dos ligantes em alguma regido proteica
indica uma regido de maior afinidade, tornando as propriedades mais fidedignas. A prin-

cipal vantagem desse tipo de simulacdo consiste em obter distribuicdes exatamente de
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acordo com as interagdes no equilibrio. Porém, a qualidade dos resultados esta atrelada
ao numero de eventos de amostragem, tornando assim o flooding um procedimento muito
custoso computacionalmente, exigindo simulagdes em escalas de mais de 100ns, podendo

chegar a escala de us.

Figura 5: Estado inicial e final da simulagdo de flooding. Uma simulacdo de flooding é uma simulacéo
de dindmica molecular com presenga explicita do ligante no sistema. As interagdes ocorrem sem potencial
artificial, logo as propriedades observadas correspondem as propriedades do equilibrio. Na esquerda estd
o sistema inicial de flooding, com as moléculas do ligante presentes na dgua. Apds 300 ns de interagdo, €
possivel notar que os ligantes estdo na maior parte presentes na regido transmembranica. Vermelho: ligante;

branco: proteina; laranja: membrana; azul: dgua.

I.4 Modelos de estudo

No presente trabalho, serd utilizado como modelo de interac@o entre pequenos ligan-
tes e proteinas o anestésico geral sevoflurano e o canal i6nico dependente de voltagem
Kv1.2. A escolha dessa interagdo se da pelo fato da interacdo com sevoflurano cum-
prir os requisitos da interacdo de pequenos ligantes em sitios degenerados: o sevoflurano
esta presente em diversas regides da proteina[18, 19, 16], as intera¢cdes ocorrem em con-
centracdes baixas[20] e existe a multiplicidade dentro de cada sitio[17]. A ativa¢do do

sevoflurano e o canal Kv1.2 é mostrada na Figura 6.

A consisténcia da teoria e dados serd realizada comparando as projecoes diretamente
com os dados de simulac¢des independentes de flooding do sevoflurano com o Kv1.2 aberto
em diversas concentracdes. Além disso, o modelo desenvolvido também serd utilizado

para estudar outra interagdo: da albumina bovina sérica com o sedativo tricloroetanol,
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Figura 6: Condutancia relativa (G/G,,q.) do canal Kvl.2 em funcgdo da voltagem na auséncia (preto)
e na presenca (vermelho) de sevoflurano a 1mM. G4, € a condutincia maxima antes da exposig¢do ao

sevoflurano. Adaptado de Liang ef al. [11].

uma conhecida interacio de pequenos ligantes com uma proteina globular[21]. O trabalho

Jjé estd publicado em um periddico[22] e estd presente no Anexo I.

Sevoflurano Tricloroetanol

Cl, Cl

F3C O~ F L
T )’"\/OH
CF3 Cl

re

Figura 7: Estrutura molecular das pequenas moléculas utilizadas no estudo. Esquerda: Sevoflurano. Di-

reita: Tricloroetanol.
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II Objetivos

Objetivo geral

Este trabalho visa realizar uma descri¢do termodindmica da interacao degenerada de
pequenos ligantes com proteinas sob a Gtica de um processo de parti¢do entre duas fases:
a interface proteica e o reservatorio. Juntamente, serd analisado o papel da concentragao
nesse tipo de processo. Realizada a prova de conceito, esse estudo serd util para outros

estudos envolvendo a interacao de pequenas moléculas com proteinas.
Objetivos especificos

Objetivo 1: Desenvolvimento do arcabouco tedrico para analises do coeficiente

de particao.

O coeficiente de particdo é uma maneira de descrever analiticamente o processo de
ligacdo de uma molécula a fase do sitio proteico. A partir de principios da mecanica
estatistica, esta sendo desenvolvido um arcabougo tedrico para obter essas constantes em

simulacdes do tipo flooding.

Objetivo 2: Desenvolvimento de ciclo termodinidmico para comparaciao com o

coeficiente de particao.

A parti¢do entre dois estados também sera descrita como um ciclo termodindmico
hipotético, onde os principios da mecénica estatistica e desenvolvimento das integrais
de configuracdo trardo a uma alternativa para o cdlculo do coeficiente de particdo que

utilizard parametros energéticos obtidos por outros métodos, como FEP.

Objetivo 3: Caracterizacao da influéncia da concentraciao no processo de parti-
cao

Muitas teorias desenvolvidas assumem que o ligante esteja em concentracdes dilui-
das ou que ndo interajam entre si. Porém, as simulagdes de flooding realizadas nesse
trabalho possuem alta concentracdo, tornando necessdrio descrever o comportamento do
coeficiente de particio e outras propriedades da interagdo em concentragdes diferentes,

a fim de compreender como as interagdes entre moléculas semelhantes podem alterar a
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particao entre dois estados.
Objetivo 4: Prova de conceito com sistema independente

Uma vez finalizada a caracteriza¢do da interagdo sevoflurano-Kv1.2, a teoria de-
senvolvida serd aplicada aos sistemas com tricloroetanol e albumina, com o objetivo de
observar a reprodutibilidade das ferramentas desenvolvidas e das caracteristicas do coefi-

ciente de parti¢ao.
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III Teoria e métodos

A regulagdo de proteinas por pequenas moléculas no geral pode apresentar diver-
sos graus de complexidade: os sitios podem estar distribuidos em diferentes regides do
receptor, pode haver a possibilidade de mais de uma molécula ocupar cada sitio, além
de geralmente as interacdes terem baixa afinidade. Essas caracteristicas fazem com que
seja dificil obter uma descricao a nivel atdbmico das interacdes entre receptor e ligante.
Assim, os métodos computacionais mostram-se como Otimas ferramentas para obter de-
talhes sobre o comportamento das interagdes moleculares, que regem diversos processos

bioldgicos.

O uso de técnicas computacionais permite a realizagdo de estudos em condi¢Oes
consideradas extremas em experimentos de bancada, como experimentos em baixas den-
sidades, temperaturas muito baixas, pressao elevada, altas diferencas de potencial elétrico,

por exemplo.

As técnicas de dinamica molecular, cdlculos de energia livre por FEP mostram-se
bastante adequadas ao estudo, devido 2 escala de espaco (A) e de tempo (ns) necessi-
rios para um estudo de interagdes entre moléculas no nivel atdbmico. Nesse estudo, serao
utilizadas estruturas cristalogréificas do canal Kv1.2, campos de forca de anestésicos pa-
rametrizados disponiveis na literatura, além de modelos tedricos que consigam descrever

as propriedades nessas escalas, mas ainda lidam com a complexidade do problema.

III.L1 Simulacoes de dinamica molecular

A dinamica molecular € uma técnica onde € possivel simular a movimentagao de
particulas em um dado sistema [23], obtendo como resultado uma trajetoria atomistica.
A movimentacdo dos dtomos € regida pelas interagdes inter e intramoleculares, que pos-
suem seu potenciais calculados, e através da integracao das equacdes de Newton por um
certo intervalo de tempo, chamado de passo de integracao, € possivel calcular a proxima
posicdo de cada atomo [24]. Esse ciclo de cdlculos se repete até o fim da simulagdo. Os

potenciais sao calculados como funcao das posi¢des atomicas, tomando como parametros

26



de interacao os campos de forca. Devido ao pequeno passo de integracdo e grande quanti-
dade de interacdes a serem calculadas, essa técnica é realizada em computadores através

de softwares especializados.

O principal objetivo das simulacdes de dindmica molecular é a obtengdo de propri-
edades do sistema que correspondam as que seriam obtidas numa escala macroscopica.
Assim, deve-se obter as propriedades médias da simulagdo. A comparagdo entre todos os
microestados do ensemble ofereceria um valor médio bem acurado, porém os sistemas de
dindmica molecular possuem um grande nimero de dtomos, o que levaria a amostragem
de todos os microestados algo invidvel. Entretanto, as trajetérias de dindmica molecular
possuem a caracteristica da ergodicidade, ou seja, suas propriedades obtidas por uma mé-
dia temporal, correspondem a média entre os estados possiveis no ensemble. Entdo, para
uma trajetéria muito longa:

lim X (t) = (X)

t—00
a média no tempo da propriedade X tende a média de todos os microestados possiveis no

ensemble.

Diversas caracteristicas dos sistemas podem ser controladas nas simula¢des de dina-
mica molecular, como volume, temperatura e pressdao. Assim, diferentes tipos de ensem-
ble podem ser criados: Canonico (Numero de moléculas, volume e temperatura constantes
— NVT) ; Microcandnico (Nimero de moléculas, volume e energia constantes — NVE) e

Isotérmico-isobdrico (Numero de moléculas, volume e pressdo constantes — NPT).

III.1.1 Campos de forca

O célculo dos potenciais de interacdo € a etapa principal da dinAmica molecular.
Nessa etapa ¢ calculada a energia potencial total U (7), que é a soma de diversos termos
relativos 2 maneiras de interacdo entre &tomos ou grupos de dtomos. Todas as energias

potenciais s@o fungdes da distancia.

Cada grupo de interacdo (por exemplo: um par de 4tomos ou trés dtomos da mesma
molécula) possui seus parametros especificos, que definem o campo de for¢ca. Os campos

de forca geralmente sdo obtidos por estudos de parametrizagdo envolvendo célculos ab
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initio [15, 25]. A qualidade de um campo de forca é dada pela capacidade de reprodu-
zir as propriedades macroscépicas. Dentre os diversos campos de forca disponiveis, al-
guns foram desenhados especificamente para biomoléculas e moléculas organicas, como
CHARMM [26], AMBER [27] e GROMOS [28]. Nesse trabalho sera utilizado o campo
de forca CHARMM, por ser o campo de forca utilizado nas trajetérias ja realizadas, e ser

o tipo de campo de forca disponibilizado em moléculas que fazem parte do estudo.

No CHARMM as interacdes sdo classificadas em interacdes ndo-ligadas, ou intera-
coes ligadas. As interagdes nao-ligadas sdo calculadas entre pares de &tomos, ndo impor-

tando se pertencem a mesma molécula, denominados a seguir como i e j:

Energia eletrostatica

_» 4iq;
Uelet<r) = Z ETJ
ij

Potencial referente a Lei de Coulomb. Dependente da distincia r;; entre os dtomos,

da constante dielétrica do meio € e das cargas ¢ dos dtomos.

Energia de van der Waals
- 12 - 6
Ui (7F) =Y ey | (=) —2( =2
=S| (72) -2(72)

Potencial que considera as interacdes de van der Waals, na forma do potencial apro-
ximado de Lennard-Jones 12-6, sendo ¢;; 0 médulo do potencial minimo, e 70 a distancia
de equilibrio e 7;;. No primeiro termo, quando a distincia entre os dtomos tende a zero, a
energia aumenta, representando uma repulsdo entre os dtomos. Quando 7;; = 7, a ener-
gia atinge seu menor valor, equivalendo a —¢;;. Jd quando r;; >> ry, a energia tende a

zero, representando uma diminuicao de interag@o entre dtomos devido a grande distancia.

As interagdes ligadas ocorrem necessariamente entre dtomos da mesma molécula.
Vale ressaltar que dependendo da geometria da molécula ou d&tomo pertencente, alguns

termos podem ser nulos. Sao potenciais ligados:
Energia de ligacao

Usig(F) = ky(rij — 10)

Potencial harmonico relativo a distancia entre dois 4&tomos que realizam uma ligacdo

covalente. k; € a constante de forca da ligagdo, e r( a distancia de equilibrio.
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Energia de angulo

Uﬁngulo<7?) = k@(eij - 90)2

Potencial harmonico relativo ao dngulo entre trés dtomos ligados covalentemente. ky

¢ a constante de forca da ligacdo, e 6y o angulo de equilibrio.

Energia de diedro
Udiedro(F) = /{Zd [1 + cos (Tl¢ — (5)]

Potencial responsdvel por levar em conta a influéncia da tor¢ao nas interacdes. Os quatro
atomos ligados formam dois planos, com angulo ¢. Os termos k4,n €  sdo a constante de

for¢a, a multiplicidade e o angulo de equilibrio, respectivamente.

Impréprio

Uimp(T) = ki(w — wo)?

Termo artificial adotado pelo CHARMM relativo a planaridade de moléculas. E
definido como um potencial harmoénico relacionado com o angulo entre dois planos w e

um angulo de equilibrio wy, com a constante de forca k;.

III.1.2 Integracao das equacoes de movimento

Uma trajetoria de dinamica molecular consiste na movimentacdo dos atomos ao
longo do tempo. Para um atomo ¢, a trajetéria pode ser descrita como a resolucao das

seguintes etapas:

Ti(to) — 7i(to + 0t) — 7i(to + 20t) — ... — 7i(to + ndt)

Os atomos sao movimentados conforme a forca, que possui a seguinte relacdo com

a energia potencial:
dU (1)
dr

onde 77 é o vetor unitdrio do vetor distdncia (7 = 7/r). A partir das leis de Newton,

n

F=—

também € possivel calcular a aceleragao:

C_]:: =

27 F
dt? m
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Essa sucessdo dos passos da trajetdria pode ser resolvida por diversos algoritmos,
que visam ser eficientes computacionalmente, além de serem condizentes com principios
fisicos, como respeitar as leis de movimento e conservagdo de energia. Os mais frequen-
tes sdo os de Verlet [29], leap-frog [30], e Beeman [31]. O algoritmo de Verlet, que é o
utilizado no programa Nanoscale Molecular Dynamics (NAMD - [32]), utiliza parame-
tros como a forca (ﬁ ), massa (m), posi¢do atual das moléculas (7()), posi¢do anterior
(7(t — 6t)), e o intervalo de tempo de aplicacdo da forca (dt), que sdo definidos antes
da simulagdo, ou no caso dos que dependem de 7, calculados durante a simulacio, para
calcular qual a préxima posicao da trajetoria:

7t + 6t) = 27(t) — 7(t — t) + %&2

O intervalo de tempo ¢, que também € chamado de passo de integracdo, é um ele-
mento crucial para a qualidade da trajetéria. Um valor muito pequeno leva a uma simu-
lagdo mais precisa, onde a reversibilidade dos processos € mais assegurada. Porém, isso
pode elevar bastante o custo computacional da simulacio. Ja valores de 6¢ grandes podem
levar a uma amostragem incorreta em eventos que possuem o tempo caracteristico menor
que o passo de integracdo, como vibragdes, tornando a trajetéria carregada de artefatos.
Assim, o passo de integracao desejado é o mais proximo do evento mais rapido que pode
ser observado. No caso da dindmica molecular, o valor utilizado é de 2fs (1fs = 10~ 1%s),

que € igual ao periodo da vibra¢do dos dtomos de dgua.

III.1.3 Tratamento das interacoes de curta e longa distancia

Calcular as energias potenciais entre todos os 4tomos € a etapa que possui a maior de-

manda computacional. A quantidade de cédlculos de interagdes nao-ligadas a serem feitos
2 . ) , s . .

cresce na ordem de N“. Assim, é possivel notar que pequenos acréscimos nas quantida-
des de dtomos podem levar a um grande aumento nos calculos a serem realizados. Outro
problema é que muitas interagdes tendem a zero quando os 4tomos estdo muito afastados,
levando a célculos desnecessdrios, pois possuem pouca contribui¢do na energia potencial
total. Dessa maneira, € adotada uma distdncia maxima de intera¢do, chamada de cutoff,

onde as interagdes calculadas sdo somente interacdes que possuam a distancia menor que
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esse raio de corte. Para distancias maiores que o cutoff, os termos sdo desconsiderados.
Essa medida reduz muito a quantidade de célculos a serem feitos numa rodada de passo

de integracdo, economizando tempo computacional.

Porém, a adocao do cutoff leva a alguns problemas, como a descontinuidade abrupta
dos valores de interacdo na vizinhanga do raio de corte. Considerando um valor de cu-
toff R., os potenciais terdo seus valores originais em R < R., mas quando R > R, o
valor subitamente € zero. Essa mudancga dos potenciais calculados até o cutoff pode ser
suavizada adotando uma func¢do de ajuste (switching function), que é definida como:

Ur) —U(R:) ,7<Re

Utrunc -

0 T > R,

Outro problema € o tratamento das interacdes eletrostaticas. Enquanto o potencial
de van der Waals decai na ordem de ¢, o potencial eletrostético decai em ordem de r~!.
Assim, distancias de cutoff que podem ja ter a componente de van der Waals perto de zero
ainda podem levar a um termo eletrostdtico com um valor significativo. Assim, o trunca-
mento pode levar a um tratamento erroneo das interagdes nao-ligadas. A solugdo pode ser
dada adicionando um termo de longo alcance para descrever as interagdes eletrostaticas.
Dentre varias descricdes de longo alcance disponiveis na literatura, serd utilizado nesse
trabalho o método PME (Particle Mesh Ewald - [33]), que leva em conta a influéncia de

atomos distantes para definir um potencial implicito dependente da densidade de carga

p(k). Dessa maneira, o potencial eletrostatico é definido como:

Uelet = UCoulomb(T) + UP]V[E(IO<k)>

II1.1.4 Condicoes periddicas de contorno

Um sistema de dinamica molecular € composto por um conjunto de dtomos distri-
buidos em um dado volume. Assim, existem dtomos que ficam nos limites desse volume
definido, que estariam em contato com o vacuo. Isso faria com que esses dtomos difun-
dissem para fora do sistema, entrando em fase gasosa, além de poder causar uma tensao

superficial. Na maioria das vezes, esses fenomenos relacionados ao efeito de borda sdo

31



totalmente indesejados, sendo considerados como artefatos. Esse problema pode ser solu-
cionado quando adotadas as condicdes periddicas de contorno (periodic boundary condi-
tions - PBC), que consiste em replicar infinitamente o sistema em todos os eixos, onde os
limites de cada célula estariam em contato com os limites opostos das réplicas adjacentes.
Assim, os dtomos que estariam na fronteira do volume interagiriam com os dtomos da ré-
plica ao lado, extinguindo qualquer efeito de borda. Qualquer movimentagdo de dtomos

na caixa original € replicada em todas as células.
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Figura 8: Esquematizacdo das condi¢des periddicas de contorno. No centro estd o sistema origi-
nal, rodeado em todos os eixos pelas suas réplicas. A convencdo da imagem minima pode ser no-
tada quando um &4tomo atravessa a fronteira do sistema e esse movimento € acompanhado pela apari-
¢do de outro dtomo do lado oposto do sistema, que veio da réplica da extremidade oposta.Retirado de

http://isaacs.sourceforge.net/phys/pbc.html . Acesso em 9/12/2019.

A infinidade de réplicas faz com que adotar o PBC torne o nimero de interacdes a
serem calculadas impraticavel para a dindmica molecular. Porém, muitas das interacdes
seriam redundantes, pois ocorreriam entre dtomos muito distantes, e até entre réplicas.
Assim, no PBC € adotada a conven¢ao da imagem minima, que estabelece que s6 ocorram
calculos entre os dtomos da réplica mais préxima e além disso, a distancia de cutoff deve
ser menor que metade do comprimento do sistema, para assegurar que as interacoes estao

ocorrendo apenas uma vez com cada dtomo.
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III.2 Calculos de energia livre por FEP

No estudo da interacdo entre proteinas e ligantes, a obtencdo da energia livre de
ligacdo €é uma das etapas cruciais para determinar a acuracia dos resultados, pois a partir
da energia é possivel obter diversas outras propriedades do sistema. As variacdes de
energia podem ser calculadas através de ferramentas computacionais, utilizando como
base tedrica as teorias de perturbacdo provenientes da mecanica estatistica. Suponha que
existam dois estados: um estado inicial A, e um estado final B. A variacdo de energia livre
entre o estado A e B é dada por [34]

(Ep—Eyp)

AA = —kTn (e *T

onde k; € a constante de Boltzmann, 7" a temperatura, 'z e /4 as energias dos estados B

e A, respectivamente.

Apesar da descri¢do tedrica suficiente, amostrar corretamente varios estados para
calcular as diferencas de energia pode ser uma tarefa dificil. Para solucionar esta questao,
a mudanca de A para B € dividida em pequenas mudancas por estados intermedidrios I,
mostrado abaixo. Essa alteracao gradual assegura uma maior convergéncia e acuracia das

diferencas de energia dos estados, além de garantir a reversibilidade do processo.

A->©L—1I,—> 13— ..—Iy—B

Dessa maneira, a variacdo total de energia da transformacdo de A para B (AG 4_,5)

¢ dada pela soma da variacao de energia de cada transformacdo:

AGasp = AGasy, +AGH o, +AGp + ... + AGyB

No Free Energy Perturbation (FEP), os estados intermedidrios sdo mapeados se-
guindo um parametro de controle . Esse parimetro descreve o quanto as interacdes
intermoleculares dos d&tomos que sofrem a transformacao estao desligadas. Ou seja, uma
transformacdo completa parte de A = 0, onde todas as interagdes com o ambiente es-
tao sendo consideradas, até A = 1, onde as interacdes com o ambiente nio existem. Se
desejado, também € possivel realizar transformagdes de A = 1 para A = 0, no qual

AG(0 — 1) = —=AG(1 — 0).
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No caso da dessolvatacdo de uma molécula, que serd o objetivo principal dos cal-
culos de FEP nesse estudo, o estado inicial corresponde a uma molécula inserida no am-
biente e interagindo normalmente com ele (A = 0), que serd transformada em estados
com menos interagdes com os atomos e moléculas ao redor. As transformacdes ocorrem
sucessivamente até atingir o estado final sem interacdes. A variacdo de energia resultante
¢ a energia de dessolvatacdo da molécula naquele ambiente. Vale relembrar que a energia

de solvatag@o € o valor oposto (AG gessorv = —AGsorp).

O processo € repetido vdrias vezes de maneira independente, para obter um maior
nimero de estados e consequentemente um valor mais acurado. As estimativas da varia-

cdo de energia livre e erros estatisticos sao obtidas pelo método estatistico SOS [35].

IIL.3 Descricao termodinamica das interacoes

II1.3.1 Coeficiente de particao

A ferramenta utilizada para descrever as interacdes entre pequenos ligantes e sitios €
a simulacdo de flooding. Um sistema completo de uma simulagdo de flooding é composto
por um volume V},,; ocupado por M moléculas: um receptor proteico, N ligantes, além
das moléculas que fardo parte do ambiente de solvatacdo, como 4gua, membrana (quando
necessario) e fons. Os ligantes podem acessar qualquer local do sistema, com excegdo da
proteina. Dessa maneira, € definido um volume acessivel para os ligantes V' = Vi1 —
Virot,» no qual V., € o volume proteico. A regido de até 5 A de distancia da superficie
da proteina é definida como o sitio de ligacdo, que possui volume v. A escolha dessa
distancia ocorre pelo fato do sevoflurano possuir o maior valor de densidade local[36]. A
quantidade média de ligantes que ocupa esse sitio € denominado como <n>. O ligante
também possui uma distribuicdo espacial, descrita pela sua densidade de probabilidade
p(R), que relaciona-se com a quantidade de ligantes ny dentro de qualquer volume X do

sistema:
nx =N [ dRo(R) ©)
X

Onde R = (R, R,, R.) é o centro geométrico do ligante. Assim, é possivel observar que

apenas os termos de translacdo sdo suficientes para definir a fase em que um ligante estd
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presente. Essa defini¢do é condizente com a ideia de uma intera¢do degenerada, a qual

nao possui nenhuma preferéncia em outros graus de liberdade, como rotacionais.

As defini¢des acima sdo importantes para considerar o processo de ligacdo do pe-
queno ligante aos sitios proteicos como um processo de parti¢do entre duas fases, mos-
trados na Figura 9. A primeira fase é o ambiente onde o ligante ndo estd em contato
com a proteina, denominada como reservatério, de volume V' — v. A segunda fase é
composta pelo sitio de ligagdo, com volume v. No inicio, todos os ligantes estido pre-
sentes no reservatdrio, mas com o passar do tempo e consequente alcance do equilibrio,
eles particionam-se no sistema e podem interagir com a proteina. O sitio é considerado
como uma regido aproximadamente homogénea, o que faz com que a interagdo com li-
gantes seja considerada degenerada. O coeficiente de particdo € definido pela razao das

densidades em cada fase no equilibrio:

p:(N—<n>)_1<n> .

V—-v

Figura 9: Fases da particdo do sevoflurano no sistema de flooding. A fase correspondente ao sitio de ligagdo
(roxo) corresponde a regido de até 5A de distancia da proteina (branco), enquanto a fase do reservatério
corresponde a todo o restante. No caso de sistemas com membrana, o reservatorio € composto pela regidao
membranosa (laranja) e a 4gua (azul) que estdo a mais de 5A de distancia da proteina.

O coeficiente de parti¢do € elemento chave para a compreensdo de mecanismos de
funcionamento a nivel atdmico de pequenas moléculas com proteinas, tornando sua obten-

¢do um dos principais objetivos desse trabalho, pois diversas propriedades das interagdes
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no equilibrio podem ser descritas em fun¢do desse coeficiente, como variacdo de energia
livre, probabilidades de estados e a influéncia da concentracdo. Além disso, toda essa
descricao feita acima é compativel com o observado em simulagdes de flooding, onde os
ligantes movem-se no sistema de acordo com suas intera¢des, podendo interagir com o si-
tio proteico caso exista alguma afinidade. Também deve-se considerar que a concentra¢ao

do ligante ndo altere a integridade do sistema e nem altere a natureza da parti¢ao.

Para validar a descricdo do fendbmeno como uma particdo € necessdrio comparar
com outras outras abordagens ja consolidadas, as quais utilizam as energias livres de

solvatagdo do ligante[14, 17, 37].

A defini¢do do coeficiente de parti¢do pode ser estendida para obter relagdes entre
outros propriedades termodinamicas, como a variacdo de energia necessdria para a trans-
feréncia de um ligante do reservatério para a interface proteica. Utilizando uma descri¢ao
microscdpica do fendmeno, serd definido um potencial efetivo U’(R), que dependerd do

centro geométrico do ligante que esta sendo transferido (R;)
e U — /dl’15[R1(l‘1) —R] /drN_1 /drM_N_le_BU(rM) (8)

onde os graus de liberdade de todos os dtomos do sistema sdo denotados pela notagdo
compacta r e os graus de liberdade puramente translacionais sdo denominados como
R. Cabe ressaltar que neste potencial todos os outros graus de liberdade do sistema ja
foram integrados de acordo com a energia potencial U(r"), restando apenas os termos
relacionados a translacao do ligante que estd sendo transferido (R). A densidade de proba-
bilidade é definida como a razdo do potencial efetivo U’ (R) pela integral de configuragio,
que equivale a integracio do potencial efetivo em todo volume do sistema (V):
e~ BU'(R) e~ BU'(R)

= €))

— R _
p( ) fv dReiﬁU’(R) Z

Utilizando a defini¢do do coeficiente de particdo (equagdo 7) e da relagdo do niimero

de ligante em um volume especifico ( < n >= N [ dRp(R) - equagdo 6), obtém-se:
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(10)

o= V—v " [, dRp(R)
v [,_, ARp(R)
Substituindo as densidades de probabilidade pela razdo do potencial efetivo pela
integral de configuracdo (equacao 9):

V—v I, dRePU'(R)
= X
YT ], dRe AU

(1)

Adicionalmente, serd definido um novo potencial efetivo U”(R) que dependera do
centro geométrico do ligante e corresponde a integracdo dos graus de liberdade de acordo

com a energia potencial do estado desacoplado (Uy(r*)):

e*ﬁU"( /dr15 R1 I'1 /dl‘N 1/drM N-1 7’BU0 r')

Como o estado desacoplado corresponde a auséncia de interacdes, o ligante poderia
assumir qualquer posicdo no vicuo. Para evitar esse problema e manter o ligante no
mesmo volume correspondente ao da integracao, serd necessdria a adi¢do de um potencial
de restri¢do espacial p(R). Com essa descri¢do, serd possivel utilizar a defini¢do que

relaciona a energia de dessolvatagdo do ligante (W) e os potenciais efetivos [17]:

e BU'R) _ =BU"(R)+u(R)] ,+BW (12)

Substituindo na equacao 11, para os termos relacionados ao reservatério (*) e inter-
face proteica (**):
vV dReAW™ o= BIU" (R) 4 (R)]
P = X J, : TR T (13)
1% fV—l/ dR@"‘ﬁW e_ﬁ[U (R)+u*(R)]

O potencial efetivo no estado desacoplado ndo depende da posi¢do da molécula, pois
as interacdes no vacuo sdo iguais independentemente da posi¢do dos dtomos. Adicional-
mente, devido ao fato das interagdes serem degeneradas, serd assumido que a energia de

dessolvatacdo independe da posi¢do do ligante. Logo:

V — etV e=BUTR) [ dRe™ #(R)
@ = * _ 12
v o etBWr e=BUR) [ dRemH

(14)
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Para todo dominio de integracdo v, ©**(R) = 0. O mesmo pode ser afirmado de

maneira andloga para p*(R) em V' — v, o que simplifica a resoluc@o das integrais:

V —petfW™ o BU'R) [ qRe~#"(®)

VT e W U [ R ®)
V—v e e PU'R) (15)
VT W U Y
p _ e_B(W*_W**)

Com as condi¢des mostradas acima, foi possivel obter a relacao entre as energias de

dessolvatacio e o coeficiente de parti¢do:

—BW*—=W=*) (16)

onde W** € a energia correspondente a transferéncia do ligante do sitio para o vicuo e

W* € a energia correspondente a transferéncia do reservatdrio para o vacuo.

A parti¢do do ligante em duas fases leva em conta diversas interagdes: interagao
das moléculas com a proteina, com o ambiente de solvatacdo e com outras moléculas
da mesma natureza em diversos regimes de concentragdo [37]. Assim, a equagdo 7 ndo
consegue contemplar a influéncia individual desses fatores no processo de interacdo en-
tre proteina e ligante, enquanto a relacdo do coeficiente de particdo com os potenciais

(equagdo 16) consegue delimitar a influéncia de cada etapa.

A interacdo que estd sendo estudada envolve uma proteina de membrana, o que re-
quer um reservatdrio composto por dgua e membrana, levando a duas energias de dessol-
vatacdo diferentes. Assim, € necessdrio obter a relacdo entre a energia de dessolvatagcao
(W) resultante e a energia de dessolvatacdo de cada componente do reservatorio (W, €
Winems)- Partindo da principio da conservacdo da matéria no reservatorio, onde < 7,4 >

€ o nimero médio de ligantes presentes na dgua e < N,,emp > presentes na membrana:

N—<n>=<n; >+ <ng >

O numero de ligantes em cada regido pode ser encontrado a partir da densidade de
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probabilidade do ligante (equagdo 6):

N[ dRpR)=N [ dRHR)+N dRH(R) (17)
V—v Vwat Vmemb
Utilizando a relacio p(R) = e #U'®) /7 (equacio 9) e a definicio da energia de

dessolvatacdo da equacdo 12 :

o BIU" (R) 427 (R)] o B (R) 42 (R)] o BIU" (R) 42" (R)]
/V = dR = / = dR + / — dR (18)

memb

Vmemb

E considerado que as interacdes desacopladas ndo dependem da posigdo assumida
pelo ligante, além de que a energia de dessolvatacdo também ndo sofre influéncia da

posicdo ocupada no reservatorio:

—BU"(R) —BU"(R) —BU"(R)
€ —Prr(R) IR — e—/ —Br*(R) JR e—/ —Br*(R) IR
e BWr /v—y ‘ e W ¢ * e AW rnemn ¢
(19)

wat

Vwat Vmemb

De maneira semelhante a equacéo 15, o potencial p*(R") é nulo nos limites de inte-

gracdo. Assim:

(V - V)€+BW* - Vwat€+ﬂwzzat + Vmembe—i_BW:nemb (20)

Reagrupando os termos:

* \' t * \" b *
e+ﬁW — wa 6+5Wwat + ﬂe—i_ﬁwmemb (21)
V—-v V—-v

onde v corresponde ao volume e W* as energias de solvatacdo da 4gua e membrana. Vale
lembrar que Vyqr + Vipemy = V' — v. A demonstracdo acima poderd ser estendida para

quaisquer fases compostas por mais de um ambiente.

II1.3.2 Energia livre da interacao

O coeficiente de particdo é um parametro que depende somente de propriedades do
ligante, como sua concentracdo em cada fase ou sua afinidade. Além disso, as propri-
edades do coeficiente de parti¢do s@o obtidas no equilibrio, apds a estabilizacdo do sis-

tema. Agora é desejado obter a variagdo de energia livre correspondente a transferéncia
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de n = | < n >] ligantes, localizados inicialmente no reservatério para o volume do sitio,

como mostrado na etapa K da Figura 10.

E possivel obter a variacio de energia livre da interagdao (AW) utilizando uma des-
cricado microscépica do sistema juntamente com principios de mecanica estatistica. Vale
ressaltar que as caracteristicas da interacdo devem ser iguais as da secdo I11.3.1. Sera defi-
nido um potencial efetivo U’ onde diversos graus de liberdade serdo integrados de acordo

com a energia potencial do sistema U (r™):
e PUETRY) - / dr; 3[R (r;)—Ry]... / dryS[R (FY)—RV] / drM—N=P=BUG) (90

onde r corresponde aos graus de liberdade configuracionais e translacionais, enquanto
R corresponde somente aos translacionais. O potencial efetivo ainda ndo oferece uma
descricdo completa do sistema, pois ainda sdo necessdrias informacdes sobre o estado
translacional dos ligantes (R") e configuracional da proteina (r’) para a obtengio da

integral de configuracdo completa.

A variagdo de energia livre AW pode ser expressa em fun¢do das integrais de confi-
guragdo entre o estado inicial e final:

N' fdrP fV an fV_V dRane—ﬁU/(rP7RN)
(N —n)tnl [drP [ dR® [, dRN Oe-BU'GTRY)

e PRV = (23)
onde N!/(N —n)!n! corrige a indistinguibilidade do ligante, o termo 3 = 1/kgT depende
da constante de Boltzmann. No denominador estd presente a integral de configuracao
completa para o estado inicial, onde todos os /N ligantes estdo no reservatorio e o sitio esta
vazio, enquanto no numerador a integral de configuragdo corresponde ao sitio ocupado por

n ligantes.

O célculo direto das integrais de configuracdo apresentadas na forma da equagio 23
seria muito dificil e custoso em termos de tempo computacional, o que ndo € interessante.
Porém, a Figura 10 mostra que é possivel reinterpretar o processo de particdo como um
ciclo termodindmico composto por vdrias etapas: I - restricdo da estrutura proteica; II -
dessolvatacdo dos ligantes; III - restricdes translacionais; IV - insercao do ligante no sitio;
V - liberagdo das restricdes. Essas etapas ocorrem com o auxilio de potenciais externos e

possuem integrais de configuracdo mais simples, facilitando os cdlculos.
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Figura 10: Processo de particdo. Nas simulacdes de flooding, o sistema € composto inicialmente pela pro-
tefna vazia (em rosa) e os ligantes (pontos azuis) no reservatério. Com o passar do tempo, alguns ligantes
particionam-se para o sitio da interface proteica (etapa K), delimitada na imagem pelo circulo tracejado. O
processo de parti¢do pode ser descrito através de um ciclo hipotético com aplicag@o de potenciais artificiais
de cinco etapas: I - restricdo da estrutura proteica; II - dessolvatacdo dos ligantes; III - restricdes translaci-
onais; IV - inser¢do do ligante no sitio; V - liberacdo das restri¢des. No caso da particdo de n ligantes, o

ciclo hipotético € repetido n vezes.

Assim, as sec¢des a seguir terdo como objetivo realizar a descricdo tedrica separa-
damente de cada passo para facilitar o processo de compreensdo da equagdo 23 e sua
posterior simplificagdo. As etapas do ciclo conseguem ser fielmente reproduzidas pelas
simulacdes de dindmica molecular, onde inclusive existe a possibilidade de insercao de

condicdes especiais para corresponderem aos sistemas moleculares das etapas do ciclo.

II1.3.3 Restricao espacial da proteina

A proteina pode possuir uma estrutura interna diferente de quando estd em contato
com os ligantes. Assim, o primeiro passo do ciclo termodinamico consiste na transforma-
¢do de uma estrutura interna correspondente ao do estado vazio para uma estrutura interna
correspondente ao estado final, ilustrado como a etapa I da Figura 10 . Essa transformagao
é regida por um potencial artificial u(r?’), da seguinte forma:

p 0 , se RMSD < RMSD#*

u(r’) = (24)
tkrvsp(RMSD — RMSD*)? | se RMSD > RMSD*

onde r” sdo as coordenadas dos dtomos da proteina, RMSD* é o RMSD de referéncia

adotado (2,5 A) e krarsp € a constante de forga utilizada no potencial (100 kcal/mol AQ).
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O potencial u(r) mantém a estrutura da protefna dentro de um valor de referéncia de
RMSD em comparag@o a sua estrutura inicial, RMSD* = 2,5A. Caso a estrutura atinja
um RMSD maior, ela sofrerd um acréscimo energético dependente da constante de forca
e desvio do RMSD referéncia. Esse potencial artificial € bastante utilizado em protocolos
de simulagcdo onde h4 a transformacdo de estruturas para uma estrutura alvo [38]. Esse
termo u(r”) pode ser calculado diretamente das simulagdes de dindmica molecular, a
partir do ensemble de estruturas. No caso da transformacgdo dessa etapa, o calculo ocorreu

utilizando estruturas de uma simulacio de dindmica molecular de uma proteina vazia.

A integral de configuracgao é:

JdeP [ dR [, dRN0eAIU (" RY ) ute”)

— (p—Bu(e?)
e 25
[dr? [ dR® [, dRN"Oe-BU'("RY) < e 25)

a qual estd relacionada com o trabalho externo necessdrio para a passagem da estrutura
interna da proteina vazia para a estrutura interna correspondente ao estado ligado, porém

sem a presenca de ligantes.

I11.3.4 Passagem dos ligantes para o vacuo

A passagem dos ligantes partindo do reservatdrio para a fase gasosa é o segundo
passo do ciclo termodinamico idealizado, correspondente a etapa II da Figura 10. A etapa
inicial desse passo consiste na protefna presa pelo potencial u(r”) e os ligantes livres
no sistema, tendo disponivel todo seu volume acessivel V' — v. No estado final, os n
ligantes situam-se no véacuo sob efeito de um potencial artificial *(R™) que restringe sua
translacdo apenas ao volume da fase acessivel. Esse potencial possui a seguinte forma
geral:

0 ,seR, CV —v
p(R") = (26)
>>0 ,seR ¢V —v
no qual a molécula € mantida no volume acessivel por sofrer punicdes energéticas caso
acesse alguma regido fora desse volume. Dessa maneira, a integral de configuracdo para
essa etapa € escrita como:
[ dr? I AR° fv—u ARV 068U (¢7 RY)+u(x?)+p*(R™)]
[drP [ dR® [, dRN Ve Al RY)+u(x?)]

27)
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Além da adigdo do potencial de restri¢ao de volumep*(R;), o potencial efetivo do es-
tado final foi alterado para U” (r”, RY), que é um potencial efetivo semelhante a U’ (r”, R™)
(definido na equacdo 22), porém integrado para a energia potencial das interacdes corres-

pondentes ao vacuo (Uy(rf)):
e U RY) / dri0[R'(r)) — Ry]... / dryd[R (ry) — Ry] / drM—N=P=Blo™)

O numerador da equagdo 27 pode passar por uma simplificagdo: como a integragao

das moléculas estd definida no volume V' — v, o potencial p*(R") é igual a zero:

/ dr? / dRO/ ARN 0 =BIU" (cF RN )u(rP) 4 (R™)]
v V—v

~ (28)

/ dr” / dRO/ RN 0o—BIU" (" RN )4u(x?)]
14 V—v

[de? [ dR° [, AR 0o—BIU" (¢F RV )+u(x )]
[dr? [ dR® [,  dRN"CeAlU (" RY)tu(x")]

Logo:

= e (29)

As funcdes de particdo tanto do numerador quanto do denominador possuem os mes-
mos limites de integracdo, diferindo apenas na energia potencial da molécula. Como o

processo descrito € de uma dessolvatagdo, W, € definida como a energia de dessolvatacdo.

Devido a composicao heterogénea do reservatorio, a energia de dessolvatacdo resul-
tante dependerd das energias e dos volumes de cada componente do reservatério, como

mostrado na equacao 21:

etewr _ Vwat  ypwy,,  Vmemb ipws
V—v V—v

emb

Cabe observar que a variacdo de energia W, é dependente da quantidade de mo-
léculas de ligante que estdo sendo retiradas do reservatdrio e a simulagdo de flooding é
realizada em altas concentra¢des, com um alto nimero de ligantes, tornando a remog¢ao
ou inser¢ao de moléculas um evento que altera a concentragdo, e por consequéncia pode
alterar a energia de remog¢do. Ou seja, as interacdes do tipo ligante-ligante existem e
sdo explicitamente consideradas, podendo levar a uma alteracdo na energia potencial do
sistema e em outras propriedades[39], inclusive na energia necessdria em remover mo-

léculas do ambiente. O valor dessa alteracdo de energia € especifico para cada ligante,
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variando principalmente de acordo com os grupos quimicos. No equilibrio, poucos ligan-
tes permanecem na agua, assim pode-se considerar que nao ha influéncia da concentra-
cdo para a energia de dessolvatacdo na dgua, que ja foi calculada em estudos anteriores

(W, =0,10 % 0,09)[17].

at

No caso da particdo membrana-vacuo, serd utilizada uma adaptacdo linear de um
modelo existente na literatura que descreve a energia de dessolvatagdo de um ligante em
funcdo de sua concentracdo [37]. Esse modelo leva em conta a concentracdo do ligante
no reservatdrio e o coeficiente h*, que dita se a presenca de mais ligantes facilita (h* < 0)

ou dificulta (h* > 0) a remocgao.

N —n
* o =H—hto 30
memb 2 membv_yc ( )

onde ¢ € o inverso da concentra¢do padrdo (c = (1 mol/L)™') e ji € a energia de dessol-
vatac¢ao no sistema diluido (N — 0). Para a remocao de n ligantes, é considerado que

Wy =nxW*

Para obter os valores de £ . . € necessdrio calcular diversos valores da variacao de
energia livre de solvatacdo em diversas de concentracdes. Dai em diante, realiza-se uma
regressdo desses parametros, seguindo a equacdo 30. Nesse trabalho, a regressao sera
realizada através do modulo optimize do pacote Scipy [40]. O protocolo utilizado para os

calculos de energia livre serd explicado na secdo I11.4.3.2.

II1.3.5 Mudanca de volumes no vicuo

A terceira parte do ciclo - etapa III da Figura 10 - corresponde a passagem de n
ligantes do volume acessivel V' — v ao volume v do sitio, ainda permanecendo no vécuo.
Nesse novo estado o potencial anterior p*(R") é extinguido e é aplicado aos n ligantes
outro potencial artificial z**(R") para manté-los no volume correspondente ao do sitio. A
forma geral desse potencial € semelhante ao potencial anterior (representado pela equacao
26), onde a molécula sofre uma puni¢io energética quando se afasta do volume v. Dessa

maneira, a integral de configurac@o dessa etapa é dada por:

[drP [ dR" [, dRN e S0 6T R hu) et (R
[P [ dR [, dRN Ol (P RY)Fu(e) s (R7)]

€1V
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Ao desenvolver a integral, é possivel aproveitar-se do fato que U”(r”, RY ) inde-
pende da posicdo assumida pelo ligante, afinal ndo existem intera¢des entre os ligantes
e outras moléculas no vacuo. A partir dai, os termos relativos a energia potencial total
restante - tanto no numerador quanto no denominador - dependem somente da posi¢ao
das n moléculas, levando a uma reordenagdo dos integrandos sem causar prejuizos a re-
solugdo da integral. O potencial u(r”’) e os graus de liberdade dos dtomos da proteina sio

idénticos entre os estados. Assim, a razdo das integrais podem ser reescrita como:
[dr? [ dR" fo_ AR 1= BU" (c” RY)fu(rF)+p** (R™)] [ dR"e=Pr(RY)
[dr? [ dRC [, dRNTOe-AlU" P RY)bule?) 4 (R)] ~ [, dR"e—Br R

(32)

Como p*(R™) = 0 se os ligantes estdo em V' — v e p™*(R"™) = 0 se os ligantes estdo

J, dR" :(vy ) a3

fV_V dR" —v

Dessa maneira, € possivel ver que a razdo das integrais de configuragdo da etapa

em v:

de mudanca de volumes no vicuo tem como resultado a razdo do volume do sitio pelo
volume do reservatdrio. Cabe ressaltar que devido a natureza da interacdo com pequenos
ligantes, os potenciais artificiais sdo puramente translacionais, j4 que nao ha nenhuma

restri¢cdo quanto a orientagdo da molécula (ver secao IV.2.2).

II1.3.6 Passagem do ligante para o sitio

A pentltima parte do ciclo, correspondente a etapa IV da Figura 10, € passagem dos
n ligantes do estado de volume restrito no vacuo para o sitio, com as interacdes seguindo

a energia potencial U(r™). A integral de configuragio dessa etapa é:
Jdr? [ dR" [, dRNTme AU R
[drP [ dR" [, dRN " e=Al0" 7 RS wu(e?) et (1)

(34)

De maneira semelhante a equacdo 28, como o limite de integracdo de dR" € v, o

denominador pode ser reescrito da seguinte maneira:

/ dr? / dR"™ / ARN "B (P RN )u(x?) 4 (R™)]
v V—v

~ (35)

/ dr” / dR" / ARN "B (P RY)u(xP)]
v V—v
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Reescrevendo a integral de configuracdo:
[dr® [ dR" [,  dRN""e B RY)uet)

_ W 26
[drP [ dR™ [,  dRN"e=AU" " RY)bu(x?) (36)

As integrais de configuracdo possuem os mesmos limites de integrag¢do, porém dife-
rem na energia potencial. Denominando a energia de dessolvatacdo de n ligantes no sitio
como W*, a diferenca de energia entre os dois estados € de —WW*. Semelhante ao caso
da retirada dos ligantes do reservatdrio (secdo I11.3.4), a maior presenca de ligantes no
sitio pode alterar a energia de dessolvatacdo, logo a dependéncia da energia em relagcdo a

concentracao serd dada por:
N —n
V—v

W* =w — h** c (37)

onde ¢ € o inverso da concentragdo padrio (¢ = (1 mol/L)™') e w € a energia de dessol-
vatacao no sistema diluido. De maneira semelhante a secdo 111.3.4, o termo A** também
¢ encontrado a partir da regressao linear das energias de dessolvatacdo do ligante obti-

das em vdrias concentragdes. Para a remoc¢do de n ligantes do sitio, € considerado que

W =n x W*.

Existem diversas maneiras de se calcular essa energia, principalmente pelo uso de
ferramentas computacionais, como o docking molecular [11], método de Linear Interac-
tion Energy [41, 13] e pelo método de FEP [16, 15], que serd o utilizado neste estudo

(mais detalhes na se¢do I11.4.4.1).

II1.3.7 Liberacao de restri¢oes na proteina

A tltima parte do ciclo (etapa V) consiste na extingdo do potencial u(rf), o que
libera a estrutura interna da proteina para o estado final, com ligantes. A integral de
configuragdo é:

[dr? [ dR™ [,  dRNTme=SUETRY) 1
[dr? [ dR" [, dRN e AUGT RV RGP T (eGP (38)

a qual estd relacionada com a energia liberada quando a estrutura interna da proteina

torna-se a estrutura final. Nesse etapa, a média termodinamica ocorreu segundo um en-
semble de estruturas de uma simulag¢do de dindmica molecular com ligantes na concen-

tracdo p.
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II1.3.8 Reconstrucao da energia livre da particao

Ap6s a releitura do processo de particdo em passos hipotéticos mais simples, a vari-
acdo de energia livre (AW) pode ser reescrita em funcio desses parametros, ao juntar as

equagoes 23, 25, 29, 33, 36 e 38:

NI P . v \" - 1
—BAW _ —Pu(r™) —-BW; +B6Wy, -
‘ Vi <l e T X <v - u) e e RGy
n —Bu(r?
o—paw _ NV v G B(P)>P o o BWI—W)
(N —=n)In! \V —v (e=BuG™)) b,

(39)

E possivel ver os termos em trés grupos, cada qual com sua influéncia especifica na

energia livre do processo. No primeiro grupo estdo os termos relacionados a entropia:

NI v n_e—BAWs
(N—n)n! \V—-v/) ‘

Pode-se notar pelos termos entrépicos que quanto maior o nimero total de ligantes ou

maior o volume do sitio v, mais facil a ocorréncia do processo. No caso do limite termo-

dinaAmico (N >> n), a expressio (N_Ln'),n, = w pode ser aproximada para 2. A energia
livre correspondente ao grupo entrépico € dada por AWg = —% In ﬁ (ﬁ)n

O segundo grupo é composto pelos termos relativos a mudanga de estrutura interna

da proteina:
—pu I'P
(e ) p — o BAWP
<6_BU(rP)>Pn

onde AWp é o trabalho reversivel realizado pela perturbacdo imposta pela presencga dos

ligantes, que pode influenciar alguma mudanca de estruturas internas na proteina.

Por fim, o dltimo grupo possui os termos relacionados a transferéncia dos n ligantes

entre os ambientes (reservatério, sitio e vacuo):

o BWVE=Wi®) _ —BAW,,

AW, € a diferenca das energias de dessolvatagdo. Quanto mais dificil dessolvatar o

ligante do sitio, maior o valor de W*, e por consequéncia mais espontanea € a ligacdo.
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A remocgdo gradual de ligantes altera a concentragdo tanto do reservatorio quanto da fase
de interface proteica. Logo, o cdlculo do AW}, deve levar o efeito de concentracio para a

transferéncia de cada ligante individualmente:
n
AW, =Wy = Wi => Wy =W (40)
i=1
onde W, € a energia necessdria para a transferéncia do i-ésimo ligante apds 7 — 1 ligantes
jé terem sido transferidos.

Assim, a estabilidade geral pode ser reescrita como:

e BAW _ ( v ) e BIAWP+W5 -] 41
V—-v

I11.3.9 Energia livre da particao em condicoes diluidas

Na condicao de diluicd@o, ha ocorréncia do limite termodindmico (w ~ %), a pertur-
bagdo dos ligantes na estrutura da proteina torna-se nula (AWp = 0) e as energias livres

de dessolvatacdo convergem para os valores diluidos, ou seja W)y = nje W'* = nw.

Substituindo na equacgdo 41:

N™ v " o

Substituindo e 1A=l = " (equagio 7):

_ N [ vp \" N \"v"
BAW _ - — " 43
¢ n! <V—V> <V—V> ¥ )

E possivel ver que a relacdo entre constante de ligacdo conseguiu ser resgatada

quando o sistema estd na condi¢do de baixas concentracdes, mostrando que o coefici-
ente de particdo pode ser uma propriedade bastante util ao estudar interagdes de pequenas
moléculas com proteinas nas condi¢des pouco concentradas, oferecendo uma 6tima apro-

ximagao nessas condicoes.

A aproximacgao nas condi¢des de diluicdo também mostram que o coeficiente de
particao pode ser visto como uma espécie de constante de ligacdo agregada, o que torna
possivel a caracterizacdo termodinamica do processo utilizando toda teoria ja desenvol-

vida para os casos de ligacao cldssicos[5, 17].

( . )n Z_Tpn - (%)HK(”) = p"K(n) (44)

V—-v
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II1.3.10 Projecao de propriedades para outras concentracoes

Um dos principais objetivos na obten¢do do coeficiente de particdo € a capacidade
de descrever facilmente as propriedades termodinamicas desse processo. Nesse trabalho,
juntamente com o conjunto de ferramentas tedricas e computacionais para o calculo de g,
também sdo trazidas as ferramentas para reconstrucdo de propriedades sem a necessidade
de realizar novas simula¢des, principalmente em concentragdes mais diluidas, levando
a uma grande economia de tempo computacional. Primeiramente, podemos encontrar
< n > para qualquer concentracdo desejada a partir da equagdo 7:

—1 -1
<n>%N<1+V ”) :pV(1+V ”> 45)
v v

Com < n > em maos, também € possivel calcular como serd a distribui¢io do ligante
naquela concentragdo, utilizando a densidade espacial. Considerando uma densidade uni-
taria p'(R), ou seja, [ p(R)dR = 1, basta multiplicar a densidade espacial unitdria pelo
nimero médio:

p(R) =<n > x p'(R) (46)

A densidade unitdria é obtida a partir das densidades tridimensionais da simulacdo de
150mM. Detalhes sobre as ferramentas utilizadas para obten¢do dos mapas tridimensio-

nais sdo dados na se¢do 111.4.6.3.

II1.4 Protocolos

II1.4.1 Simulacées em geral

O programa Visual Molecular Dynamics (VMD)[42], seus diversos plugins associa-
dos, e um pacote em Python acessdrio [11] foram utilizados para a criacao de todos dos

sistemas.

Todas as simulagdes de dinamica molecular foram realizadas utilizando o NAMD
2.12 [32], com o campo de forca CHARMM36 [26] para dgua, proteinas e lipidios. O
modelo de dgua utilizado foi o modelo TIP3 [43]. Foram utilizadas as condi¢des pe-

riddicas de contorno nos eixos x , y € z. O raio de cutoff utilizado foi de 11A, e os
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calculos eletrostaticos de longa distancia foram realizados pelo método PME. O passo de
integracdo adotado foi de 2fs. O controle de temperatura foi realizado pela dinamica de
Langevin. Todas as simulagdes, nos primeiros 0,08ns, sofrem uma termalizacido gradual

de 273K para 300K.

I11.4.2 Simulacoes de FEP

Os célculos de energia livre via Free Energy Pertubation (FEP) foram realizados
no NAMD. A simulacdo realizou o desacoplamento em 47 transformagdes progressivas:
AN = 0,05 quando 0 < A < 0,5, A\ = 0,025 quando 0,5 < A < 0,8, A\ = 0,01
quando 0,8 < A < 0,95e AX = 0,005 até A\ = 1. A energia de cada microestado é co-
letada a cada 100 passos e cada janela de transformacgao possui 275000 passos (0,55ns),
onde os 25000 primeiros passos correspondem a equilibragdo pds-transformacgdo e a co-
leta dos dados ocorre ao longo dos outros 250000 passos. Ou seja, numa réplica, sdo cole-
tados por transformacao, 2500 estados, totalizando 129250 estados para a transformacao
completa. Neste, trabalho, ndo serd feita a transformacao reversa, de A\ = 1 para A = 0,
pois a amostragem partindo de um estado desacoplado para um estado com todas as in-
teracOes pode sofrer efeito de histerese, um fendmeno que mesmo realizando o processo
inverso, ndo hd garantia de retorno para o estado inicial. Dessa maneira, a comparacao
entre os estados de ida e volta ndo seria equivalente, levando a um resultado inacurado.
Além disso, utilizar réplicas somente para a transformacao de ida ndo causa prejuizos na
estimativa de energia livre, pois 0 método SOS [35] consegue levar em conta transforma-

coes de somente um sentido [17, 16, 15].

II1.4.3 Simulacoes com membrana

I11.4.3.1 Criacao dos sistemas equilibrados

A membrana utilizada nos sistemas € uma bicamada fosfolipidica de 1-palmitoil-2-
oleoil-sn-glicero-3-fosfatidilcolina (POPC). Um pequeno segmento de 58 moléculas de
POPC (29 em cada camada) j4 realizado em outros estudos [15] foi replicado 2 vezes nas

dimensdes x e y pelo plugin TopoTools [44] do VMD, totalizando uma membrana com
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232 moléculas. Na sequéncia, o segmento de membrana foi solvatado por moléculas de
agua através do plugin Solvate, e ionizado com uma solugdo de 150m M de K C' usando

o plugin Autoionize.

Com a membrana j4 feita, resta adicionar as moléculas de sevoflurano, de acordo
com a simulagdo desejada. Os sistemas foram submetidos a dindmica molecular seguindo
os parametros da se¢do I11.4.1 nas caracteristicas NPT: nimero de moléculas, temperatura
(300 K) e pressdo (1 atm) constantes, onde a manutengdo da pressado € realizada pelo pis-
tao de Langevin. Cada sistema possui seu respectivo tempo de simulagdo, que € encerrada
apo6s algum tempo dos ligantes equilibrarem sua distribuic@o no sistema. O final das si-
mulacdes corresponde ao input para a criagdo dos sistemas utilizados em outras técnicas.
Foi utilizado um campo de for¢ca do modelo CHARMM36 disponivel para o sevoflurano
[25]. A Tabela 1 lista as caracteristicas dos sistemas membrana-sevoflurano em relacao

ao numero de moléculas adicionadas e seu tempo total de simulacao.

Tabela 1: Concentracdo desejada, fragdo molar ligante-POPC, nimero de ligantes adicionados e tempo de

simulacdo nos sistemas com sevoflurano.

Concentraciao | Fracao molar | Ligantes adicionados | Tempo de simulacao
ImM 0,0043 1 150ns
25mM 0,06 14 140ns
50mM 0,11 28 100ns
75mM 0,16 44 120ns
100mM 0,21 61 95ns
150mM 0,29 94 276ns

I11.4.3.2 Simulacdes de FEP na membrana

Com o objetivo de obter as energias de dessolvatacdo (vide secdo I11.3.4), trés répli-
cas da configuragdo do final da simulagdo de cada sistema foram utilizadas como estrutura
inicial para os calculos de FEP (vide secdo II1.2). A molécula que sofre a transformacao

€ escolhida aleatoriamente, com a Unica exigéncia que esteja presente na membrana. Para
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assegurar que a molécula permane¢a na membrana durante todo o cdlculo, principalmente
quando estd muito desacoplada, foi adicionado por meio da sec¢do de colvars do NAMD
um potencial harmonico do tipo flat-well ( Uy,,(z;) ) na molécula i que sofre a transfor-
macao, para manté-la na membrana. O potencial possui forma semelhante ao da equacao
26:

0, se Zgown < Z; < Zy,

Upw(2;) = ki (Zi — Zdown)? , 5€ Zi < Zaown (47)

\ ki(Zi — 2up)? | S€2; > Zyyp
onde Zgon € Z,, representam os limites inferior e superior em z da regido nula do po-
tencial. Eles sdo calculados de acordo com as posi¢des dos ligantes em z ao longo da
simulagdo de equilibrio: é escolhida uma camada lipidica (superior ou inferior), onde a

média z dessa distribui¢ao juntamente com o desvio padrdo ¢ delimitam as coordenadas

do calculo do FEP, no qual 4oy, =2 — 0 € Zyp, = Z+ 0.

Na inten¢do de realizar uma equilibracio prévia, cada réplica foi submetida a uma
dindmica molecular com a presenca dos colvars, porém sem a realizacdo dos cdlculos de

FEP, de 400 passos de minimizac¢ao e 120000 passos de integracao antes do inicio do FEP.

II1.4.4 Simulacées de flooding Kv1.2-sevoflurano

Uma simulacio de 300ns do canal idnico de potdssio Kv1.2 na conformacao aberta,
embebido em uma bicamada lipidica de POPC com 150mM de sevoflurano foi obtida
de trabalhos anteriores ja realizados no laboratério. Essa simulacdo cedida possui 426
moléculas de POPC e 174 moléculas de sevoflurano, resultando numa fracdo molar de
0,29. Usando o VMD, a criagdo dos sistemas correspondentes as outras concentracoes
desejadas tomou como ponto de partida o sistema inicial de 150mM, com a remocao dos
ligantes até alcancar a concentracio desejada. A Tabela 2 enumera as caracteristicas dos
sistemas iniciais de flooding com o sevoflurano que foram simuladas. Todas as simulacdes
tiveram a duracdo de 300ns cada e ocorreram em condi¢des semelhantes as citadas na
secdo III.4.1, na caracteristica NPT: pressdo de 1 atm e temperatura de 300 K mantidas

constantes. O campo de forca para o sevoflurano utilizado foi do tipo CHARMM [25].
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Tabela 2: Concentracdo da desejada, fragdo molar ligante-POPC, e nimero total de ligantes dos sistemas

de flooding com sevoflurano.

Concentracio | Fracdo molar | Nimero total de ligantes
ImM 0,0047 2
25mM 0,06 29
50mM 0,11 58
75mM 0,16 87
100mM 0,21 116
150mM 0,29 174

I11.4.4.1 Simulacoes de FEP na proteina

Com o objetivo de obter as energias de dessolvatacdo sitio-vacuo, trés réplicas da
configuracdo do final da simulag¢do de cada sistema foram utilizadas como estrutura ini-
cial para os célculos de FEP (vide secdo II1.2). A molécula que sofre a transformacgao
¢ escolhida aleatoriamente, com a Unica exigéncia que esteja presente na superficie da
proteina. Para assegurar que a molécula permaneca na vizinhanca do sitio durante todo o
calculo, principalmente quando estd muito desacoplada, foi adicionado por meio da se¢ao
de colvars do NAMD um potencial harmdnico do tipo esférico na molécula ¢ que sofre a
transformacdo, para manté-la no sitio. O potencial possui forma:

0, se|R;—R.| < R*

Usphere(R) = (48)
k(IR — R — R*)?, se |R, — R.| > R*

onde R; e R, representam as coordenadas do centro do ligante e do centro do sitio, respec-
tivamente. k¢ € a constante de forca e R* € o raio do sitio. A constante de forga adotada
e o tamanho do sitio vieram de trabalhos que ja realizaram cdlculos de FEP entre sevo-
flurano e Kv1.2. Assim como nos FEPs da membrana, cada réplica foi submetida a uma

dindmica molecular com a presencga dos colvars, sem a realizacdo dos calculos de FEP,

de 400 passos de minimizag¢do e 120000 passos de integragdo antes do inicio do FEP.
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II1.4.5 Simulacoes de flooding da albumina e tricloroetanol

Para realizar a prova de conceito da obten¢do do coeficiente de parti¢do utilizando
um sistema independente, foi escolhido o par albumina-tricloroetanol. Os sistemas con-
sistiam na estrutura da albumina bovina sérica, obtida pelo do banco de dados PDB -
ID: 4F5S[45], uma caixa de solvatacdo de dgua e 43 ou 85 moléculas de tricloroetanol,
correspondendo as concentracdes de 50 e 100mM respectivamente. O volume total do
sistema corresponde a 1.361.310 A3. O campo de forga utilizado para o tricloroetanol foi
oriundo de um estudo de parametrizacdo no qual fui coautor[15] (Anexo II). As simula-
¢oes ocorrem por 300 ns com os mesmos parametros citadas no protocolo geral para as

simulacdes (secao I11.4.1).

1I1.4.6 Analises

As andlises das simulagdes de flooding foram realizadas utilizando o programa VMD

[42], seus plugins e o pacote em Python acessorio [11].

I11.4.6.1 Obtencao dos volumes

Todos os volumes foram calculados utilizando o sistema inicial da simulacdo de
flooding de 150mM. O volume total (V},,;) do sistema foi calculado a partir da célula
unitdria das condigdes periddicas de contorno da simulagdo. O volume da proteina (V)
foi calculado utilizando o MSMS[46], com a sondagem (probe) de 1,4 A. O volume da
superficie proteica (v) foi calculado como o volume de proteina com o probe de 5 A
decrescido por V... O volume da membrana (V,,cs) foi calculado com o probe de
1,4 A, enquanto o volume da 4gua foi considerado como o volume restante (V.. =

V;iotal - ‘/;)TDt - Vmemb - V)-

I11.4.6.2 Obtencao das distribuicoes de probabilidades e nimero médio

As distribuicdes de probabilidades foram obtidas através da leitura direta dos sitios,

onde foi contada qual a fragdo da simulag@o o sitio estava ocupado por n ligantes - p(n).
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O ndmero médio de ligantes no sitio (< n >) € dado pela média da distribuigao:

Nmax

<n>=Y pli)xi (49)
=0

II1.4.6.3 Obtencao das densidades tridimensionais

As densidades tridimensionais (p(R))foram obtidas através do plugin Volmap utili-
zando o parametro de densidade, com o mapa discretizado em cubos de 1 A3. A andlise
dos grids gerados foi realizada pelo pacote GridDataFormats[47]. A comparacdo entre
duas densidades tridimensionais A e B € feita através da andlise de sobreposicao (ou

overlap):
ANB

AUB

onde o valor de 100% indica sobreposicdo absoluta e 0% nenhuma sobreposi¢ao.

o(A,B) = (50)

I11.4.6.4 Analise da estabilidade por RMSD

A estabilidade dos sitios pode ser mensurada através de uma medida de desvio cha-
mada de raiz do desvio quadratico médio, ou RMSD (root mean square deviation). O
RMSD indica quao distante em média as coordenadas estdo de uma posicado referéncia.

O RMSD € calculado como:

N
1
RMSD = NZ]RZ-—ROP (51)

i=1
onde R, € a coordenada do dtomo 7 na posicao de referéncia e R; é a coordenada desse
mesmo atomo no instante do calculo. Nesse trabalho, as analises de RMSD sdo feitas
utilizando o VMD, e a posicao de referéncia utilizada sempre € a primeira posicao da

simulacao.
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IV Resultados e discussao

IV.1 Sistemas com membrana

IV.1.1 Equilibracao

Figura 11: Sistemas com membrana e sevoflurano. Secdo transversal dos sistemas de flooding com mem-
brana apds a equilibragdo para diversas concentragdes. A composicdo do sistema é de uma bicamada

lipidica de POPC (ciano), moléculas de dgua (azul) e sevoflurano (vermelho).

Apesar da membrana ter origem em um segmento previamente equilibrado, a repli-
cacdo, adicdo de moléculas de ligante e a solvatacdo levam a necessidade de avaliar a
estabilidade do novo sistema. Nao foi observada nenhuma passagem indesejada de ions
através da membrana ou nenhum evento de extravasamento de dgua. As simulagdes no
geral tiveram no inicio a agregacdo dos ligantes na solu¢c@o aquosa no inicio, seguido pelo
particionamento gradual para a membrana, que é completado quando o sistema atinge
equilibrio. A divergéncia do tempo de simulacido dos sistemas (Tabela 1) € oriunda do
fato dos ligantes apresentarem mudancas de taxas de particionamento na membrana em
concentracdes diferentes. Uma vez alcancado o equilibrio, a trajetéria ainda é estendida
por um tempo para a coleta dos dados. A Figura 11 ilustra os sistema no equilibrio e a
Figura 12 mostra a fracdo de ligantes que particionam na membrana ao longo do tempo.

Por essas figuras € possivel afirmar que todas as simulacdes entraram em equilibrio.

Considerando o tempo que a simulacd@o estd em equilibrio, foi analisada a distribui-
¢do no eixo z dos ligantes em cada simulacio, para determinar os limites do potencial
flat-well que seria aplicado nas simulagdes de FEP (secao 111.4.3.2). Foi escolhida a dis-
tribuicdo da camada superior da membrana, para fins de tornar a regido de amostragem

mais homogénea entre as réplicas do FEP. A média e desvio padrao das distribui¢des sao
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Figura 12: Propriedades da membrana na presenga de diversas concentragdes de sevoflurano. A - Quan-
tidade relativa de moléculas de ligante que permanecem na regido da membrana ao longo do tempo. B -
Densidade espacial do sevoflurano ao longo do eixo z. Para ambos os gréficos, cada cor representa um
sistema com concentragdo especifica: Verde - Sevoflurano 1mM; Azul - Sevoflurano 25mM; Ciano - Se-
voflurano 50mM; Cinza - Sevoflurano 75mM; Rosa - Sevoflurano 100mM; Preto - Sevoflurano 150mM. A

regido da membrana é delimitada pelos atomos de fésforo da cadeia polar do POPC.

encontradas na Tabela 3.

Tabela 3: Média (z) e desvio padrdo (0,) da posi¢do em z dos ligantes presentes na regido superior da

membrana, apds o equilibrio.

Simulacdo Z 0

Sevoflurano ImM | 11,83A | 2,71A

Sevoflurano 25mM | 10,36A | 3,3A

Sevoflurano 50mM 13,2310% 6,68A

Sevoflurano 75mM | 11,63 | 5,39A

Sevoflurano 100mM | 10,89A | 5,05A

Sevoflurano 150mM | 11,80A | 6,45A

IV.1.2 Calculos de FEP e energia de dessolvatagio

Ap6s a equilibragdo, foram feitos trés célculos de FEP independentes para calcular
a energia de dessolvatacdo de uma molécula de sevoflurano na membrana. O cdlculo de

W* e o erro estimado ocorreram segundo o protocolo na se¢do I11.4.3.2 e estdo listados
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na tabela 4.

Tabela 4: Variagdes de energia para o desacoplamento do sevoflurano na membrana através de célculos de

FEP (W}

o emb) € €ITO estatistico associado, estimadas pelo método SOS. A variagdo de energia calculada

corresponde a energia necessdria para a transferéncia de uma molécula de sevoflurano partindo do ambiente

para o vacuo.

Concentracdo (mM) | W . (kcal/mol)
1 4,36 £ 0,18
25 4,21 +0,19
50 4,00 + 0,19
75 4,08 £0,10
100 391 +0,19
150 3,77 £ 0,12

Com os valores de W . para cada concentracdo, foi possivel realizar a regressao

de acordo com a equacao 30:

. B . N —n

memb — M — membv_yc

A regressdo retornou os valores de i e hy . como 4,3 e 1,9 kcal/mol , respecti-
vamente. Assim, o fi possui um valor proximo a energia de parti¢do do sevoflurano na
membrana obtida através de outra metodologia [15], corroborando a qualidade dos resul-
tados obtidos e do modelo tedrico utilizado. Ja o fato de A, > 0 pode ser interpretado
como o consequéncia das intera¢des ligante-ligante ndo serem favoraveis, o que pode ser
mostrado pelo valor de W* diminuir a medida que a fracio molar aumenta, tornando a
ligacdo na solug@o ndo-ideal um fendmeno que necessita de menos energia comparado a
situacdo de solucdes ideais ou suficientemente diluidas, onde N — 0 por defini¢ao[39].

A Figura 13 ilustra a distribui¢do das energias de dessolvatacdo e os valores obtidos pela

regressdo.

E importante ressaltar que o fato que apesar da retirada do ligante ser mais facil
a medida que a concentracdo aumenta, ndo ha garantia de que o processo completo de

particao seja facilitado, pois ainda hd a necessidade de conferir a influéncia que a etapa
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Figura 13: Energias de dessolvatag@o do sevoflurano a partir da membrana de POPC obtidas através dos

célculos de FEP (pontos vermelhos) e valores em fun¢do da concentracdo efetiva no reservatério ]‘X:Z ,

N

obtidos através da regressdo do modelo W . = fi—h* x $== x ¢ (linha preta), onde fi = 4, 3 kcal/mol,

h* = 1,9 kcal/mol e C° é o inverso da concentragio padrio (c = (1 mol/L)™1).

de ligacao do sitio sofre da concentracao.

Totalizada a caracterizacio energética das duas fases e usando a equacao 21, as ener-

gias de dessolvatacdo resultantes para cada concentracdo estao listadas na Tabela 5.

Tabela 5: Energia média de dessolvatacdo resultante para os dois componentes do reservatério (WW*) e
erro estatistico associado, em kcal/mol. A energia resultante é oriunda do escalonamento das energias de

dessolvatacdo e do volume de cada componente.

Concentracdao (mM) | W* (kcal/mol)
1 3,80+ 0,13
25 3,64 £0,13
50 3,43+0,13
75 3,51 £0,09
100 3,34 +0,13
150 3,2+0,10
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IV.2 Simulacoes de flooding

IV.2.1 Equilibracao dos sistemas

A andlise de estabilidade de uma simulacdo de flooding passa por algumas etapas.
Primeiramente, € visto se a d4gua ndo apresenta algum comportamento anormal, como
algum extravasamento causado por uma delimitacdo de volume erronea. Todas as simu-
lagdes foram conferidas visualmente, e nao houve nenhum movimento de moléculas de
dgua ou fons para locais indesejados. A Figura 14 ilustra o final de uma simulacdo de

flooding. Nela é possivel ver que o sistema possui todos seus componentes integros.

Figura 14: Sistema final de uma simulagio de flooding do canal de potdssio Kv1.2 (branco) com 150mM
do anestésico geral sevoflurano (vermelho). O canal i6nico estd embebido em uma bicamada lipidica de

POPC (laranja). A 4gua estd representada em azul e o {fons foram ocultados para melhor visualizag@o.

Porém, o critério visual ndo € suficiente para avaliar a estabilidade do sistema como
um todo. Dependendo das condi¢des de equilibracdo, a proteina pode passar por mudan-
cas conformacionais que podem afetar sua estabilidade, levando a fendmenos indesejados.
Assim, é desejavel observar a andlise da estabilidade da proteina utilizando medidas de
dispersao, como 0 RMSD (se¢do I11.4.6.4). Os valores de RMSD para todas as simulacdes
estdo listadas na Figura 15. Por ela € possivel ver que, a medida que as simulag¢des avan-
cam, as proteinas possuem um RMSD flutuando em torno de um valor médio, indicando

o equilibrio conformacional das proteinas.

Resta avaliar o comportamento dos ligantes para definir o equilibrio de todo o floo-

ding. Serd mensurada a fracao de ligantes presentes na solucao aquosa, particionados na
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Figura 15: Valores de RMSD ao longo do tempo de simulag@o dos sistemas de flooding. Verde - Sevo-
flurano 1mM; Azul - Sevoflurano 25mM; Ciano - Sevoflurano 50mM; Cinza - Sevoflurano 75mM; Rosa -

Sevoflurano 100mM; Preto - Sevoflurano 150mM.

membrana (como realizado na secao IV.1.1), e a fracdo que estd ligada no canal i6nico ao

longo de toda simulagdo (Figura 16).

1mM 25mM 50mM
1.0 - 1.0 1.0
0.8 0.8 0.8
Q06 3 06 iR 06
O o o
© 1 | © o
T 04 = 04 - 0.4
02 02 0.2
0.0 s 1=ET 0.0 M
0.0 0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300
Tempo (ns) Tempo (ns) Tempo (ns)
75mM 100mM 150mM
1.0 1.0 1.0
0.8 0.8 0.8
R 06 Q3 06 R 06
O O On
® @© ©
- 04 T 04 T 04
0.2 0.2 0.2
0.0 0.0 0.0 = -
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300
Tempo (ns) Tempo (ns) Tempo (ns)

Figura 16: Quantidade relativa de moléculas de ligante que permanecem na regido da solucdo aquosa,
membrana ou proteina ao longo do tempo. A regido da membrana é delimitada pelos dtomos de fésforo
da cadeia polar do POPC, enquanto as moléculas ligadas a proteina sdo moléculas que possuem algum
4tomo a uma distancia de até 5A da proteina. No caso de essas condi¢des serem mutualmente satisfeitas,
a molécula é considerada ligada a proteina. Vermelho: ligados a proteina; Verde: presentes na membrana;

Azul: presentes na dgua.
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Pelos perfis de particdo ao longo do tempo, é possivel confirmar que em todas as
simulagdes, os ligantes entraram em equilibrio com o sistema. Além disso, é possivel
ver o alto grau de hidrofobicidade das moléculas, pois elas rapidamente saem da dgua e
particionam-se na membrana e proteina, sem grandes passagens de moléculas de volta

para a dgua.

Tomando em conjunto as andlises realizadas acima, € possivel afirmar que todos os
componentes do sistema, e por consequéncia todas as simulagdes de flooding realizadas,
estdo estdveis e no equilibrio, principalmente a partir dos 100 ns de simulagdo, intervalo

de tempo que iniciard a coleta de dados.

Os volumes calculados a partir do estado inicial da simulagdao de 150mM estao lista-

dos na Tabela 6.

Tabela 6: Volumes (em A®) do sistema calculados a partir do inicio das simulagdes de flooding. Legenda:
Viotar = volume total; V),.,+ = volume da proteina; v = volume do sitio proteico; Viemp = volume da

membrana e V,,,; = volume da dgua.

Vtotal Vprot v Vmemb Vwat

1.872.081 A3 | 142.755 A3 | 159.713 A% | 602.027 A% | 967.586 A3

IV.2.2 Propriedades das simulacoes

Com todos os sistemas considerados estdveis, o proximo passo € obter as proprieda-
des da interacd@o para cada simulacdo. O canal Kv1.2 possui varios candidatos a sitios de
ligacdo [16, 18, 11], distribuidos praticamente ao longo de toda superficie proteica. Para
uma molécula ser considerada ligada no sitio, € necessario que um atomo esteja a menos
de 5 A de distancia de algum aminodcido. As probabilidades de cada estado de ocupacdo
do sitio ( p(n) ) a partir dos 100 ns de simulag@o e o nimero médio (< n >= > _p(n) xn

) em cada uma delas estdo presentes na Figura 17 e na Tabela 7.

Um grande diferencial das simulacdes de flooding é a possibilidade de obter a distri-
buicdo da densidade tridimensional do ligante nos sitios ( p(R) ). Essas regides costumam

oferecer importantes informacgdes acerca da interagdo, principalmente sobre a afinidade
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Figura 17: Probabilidades dos estados de ocupancia do canal Kv1.2 com o anestésicos sevoflurano em di-
ferentes concentragdes. Verde - Sevoflurano 1mM; Azul - Sevoflurano 25mM; Ciano - Sevoflurano 50mM;

Cinza - Sevoflurano 75mM; Rosa - Sevoflurano 100mM; Preto - Sevoflurano 150mM.

Tabela 7: Nimero médio (< n >) de ligantes em cada concentracio, obtidos diretamente nas simulacdes

de flooding, a partir dos 100 ns de simulag@o.

1mM 25mM 50mM 75mM 100mM 150mM

<n>|082+£0,23 | 13,67 £0,99 | 22,87 £ 1,04 | 36,30 £ 1,25 | 45,57 £ 1,16 | 66,10 £ 1,29

do sitio, detalhes sobre a dispersdo do ligante no sitio e nimero médio de ligante. Cabe
lembrar que, a densidade tridimensional € uma propriedade que também pode ser recons-
truida através das projecOes provenientes do coeficiente de particdo (equagdo 46 , secio
I11.3.10). Na Figura 18 estdo mostradas as densidades tridimensionais de todas as simu-

lagdes de flooding.

Os ligantes associam-se a interface proteica em quase toda integridade da regido
transmembranica, onde inclusive diversos pontos possuem densidades comparaveis. Além
disso, fica evidente o motivo de que o melhor mapa de densidade unitdrio 5'(R) deve ser
oriundo da simulagdo de 150mM. Uma alta concentracio € necesséaria devido a necessi-
dade de convergéncia espacial, para uma maior qualidade do mapa. Simulacdes de menor
concentracao, como ImM por exemplo, necessitariam de escalas de tempo muito dispen-

diosas para atingir mapas com dispersdo semelhantes ao de altissimas concentragoes.
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Figura 18: Estrutura média da proteina (em branco) e densidades tridimensionais (em rosa) obtidas a partir
dos ultimos 100 ns das simulac¢des de flooding. Estdo representados os valores de densidades maiores que

0.001 moléculas/A3.

Em todas as simulacgdes, o poro de conducao (PC) possui uma densidade de ligantes,
mesmo em baixas concentracoes. Além disso, como mostrado na Figura 18, a densidade
desse sitio ocupa todo o caminho de conducao da proteina, fazendo com que o fluxo i6nico
seja impedido, algo totalmente oposto com o efeito do anestésico, que é de potenciacdo
do fluxo 16nico [11]. Essa incoeréncia foi alvo de um estudo envolvendo a interagdo
do sevoflurano no poro na presenca de voltagem, que comprovou que a ligacao de fons
potdssio no PC impede a ligacao do sevoflurano no PC [16]. Assim, pode-se concluir que
em sistemas vivos, esse fendmeno nio ocorreria devido a presenga da corrente de K+ no
canal [48]. Dessa maneira, o sitio PC € considerado como um artefato das simulagdes

sem presenca de voltagem.

Em relacdo a configuracao interna do ligante, uma compara¢do de RMSD com sua
estrutura inicial mostra que ndo existe nenhuma configuracdo presencial em nenhuma das
fases. No RMSD translacional, todos os graus de liberdade sdao considerados, enquanto
no rotacional hé a sobreposi¢do dos centros geométricos dos ligantes e no configuracional
ocorre a maxima sobreposicao das estruturas. A Figura 19 mostra os perfis de RMSD de
um ligante que esteve presente na vizinhanca da proteina e nos dois componentes do
reservatorio (dgua e membrana). Esse comportamento € indispensdvel para considerar

que ocorre uma ligacdo de pequenos ligantes com proteinas, principalmente nos termos
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Figura 19: Perfis de RMSD de uma molécula de sevoflurano nos diversos ambientes da proteina. De
superior ao inferior: Regido onde a molécula estd presente (wt - d4gua, mb - membrana, pt - proteina);
RMSD translacional, rotacional e configuracional. E possivel ver que ndo existe nenhuma correlacio entre

o valor de RMSD e a regido onde o anestésico estd presente.

relacionados a entropia, onde nio foi necessario desenvolver um potencial artificial para

restringir a molécula em uma pose especifica (secdo I11.3.5).

IV.3 Propriedades termodinamicas da interacao

IV.3.1 Coeficiente de particao

A interagdo agora serd analisada sob a 6tica de um fendmeno de particao, dado que o
ligante possui baixa especificidade ao longo da interface proteica. A vantagem de utilizar
este método é de que todos os pardmetros para o cdlculo do coeficiente de particao (p)
foram obtidos diretamente da simulacdo de maneira bem simples (vide metodologia). O
calculo de p ocorreu utilizando a equacdo 7 e os dados das tabelas 2, 6 € 7. A Tabela 8

contém os valores de p calculados nas concentragdes das simulagdes de flooding.

E possivel notar que o coeficiente de particdo possui pouca variacdo de acordo com
as concentracdes, o que sugere fortemente uma independéncia em relagdo a concentra-
cdo. Apenas o coeficiente da simulacdo de 25mM foi destoante em relacido aos outros,

fato provavelmente ocorrido por uma amostragem enviesada de <n> devido ao complexo
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Tabela 8: Coeficientes de particéo () de cada concentragdo, obtidos diretamente das simulac¢des de floo-

ding, a partir dos 100 ns de simulag?o.

ImM 25mM S0mM 75mM 100mM 150mM

p | 689+£07|875+£0,14|642+0,13 | 7,02+£0,10 | 6,35 £ 0,08 | 6,05+ 0,07

pentamérico presente no poro central, como discutido na secao IV.3.3

A relativa insensibilidade de p com a concentracdo a principio ndo é compativel com
o fato da energia de dessolvatacdo (1//*) variar com a concentra¢ao, como ja mostrado na
secdo IV.1.2. Dessa maneira, é necessdria uma maior investigacdo também de outros
parametros que influenciam o processo de ligacdo, como a energia de dessolvatacdo a
partir do sitio (//**) e as perturbagdes estruturais causadas pela presenca do ligante para
a estrutura da proteina (AWp). Para a consisténcia do modelo de particdo ser mantida,
algum desses outros parametros deve sofrer perturbacdo semelhante a de W*, resultando
no cancelamento das influéncias causadas pela concentragdo, e assim obtendo um AW

invariavel.

IV.3.2 Perturbacao na estrutura interna da proteina

Como mencionado na se¢ao II1.3.3, a presenca dos ligantes pode perturbar a estrutura
interna da proteina, onde o trabalho realizado (AWp) é calculado a partir das variagoes
de RMSD que a estrutura vazia possui comparado com a estrutura ocupada por ligantes
(equacao II1.3.8). Ou seja, se a flutuacao da estrutura em uma concentragao for maior que
a flutuacdo da estrutura vazia, € considerado que houve um trabalho mecanico realizado
pelos ligantes. A distribui¢do de probabilidades do RMSD e o valor de AWp para cada

concentracao estdo mostrados na Figura 20 e Tabela 9.

Tabela 9: Perturbacgdes estruturais realizadas pela proteina (AWp), em kcal/mol, para diversas concentra-

coes.

1ImM

25mM

50mM

75mM

100mM

150mM

AWp

0,01

0,31

0,37

0,79

7,25
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Figura 20: Perturbacdo estrutural na proteina. A - Densidades de probabilidade de ocorréncia do RMSD
(p(RM S D)) em diversas concentragdes. B - Trabalho de perturbagdo da estrutura da proteina calculado a
partir das simula¢des de flooding (pontos vermelhos) e regressdo (linha preta) segundo modelo quadratico

AWp = h,C?, onde h,, = 200 kcal/mol e C é a razdo da concentragio pela concentragdo padrio .

As distribui¢cdes de RMSD estao contidas em intervalos considerados como normais
para flutuacdes do Kv1.2[49], ressaltando a estabilidade das estruturas utilizadas. Pode-se
ver que o comportamento esperado para solugdes diluidas (AWp — 0) também ocorre
nas simulagdes. E notério o deslocamento das curvas para valores maiores a medida que
a concentracao aumenta, implicando em uma maior perturbacio estrutural causada pelas
moléculas de sevoflurano. Apesar disso, apenas a simulagdao de 150mM possui uma con-
tribui¢do energética relevante quando comparado as outras concentracdes. A diferenca
de aproximadamente dez vezes quando comparado a de 100mM € explicada pela distri-
buicdo do RMSD da proteina a 150mM estar completamente além do valor de tolerincia
de RMSD (2,5 A). Essa faixa de valores de RMSD distantes da tolerancia juntamente
com o alto valor da constante & do potencial u(r”) (equacdo 24) causaram um trabalho
de maior magnitude na maior concentracdo. Porém, o trabalho realizado na concentragao
de 150mM ainda esta abaixo do que ao trabalho de outros estudos envolvendo transfor-
macoes de estruturas internas [50, 51], o que sugere que os ligantes de sevoflurano nao

realizam perturbacdes estruturais em escala significante na proteina.
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IV.3.3 Energia de ligacio sitio-vacuo

O parametro restante para a reconstru¢do da energia livre de parti¢do € a energia de
dessolvatacdo a partir do sitio (W**). A energia de dessolvatacdo pode ser influenciada
pela regido da proteina onde ocorre a transformacao e também pela quantidade de ligantes
que estdo proximas do ligante que estdo sendo transferidas (de maneira semelhante a
dessolvatacdo membrana-vicuo). Para avaliar o primeiro problema, foram realizados 47
calculos de FEP independentes distribuidos nos pontos de maior densidade da superficie

proteica: poro de condugao, Linker, interface S5-S6 e hélice S4.

A maneira mais direta de resolver o segundo problema seria realizar os calculos de
FEP em vdrias regides da proteina a diversas concentracdes. Porém, isso requer muito
tempo computacional, tornando os célculos impraticdveis. Assim, na busca de um pro-
cedimento mais simples, porém fidedigno, as interacdes em vérias concentracdes foram
reproduzidas através do estado de agregacao de cada concentracdo. O estado de agrega-
cdo (ny) consiste em quantas moléculas de ligante estdo em volta da molécula que sera
transformada, por exemplo: k=1 - monomeros; k=2 - dimeros, e assim por diante. Carac-
terizados os estados de agregacdo, a energia de dessolvatacdo média em uma concentracao

fixa foi definida como:
W =" p(k) x Wy* (52)

onde p(k) € a frequéncia que o estado de agregacdo k ocorreu ao longo da simulagdo
e W7* € a energia média que ocorreu no estado de agregacdo k. A Figura 21 ilustra a

distribuicdo de p(k) e a energia média para cada estado de agregacao.

Como esperado, a concentragdo de ImM somente possui mondmeros. As outras
concentracdes possuem diversos estados de multimerizagdo das moléculas de sevoflurano,
ficando cada vez mais raras quando k aumenta. Uma excecdo visivel € o estado k = 5 nas
simulacdes de 25 e S0mM. Esse estado pentamérico ocorreu na regidao do poro central,
onde o agregado ficou preso nela por muito tempo, enviesando a amostragem. Caso
a simulacdo ocorresse por mais tempo, esses ligantes separariam-se e esse estado seria
mais improvdvel, como aconteceu nas concentra¢des maiores. Os valores da energia de

dessolvatac¢do possuem um comportamento semelhante ao encontrado na membrana, onde
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Figura 21: Estados de agregagdo do sevoflurano em diferentes concentragdes. A - Probabilidade de ocor-
réncia do estado de agregacdo k ao longo do todo tempo da simulacdo de flooding. B - Energia média

calculada via FEP das moléculas de sevoflurano no estado de agregacdo k. Erro obtido por propagacao.

a maior presenga de ligantes facilita a dessolvatagdo. Além disso, os valores encontrados
para o desacoplamento de mondmeros e dimeros sdo muito condizentes com os obtidos de
outros estudos [17, 16, 11]. O erro estatistico esta superestimado, pois foi obtido a partir
da propagacao de erros, principalmente para k=1 e k=2, onde foram feitas 20 réplicas
cada. Melhores valores quanto a incerteza dos dados seriam obtidos utilizando outros

procedimentos, como Bootstrap.

As energias resultantes de dessolvatacdo foram calculadas seguindo a equagdo 52
e estdo listadas na Tabela 10. A regressdo linear, mostrada na Figura 22, apontou os
coeficientes como w = 5,0 kcal/mol, h** = 0,9 kcal/mol, ou seja, o efeito de concentracdo
¢ semelhante a situacdo do ligante na membrana, onde a maior presenca de ligantes facilita

a remog¢ao do ambiente.
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Tabela 10: Energias de dessolvatagdo partindo da interface proteica para cada concentragcdo. Valores em

kcal/mol.

ImM 25mM 50mM 75mM 100mM 150mM

W1 497+£0,1 | 485+0,13 | 4,74 £0,15 | 4,68 £ 0,12 | 4,56 = 0,15 | 4,40 £ 0,15

o
o
T

o
o
T

W** (kcal/mol)

>
3
T

4.0 1 1 1 1
0 50 100 150
Concentragdo (mM)

Figura 22: Energias de dessolvatacéo sitio-vacuo de acordo com a concentragdo. As energias foram cal-
culadas por cédlculos de FEP em diversas regides da proteina e diversos estados de agregacdo do ligante.
Pontos vermelhos: energia calculadas diretamente por FEP. Linha preta: regressdo linear utilizando a fun-

¢do W** = w — h** == ¢ (equagdo 37), onde w = 5,0 kcal/mol, h** = 0,9 kcal/mol e ¢ = (1 mol/L)~ L.

IV.3.4 Reconstrucao do coeficiente de particao

Como mostrado na equagdo 16, o coeficiente de parti¢cdo pode ser obtido a partir da

diferenca das energias de dessolvatacao do reservatério e do sitio:

Assim, com os valores das Tabelas 10 e 5 € possivel reconstruir os coeficientes de particdo,

listados na Tabela 11.

Um dos principais objetivos do célculo de p utilizando a diferenga de energia con-
siste na possibilidade de avaliar a influéncia da concentracdo em cada etapa do ciclo ter-
modindmico proposto, algo que era uma limitacio do célculo utilizando o numero de mo-
léculas e volumes. Através dos cédlculos de FEP independentes, foi possivel ver que tanto

a retirada do reservatério quanto do sitio sofreram efeitos da concentragao, mas nao havia
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Tabela 11: Diferenca das energias de dessolvatagdo (WW* — W**, em kcal/mol) e coeficientes de par-

ticdo (prpp) de cada concentracdo, obtidos pela diferenca nas energias de dessolvatacdo (prpp =

=BV =Wy

ImM | 25mM | S0mM | 75SmM | 100mM | 150mM

w* —Ww* | 1,18 1,21 1,30 1,17 1,22 1,19

orpp | 727 | 766 | 892 | 7,14 | 7.8 7,34

nenhuma garantia de que essas influéncias seriam semelhantes. Apenas ap6s os cdlculos
em vdarias concentragdes pdde-se constatar que os efeitos causados pela concentracao em

ambas as situagdes se anulam:

. N—nc_h**<n>
meme_y v

c~0 (53)

Além disso, o valor absoluto dos coeficientes de parti¢do sdo muito préximos, o que
reforca a qualidade e consisténcia do ferramental teérico deste trabalho, afinal os resul-
tados foram bastante consistentes. A semelhanga entre o coeficiente de particao obtido
pela simulacdo de flooding (yg4) € a obtida pelos célculos de FEP (pggp) € evidenciada na

Figura 23.

0 1 1 1 1
0 50 100 150

Concentragao (mM)

Figura 23: Coeficientes de particdo. Preto: Coeficientes de parti¢do calculados a partir das simula-
-1
coes de flooding (png = (%) =1=). Vermelho: obtidos a partir dos cdlculos de FEP (ppep =

e~ PW"=W™)) A linha tracejada horizontal representa a média dos coeficientes obtidos pelo flooding.
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IV.4 Energia total de ligacao

O coeficiente de particdo € um termo que depende das afinidades do ligante com
0 ambiente e com o sitio, sendo assim o termo correspondente a contribuicao entélpica
do processo de ligacdo. Como discutido na secdo II1.3.8, existem outras contribuicdes

energéticas que devem ser levadas em conta para calcular a energia total de ligagao (AW):
AW = AWs + AWp + AW, (54)

onde AWgs, AWp e AW}, sdo as contribui¢des da entropia, perturbacido da estrutura e

entalpia, respectivamente.

A obtencdo de AW também € importante para caracterizar a energia total de ligagado
de n moléculas, afinal as simula¢des de flooding mostraram que a interagdo sevoflurano-
Kv1.2 envolve diversas moléculas do anestésico. Logo, o interesse em obter AW, é
pertinente, pois serd de grande valia para a obten¢do de outras propriedades da interagcao
[16, 17]. E possivel ver na Figura 24 o peso de cada tipo de energia na energia resultante

e como se comporta em varias concentragoes.

30

=30 t+

—-60

AW; (kcal/mol)

-90 +

-120 +

1072 10 10° 10" 102
Concentragdo (mM)

Figura 24: Contribuicdes energéticas em fungdo da concentragdo do sistema. Decomposicido de AW nos
termos de perturbacdo da proteina (AWp , em laranja), entropia (AWgs , em vermelho) e energias de
dessolvatagdo (AWp, em azul). As linhas sélidas representam as regressdes quadréticas de melhor ajuste

aos pontos.
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A maior presenca dos ligantes de fato leva a uma maior perturbacdo da estrutura in-
terna (AW p) na proteina, a qual chega a alcancar 10 kcal/mol em concentragdes grandes.
A contribui¢@o entrépica (AWg) também € punitiva para o processo, pois os n ligantes
partem de uma fase com maior espaco e acabam ligando-se ao sitio, que é mais restrito
espacialmente. Cabe relembrar que a restricdo € apenas translacional, pois os demais
graus de liberdade continuam inalterados, logo a puni¢do entrépica pode ser considerada
relativamente baixa quando comparada as situagdes onde a orientacdo do ligante também
¢ restrita [37, 52, 53]. O que torna a ligacdo do sevoflurano na superficie do Kv1.2 es-
pontanea ¢ a diferenca das afinidades do ligante na superficie proteica e no reservatorio
(AW7p). Observa-se que a contribui¢do de AW, em mddulo € bastante superior as outras,
na ordem de 120 kcal/mol em concentracdes altas. Essa decomposi¢do € essencial para
mostrar que a energia livre negativa vem justamente da afinidade da superficie proteica

do Kv1.2 e sua afinidade com o ligante.

Na Figura 25, é mostrada a comparagdo de eficdcia da estimativa da variacdo da
energia livre utilizando o coeficiente de particio (AW = AWgs— < n > [lngp) com a

energia obtida pelo ciclo termodindmico (AW = AWp + AWg + AWp).

0 —
[ )
S -30 |
£
ks o
=3
= -60 |
4
_90 L
1072 10" 10° 10" 102

Concentragao (mM)

Figura 25: Variagdes de energia para a ligagdo em func¢do da concentracdo. Vermelho: Variagcdo de energia
livre proveniente dos pardmetros termodindmicos entropia, entalpia e perturbacdo na proteina. Preto: Vari-

acdo de energia livre calculada a partir do coeficiente de partigdo.
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Os modelos possuem divergéncias em altas concentragdes, principalmente devido a
estimativa utilizando o coeficiente de parti¢cao levar uma média de energias, enquanto a
estimativa utilizando as contribui¢des individuais € feita utilizando a energia de dessol-
vatacdo para cada ligante transferido (AW,, = > W} — W), além de que a pequena
diferenca numérica foi amplificada nas maiores concentracdes. Porém, a medida que
a concentracdo € reduzida, a estimativa fornecida pelo coeficiente de parti¢do torna-se
bem proxima da calculada pelas contribui¢des individuais, mostrando que a aproximacao
torna-se mais coerente com os valores obtidos em concentracdes menores, que estdo na
magnitude da maior parte dos fenomenos de interesse no estudo da interacdo de peque-
nas moléculas com proteinas[54]. Ou seja, o uso do coeficiente de particdo, mesmo que
obtido em concentragdes altas, ainda consiste em uma 6tima ferramenta para o estudo

dessas interagdes em concentragdes baixas.

IV.5S Projecoes para outras concentracgoes

O procedimento de calcular os coeficientes de particdo, como mostrado nesse tra-
balho, pode envolver diversos tipos de simulagdes, como os célculos de energia livre por
FEP ou apenas o cdlculo pela simulag¢do de flooding. Independente do método de ob-
tencdo, com g e utilizando o ferramental tedrico da secao I11.3.10, é possivel reconstruir
diversas propriedades dependentes do niimero de ligantes para qualquer concentragao de-
sejada, sem a necessidade de realizar simulacdes adicionais, que possuiriam alto custo
computacional. Foi escolhido o coeficiente de particdo da simulacdo de 150mM como
referéncia para a realizagdo dos calculos (p’). Assim, a prova de conceito foi realizada
através da comparacdo das projecdoes com as propriedades obtidas nas simulacdes de 1,

25,50, 75 e 100mM.

IV.5.1 Projecoes de nimero médio

As projecdes de <n>, andlogas as curvas de titulagdo, ocorreram de acordo com a
equacgdo 45 e sdo mostradas na Figura 26. A concordancia com os valores foi bastante

satisfatoria, mostrando que o modelo abrange bem as interagdes tanto no regime diluido
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quanto no concentrado.
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Figura 26: Numero médio de ligantes no sitio. Numeros obtidos diretamente pelas simulacdes de flo-

V—v
ve

-1
oding(vermelho) e projecdo realizada pela equacdo < n >= pV (1 + ) . Todos os pardmetros

(volumes e coeficiente de parti¢do) foram originados da simulag¢do de 150mM.

IV.5.2 Projecoes de densidades tridimensionais

As projecdes tridimensionais ocorreram de acordo com a equacgdo 45. O nimero
médio utilizado foi o <n> calculado pela equagdo 45 e a densidade unitdria p'(R) foi
oriunda da simulagdo de 150mM. A comparacio entre a distribui¢do das densidades tri-
dimensionais projetadas com as nuvens obtidas no flooding é dada através do cdlculo da
sobreposicao (overlap) entre as duas nuvens. Na Figura 27 encontram-se as projecoes re-
alizadas, as densidades obtidas pela simulacdo e o valor de sobreposi¢do entre as nuvens.
Os valores de sobreposi¢cdo mostram que as nuvens de densidade projetadas consegui-
ram reproduzir a distribui¢c@o espacial que ocorreu na simulacio de flooding em um grau
satisfatorio. Observa-se também, que as interagdes remanescentes nos regimes de me-
nor concentracdo estdo nas regidoes do Linker e hélice S4, fato ja mostrado de maneira

independente por experimentos de fotomarcagdo [18].

As projecdes mostram-se bastante satisfatérias quando a comparag@o ocorre entre
altas concentragdes. A medida que as concentragdes tornam-se menores, a qualidade das
projecdes cai substancialmente. A origem dessa ma sobreposi¢do pode ser tanto um mapa
unitdrio de qualidade inferior quanto o fato dos mapas obtidos das simula¢des de flooding

ndo ter atingido o equilibrio. Para solucionar essa questdo, foi realizada a comparagao
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Figura 27: Densidades tridimensionais. Esquerda para direita: densidades tridimensionais obtidos a partir
das simulagdes de flooding, densidades oriundas das proje¢des de <n> e do mapa unitério de 150mM (5’ (R))

e sobreposi¢do das nuvens.
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das projecdes com uma simulagcdo de SmM de sevoflurano com duracdo de 5000 ns, em

diversas janelas de tempo, como mostrados na Figura 28.
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Figura 28: Densidades tridimensionais obtidos pela simulagio de flooding de 5SmM. A - Indices de sobre-
posicdo das densidades tridimensionais obtidas em diferentes janelas de tempo em relacdo a projecdo para
5mM, sem simetrizag¢do (vermelho) e apds a simetrizac@o (cinza). B - Densidades tridimensionais observa-

das diretamente das simulacdes de flooding em diversas janelas temporais e a projecdo realizada.

E possivel notar que a sobreposi¢io aumenta a medida que o tempo de simulacio
aumenta, o que indica que as densidades tridimensionais da simulacao de SmM alcangam
progressivamente a densidade obtida a partir das projecdes. A aproximagdo ocorre de
maneira assintética, o que sugere que maiores escalas de tempo ainda sdo necessdrias
para atingir melhores indices de sobreposic@o. Assim, é possivel afirmar que as projecdes
obtidas a partir de concentracdes maiores possuem boa qualidade, enquanto as simulacdes
de menor concentragdo devem possuir escalas de tempo superior a dez vezes para obter
qualidade semelhante. Como o Kv1.2 é um homotetramero, a simetrizacao torna-se uma
alternativa para melhorar a qualidade das densidades tridimensionais. Dessa maneira,
o procedimento de projecdes tridimensionais a partir de concentragdes altas mostra-se
bastante sucedido e vantajoso para estudar os aspectos estruturais das interacdes a baixas
concentracdes, oferecendo enorme economia de recursos computacionais para alcangar a

convergencia.

77



IV.5.3 Interacio da albumina e tricloroetanol

Como prova de que a teoria pode ser utilizada para outros casos de interagdo de
pequenos ligantes, foram calculados os coeficientes de parti¢do para o tricloroetanol e a
albumina em diferentes concentragdes. A Figura 29 mostra a quantidade de ligantes na

vizinhanga da proteina e 0 RMSD da albumina ao longo do tempo.
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Figura 29: Particdo do tricloroetanol no sistema de albumina e 4gua. A - Numero de ligantes e RMSD
em comparagdo a estrutura inicial da albumina ao longo do tempo. B - Estruturas de equilibrio para as

simula¢des de flooding com 50mM e 100mM.

Os dados obtidos pela simulagdo de flooding estdo na Tabela 12. E possivel ver que
os coeficientes de particdo possuem valores muito proximos, o que € condizente com a
ideia de que o coeficiente de particdo é concentragdo-independente, fato j4 mostrado nos

estudos usando sevoflurano. A regressao de <n> também obteve valores muito préximos
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do observado, como mostrado na Figura 30.

Tabela 12: Propriedades no equilibrio das simulag¢des de flooding da albumina bovina sérica com o sedativo

tricloroetanol.

Concentragdo | N | <n> v v © Inp

50mM 43 | 29.47 | 1.361.310 A3 | 86.306A3 | 32,18 | 3,47

100mM 85 | 53,32 | 1.361.310 A3 | 86.306A3 | 24,87 | 3,21

T T T T T T T T T T T T T T T T

A 1207 :

<n>
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AW (kcal/mol)
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Figura 30: Propriedades calculadas da interacdo do tricloroetanol com a albumina. A - Pontos vermelhos:
Numero médio obtido diretamente das simulagdes de flooding. Linha preta: Projecdes de nimero médio
a partir do coeficiente de parti¢do obtido a 100mM (Ingp = 3,21). Nota-se que a regressdo possui uma
acuracia muito boa quanto ao nimero médio em 50mM. B - Pontos vermelhos: Energia livre de ligagcdo nas
concentragdes de 50 e 100 mM. A energia foi calculada utilizando a estimativa do coeficiente de parti¢do
com as contribui¢des entrépicas (AW = AWg— < n > Blng). Linha preta: regressdo quadrdtica das

energias em funcdo das concentragdes (AW = —583,45p/CY).

Com o mapa unitério obtido a partir da simulacdo de 100mM, também € possivel

fazer as projegdes de p(R) para outras concentragdes, mostrado na Figura 31.

O comportamento dos coeficientes de particao € semelhante ao descoberto na intera-
cdo sevoflurano-Kv1.2. Além disso, a albumina € uma proteina globular, ou seja, a teoria
continuou mostrando sua consisténcia mesmo em ambientes onde o reservatério possui
outra composicdo. A facilidade da obten¢do de p e a independéncia em relagdo a concen-
tracdo sdo fatores muito importantes ao estender a teoria aqui desenvolvida para outros

sistemas, o que vem se mostrando bastante sucedido. Os resultados obtidos a partir da
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interacdo da albumina com tricloroetanol mostra que esse procedimento pode ser usado

para quaisquer tipos de interacdo de pequenas moléculas com ligantes.

Figura 31: Projecdes da distribui¢@o espacial do tricloroetanol na albumina sérica. As proje¢des foram

obtidas a partir do reescalonamento do mapa unitdrio de densidade tridimensional da simulagdo de 100mM.
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V Conclusoes e perspectivas

A interacdo de pequenas moléculas com proteinas possui papel chave na regulagcdo de
diversos processos biolégicos, o que sempre tornou esse campo alvo de bastante interesse,
principalmente da farmacologia. Vistas as limitacdes das técnicas utilizadas atualmente
para esse tipo de interacdo, nesse trabalho o processo foi abordado de uma nova maneira:
como uma parti¢do entre duas fases. Com isso, foi desenvolvido um conjunto de ferra-
mentas tedricas que visam descrever a ligacao a partir de uma propriedade termodinamica

mais simples, o coeficiente de parti¢ao ().

As interacdes degeneradas sao melhor reproduzidas em simulacdes de flooding, logo
o ferramental tedrico utilizou-se de propriedades que podem ser obtidas diretamente des-
sas simulacdes. Além disso, como as simulagdes de flooding consideram explicitamente
a interagdo ligante-ligante, a influéncia da concentracdo também foi estudada. Os coe-
ficientes de parti¢do calculados em diversas simulacdes independentes mostraram que @
ndo possui variagdes significativas em relacio a concentracio, trazendo a ideia de que o

coeficiente de particao é concentracdo-independente.

Apesar da boa descri¢do, outras contribuicdes energéticas existiam além da ofere-
cida pelo coeficiente de particdo. A proteina poderia sofrer uma perturbagdo estrutural
ou a restricdo de volumes poderia afetar a energia livre do processo. Dessa maneira, a
ligacdo de uma molécula foi descrita em um ciclo termodindmico que mostrou que a per-
turbagdo causada na proteina ndo € significativa em baixas concentragdes e que a retirada
do ligante do reservatdrio e a inser¢do no sitio s@o influenciados de maneira parecida pela

concentracao do ligante, anulando as influéncias.

Adaptando as ferramentas tedricas ja desenvolvidas para as constantes de ligacdo,
a teoria aqui desenvolvida também contempla a projecdo de propriedades para diversas
concentracdes. Mostrado bem exitoso, esse conjunto de proje¢des pode ser usado para o
estudo de interacdes em concentracdes baixas a partir de simulacdes com concentragao

alta, assim permitindo uma grande economia em recursos computacionais.

Caracterizar via coeficiente de parti¢do uma interacdo € apenas o comeco. Diver-

sos processos biolégicos envolvem o equilibrio entre dois estados, e a modulagdo do li-
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gante perturba esse equilibrio. Um dos primeiros modelos alostéricos que descreve esse
processo, o modelo de Monod-Wyman-Changeux leva em conta a afinidade pelo estado
ativado e a afinidade pelo estado inativado[55]. Uma generalizacdo dessa teoria envol-
vendo constantes de ligacdo agregadas ja foi realizada em outro trabalho[22], onde as
constantes de ligacdo para os estados aberto e fechado foram encontradas pelo método
docking-FEP, utilizando como modelo de intera¢do o sevoflurano e o Kv1.2. Assim, foi

possivel reconstruir a probabilidade do canal estar aberto em fun¢do da voltagem:
ZC ose -
Popen = | 14 222V (55)
open
onde Z ¢é a funcdo de parti¢cdo do estado, que € encontrada a partir das constantes de
ligagdo (Z = ) p"K(n)). As curvas de abertura podem ser comparadas diretamente

com as curvas obtidas pela eletrofisiologia, como mostrado na Figura 32. Esse trabalho,

o qual participei como coautor, pode ser encontrado no Anexo III.

1" — sem ligante
I — Experimental 1mM
— Calculado 1mM
0.8\~ — calculado 10mM
Calculado 100mM
0.6
o
£
8
o 04F
o
d
Calculado
0.2- Experimental
L 2
I Controle Sevoflurano
0 L L 1 L 1 | 1
-80 -60 -40 -20 0

Voltagem (mV)

Figura 32: Probabilidades de abertura do Kv1.2 em diversas condi¢des. Curva preta - probabilidades em
funcdo da voltagem para o Kv1.2 sem anestésico. Curva azul - probabilidades obtidas experimentalmente
com a presenga de 1mM de sevoflurano. Curvas vermelha, verde e amarela - Curvas projetadas teoricamente
para diferentes concentragdes. Na caixa inferior estdo representados os valores de Vo das curvas pxV.

Adaptado de Stock et al. [16]

Como no trabalho atual a caracterizacdo dos coeficientes de particdo ocorreu so-
mente no estado aberto, basta calcular os coeficientes de particdo para o canal fechado
e desenvolver uma fun¢do de particdo andloga para realizar a reconstru¢do da curva de

probabilidade de abertura.

Foi mostrado que as ferramentas desenvolvidas funcionam tanto para proteinas de
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membrana quanto globulares. Isso ressalta a importancia do estudo e o seu grande poten-
cial para ser utilizado em uma miriade de interacdes de pequenas moléculas com ligantes,
onde os alvos variam em diversos tipos de proteinas, principalmente receptores, canais
i6nicos e enzimas[1]. Uma abordagem utilizando coeficientes de particdo podera trazer
uma inova¢do muito importante para o estudo de outros processos relevantes que envol-
vam a intera¢ao de pequenas moléculas com proteinas, principalmente por trazer consigo
ideias como intera¢do degenerada e de baixa afinidade, que poderdo mudar a visdo sobre
alguns processos e assim trazer ideias de novos experimentos e explicacdes para diversos

fen6menos.
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In the category of functional low-affinity interactions, small ligands may interact with multiple protein
sites in a highly degenerate manner. Better conceived as a partition phenomenon at the molecular inter-
face of proteins, such low-affinity interactions appear to be hidden to our current experimental resolution
making their structural and functional characterization difficult in the low concentration regime of phys-
iological processes. Characterization of the partition phenomenon under higher chemical forces could be
a relevant strategy to tackle the problem provided the results can be scaled back to the low concentration
range. Far from being trivial, such scaling demands a concentration-dependent understanding of self-
interactions of the ligands, structural perturbations of the protein, among other molecular effects.
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Accordingly, we elaborate a novel and detailed concentration-dependent thermodynamic analysis of
the partition process of small ligands aiming at characterizing the stability and structure of the dilute
phenomenon from high concentrations. In analogy to an “aggregate” binding constant of a small mole-
cule over multiple sites of a protein receptor, the model defines the stability of the process as a macro-
scopic equilibrium constant for the partition number of ligands that can be used to analyze biochemical
and functional data of two-component systems driven by low-affinity interactions. Acquisition of such
modeling-based structural information is expected to be highly welcome by revealing more traceable

protein-binding spots for non-specific ligands.
© 2022 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).

As we expand our scientific knowledge and gain insight about
previously unknown phenomena, it becomes evident that low-
affinity non-specific interactions may play functional roles in the
realm of molecular biology. Recent examples include reactions of
chemicals, lipids and disordered proteins with a variety of macro-
molecular targets ranging from proteins [1], chromatin [2,3] to
membraneless compartments [4]. With implications for drug
repurposing and side-effects [5], enhancement of proteasome
based therapies [6] and pathologies 7], low-affinity non-specific
interactions have just started to be uncovered across a number of
emergent research fields.

In the category of functional low-affinity interactions, small
ligands may interact with multiple sites of a protein target in a
highly degenerate manner to a degree that it is better conceived
as a partition phenomenon at the molecular interface of proteins
[8]. Such low-affinity interactions are structurally and functionally
challenging to characterize and thus might be hidden in the most
relevant physiological, low-concentration regime [9]. Investigation

* Corresponding author.
E-mail address: treptow@unb.br (W. Treptow).

https://doi.org/10.1016/j.csbj.2022.08.049

of the partition phenomenon under higher chemical thermody-
namic forces or potentials could be one strategy to tackle the prob-
lem provided that the translation of results back to the low-
concentration regime is made possible. The latter is a non-trivial
task that requires among other molecular effects ligand self-
interactions and protein structural perturbations to be well under-
stood in a concentration-dependent manner.

To asses the feasibility of said strategy, we elaborate a novel and
detailed concentration-dependent thermodynamic analysis of the
partition process of small ligands to proteins, aiming at character-
izing the free-energy stability and structure of the dilute phe-
nomenon from high concentration sampling. According to the
model, acquisition of dilute structural information derives directly
from the spatial distribution of the ligand at high concentrations.
The high-concentration distribution helps to define the free-
energy stability of the dilute partition process as a macroscopic
equilibrium constant that in analogy to an “aggregate” binding
constant of a small molecule over multiple microscopic sites of a
protein receptor is expected to be useful for analysis of biochemi-
cal and functional data of two-component systems governed by
low-affinity non-specific interactions. In more technical terms,

2001-0370/© 2022 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and Structural Biotechnology.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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the thermodynamic analysis establishes energetic conditions in
which concentration effects are ineffective and the dilute partition
coefficient of the ligand into the protein site becomes a concentra-
tion invariant quantity of the molecular distribution across two
well-defined phases of the system. The outcome is a simple formu-
lation that allows the partition number, free-energy stability and
structure of the dilute partition process to be predicted from the
unitary probability density of the ligand at high concentrations
P'(R). Nllustration and discussion of the approach is shown in the
context of flooding or cosolvent Molecular Dynamics (MD) which
is a widespread method that can be efficiently applied to resolve
p'(R) for a variety of systems under concentration effects and/or
mixed-solvent compositions [10]. Here, we focus on the general
anesthetic sevoflurane and the neuronal membrane protein
Kv1.2, a mammalian ion channel for which structural data is avail-
able [11]. The fact that one or more anesthetic molecules do inter-
act with the channel over multiple degenerate sites makes the
system an important benchmark for numerical validation of our
formulation [12].

1. Theory and methods

We consider a macromolecular system comprised of M chemi-
cal species, including a single protein P embedded in a large sol-
vent volume V that contains N indistinguishable ligands L. The
volume » within a certain cut-off distance of the protein is
assumed to be a continuous phase occupied by a certain number
of molecules

n) =N [ dRp(R) (1)

dictated by the spatial unitary density of the ligand across the sys-
tem p(R).

Next, we rely on that definition to devise a thermodynamic
model for the partition process of non-specific low-affinity ligands.
Because such ligands occupy the protein site in a highly degenerate
manner, the model assumes by construction that volume v is a
nearly-homogeneous  phase characterized by  position-
independent desolvation free-energy of the ligand.

Computational and Structural Biotechnology Journal 20 (2022) 4885-4891

1.1. Low-concentration partition coefficient, free-energy stability and
structure

From Eq. (1), a partition coefficient may be defined relative to
the number of ligand molecules N — (n) in the bulk V — »

N— ()" (m)
o= (v=3) 7 @
In the present form, Eq. (2) does not clarify any potential depen-
dence that p may have with concentration. To analyze that aspect
more carefully, we reinterpret in Fig. 1 the partition coefficient
along an idealized thermodynamic cycle in which a single ligand
molecule is reversibly decoupled from the bulk (*) and the protein
interface (**) into the gas phase with the use of auxiliary external
potentials [13]. In case of small ligands, the molecule typically does
not adopt any special configuration along the partition process and
the external potentials {u*,u**} are purely translational flat wells
applied to confine the ligands within three-dimensional volumes.
According to that construction, the partition coefficient may then
be directly linked to the desolvation free-energy of the ligand in
each phase of the system {W* W™}

= e AW -] (3)

at a fixed temperature 8 = (kBT)’]. As detailed in Supporting Infor-
mation, desolvation free energies are computed along decoupling
transformations in FEP simulations and W* — W™ reports the
resulting free-energy difference to transfer the ligand from the bulk
into the layer around the protein. Because each free-energy corre-
sponds to reversible external work against non-bonded molecular
forces imposed by the local environment including other ligand
molecules, {W*, W™} are concentration-dependent quantities that
according to a linear version of the partition model for binary mix-
tures [14]

c_ g N
W =p-h3c
W =w-h"%c

(4)

might deviate from their dilute reference values {f,w} at high
molar concentrations (¢ = 1,660A%), in consequence of self interac-
tions of the ligand in the bulk and in the protein site {h*, h™}. Self-

repeat (ny times

u*(R) _—u=(R)
_// \
> | |
V-v \ v _/
%4 ’
. e o . L] * o ° o L] . @
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Fig. 1. Partition process. In a typical isothermal flooding MD simulation, one simulates a molecular system comprised of a protein embedded in a ligand-rich environment. As
the simulation proceeds, ligands dissolve across the system to reversibly partition into the protein under equilibrium conditions, regardless of any assumptions about the
underlying phenomenon. The partition process can be described along an idealized thermodynamic cycle in which (i) the protein P is first restrained with energy u to its final
equilibrium structure; (ii) (n) ligands are decoupled from the bulk and the protein interface into the gas phase under applied restraints {u*,u*}; and (iii) restraints are
released in the final state. Implicit in step (ii), and demonstrated in the results, is the consideration that in case of small ligands, the molecule typically does not adopt any
special configuration in the final state. External potentials are then purely translational flat wells applied to confine the ligands within their equilibrium three-dimensional
volumes in the bulk V — v and in the protein interface v. As discussed in the text, the overall free-energy stability of the process AW can be described in terms of the partition

coefficient of the ligand .
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interaction energies of the ligand, {h*,h""}, can be either attractive
(<0) or repulsive (>0). In the approximated limit of comparable
self-interaction energies in both phases

. 7<> w(m ]
h c—h""rc| =0, ()

such concentration effects are expected to cancel out over the free-
energy difference W* — W™ and the partition coefficient to be con-
veniently re-expressed as a concentration invariant quantity of the
desolvation free energies of the ligand under dilution i.e.,
o ~ e PIi-W (Fig. 2). Note that invariance of p may hold true only
at non-saturating concentrations in which the protein site is not
maximally occupied by the ligand. At saturating conditions, the par-
tition coefficient is expected to become concentration dependent
and to decrease monotonically with increasing concentrations of
the ligand in the bulk - a conclusion that agrees with the recent
work by Carlson and coworkers dealing with binding of a single
probe molecule in the microscopic cavity of a protein receptor
under saturation conditions [15].

Extension of the thermodynamic cycle shown in Fig. 1 over
additional intermediate states constructed by the use of external
potentials [13] allows the overall stability of the partition process
AW to be properly evaluated relative to an initial state of the sys-
tem in which all ligands are in the bulk. More specifically, AW can
be evaluated along a reversible path in which (i) the protein P is
first restrained with energy u to its final equilibrium structure,
(ii) (n) ligands are decoupled from the bulk and the protein inter-
face under restraints {u*,u*} and (iii) restraints are released in the
final state. According to that construction, the overall stability of
the partition process with w degenerate states then writes
oAV _ CO( v >(”>e,/j [AWP+WI,,>*W<*;>] (6)

V-u
in terms of free-energy variations of the protein and ligands
between initial and final states. For better readership of the work,
rigorous derivation of Eq. (6) is presented on SI Eq. S5 through
S13 in which each step of the thermodynamic cycle in Fig. 1 is prop-
erly defined as a reversible external work under restraints (see SI
section-II for details). Briefly, AWp is the net amount of reversible
work coupled to the transformation of the protein internal structure
between initial and final states and as such, it is a concentration
dependent quantity that results from structural perturbations
imposed by multi-ligand interactions. On the other hand,

c. %
0.50 1.00
|| (kcal/mol) Alog(gp)

16
1.4
12
1.0
0.8
0.6
0.4
0.2
0.0

C-invariant
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iz —w (kcal/mol)
&

0.25

Fig. 2. Energetic conditions for the concentration-dependence of the partition
coefficient of a small low-affinity molecule at non-saturating conditions. For typical
low-affinity interactions ft—w > -2.0 kcal/mol, the partition coefficient
log(p) < 3.5 is expected to be concentration independent Alog(p) < 0.5 in case of
minor concentration effects in the range of thermal energy |5| < 0.25 kcal/mol.
Above that threshold, concentration effects are important and the partition
coefficient depends on concentration. Color bar shows the variation of the partition
coefficient relative to the case in which concentration effects are absent i.e.,
Alog(p) = log(p(]d])) — log(p(0)).
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Wi, — Wi, is the net reversible work to decouple ligands from
the system and as a state function, it can be expressed from Eq. (4)
i

N - i
c|-W"l=c
(=) ()
along a step-wise equilibrium process in which a single molecule i
is decoupled from the bulk and re-coupled into the protein interface
occupied by i — 1 molecules [16]. In the low-concentration regime,
structural perturbations of the protein are expected to vanish

AWp — 0 and desolvation free-energies of the ligand to converge
Wi,y — Wi, — (n)(it — w) implying that,

vp <n)7 N \™
V—v) 7<V—1} K

is the overall stability of the partition process of the ligands under
dilution. In analogy to an aggregate binding constant of a small
molecule over multiple microscopic binding sites of a protein recep-
tor [8], Eq. (8) defines a macroscopic equilibrium constant for the
average partition number that can be useful to analyze biochemical
and functional data of the ligand. By taking into consideration the
number of degenerate states w ~ N™ /(n)! in the thermodynamic
limit (n) < N, note that proper regularization of Eq. (8) by concen-

tration (N/V — »)™ provides us with the familiar binding constant
equation ie., K = ”‘m rexp[—p(n)(ft — w)]. The analogy is particularly

important as knowledge of the binding constant ensures the occu-
pancy probability of the protein to be known and therefore, quan-
tification of any ensemble average thermodynamic property of the
system with biochemical and functional implications [8].

For completeness, note further that under moderate structural
perturbations of the protein and surroundings, the unitary density
of the ligand in the final partition state is expected to be a
concentration-independent three-dimensional map that satisfies
JdRp(R) = 1. The spatial distribution of the ligands in the low-
concentration regime may be then conveniently approximated
from Eq. (1) as a weighted function of the unitary density nearby
the protein i.e., p(R) = (n)p(R) VR € v. For large protein receptors
embedded in their native environment, structural perturbations
are expected to be moderate within typical rmsd equilibrium val-
ues of the reference state free of ligands <5.0 A.

Wiy =W = >, W

0<i<(n)

(7)

e v — w(

(8)

1.2. Reconstruction of partition process from high concentrations

Taken together, the present analysis offers a self-consistent for-
mulation for investigation of the dilute partition phenomenon of
small low-affinity ligands from high concentrations. In practice, if
the unitary-three-dimensional density of the ligand p’(R) and its
derived partition coefficient ¢’ are known from high concentra-
tions then a number of ligands is expected to partition into the pro-
tein when the total number N or their concentration is decreased in
the system N/V

-1
<1 + ,”) N
with an approximate free-energy stability and spatial density
respectively given by

V-
(4%

~
~

(n) 9)

W~ —p n(w) - (n)in (V”f’/y) (10)
and
P(R) ~ ()p'(R) (1)
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Table 1

Equilibrium properties of flooding MD simulations.
Simulation N(#) V(A3) M) (n)(#) v(A3) @m) N — (n)(#) vV — y(A%) (M) log ()
1 2 1,729.326 x 10° 0.002 0.82 159.713 x 10° 0.008 1.18 1,569.613 x 10° 0.001 1.93
2 29 1,729.326 x 10° 0.028 13.67 159.713 x 10° 0.142 14.33 1,569.613 x 10° 0.015 2.17
3 58 1,729.326 x 10° 0.056 22.87 159.713 x 10° 0.238 35.13 1,569.613 x 10° 0.037 1.86
4 87 1,729.326 x 10° 0.083 36.30 159.713 x 103 0.377 50.70 1,569.613 x 10° 0.054 1.95
5 116 1,729.326 x 10° 0.111 45.57 159.713 x 10° 0.474 70.43 1,569.613 x 103 0.074 1.85
6 174 1,729.326 x 10° 0.167 66.10 159.713 x 10° 0.687 107.90 1,569.613 x 10° 0.114 1.80

1.3. Computational methods

We rely on Egs. (9), (10) and (11) to investigate the molecular
partition of sevoflurane into Kv1.2 in the context of flooding or
cosolvent MD simulations at high concentrations. Details of the
calculations are provided as Supporting Information. Scripts for
analysis and molecular configurations for flooding MD simulations
of the sevoflurane/kv1.2 system can be downloaded from github
ZENODO repository under DOI number (https://doi.org/10.5281/
zenodo.6964766).

2. Results and discussion

The main goal here is to investigate the partition phenomenon
of small ligands into proteins. The work is illustrated and discussed
in the context of flooding or cosolvent MD simulations of the gen-
eral anesthetic sevoflurane and the voltage-gated channel Kv1.2
[11].

2.1. Partition coefficient

As detailed in Table 1, Fig. 3 and Fig. S1, independent MD sim-
ulations were carried out with the channel embedded in a phos-
pholipid bilayer and flooded with sevoflurane at concentrations
ranging from 0.02 to 0.167 M. Consistent with the previously
reported finding that sevoflurane may impact the ion channel
function by interacting with one or more binding sites in the
low-affinity mM concentration range [12], the simulated three-
dimensional distribution of the ligand nearby the protein was
found to be highly degenerate, occurring over multiple spots of
comparable unitary probability density. Non-specific interactions
of sevoflurane were then analyzed as a partition phenomenon at
the molecular interface of the channel.

For each simulation system, the bulk volume V — » was deter-
mined from the interface volume »; whereas v is defined to be
within typical (<5.0 A) non-bonded distances of the protein [17].
Analysis of the simulations according to that volume decomposi-
tion reveals that ligand partition into the protein converges at a
characteristic timescale of ¢*>0.1 us, with an average
concentration-independent partition coefficient log(p) of ~1.93.
That invariant property of log(p) was independently investigated
in terms of bulk (*) and protein (**) desolvation energies of the
ligand at the same local concentrations of the flooding-MD simula-
tions at equilibrium. Because the bulk of membrane proteins is
made itself of aqueous (subscript 1) and lipid (subscript 2) regions:

- V:; -
oW :( 2 )efﬁwz"

v (e

o (12)

desolvation free energies {W", W™} were estimated across each of
the system'’s phases accordingly. Structural analysis of the ligand
supports that no specific internal conformation or spatial orienta-
tion is adopted by the molecule across the system. Energy estimates
were then obtained in the context of FEP calculations under applied
translational flat wells (see SI section-I for further details; Fig. S2
and S3; Table-S1 and Table-S2).
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The desolvation free-energy of sevoflurane in the bulk is
concentration-dependent and largely dominated by favorable
interactions with lipids, in agreement with past studies [20]. FEP
calculations further support that W™ is another concentration-
dependent quantity characterized by non-specific ligand interac-
tions with distinct regions of the protein interface. Adjustment of
the partition model in Eq. (4) to FEP estimates shows that
{W*, W™} respectively converges to their dilute values, it = 3.8 kc
al.mol~! and w = 5.0 kcal.mol~!, in the low-concentration range
(<0.05 M) in which repulsive self interactions of the ligand are
absent (h* = 3.8 kcal.mol™!; k™ = 0.90 kcal.mol~!). Because self-
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Fig. 3. Partition coefficient and desolvation free energies as a function of the total
molar concentration C of the ligand. (A) Molecular structures of sevoflurane, Kv1.2
and isovalue representation of the unitary-three-dimensional distribution p(R) of
the ligand within the interface volume v of the protein (red blobs). (B) Partition
coefficient log(p) and desolvation free energies{W", W*}. Estimates of log(yp) (red
circles) were computed from Eq. (2) by taking into consideration equilibrium MD
properties reported in Table 1. Average value is ~1.93 (continuous line). Estimates
of {W*,W"} and statistical errors were determined using the simple overlap
sampling formula based on at least 10 independent FEP simulations per phase per
concentration [18]. W* was estimated by decoupling the ligand from bulk waters
and lipids as devised in Eq. (12) (squares). W** was estimated by decoupling the
ligand from distinct regions of the channel including the S4 helix, S4S5 linker, S556
interface and central cavity (circles). According to the partition model (continuous
line), the desolvation energy deviates from its dilute value as a result of unfavorable
self interactions of the ligand at high concentration. The partition model was
resolved as a linear fit of Eq. (4) to FEP estimates. Adjusted values with best
regression coefficient (R > 0.99) are: (it = 3.8 kcal.mol~, h*=3.8 kcal.mol~") and
(W = 5.0 kcal.mol !, h**= 0.90 kcal.mol ). Note that concentration effects cancel out
over the free-energy difference W* — W™ and the derived partition coefficient
(black circles) is a concentration-independent quantity that agrees with estimates
obtained from flooding-MD. Statistical errors of log(y) from flooding MD and FEP
simulations were respectively obtained by bootstrap analysis of the partition
number (n) and free-energy estimates {W", W"}. Analysis involved 100 sets of 50
resampling values with replacement in each concentration. Analysis of the MD
trajectories was performed in VMD [19]. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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interaction energies are comparable between phases § ~ 0 (Table-
S3), such concentration effects tend to cancel out over the free-
energy difference W* — W™ and the derived partition coefficient
log(p) nicely agrees with the flooding-MD estimates in a
concentration-independent manner. Note that, FEP and flooding-
MD estimates are independent themselves thus strengthening
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of the simulation box i.e., V=1,729.326 x 10* A3. While agreeing
with the flooding-MD estimates (regression coefficient R = 0.98),
the model predicts that the number of partition events must van-
ish in the pM range as a consequence of the low affinity of the
molecule to the protein — a conclusion that is highly consistent
with experimental findings [21].

Given the small low-affinity nature of the ligand, the structural
conditions underlying its partition across the system appear to ful-
fill the molecular premises in Eq. (6) thus allowing the stability of
the process to be modeled accordingly, in terms of perturbations of
the internal structure of the protein P, desolvation energies of (n)
ligands L and entropic contribution S (see SI section-III for further
details; Figs. S4, S5, S6 and S7). Despite the finite timescales of MD
simulations, the protein structure shows a moderate yet clear ten-
dency to deviate from its initial state with increasing ligand con-
centrations. Consistent with that structural perturbation induced
by multi-ligand interactions, the free-energy change of the protein
along the partition process AW, was found to be a positive and
concentration-dependent quantity that amount up to +10.0 kcal.-
mol~! at high concentration and vanishes with depletion of the
ligand. The total desolvation energy of the ligands along the parti-
tion process AW, = Wy, — Wi}, is in contrast a more significant,
negative and concentration-dependent function that totals a min-
imum of —120.0 kcal.mol~! at high concentration and vanishes
with depletion of the ligand. Including entropic contributions
AW, the total energetic outcome then points to a quite stable par-
tition process AW = >~ AW, < 0 primarily determined by favorable

the conclusion that log(yp) is invariant across the range of non-
saturating concentrations under investigation.

2.2. Reconstruction of the partition process from high concentrations

From Fig. 3, the conclusion that log(y) is concentration invariant
allows the stability and structure of the dilute partition process to
be known from high concentrations as devised in Egs. (9), (10) and
(11).

As a saturation curve, the number of protein-interacting ligands
versus concentration (n) x log(C) is a sigmoid function that reaches
a plateau number of ligands at high concentrations. In Fig. 4A, the
partition number resolved from flooding MD increases with con-
centration thus indicating that simulations were indeed carried
out at non-saturating conditions. Eq. (9) provides the prediction
of the number of ligands (n) that according to the high concentra-
tion partition coefficient g’ is expected to partition into the protein
as a function of the total concentration of the system N/V. Based on
the partition coefficient log(y') of 1.80 known from flooding-MD at
0.167 M, Fig. 4A then shows the solution of Eq. (9) as a function of
the number of molecules 0 < N < 200 in the total solvent volume
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Fig. 4. Partition number, free-energy stability and structure as a function of the total molar concentration C of the ligand. (A) Partition number (n). According to Eq. (9),
prediction of the partition number (line) agrees with flooding-MD estimates (circles). Eq. (9) was resolved for the partition coefficient log(y') = 1.80 as a function of the total
concentration i.e., number of molecules N in the total solvent volume of the simulation system V. (B) Partial AW; and total AW free-energy variations. Estimates of AW; stem
from structural perturbations of the protein P (orange circles), desolvation energies of the ligand L (blue circles) and entropic S contributions (gray circles). Individual
contributions were combined in the total free-energy variation of the partition process AW = >~ AW; (red circles) and subsequently compared to estimates obtained from Eq.
(10) in which the total stability of the partition process is approximated from entropic contributions and the partition coefficient of the ligand i.e., AW’ ~ AW — g~ (n)In(p')
(black circles). As respectively detailed in Figs. S4-S7, free-energy estimates AW;_(p;s;, AW and AW/ were linearly plotted as a function of the total molar concentration of the
system C = (N/V)c and a linear or quadratic function (line) was adjusted to the data i.e., AW, = hpC?, AW, = h,C, AW = hsC, AW = hC and AW = I'C. Adjusted values with
best regression coefficient (R > 0.93) are: (hp=200.0 kcal.mol~!, h;=—580.0 kcal.mol~!, hs=100.0 kcal.mol~!, h=—480.0 kcal.mol~' and h’=—320.0 kcal.mol™"). (C) Three-
dimensional distribution p(R) at isovalues of 1.0 x 10~* A=3, Concentration-dependent spatial densities of the ligand (red) at the interface of the protein (white) were
reconstructed at 0.002, 0.028, 0.056, 0.083,0.111 and 0.167 M. Reconstruction followed Eq. (11), by respectively reweighing the unitary density of the molecule resolved from
flooding MD at high concentration (0.167 M) by the partition number in each concentration. Because every reconstructed density derives from the same unitary density p'(R)
at 0.167 M, differences between any two concentration-dependent distributions result from the respective reweighing partition numbers (n) considered in the procedure
(Table 1). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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desolvation energies of the ligands that surmount minor destabi-
lizing perturbations of the protein structure across the entire con-
centration range. Because concentration effects accounting for
structural perturbations of the protein and self-interactions of
the ligand disappear in the dilute regime, AW becomes a function
of the partition coefficient of the molecule and its partition num-
ber, and as such, it can be well approximated at low concentrations
by Eq. (10). According to that approximation, sevoflurane partition
into Kv1.2 appears to be stabilized by less than 10.0 kcal.mol ™!
across the range of experimental concentrations (<0.01 M) in
which general anesthetics affect ion channels [22].

Because perturbations of the protein structure induced by
ligand partition are moderate within typical root-mean-square
deviations in solution <5.0 A, the equilibrium spatial distribution
of the ligand at the protein interface p(R) was reconstructed from
Eq. (11) by reweighing the unitary density of the molecule resolved
from MD at high concentrations. Better conveying the partition
phenomenon under investigation, p(R) is uniformly spread over
multiple concentration dependent sites that are preferentially
localized at the protein interface with lipids as a consequence of
favorable interactions of the ligand with that moiety of the bulk.
Careful inspection of the distribution model supports that multiple
interaction spots may equally contribute to drug modulation of the
channel in the low-concentration regime (<0.01 M), including the
gating-implicated S4S5 linker previously reported in photolabeling
experiments [23,24]. Supporting the conclusion of a degenerate
mode of action, the ability of general anesthetics to modulate Kv
channels was indeed found not to depend on specific interactions
of the molecule at established cavities of the protein [25]. Further
implications for the action of general anesthetics on ion channels
will be discussed elsewhere (manuscript in preparation).

3. Concluding remarks

Proteins are targets for a large family of ligands, including small
low-affinity molecules featuring a wide spectrum of biological
roles. How such ligands modulate protein function must build on
understanding their highly degenerate atomic-level interactions
under dilution, thus currently challenging the resolution of both
theoretical and experimental routines. Looking for new develop-
ments in the field, we conceive the interaction mode of small
low-affinity ligands as a partition phenomenon governed by non-
specific interactions at the molecular surface of proteins. According
to that molecular description, thermodynamic analysis of
concentration-dependent self-interactions of the ligand and struc-
tural perturbations of the protein allows the partition coefficient,
stability and structure of the dilute partition process to be recon-
structed from the unitary equilibrium probability density of the
ligand p’(R). The result stems essentially from the fact that under
non-disruptive chemical forces on the protein structure and sur-
roundings, the spatial distribution of the ligand is expected to be
a concentration-independent three-dimensional map that can be
efficiently learned at high concentrations.

[llustration and discussion of the thermodynamic analysis is
made here in the context of flooding-MD simulations of the general
anesthetic sevoflurane and the important neuronal membrane pro-
tein Kv1.2, illuminating its great utility for the structural biology
field. Ideally, the dilute partition process of a small low-affinity
molecule would be resolved from MD directly if such simulations
did not require very long time scales to converge at low concentra-
tions. By allowing the dilute partition process to be reconstructed
directly from high-concentration conditions in which sampling is
significantly enhanced over shorter time scales, our thermody-
namic analysis is then expected to unlock the power of MD in the
low concentration regime. Especially true for the more sampling-
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sensitive structural properties, the reconstructed spatial distribu-
tion of the ligand in the low-concentration regime provides us with
a larger set of interaction spots nearby the protein than the same
estimates directly resolved from MD in consequence of poor sam-
pling of the partition process over the finite timescale of the simu-
lation. Supporting that conclusion (Fig. S8), the low-concentration
mismatch between the volume occupied by the ligand in the ob-
served and predicted spatial probability densities is significantly
decreased by enhancing sampling either via symmetrization across
the fourfold symmetry of the channel or substantial extension of
simulation time (over ~5 ps at 5 mM of sevoflurane).

Considering the complete space of physical chemical character-
istics of ligands, protein and environment, and the combinatorial
arrangements thereof, a myriad of scenarios are possible. While
it would be difficult to list and evaluate all of them, the present for-
mulation, devised to study low-affinity ligands, has underlying
assumptions that are required for it’s proper applicability in the
context of flooding MD simulations. First, we hereby define low-
affinity ligand as a class of molecules that interact with proteins
in the mM concentration range. Second, as a consequence of low
affinity, the ligand’s distribution nearby the protein should be
degenerate, occurring over multiple spots of comparable unitary
spatial probability density p’(R). If both conditions are true, than
the ligand interaction is likely better described by a partition phe-
nomenon, in which the molecule occupies the protein with a char-
acteristic partition coefficient log(y’) < 3.5 and predominant loss of
translational freedom. Third, if the partition phenomenon is indeed
concentration independent, log(p) calculated in a second, lower,
concentration provides a Alog(p) < 0.5 (cf. Fig. 2), indicating that
the probability density of the ligand and the derived partition coef-
ficient are concentration-invariant and can be efficiently learned
from high concentrations.

Naturally, invariance of the unitary distribution and the derived
partition coefficient only hold true at non-saturating concentra-
tions in which the partition number (n) does not saturate and per-
turbations of the protein structure are moderate, within typical
RMSD equilibrium values of the reference state free of ligands
<5.0 A. As formulated herein, it is important to clarify that the
low-affinity description is not suitable for processes involving high
affinity binders such as, charged molecules, lipids and peptides. In
such high-affinity scenario, the binder interacts preferentially at
one specific microscopic cavity of the protein receptor with a
position-dependent desolvation energy W' (R) and loss of transla-
tional, rotational and conformational freedom. The implications of
the latter are important for ligand interaction and its description
must include additional gas-phase intermediates to define a proper
binding constant for accurate description of the binding process
and the derived equilibrium properties at the dilute low concentra-
tion range [13,14]. An aggregate constant may be defined accord-
ingly in case of two or more high-affinity sites [8].

Abiding by the same requirements, independent flooding-MD
calculations for the sedative hypnotic drug trichloroethanol [26]
and the aqueous-soluble bovine serum albumin [27] further sup-
port that the thermodynamic model may be applicable to other
two-component interacting systems guided by non-bonded low-
affinity interactions (Table-S4, Fig. S9 and S10). Consistent with
fluorescence quenching experiments showing that trichloroetha-
nol interacts with albumin in the low-affinity mM range [28], the
spatial distribution of the ligand resolved from simulation p’(R)
is degenerate over multiple spots of comparable unitary probabil-
ity density at the protein layer. Better conveying a partition phe-
nomenon, the partition coefficient of the ligand log(¢')~3.21 is
shown to be clearly concentration-independent Alog()~0.25
across two non-saturating conditions 50 and 100 mM in which
the partition number (n) does not saturate and structural
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deviations of the protein are within equilibrium RMSD values of
the reference state free of ligands <5.0 A. Solution of the thermo-
dynamic model then allows the partition coefficient, stability and
structure of the dilute partition process to be reconstructed from
the unitary density of the ligand at high concentration. Careful
inspection of the distribution model supports that multiple inter-
action spots may equally contribute for drug interaction in the
low-concentration regime, including tryptophan regions previ-
ously reported in fluorescence experiments [28].

Because proteins are primary targets for small low-affinity
molecules that can be widely investigated by the scientific com-
munity in the context of a partition phenomenon at high concen-
trations, we thus believe the study is of broad interest and likely
useful in producing new results in the field. With promising pro-
spects, implementation and convergence of the model in the con-
text of MD simulations appears easier than other more elaborate
and time consuming approaches [29], making it especially attrac-
tive for a large number of applications. By revealing more traceable
atomic-level spots at the molecular surface of proteins, we antici-
pate that modeling-based structural information might be espe-
cially useful to delineate and interpret novel high-throughput
mass spectrometry experiments [9] aimed at characterizing func-
tional interactions of non-specific ligands under physiological con-
ditions. Reconstruction of the dilute spatial distribution of two
distinct solvents from high concentrations might be of utility to
potentiate identification of active and allosteric binding sites in
protein receptors in the context of mixed-solvent simulations [30].
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ABSTRACT: 2,2,2-Trichloroethanol (TCE) is the active
form of the sedative hypnotic drug chloral hydrate, one of
the oldest sleep medications in the market. Understanding of
TCE’s action mechanisms to its many targets, particularly
within the ion channel family, could benefit from the state-of-
the-art computational molecular studies. In this direction, we
employed de novo modeling aided by the force field toolkit to
develop CHARMM36-compatible TCE parameters. The
classical potential energy function was calibrated targeting

Protein

molecular conformations, local interactions with water molecules, and liquid bulk properties. Reference data comes from both
tabulated thermodynamic properties and ab initio calculations at the MP2 level. TCE solvation free energy calculations in water
and oil reproduce a lipophilic, yet nonhydrophobic, behavior. Indeed, the potential mean force profile for TCE partition
through the phospholipid bilayer reveals the sedative’s preference for the interfacial region. The calculated partition coefficient
also matches experimental measures. Further validation of the proposed parameters is supported by the model’s ability to
recapitulate quenching experiments demonstrating TCE binding to bovine serum albumin.

B INTRODUCTION

Chloral hydrate is a sedative hypnotic drug used for short-term
insomnia treatment. First synthesized in 1832, chloral hydrate
is the oldest sleep medication in the market. Chloral hydrate
has been widely used as sedative in children undergoing
clinical procedures. Its prescription in pediatrics is recom-
mended for certain diagnostic procedures such as neurological
imaging,”~° echocardiography,® and auditory brainstem
response testing’ when the patients do not respond to other
agents.8

After oral administration, the chloral hydrate prodrug is
rapidly converted into 2,2,2-trichloroethanol (C,H,;Cl,0,).
This active metabolite acts at the barbiturate recognition site
on y-aminobutyric acid (GABA,) receptors, eliciting sedation.”
Whole-cell patch-clamp recording has shown that 2,2,2-
trichloroethanol (TCE) potentiates GABA,-activated chloride
current in mouse hippocampal neurons,'® enhancing synaptic
transmission. In addition to GABA, receptors, electro-
physiology essays reported that TCE can interact with several
other molecular targets. For example, TCE inhibits excitatory
N-methyl-p-aspartate receptor and kainate-activated currents
in mouse hippocampal neurons at clinical concentrations, more
potently than ethanol.'' Recently, it has also been shown that
TCE modulates the recombinant human two-pore-domain
potassium channels TREK-1 and TRAAK in a reversible,
concentration-dependent manner.'” Furthermore, tryptophan
fluorescence quenching experiments demonstrated that TCE
binds to bovine (BSA) and human (HSA) serum albumin
plasma proteins."

-4 ACS Publications  © 2018 American Chemical Society 15916

Despite the fact that TCE potentiates a range of protein
receptors, its action mechanisms at the microscopic level are
not clear. In the context of molecular dynamics (MD)
simulations, understanding how TCE modulates these proteins
requires an accurate atomistic model for both receptor and
ligand. Although high-resolution crystallographic structures for
some of these targets are available in the Protein Data Bank, an
all-atom TCE model is still missing. We therefore present TCE
parameters compatible with the CHARMM additive force field
for biomolecules, useful for MD simulations.'* The model is
based on target quantities including molecular conformations,
bulk phase properties, partition coefficient in water and oil, and
TCE’s binding affinity to BSA.

B RESULTS AND DISCUSSION

TCE Parameters. TCE presents two main conformers,
trans and gauche (Figure 1), with electronic properties
calculated at the MP2 level shown in Table 1. The magnitude
of the trans conformation dipole moment Izl differs
significantly from that of the gauche one (3.2 D against 1.6
D, respectively). Despite that, the isotropic portion of the
polarizability tensor @ (au) shows almost the same magnitude
for both geometries (53.0 and 52.1 au, respectively), with all
individual components being very similar. The values for
nondiagonal components suggest that both TCE conformers
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Figure 1. Ball-and-stick representation of TCE conformers (A) 02)
gauche- and (B) trans-optimized at the MP2 level. Atom names are ©
indicated. Graphics were rendered using GaussView.'> S 2
display an isotropic polarizable character. Gauche is the most -180 -120 -70 0 70 120 180

stable at the MP2 level; the energy difference between
geometries is 3.22 kcal/mol. All-atom parameters were thus
calibrated by taking the gauche conformer as the molecular
target.

The dipole moment of TCE at the quantum mechanical
(QM) level is overestimated by 43% in the mechanical
molecular (MM) model, preserving vector orientation.'* MM
parameters for bond and valence angles reproduce QM
geometry within an acceptable margin of error with deviations
up to 0.03 A and 3° respectively.'* TCE intramolecular
interactions also agree with same data obtained from large-
angle X-ray scattering experiments.'® Torsional angles Cl—
C2—C1-0 and H-O—-C1-C2 are used as conformational
descriptors, the latter distinguishing trans and gauche con-
formers. As shown in Figure 2, their MM potential energy
surfaces (PESs) fit QM data within 0.125 kcal/mol,
comparable to kzT. Parameters and associated errors for
partial charges and Lennard-Jones (LJ) and bond parameters
are presented as Supporting Information Tables S1—S3. Note
that Lennard-Jones parameters used to treat van der Waals
interactions of TCE were assigned by transferability of similar
chemical types available at the CHARMM force field (cf.
Computational Methods).

Pure Solvent Properties. As shown in Table 2, calculated
density and enthalpy of vaporization of TCE agree with
experimental reference values, reproducing physicochemical
properties of the bulk phase. Radial pair distribution functions
(RDFs) as computed from pure solvent MD simulations of
TCE show well-resolved peaks at 1.79, 2.72, 2.92, 3.12, and
3.94 A, respectively, assigned to bond (—) and nonbonded (---)
interactions C,—Cl;, C,---Cl;, Cl;---Cl;, O,---Cl;, and O;---Cl4
(Figure 3). A hydrogen bond between O, and O, is also
resolved at 2.92 A. All peaks coincide with the reference RDF
description for pure TCE, indicating that intra- and
intermolecular interactions are correctly reproduced at the
atomic level.'® Note that simulation of TCE is predominantly
populated by the gauche conformer with an occupancy
probability of 78%, as expected from its larger stability. The
gauche conformer thus accounts for most of the nonbonded
interactions resolved in RDF analysis.

Solvation Properties. TCE’s solvation free energy into
hexane (oil) was calculated via free energy perturbation (FEP)

Torsional angle (degrees)

Figure 2. Potential energy surfaces for torsional angles CI-C2—Cl1—
O (red) and H-O—C1—C2 (blue). Data is obtained from fully
relaxed torsional scans at the MP2 level (solid lines) and empirical
model (dashed lines). Note the two local minima for H-O—C1—C2
torsional angle at —70 and +70°, both gauche conformers.

Table 2. Bulk Phase Properties of TCE

calculated reference deviation (%)
density (g/mL) 1.59 + 0.013 1.49¢ 6.0
enthalpy of 1142 + 0280  10.82° 5.5

vaporization (kcal/mol)

“Experimental value available at ACS. bTheoretical value available at
ACS. Calculated using Advanced Chemistry Development (ACD/
Labs) Software V11.02 (1994-2018 ACD/Labs).

and amounts to AG; = —4.60 + 0.001 kcal/mol, in agreement
with TCE’s expected apolar character.'” In spite of its favorable
interaction with the apolar medium, TCE’s solvation free
energy in water is within the same range as that in oil (AG,
= —4.83 + 0.001 kcal/mol), suggesting that TCE is a lipophilic
yet nonhydrophobic molecule. Figure 3 displays RDF profiles
and solvation free energy for TCE in both water and oil
(hexane).

Transfer of TCE Across Membrane. To characterize
TCE’s partition into the membrane, adaptive biasing force
(ABF) simulations were employed to compute the potential of
mean force (PMF) of a single TCE crossing a 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC) bilayer in the
transmembrane z direction (Figure 4). Analysis of PMF
evidences a clear energy minimum at the phospholipids’
headgroup—tail interface region, with a stabilization of AGpgpc
= —4.32 + 0.690 kcal/mol relative to bulk. TCE behavior
accompanies the trend of some anesthetics such as isoflurane
and sevoflurane, which show a distinct preference for the
membrane interface.”’ For comparison, Figure 4 also shows
sevoflurane PMF, calculated under the same conditions as for
TCE (anesthetic parameters come from Barber et al.”'). PMF-
derived atomic density for TCE is depicted in Figure 4c.

It is worth noting that TCE is a halogenated molecule
containing a hydroxyl group that can act as a hydrogen bond

Table 1. Electronic Properties of trans and gauche Conformers of TCE Calculated at the MP2 Level

Il (D) a (au) Ay,
trans 3.2 S2.1 53.6
gauche 1.6 53.0 §58.5

a

&

VY Az Ay, %

0.0 53.6 —4.2 0.0 49.1
-0.7 55.6 =59 0.3 47.7
15917 DOI: 10.1021/acsomega.8b02017
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Figure 3. Solvation properties of TCE. First and second columns show respectively molecular systems and corresponding radial pair distribution
functions (RDFs) for (a, b) pure TCE used in MD bulk phase simulations; (c, d) TCE in water; and (e, f) TCE in hexane. RDF of TCE’s oxygen
O1 relative to water hydrogen atoms evidences a first solvation layer at approximately 1.8 A (d), whereas RDF of TCE in hexane shows a first
solvation layer between S and 6 A (f). (g) Licorice representation of the TCE gauche conformer. Free energy change as function of TCE'’s
coupling/decoupling parameter A in (h) bulk water phase and (i) in hexane. Error bars were estimated by the simple overlap sampling (SOS)

method."® Molecular images were rendered using visual MD (VMD)."

donor. Indeed, TCE—membrane headgroup RDF indicates a
first peak at about 1.5 A, configuring a typical hydrogen bond
between the ligand and the lipid (Figure 4e). The hydroxyl
group observed in TCE is absent in the general anesthetic
sevoflurane, thus rationalizing their differential stabilization
within the membrane core. Although the former displays
modest stabilization (less than 1 kcal/mol) in water, the energy
difference in the latter favors membrane core by approximately
3 kcal/mol.

The PMF of TCE was integrated to estimate its POPC—
water partition coefficient (logK), eq 4. The calculated and
tabulated theoretical” values, respectively, log K = 1.69 + 0.001
and 0.97 + 0.389 at 298.15 K, are within the same order of
magnitude, supporting model’s ability to reproduce ligand’s
lipid solubility properties.

Dissociation Constants for BSA Sites. TCE is known to
interact and bind to both human and bovine serum albumin
(HSA and BSA, respectively). To further validate the proposed
TCE parameters, model’s affinity to these binding partners are
confronted with ones determined from fluorescence quenching
experiments.13

Briefly, in the experiment, BSA tryptophan residues W134
and W213 were effectively quenched by TCE at pH 7.0,
allowing to pin down an apparent TCE dissociation constant
of Kp = 3.3 + 0.3 mmol/L. HSA contains a single tryptophan
residue, namely, W214, which is analogous to BSA’s W213.
Thus, a combination of HSA and BSA quenching experiments
meant individual dissociation constants of TCE from sites in
the vicinity of BSA’s W134 and W213 could be estimated,
respectively, as K, = 2.1 + 0.1 and 12.0 mmol/L."

DOI: 10.1021/acsomega.8b02017
ACS Omega 2018, 3, 15916—15923


http://dx.doi.org/10.1021/acsomega.8b02017

ACS Omega

Free Energy Kcal/mol

Atomic Density (atoms/A®)

0.15 0.10 0.05 0.00 0.05 0.04 0.03 0.02 0.01

Atomic Density (atoms/A3)

35
— TCE/POPC POPC 30
--+ SEVO/POPC Water
| = Phosphate 25
—_— i o
______ | Choline 0 &
QU
15 a
(¢>)
w0 =
3
5
3
d @
0 3
=
-5 o
3
-10 &
D
-15 =
D
<
[ =
-25
-30
-35

Figure 4. Transfer of TCE across membrane. (a) TCE—membrane system considered in ABF simulations. Phospholipid tails (i), membrane
headgroups (ii), and water (iii) are indicated. (b) Potential of mean force (PMF) of TCE along the transmembrane direction. Accumulated
statistical error for the PMF was estimated following eq 3 (cf. Computational Methods) and amounts to 0.69 kcal/mol, indicating convergence of
calculations. Sevoflurane PMF is shown for comparison. (c) Atomic density of TCE as computed from PMF in (b). (d) Atomic density profiles for
water and membrane moieties. (e) Pair correlation between TCE and lipid headgroups. The first peak at 1.5 A configures a typical hydrogen bond.
The inset shows the molecular view of TCE binding to membrane headgroups via hydrogen bonds. Molecular images were rendered using VMD."

Because quenching of W134 and W213 suggests two BSA
binding sites for TCE, here labeled as s1 and s2, molecular
docking and free energy perturbation (FEP) calculations were
performed with the aim at reproducing experimental data (cf.
Computational Methods) (Figure S). All measures (calculated

Figure 5. TCE binding sites to BSA. (a) Ensemble-average structure
of BSA (cartoon), along with tryptophan residues (yellow licorice)
and set of TCE centroid configurations (orange points) determined
from docking searches. (b, c) Atomistic details of TCE within binding
sites s2 and s1, respectively, composed of residues K20, V40, K131,
W134, G135 and L197, W213, S343, L346, S453, L480, V481. Site
residues are represented by surfaces and colored by physical and
chemical properties. Molecular images were rendered using VMD."?

and experimental) are reported in Table 3. The progression of
free energy changes as a function of A parameter for BSA
binding sites during the course of five successive coupling/
decoupling simulations is shown in Figure 6. Curves are well-
behaved, which indicates that the time scale was small enough
to correlate multiple homologous windows. As shown in Table
3, our predicted dissociation constants for ligand binding at

sites s1 and s2 are in the same order of magnitude as that of
the experimental estimates. Besides, the predicted constants
also agree qualitatively with measurements as the experimen-
tally determined higher affinity of TCE to site sl is
recapitulated in the calculations.

Sites s1 and s2 are both buried in the protein and partially
accessible to solvent. Independent MD simulations of the
protein with bound ligands at sites s1 and s2 show that TCE
remains confined to the binding sites, hydrated by few water
molecules and in close contact with protein amino acids
including W134 and W213 (Figure 7). Despite these structural
similarities, TCE binds site s1 with a higher affinity. Given
TCE'’s favorable interactions with lipids (Figure 4), the
predominant hydrophobic nature of site s1, as highlighted in
Figure 5, makes sense of the result.

According to eq 7, we also calculated the standard binding
free energy corresponding to both simultaneously bounded
states s1 and s2 (unique saturation): AGg, ;, = —5.45 kcal/mol.
This value, comparable to the standard binding free energy for
POPC (AGpopc = —4.32 + 0.69 kcal/mol), evidences TCE’s
greater affinity for the receptor rather than for the membrane.
By these results, TCE is expected to bind protein targets with
higher affinities, opening the possibility that it may bind ion
channels when partitioning the membrane.

B CONCLUSIONS

A fine atomistic CHARMM36-compatible model for TCE, a
sedative hypnotic drug, is presented in this article. Model
development targets gas-phase conformations and molecular
electrostatic potential with individual TIP3P water molecules
via weak hydrogen bonding. Validation is ensured, as
developed parameters appropriately reproduce ligand’s phys-
ical and chemical properties, including liquid bulk properties,
lipid partitioning, and interaction to protein targets.
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Table 3. Free Energy Changes for BSA Binding Sites

s1 and s2 and Their Respective Dissociation Constants”

k W*(SOS) H(SOS) AGgga Kp (calc) Ky (exp)
sl 1.078 —11.60 + 0.003 —4.83 + 0.004 —6.77 + 0.007 2.79¢ 2.1 £0.1°
s2 0.013 —7.60 + 0.007 —4.83 + 0.004 —2.77 £ 0.010 35.82° 12.0°

s1, 82 -5.78" 99.94¢

“Units for k, W*, i, AGgg,, and Ky, are kcal/mol/A? keal/mol, kcal/mol, kcal/mol, and mmol/L, respectively. bCalculated standard free energy of
binding a single ligand to both binding sites (independent events). “Calculated dissociation constant values. 9Calculated aggregate dissociation
constant value. “Experimental dissociation constant values from ref 13.
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Figure 6. Computed free energy changes W* as a function of
decoupling parameter A for BSA binding sites. Error bars were
calculated using the simple overlap sampling (SOS) method.'®
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Overall, our results support that the presented TCE force-
field parameters are robust and likely to be useful in a large
series of in silico biological studies. TCE is known
experimentally to interact favorably with albumin and
phospholipids as judged respectively from its dissociation
constant and water—oil partition coeflicient. Figures 4 and S
not only make sense of these experimental facts but also
provide a detailed molecular model for ligand interaction to
these substrates. Such a model is particularly useful to interpret
and design novel experiments for characterization of ligand
binding to membrane and albumin with potential consequen-

ces for our understanding of TCE action in membrane-
embedded proteins. In this regard, our contribution opens the
possibility to explore novel problems regarding the interaction
of small ligands and ion channels, a field of immense interest.”
Particular attention might be driven to K2P channels as the
scientific literature still lacks information about their
modulation mechanism by TCE and related molecules.

B COMPUTATIONAL METHODS

Parametrization Adjustment. The MATCH atom-typing
toolset was used to set initial atom parameters for TCE.”” The
optimization protocol proceeded in stages: acquisition of
quantum mechanics (QM) and molecular mechanics (MM)
data, comparison of conformational properties, and refine-
ments. Distributed as a VMD plugin,'” the force field toolkit™’
contains helpful scoring algorithms to fit MM to QM data™
that allowed determination of accurate TCE parameters. In
detail, the TCE equilibrium geometry at the QM level was
defined as the molecular target. Next, atomic charge
distributions were determined on the basis of QM interactions
with individual TIP3P water molecules. For each donor or
acceptor hydrogen bond, a typical linear geometry was built
and then bond distances were optimized keeping fixed all other
degrees of freedom. Ligand—water interaction energies were
scaled by a factor of 1.16, whereas hydrogen bond lengths were
shifted by an offset of —0.2 A to yield appropriate bulk phase
parameters.””® QM partial atomic charges for the equilibrium
geometry were used as a trial set for the charge optimization
procedure. The objective function was then optimized on the
basis of these QM interaction energies for TCE—water
complexes until convergence was reached. During this iterative

o a b
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Figure 7. Characterization of sites s1 and s2. Per-site amino acid contacts (2) and number of water molecules (b) within 3 A of bound TCE. Data
was computed over independent equilibrium MD simulations (30 ns) of the ligand—protein bound state.
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process, the QM dipole was allowed to be overestimated by
20—50% to reach consistency with the bulk phase.”’

Bond and valence angle parameters were optimized by
computing the energetic perturbation of small distortions from
the equilibrium QM geometry along redundant internal
coordinates. Optimization proceeded until convergence of
bond and angle objective functions. Torsional parameters were
obtained by fitting QM potential energy surfaces (PESs) for
TCE dihedrals CI-C2—C1—-0O and H-O—-C1-C2. Torsion
scans at the QM level were conducted by rotating dihedrals
from —180 to +180° with a step size of 5°, providing an energy
function in the form

N
V() = Y. Vll + cos(kep — )]
k=1 (1)

where V, is the fitted barrier height (force constant), and k
and 6, are dihedral multiplicity and phase, respectively.
Parameters were adjusted to fit QM PES until convergence
of the root-mean-square deviation. Finally, Lennard-Jones (LJ)
parameters used to treat van der Waals interactions were
assigned by transferability of similar chemical types available at
the CHARMM general force field (CGenFF). After running a
full optimization cycle, the geometry was minimized via a
1000-step gradient to compare the developed model to the
QM target. As a standard practice, TCE—water interactions
were reoptimized using this MM geometry, whereas Hessian
and PES remained unmodified and a new round of
parametrization was performed to ensure self-consistency.
Further rounds were not required because no significant
improvement was obtained. All MM calculations were
performed using NAMD 2.10.>

QM Calculations. Molecular geometry was optimized at
the MP2/6-31G(d) level, and initial partial atomic charges
were derived from MP2/6-31G(d) Merz—Kollman charges.”’
Water interaction profiles were optimized at the HF/6-31G(d)
level. Although higher levels of QM theory may lead to more
accurate geometries and hydrogen bond energies, the chosen
level of theory for water interaction profiles maintains
consistency with the CHARMM additive force field."**” The
QM Hessian matrix and the relaxed PES were also calculated
at the MP2/6-31G(d) level. Constraints were imposed to the
scanned dihedrals during molecule minimization. All electronic
structure calculations were performed in Gaussian 09."

MD Simulations. Condensed phase simulations were
performed in an NPT ensemble at 298.15 K and 1 bar using
Langevin dynamics and the Langevin piston algorithm as
implemented in NAMD 2.10.>* Periodic boundary conditions
were applied to all MD simulations. The particle mesh Ewald
method was employed to evaluate full electrostatics using a
real-space grid spacing of 1.2 A or less. The multiple-time-step
r-RESPA integrator was used, with a base time step of 2 fs for
short-range nonbonded forces and extended time of 4 fs for
soft, long-range interactions. Pairwise nonbonded interactions
were truncated at a distance of 12 A with a smooth switching
function above (10 A).

Pure Solvent Properties. The starting configuration for
liquid phase simulations consisted of 216 TCE molecules
placed with random orientation at the grid points of a cubic
lattice (6.5 X 6.5 X 6.5 A®). A 10000-step minimization
followed by gradual heating during 10 ps was applied to the
whole system for equilibration. Equilibrium data was collected
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for 0.4 ns to compute the average periodic cell volume to
estimate TCE density.

Under the ideal-gas assumption and negligible mechanical
work in the liquid phase,'* the enthalpy of vaporization at a
given temperature T can be written as

<l]li uid>
Hr —— RT
vap + <l]gas> + (2)
here ) ang (U, d tively, to th
where —== an (Ugs) correspond, respectively, to the

average potential energy of the molecule in liquid and gas
(Utiquia?

phases. First, was estimated on the basis of the liquid

phase simulation of N = 216 molecules of TCE. Then, each
molecule’s final configuration in the liquid phase was isolated
and subsequently simulated in gas phase. These individual
simulations comprised 50 ps of equilibration with a friction
coefficient of S ps™' followed by SO ps of data collection.
Finally, (U,,) was obtained by averaging over the potential
energy relative to N = 216 configurations.

Solvation Properties. TCE solvation free energies in bulk
water and oil phase were evaluated using TIP3P water and
hexane molecules, respectively.30 Both solvent models are
available in CHARMMS36. Solvation free energies were
computed via free energy perturbation calculations (FEP).”'
In these alchemical transformations, the solute is decoupled
from the environment by turning its intermolecular inter-
actions off, using a scalar parameter 4. A soft-core potential was
adopted to scale the nonbonded pair potential of the perturbed
system according to a dual coupling parameter (van der Waals
and electrostatics).”” Alchemical transformations were split
into 100 “windows” and carried out explicitly in both
directions, i.e., decoupling (integration over A from 0 to 1)
and recoupling simulations (integration over A from 1 to 0).
Each window contains 4 ps of relaxation followed by 66 ps of
data collection. The soft-core potential shift distance was set to
7.0 A® for water and 5.5 A’ for hexane, after several
optimizations by trial and error. In total, five independent
simulations (replicas) were performed with different initial
velocities and seeds for the stochastic term in the Langevin
thermostat. Statistical errors related to solvation free energies
were computed with the simple overlap sampling (SOS)
algorithm." ¢

Partitioning to Lipid Bilayer. A TCE molecule was
inserted in a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) bilayer model, available in CHARMM236. A lamella
with dimensions of approximately 45.0 X 43.0 X 89.0 A® was
built using 59 lipids. The POPC bilayer was hydrated by 3171
TIP3P water molecules. Free energy profile or potential of
mean force (PMF) for TCE to cross the membrane was
computed using the adaptive biasing force algorithm (ABF) as
implemented in NAMD.”** In the method, the reaction
coordinate to be sampled £ is discretized in i bins. PMF is then
derived from a biasing force added to the system’s equations of
motion to counteract average forces acting on each bin. Here,
the reaction coordinate &, with bin size 0.1 A, and defined as
the distance z between TCE and the center of POPC lamella,
was sampled over 300 ns simulation. The accumulated
statistical error throughout the PMF was calculated according
to the equation®

DOI: 10.1021/acsomega.8b02017
ACS Omega 2018, 3, 15916—15923


http://dx.doi.org/10.1021/acsomega.8b02017

ACS Omega

) 1/2
)
EnfAG,,] = 5¢ ) n1t<AF§2)
i=i, i (3)

where i, and i, are bin indices delimiting the &-interval [a, b];
At is the simulation time step; and, for each bin, n, 7, and
(AF:*), respectively, stand for the number of samples accrued,
autocorrelation time, and variance of the instantaneous force
Fe

The partition coeflicient K was computed from the PMF
following equation®®

1 b _AG/RT
K= / d
a—bld. © ¢ )

where la — bl is the system width from bulk to the membrane
center, along z. Partition coefficient statistical uncertainty was
estimated by propagating the average bin error Err[AG,_,,]/i.

Binding Affinity to BSA. Fluorescence quenching experi-
ments suggest that TCE binds to bovine serum albumin (BSA)
at two distinct sites, namely, in the vicinity of tryptophans 134
and 213."”° To further characterize and validate the TCE
model, molecular docking and free energy perturbation (FEP)
calculations of TCE against BSA were performed and
compared with experimental data.

AutoDock Vina software was used to dock the ligand into an
ensemble of BSA equilibrium structures to allow for sampling
of the protein’s configurational space.”’ Binding sites were
delimited from the ensemble of docking poses in such a way
that each binding site was defined as the effective volume
outlined by protein residues with the largest number of
contacts to docking poses. In this manner, site sl is defined by
residues L197, W213, S343, L346, S453, L480, and V481 and
site s2 by residues K20, V40, K131, W134, and G13$ (Figure
S). Although docking was performed in vacuum, subsequent
equilibrium and FEP simulations were conducted in the
presence of explicit all-atom water molecules, thus taking
environmental effects into account. Specifically, the simulated
system comprised the protein receptor (BSA) embedded in a
homogeneous reservoir, with diluted ligand (TCE) concen-
tration. The protein is assumed to be in a well-defined
conformational state in which it provides two distinct TCE
binding sites, s1 and s2. Hence, the equilibrium constant for
the process of bringing the ligand from the bulk into the bound
state (sl, s2) can be solved by means of an MD/FEP
approach.”® The method requires a harmonic potential
coupled to the ligand

*# = l — R¥P
u*(R) 2k[R R*] )
to guarantee that it is restrained to occupy the effective volume
centered at the receptor binding site R*; the restraint k exerts
no force when the ligand center of mass is within a distance R
from the equilibrium position and exerts a harmonic restoring
force when the ligand center of mass is out of this range. In our
case, force constants were estimated from the root-mean-
square fluctuation of docking solutions. The equilibrium
binding constant for each individual site j, j € (s1, s2), can
be written as

3/2
K = [2_”] AW R-7]

RV (6)

By definition, W;“(R) is the reversible work to transfer a single
ligand from the gas phase to the respective bound state and i
refers to its solvation free energy. Thereon, assuming that the
binding sites are independent, an aggregate affinity constant,
for both binding sites to be simultaneously occupied by a
single ligand each, can be defined as the product of the
individual constants®

Ksl,sl = I<sl X KSZ (7)

From eq 6, the standard binding free energy relative to
bringing a single ligand from a reference standard reservoir
concentration into the respective target site j can be defined as

AGY = -7 In[K; x (C°)] (8)

where C° = 1 M or in units of number density C° = (1660
A®)7!. Finally, from eq 7, we can derive the standard binding
free energy relative to bringing two indistinguishable ligands
from a reference standard reservoir concentration into
simultaneously occupied binding sites s1 and s2

AG;,, = -p In[K; ,, X (c)* (9)

S

To compute binding affinities described above, alchemical
transformations were conducted by decoupling and recoupling
the TCE gauche conformer from each BSA binding site
separately. Starting from protein—TCE equilibrated systems as
resolved from docking, decoupling/recoupling was carried out
by varying the A coupling parameter in steps of 0.01,
amounting to 100 windows per transformation. Trans-
formations in each direction spanned 2 ps of relaxation
followed by 6.4 ns of data collection, thus totaling 12.8 ns of
collection per replica, per site. For the purpose of improving
statistics, site-specific FEP estimates and the associated
statistical errors were determined from five independent
decoupling/recoupling runs. Restraints on the ligand’s center
of the mass were included in the calculations to ensure
appropriate sampling within the binding site so that TCE’s
chemical potential remains well defined during the final
decoupling or initial recoupling stages.’”*
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B ADDITIONAL NOTE

“Theoretical value available at ACS. Calculated using
Advanced Chemistry Development (ACD/Labs) software
V11.02 (1994-2018 ACD/Labs).
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Abstract

The direct-site hypothesis assumes general anesthetics bind ion channels to impact protein
equilibrium and function, inducing anesthesia. Despite advancements in the field, a first prin-
ciple all-atom demonstration of this structure-function premise is still missing. We focus on
the clinically used sevoflurane interaction to anesthetic-sensitive Kv1.2 mammalian channel
to resolve if sevoflurane binds protein’s well-characterized open and closed structures in a
conformation-dependent manner to shift channel equilibrium. We employ an innovative
approach relying on extensive docking calculations and free-energy perturbation of all
potential binding sites revealed by the latter, and find sevoflurane binds open and closed
structures at multiple sites under complex saturation and concentration effects. Results
point to a non-trivial interplay of site and conformation-dependent modes of action involving
distinct binding sites that increase channel open-probability at diluted ligand concentrations.
Given the challenge in exploring more complex processes potentially impacting channel-
anesthetic interaction, the result is revealing as it demonstrates the process of multiple
anesthetic binding events alone may account for open-probability shifts recorded in
measurements.

Author summary

General anesthetics are central to modern medicine, yet their microscopic mechanism of
action is still unknown. Here, we demonstrate that a clinically used anesthetic, sevoflur-
ane, binds the mammalian voltage-gated potassium channel Kv1.2 effecting a shift in its
open probability, even at low concentrations. The results, supported by recent experimen-
tal measurements, are promising as they demonstrate that the molecular process of direct
binding of anesthetic to ion channels play a relevant role in anesthesia.

Introduction

Volatile and injected general anesthetics encompass a diverse array of small and uncharged
chemotypes including haloalkanes, haloethers and alkylphenols. Despite efforts reaching back
over a century, clarification of their microscopic mechanism in general anesthesia has proven
difficult and wanting. A favored hypothesis proposes that ion channels in the brain are
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implicated, among which members of ionotropic neurotransmitter receptors, voltage-gated
and non-gated ion channels are best-known players [1-3]. Primary exemplars are the Cys-
loop nicotinic acetylcholine and y-aminobutyric acid class A receptors, the voltage-gated
sodium and potassium channels, and the tandem pore potassium channels. An extensive series
of electrophysiological studies corroborate the hypothesis by demonstrating a range of effects,
from inhibition to potentiation, of general anesthetics on the various receptor targets. Beyond
these electrophysiological studies of reductionist systems, the current view has gained addi-
tional support from gene knockout experiments demonstrating for some of these channels the
in vivo role on a clinically-relevant anesthetic outcome. For instance, the knockout of the non-
gated tandem pore potassium channel trek-1 produces an animal model (Trek1-/-) resistant to
anesthesia by inhalational anesthetics [4].

How general anesthetics modulate ion channels to account for endpoints of anesthesia
must at some point build on understanding electrophysiological data in the context of ligand
binding, a reasoning that has driven mounting efforts in the field. Currently, though not refut-
ing other molecular processes likely to contribute to anesthetic action [5-7], crystallography
and molecular dynamics studies support that anesthetics bind ion channels at clinical concen-
trations [8-16]. Binding interactions have been evidenced in anesthetic containing systems of
mammalian voltage and ligand-gated channels, as well as bacterial channel analogs. Specifi-
cally, partitioning of anesthetics in the membrane core allows it to access and bind multiple
transmembrane (TM) protein sites, featuring single or multiple occupancy states—a process
that might depend further on chemotypes, channel types and conformations. Although some
progress has been made in validating one or more aspects of the direct-site hypothesis, a first-
principle demonstration that anesthetics bind ion channels to affect protein equilibrium and
function as recorded in experiments is still unaccounted for.

Here, we focus our efforts on the haloether sevoflurane and its molecular interaction to
Kv1.2, a mammalian voltage-gated potassium channel. Experimental work demonstrates that
sevoflurane potentiates the channel in a dose-dependent manner [3,17,18]. Effects on current
tracings include a leftward shift in the channel’s conductance-voltage relationship and an
increased maximum conductance. As extensively discussed in these past publications, at least
two molecular mechanisms are expected to be involved in Kv channels potentiation by sevo-
flurane. One mechanism (i) might involve sites allosterically coupled to the electromechanical
transduction directly responsible for controlling voltage-dependent gating. The other (ii)
might involve distinct sites, which could modulate the channel’s pore region and influence the
stability of the conductive state and/or the unitary conductance. Here, we are interested in the
investigation of mechanism (i) and its underlying structural hypothesis that sevoflurane binds
the channel’s open and closed states to impact protein equilibrium and therefore its voltage
dependence. Among all other aspects that might impact channel-anesthetic interactions in
general, our specific goal is to determine if sevoflurane binds the well-characterized open-con-
ductive (O) and resting-closed (C) structures of Kv1.2 [19,20] in a conformation-dependent
manner to impact its voltage-dependent open probability as recorded experimentally. Very
recently, we have put forth an innovative structure-based study [21] dealing with the concen-
tration-dependent binding of small ligands to multiple saturable sites in proteins to show that
sevoflurane binds the open-pore structure of Kv1.2 at the S4S5 linker and the S6P-helix inter-
face-a result largely supported by independent photolabeling experiments [22,23]. To our
current goal, we aim therefore at extending these calculations to investigate sevoflurane inter-
actions with the entire channel TM-domain and, more importantly, to resolve any conforma-
tional dependence in its binding process to channel structures C and O. In the following
sections, we first provide the theoretical framework to study sevoflurane binding to a specific
channel conformation under equilibrium conditions. A state-dependent strategy is put
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forward to describe anesthetic binding in terms of occupancy states of all identified potential
channel binding sites, embodying both concentration and multiple sites saturation effects. The
strategy is then generalized to account for ligand impact in the C-O equilibrium, allowing for
reconstruction of voltage-dependent open probabilities of the channel at various ligand con-
centrations. Anticipating our results, we find that sevoflurane binds Kv1.2 structures at multi-
ple sites under saturation and concentration effects. Despite a similar pattern of molecular
interactions, binding of sevoflurane is primarily driven towards the open-conductive state
shifting leftward the open probability of the channel at diluted ligand concentrations.

Results
Binding of anesthetics to multiple channel sites

We applied large-scale and flexible docking calculations to solve sevoflurane interactions to
Kv1.2 structures X = {C, O} (Fig 1). A total of ~ 6,000 docking solutions was generated per
channel conformation and clustered into 21 ligand interaction sites. The interaction sites
spread over the transmembrane region of the channel at the S4S5 linker, S6P-helix interface
and at the extracellular face, next to the selectivity filter. Further docking sites were resolved
within the voltage-sensor, at the S4Pore interface and within the channel central cavity. Re-
docking of sevoflurane generated in turn a total of ~ 13,000 solutions per channel conforma-
tion, solving the interaction of two ligands for all sites but the extracellular face.

From the docking ensembles, there are up to 2 x 3°! channel occupancy states that might
contribute to sevoflurane binding and functional effects. To quantitatively evaluate this, we
performed an extensive series of decoupling FEP calculations to estimate the per-site binding
affinity for one and two bound ligands against the channel structures (cf. Computational
Methods for details). Here, FEP calculations started from equilibrium ligand-bound channel
structures, embedded in an explicit water-membrane environment (¢f. RMSD analysis in S1
Fig). For the purpose of improving statistics, FEP estimates and the associated statistical errors
were determined from at least two independent decoupling runs. Calculations were performed
over ~ 7.0 ns per replica, per site, per conformation, to converge FEP estimates; in a total MD
simulation time of ~ 2.0 ps. S2 Fig shows the effectively sampled configuration space in FEP
calculations for each of the channel structures. Systematic errors related to lack of site rehydra-
tion or relipidation during ligand decoupling were ruled out in S3 Fig showing equilibrium-
like lipid or water coordination numbers of the channel structure at the final stages of FEP.
Under these technical details, per-site equilibrium binding constants were quantified relative
to a homogeneous and diluted aqueous solution occupied by ligands, with an excess chemical
potential of T = 0.10 £ 0.09kcal.mol'. As shown in S1 and S2 Tables, per-site binding con-
stants are heterogeneous and take place over a diverse range, i.e. 1078 (mM™) -10" (mM ).
There is however a decreasing trend of affinities involving sites respectively at the S4S5 linker,
S4Pore and S6P-helix interfaces, voltage sensor, central cavity and extracellular face.

To determine if sevoflurane binds channel structures X = {C, O} at clinically relevant con-
centrations, we computed binding probabilities px(#;,. . .,n;) for dilute concentrations of the
ligand in solution, i.e. ImM, 10mM and 100mM. Equilibrium constants Kx(n,,. . .,1,) for every
occupancy state of the channel were then reconstructed from the per-site affinities to deter-
mine state probabilities via eq (2). Here, estimates of Kx(n,,. . .,n;) were determined for the
condition of independent binding sites, as the minimum site-to-site distances of ~15 A dem-
onstrated their non-overlap distributions in each of the channel structures (c¢f. Computational
Methods for details). Atlow ImM concentration, px(n,. . .,1,) is largely dominated by the
empty state probability px(0;,. . .,0,) indicating only a small fraction of bound states with non-
negligible occurrences (54 Fig). Within this fraction, the most likely states involve single
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Fig 1. Resolution of sevoflurane sites at the homotetrameric Kv1.2 structures C and O. (A) Atomistic systems containing Kv1.2 structures (cyan)
embedded in a fully-hydrated lipid bilayer (gray) were MD simulated to produce molecular ensembles considered for flexible docking calculations. (B)
Docking poses for singly-occupied sites. Shown is the ensemble-average channel structures C and O, along with the set of centroid configurations of
sevoflurane (points) determined from docking. Centroid configurations of sevoflurane were clustered as a function of their location on the channel
structures, that is within the voltage-sensor (green), at the S4S5 linker (yellow), at the S4Pore (dark blue) and S6P-helix (light blue) interfaces, at the
central cavity (violet) and extracellular face (pink). Each of these clusters was treated as an interaction site j for sevoflurane with volume 6V;. (C)
Following another round of docking calculations starting from structures in (B), solutions for doubly occupied sites were resolved by determining if
volumes 6V; could accommodate the centroid positions of two docked ligands at once. For better annotation, helices S4, S4S5 linker, $6 (**) and P-helix
(*), as well as the pore and VSD domains are indicated in structures in (B) and (C). (D) Per site number of docking solutions for single (cyan) and
double (gray) ligand occupancy. (E) Representative molecular structure resolved from docking. Voltage-sensor domains in two opposing channel
subunits are not depicted for clarity in (B) and (C) lateral views.

https://doi.org/10.1371/journal.pcbi.1006605.9001

occupancy of the $4S5 linker or the S4Pore interface as shown by the marginal probabilities
px(n;) of individual sites (Fig 2). At higher concentrations, there is a clear shift of px(ny,. . .,n)
towards channel occupancy states that significantly enhance the average number of bound
ligands. Careful inspection of px(n;) confirms the major relevance of sites at the $4S5 linker
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Fig 2. C and O state-dependent binding probabilities for different concentrations of sevoflurane at the reservoir. (A) Marginal probabilities px(1;)
of site j, for n; = 0 (gray), n; = 1 (blue) and n; = 2(cyan). Marginals at the extracellular face of the channel are negligible for every structure/
concentration. (B) Probabilities px(n) for macrostates O;(n) mapping an ensemble of accessible states Oy (1, .. ., n;) in which 7 ligands bind the
receptor regardless their specific distributions over the binding sites. Here, px(r;) and px(n) were computed by coarse-graining over state probabilities
in $4 Fig (¢f. Computational Methods for details). Average number (ny) of bound ligands as a function of the reservoir concentration is indicated in

(B).
https://doi.org/10.1371/journal.pcbi.1006605.9002

and S4Pore interface over the entire concentration range, accompanied by an increasing
importance of binding regions at the S6P-helix interface. In contrast, px(n;) for sites within the
voltage-sensor, central cavity and nearby the extracellular face of the channel remain negligible
over all concentrations. For completeness, note in S1 Table that equilibrium constants for dou-
bly-occupied sites are comparable to or even higher than estimates for one-bound molecule
thus revealing important saturation effects in which one or two sevoflurane molecules can sta-
bly bind the channel structures at individual sites. The result is especially true for spots at the
$4S5 linker and S4Pore interface.

The complex distributions of the multiple occupied states of structures X = {C, O} were
described in three dimensions by mapping px(#y,. . .,n,) into the position-dependent density
pk(R) of sevoflurane in each binding site j (cf. Computational Methods for details). As shown
in Fig 3 and supplementary S1 and S2 Movies, the density of sevoflurane better convey the
results by showing the spatially-mapped concentration dependent population of bound
ligands. Projection of p(R) along the transmembrane direction z of the system, pj (z), stresses
further the results. Note from p)(R) that sevoflurane binds channel structures in a concentra-
tion dependent manner, binding preferentially the S4S5 linker and the interfaces S4Pore and
S6P-helix over a range of concentrations.

So far, our calculations demonstrate that sevoflurane binds Kv1.2 structures over a spec-
trum of concentrations, preferentially at the linker S4S5 and at the segment interfaces S4Pore
and S6P-helix. From a physical-chemical point of view, spots at these channel regions are pri-
marily dehydrated, lipid accessible, amphiphilic pockets providing with favorable interaction
sites for the polar lipophilic sevoflurane molecule (S5 Fig). It is worth mentioning that these
findings recapitulate recent photolabeling experiments demonstrating that photoactive ana-
logs of sevoflurane do interact to the S4S5 linker and at the S6P-helix interface of the open-
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Fig 3. C and O position-dependent binding probabilities for diluted concentrations of sevoflurane in the bulk. (A) Shown is the ensemble average
structure of the channel (white) along with the density p) (R) of sevoflurane (orange and cyan) in each of the binding sites (isovalues of 9x107 A7),
Densities pertaining to sites S4S5 linker, S6P-helix and S4Pore are indicated with yellow symbols. As described in Computational Methods, the

determination of p(R) involved reweighing the marginal probability px(n;) at the binding site j by the local equilibrium density of sevoflurane px(R|n;).
The marginal px(n;) was computed by coarse-graining over state probabilities in S2 Fig whereas, px(R|n;) was calculated from the centroid distributions
of docking solutions shown in Fig 1B and 1C. (B) Projection of p (R) along the transmembrane direction z of the system, p(z).

https://doi.org/10.1371/journal.pchi.1006605.g003

conductive Kv1.2 channel [22,23]. In detail, Leu317 and Thr384 were found to be protected
from photoactive analogs, with the former being more protected than the latter. As shown in
S6 Fig, atomic distances of bound sevoflurane to these amino-acid side chains are found here
to be respectively 7.28+2.5 A and 10.44+3.66 A, in average more or less standard deviation.
Such intermolecular distances are consistent with direct molecular interactions and therefore
consistent with the measured protective reactions-similar conclusions hold for the closed
channel as well. Besides that, our calculations recapitulate the stronger protection of Leu317 in
the sense that, relative to sites at S6P-helix, the affinity of sevoflurane is found to be higher at
the S4S5 linker considering its stable occupancy either by one or two ligands. The stable occu-
pancy of the linker by one or two ligands as computed here, is also consistent with recent
flooding-MD simulations of the homologous sodium channel NaChBac [14,24] and more
importantly, with previous Ala/Val-scanning mutagenesis showing a significant impact of
$4S5 mutations on the effect of general anesthetics on members of the K* channel family [10].
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In particular, a single residue (Gly329) at a critical pivot point between the S4S5 linker and the
S5 segment underlies potentiation of Kv1.2 by sevoflurane [18]. Sevoflurane is found to be
close to that amino acid when bound to the $4S5 linker.

In contrast to the aforementioned spots, sites within the voltage-sensor, within the main
pore and nearby the extracellular face of the Kv1.2 structures are primarily hydrated, lipid-
inaccessible, amphiphilic pockets (S5 Fig) that weaken sevoflurane interaction as reflected in
the state- and space-dependent densities shown in Figs 2 and 3. The binding probabilities at
these sites thus support that a non-negligible fraction of poses determined from docking (Fig
1D) corresponds to low affinity or false positives. In particular, because sevoflurane induces
potentiation rather than blocking of Kv1.2 [17,18], we read the negligible or absent density of
the ligand in the channel central-cavity as a self-consistent result of the study-especially for the
open-conductive state. Supporting that conclusion, note that binding constants as computed
here are upper bounds for the affinity of sevoflurane under ionic flux conditions in which
potentiation takes place. Accordingly, as shown in S7 Fig, the binding affinity of a potassium
ion at the central cavity overcomes that of sevoflurane due its binding and excess free-energies
under applied voltages. Once bound, the ion destabilizes sevoflurane interactions and the mol-
ecule is not expected to bind the channel cavity at low concentrations. As also shown in S7 Fig
and supplementary S3 Movie, even under the occurrence of rare binding events, sevoflurane
appears unable to block the instantaneous conduction of potassium which is also consistent
with its potentiating action.

Weak interactions at the main pore and nearby the selectivity filter of Kv1.2 contrasts with
sevoflurane binding at analogous regions of NaChBac [14,24], likely due major structural dif-
ferences between Na* and K* channels. Specifically, the pore of potassium channels lacks
lipid-accessible open-fenestrations of the sodium relatives and K*-selective filters are sharply
distinct from Na™-selective ones.

Anesthetic binding impacts channel energetics

Despite a comparable pattern of molecular interactions, careful inspection of px(n;) or Pk(R)
reveals that for most sites there is an obvious differential affinity of sevoflurane across Kv1.2
structures (Figs 2 and 3). The overall consequence for sevoflurane binding is then clear: the
average number of ligands bound to the open-conductive channel systematically exceeds that
for the resting-closed channel over the entire concentration range. There is therefore a remark-
able conformational dependence for the anesthetic interaction, such that sevoflurane preferen-
tially binds the open-conductive structure.

Implications for Kv1.2 energetics were then investigated by quantifying changes to the chan-
nel open probability po(V) induced by sevoflurane at concentrations of ImM- 100mM (Fig 4).
Specifically, from the partition functions Z¢(n3,. . .,n5) and Zo(ny,. . .,n;) across the entire
ensemble of occupancy states of the channel, solution of egs (5) and (9) show that sevoflurane
shifts leftwards the open probability of Kv1.2 in a concentration-dependent manner-voltage
shifts amount from -1.0 mV to -30.0 mV with concentration increase of the ligand in solution.
The result is particularly interesting, supporting that the approximately 3 mV probability shift
recorded experimentally at 1 mM sevoflurane concentration can be explained by our structure-
based probability predictions in the concentration range of 1-10 mM. The latter thus provides
a theoretical basis to predict sevoflurane impact on channel energetics in a larger, not yet exper-
imentally probed, range of concentrations. Additionally, for a fixed ligand concentration (100
mM), decomposition analysis reveals further that ratio values for the partition functions at indi-
vidual sites j can be smaller, equal or larger than unity, implying a non-trivial interplay of con-
formation-dependent modes of action involving distinct sites (cf. Computational Methods for
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Fig 4. Sevoflurane binding effects on C-O equilibrium. (A) Kv1.2 open probabilities for different sevoflurane
concentrations in solution. Ligand-free and ligand-bound po(V) curves were respectively computed from eqs (5) and
(9) by taking into consideration parameters, V,,, = -21.9mV and AQ = 3.85¢,, for best two-state Boltzmann fit of
measured data for Kv1.2 free of ligands [18]. A reference experimental curve (blue) is shown for sevoflurane at 1 mM
concentration, with best two-state Boltzmann parameters V,,, = —25.1mV and AQ = 4.00e, [18]. Relative to the ligand-
free channel, 1 mM of sevoflurane shifts the open probability of the channel leftward by AV,,, = —3mV. The inset
explicitly shows both experimental (blue) and calculated (red) V,, shifts at ImM of sevoflurane in solution. In black,
ligand-free V,, is also shown for reference. For sevoflurane concentrations of 1, 10 and 100 mM, their respective open
probabilities V,, are -22.3, -24.7 and -51.1 mV. Representative statistical errors for po(V) at 100mM sevoflurane
concentration (error bars) were calculated by Monte Carlo bootstrap error analysis of the statistical uncertainty of
independent FEP estimates considered in the calculations. (B) Decomposition analysis at 100mM ligand
concentration. Shown is the FEP sampling overlap versus ratio values for C-O partition functions at the individual

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1006605 November 26, 2018 8/23


https://doi.org/10.1371/journal.pcbi.1006605

O PLOS

COMPUTATIONAL

BIOLOGY

Binding of the general anesthetic sevoflurane to ion channels

binding sites j. Per-site ratio values can be equal, smaller or larger than unity meaning respectively that sevoflurane
binding is not conformational dependent, stabilizes the open structure or stabilizes the closed structure. Binding sites
located nearby flexible protein regions for which the root-mean-square deviation (RMSD) between channel structures
is larger than 4.0 A are highlighted in red (cf. Computational Methods and S2 Fig for details). (C) Decomposition
analysis of po(V) curves in terms of partition ratio values showing in (B). (D) Same decomposition analysis in terms of
an aggregate per-site contribution across channels subunits. At 100mM, binding of sevoflurane at the $4S5 linker and
S4Pore interface significantly stabilizes the open structure of the channel which contrasts the mild stabilization of the
closed structure due to ligand binding at the S6P-helix interface.

https://doi.org/10.1371/journal.pchi.1006605.9004

details). In detail, binding of sevoflurane at low affinity sites within the voltage-sensor, central
cavity and next to the extracellular face of the channel are mostly conformation-independent
and do not impact open probability (ratio = 1). On the other hand, conformation-dependent
binding of sevoflurane to sites at the S4S5 linker and the S4Pore interface accounts for the
overall stabilization of the open channel (ratio < 1). That effect contrasts with the mild stabiliza-
tion of the closed conformation of Kv1.2 induced by binding of sevoflurane at S6P-helix and
reflected in rightward shifts of po(V) (ratio > 1). The overall conformation-dependent binding
process is therefore differentially encoded across distinct channel regions.

As extensively discussed in past publications [3,17,18], potentiation of Kv1.2 by sevoflurane
has been attributed to stabilization of the open-conductive state of the channel via at least two
molecular mechanisms. One mechanism (i) likely involving sites allosterically coupled to the
electromechanical transduction responsible for controlling voltage-dependent gating; and
another (ii) implicating distinct sites, which could influence the pore conductive state stability
and/or unitary conductance. Here, our structural calculations based on the open-activated and
resting-closed states of Kv1.2 were consistently designed to investigate the first (i) of these
mechanisms. Given the critical role of S4 and S4S5 linker on the channel gating mechanism
[19], it is reasonable that sevoflurane interactions with these segments, as found here, are at
the origins of the experimentally measured voltage-dependent component of anesthetic action.
While restricted to sevoflurane interactions with the resting-closed and open-conductive
structures, the presented two-state binding model only embodies left or rightward shifts in the
open probability of the channel, therefore it cannot clarify any molecular process accounting
for the maximum conductance increase recorded experimentally. As supported by a recent
kinetic modeling study [17], generalization of eqs (9) to include a third non-conducting open
state yet structurally unknown is needed to account for such conductance effects and for that
reason, the investigation of mechanism (ii) is beyond the scope of our study. We speculate
however that binding of sevoflurane at the S4Pore and S6P-helix interfaces could allosterically
interfere with pore domain operation, thus affecting channel’s maximum conductance. A
working hypothesis also raised in the context of anesthetic action on bacterial sodium channels
[12,14], assumes indeed that non-conducting states of the selectivity filter are implicated. Cor-
roboration of such an assumption from a molecular perspective is however not trivial and will
necessarily involve further structural studies to demonstrate how ligand binding might impact
non-conducting open states of the channel to affect maximum conductance.

Discussion

Here, we carried out extensive structure-based calculations to study conformation-dependent
binding of sevoflurane to multiple saturable sites of Kv1.2 structures X ={C, O} under equilib-
rium conditions-the total MD simulation time was ~2.0 ps. Binding of sevoflurane was studied
for ligand concentrations in the range of ImM-100mM and saturation conditions up to

ni"* = 2. Our study relied on the assumption that molecular docking calculations performed
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in vacuum can faithfully describe ligand interactions at protein sites. Specifically related to that
assumption, we have considered the generated ensemble of docking solutions to estimate the
location of binding sites 5V; and the local distribution of the ligand px(R|n;). The generation of
false positive hits is however a well documented drawback of docking algorithms as a result of
limitations of the scoring function in describing ligand solvation energies and protein flexibil-
ity [25]. Given the same limitations of the scoring function, it is also not guaranteed that nei-
ther all binding hits, nor that px(R|#;) can be accurately known from docking. In this regard,
although not considered here, it might be important to integrate docking results from different
algorithms involving different scoring functions in order to characterize the bound ensemble.
Still, thanks to the generality of the presented formulation, extension of the current investiga-
tion to sampling techniques other than docking, including all-atom flooding-MD simulations
[9,11,12,14,16], might also be an important refinement in that direction.

Despite these sampling improvements that may eventually be obtained, the presented
combination of extensive docking calculations against an ensemble of equilibrium receptor
structures fit to handle protein flexibility, and FEP calculations based on fine force-fields to
accurately estimate solvation energies are critical technical aspects of the applied methodology
devised to minimize such drawbacks. Whereas docking was performed in vacuum, FEP calcu-
lations were carried out in presence of explicit all-atom lipids and water, therefore taking into
consideration environmental effects in the estimated ligand binding free energies. In this
regard, standard binding free-energies estimated from FEP (S1 and S2 Tables) are comparable
or significantly smaller than the standard free energy for transferring the ligand from water to
a pure lipid bilayer-supporting that sevoflurane is expected to partition preferentially into
channel sites rather than the membrane. The partition coefficient (log K) and the related trans-
fer free energy of sevoflurane between water and the lipid bilayer (POPC) amount respectively
to 2.64+0.96 and —3.12+0.32 kcal.mol ™" as recently estimated by Tajkhorshid and coworkers
[26]. Besides that, it is also important to note that the configuration space in FEP calculations
overlap between channel structures at individual sites, i.e. sampling and binding affinities were
evenly resolved between states (S2 Fig and Fig 4B)-meaning eventual biases or systematic
errors were mitigated when comparing similar calculations between channel states according
to the main goal here.

Under these technical considerations, we conclude that most of the identified binding sites
are located nearby flexible protein regions for which the root-mean-square deviation between
channel structures is larger than 4.0 A. Then for the purpose of quantifying any direct ligand
effect on channel energetics, the determined conformational dependence of sevoflurane bind-
ing to these gating-implicated protein regions appears robust and likely to impact function.
Structural knowledge allied to solid electrophysiological data available for Kv1.2 make this
channel an interesting model system for molecular-level studies of anesthetic action thereby
justifying our choice. In detail, the atomistic structures account for most of the available exper-
imental data characterizing closed and open conformations of the channel in the native mem-
brane environment [20]. Previous findings support further that sevoflurane binds Kv1.2 to
shift leftward its voltage-dependence and to increase its maximum conductance in a dose-
dependent manner [18]. Despite a similar pattern of interactions, we found here a clear con-
formational dependence for sevoflurane binding at multiple channel sites. The ligand binds
preferentially the open-conductive structure to impact the C-O energetics in a dose-dependent
manner as dictated by the classical equilibrium theory for chemical reactions embodied in eq
(9). Front of the difficulty in conceiving and characterizing other, still more complex molecu-
lar processes that might impact channel energetics under applied anesthetics [5-7], the result
is revealing by showing that in principle the isolated process of sevoflurane binding to Kv1.2
accounts for open-probability shifts as recorded in experiments. Within this scenario, the
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calculations reveal contrasting per-site contributions to the overall open probability of the
channel. For instance, at 100mM concentration, binding of sevoflurane at the $4S5 linker and
S4Pore interface significantly stabilizes the open structure of the channel overcoming the mild
stabilization of the closed structure by ligand binding at the S6P-helix interface. By showing
this non-trivial interplay of conformation-dependent modes of action involving distinct bind-
ing sites, the result is particularly insightful and should guide us to design novel site-specific
mutagenesis and photolabeling experiments for further molecular characterization of anes-
thetic action.

Although not addressing the paucity of in vivo experimental evidences that a binding pro-
cess to a specific molecular target as presented here is related to any clinically-relevant anes-
thetic outcome, our study adds support to the direct-site hypothesis by linking binding free-
energy and protein energetics. As such, our study treats and reveals a new layer of complexity
in the anesthetic problem that brings us novel paradigms to think their molecular action and
to design/interpret research accordingly. To the best of our knowledge, the main-text Figs 3
and 4 represent in the context of structural studies, a deeper and first revealed view on the
intricate mode of interactions that might take place between general anesthetics and ion chan-
nels to impact function in general.

Methods
Theory

Anesthetic binding and channel energetics. Consider the voltage-gated channel embed-
ded in a large membrane-aqueous volume that contains N ligand molecules under dilution.
The protein is assumed to remain in a well-defined conformational state X, in which it presents
s distinct binding sites for ligands. For simplicity, we consider that ligands dissolve uniformly
across the membrane-aqueous region of the system from where they can partition into the
protein sites. The lipid and aqueous phases thus provide with a bulk volume V occupied by
ligands at constant density p and excess chemical potential zi. We consider further that every
site j = 1,...,s corresponds to a discrete volume 6V that can be populated by 0 < n; < nf"™

ligands. We denote by Oy (n,, .. ., n,) the specific occupancy state featuring n; bound ligands
at corresponding sites and by n = n;+. . .+n;, the total number of bound ligands in this state.
Under these considerations, solution of ligand binding to multiple receptor sites relies
fundamentally in determining the equilibrium constant Kx(#3,. . .,n,) for the process
0,(0,,...,0,) +nL < Oy(n,,...,n) where, 0y (0,,...
with all ligands occupying the bulk. As shown in previous work [21], at a fixed temperature
B=(kgT)™", the binding constant Kx(#,. . .,1,) can be evaluated from MD-based free-energy

perturbation (FEP) calculations

1 oo \! -
_ —BIW (n) ]
Kx(”lu-..,f’ls)—nl!“.ns! [H <ﬁkx(1)) ]e " (1)

in which 7 is the solvation free energy of the ligand in the bulk and W, (n) corresponds to the
free-energy of n site-specific bound ligands relative to a gas phase state given that ligands
i=1,...,nare restrained with force constants kx(i) to occupy an effective site volume

0,) is the empty receptor state

7 Ys

:3
{H:‘l ( /;kiﬁ ) 2:| at structure X. Eq (1) is solved for the thermodynamic limit N > # and ﬁ

corrects the binding constant for equivalent configurations of #; indistinguishable ligands
within the site volumes 6V;. Within this formulation, knowledge of Kx(#;,. . .,1;) ensures the
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probability of any occupancy state
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(2)

px(ny, ...

/
s

to be known in practice from free-energy calculations [27]. Here, the normalization condition
') of the

? s

channel, ranging from O(0y,. . .,0,) up to O(n]*, ..., ). Note in eq (2) px(#y,. . .,n;) depends

appearing in the denominator of eq (2) runs over every occupancy state O(n/, . . .

on the number density or concentration of the ligand at the reservoir thus providing a useful
equation for investigation of concentration effects.

To investigate any conformational dependence on ligand binding, we consider eq (2) in the
context of conformational equilibrium of the channel over a range of TM voltages. Specifically,
we assume the very same microscopic system submitted to a Nernst potential induced by non-
symmetrical electrolytes between membrane faces. The capacitive nature of the channel-mem-
brane system ensures the Nernst potential accounts for a voltage difference V across the lipid
bilayer. Accordingly, by denoting the entire set of instantaneous Cartesian coordinates of the
channel as 1, the free energy of the protein Fx(V) in a particular conformation X = X(r")

e PV o [ drPo[X! (rF) — X]e FlVCH+arV] (3)

can be written within an arbitrary constant, in terms of an effective potential energy of the pro-
tein U(r") + Q(r")V when coupled to the external voltage V with charge Q@) [28]. Note the
integral runs over the entire configurational space accessible to r*, so long as it is compatible
with conformation X, as indicated by the delta notation & X' (+") — X]. From eq (3), the open
probability of the channel then reduces to

e PFo(V)

po(V) = e—PFc(V) 1 e—Bro(V) (4)

for the case of a voltage-gated channel with two conformational states X = {C, O} connected
by the reaction process C < O. In terms of chemical free-energies of the receptor F¢(V = 0)
and Fo(V = 0) and the corresponding excess free-energies AFc(V) and AF(V), eq (4) simplifies
into the familiar two-state Boltzmann equation

Po(V) = [1 4 ePAn=v] )

in which,

4Q= - (6)

is the gating charge AQ = Qo — Q¢ resulting from differences in the effective protein charge in
each conformational state and

V= (7)

is the midpoint voltage in which pc(V) = po(V) [28]. From eq (5), the equilibrium constant
between protein states C and O then writes as

K( V) — o FAQV,-V]

with K(0) = e #¥»4Q determining their equilibrium at 0 mV. In egs (6) and (7), the voltage-
independent free energies account for the microscopic potential energy of the channel and its
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solvation energy in each state whereas the corresponding voltage-dependent excess free ener-
gies are proportional to the applied voltage and associated protein charges.

By combining eqs (2) and (5) through a generalized thermodynamic-cycle analysis dealing
with all possible states of the ligand-free and ligand-bound receptor, binding effects on the
channel energetics can be then explicitly expressed over a range of membrane voltages

K(V)Zy(n,,...,n)
Ze(nyy...,n) + K(V)Zy(ny,...,n,)

po(V) =

in terms of the partition functions

Zo(ny,...,n) = Z pUittIK (n, ..., 1)

A et
_ S+ n / /
Zo(ny,...,n) = E p "«>Ko(n1,...,ns)
n’ ..... n/

.o N
1) e TPAQAV—Y) (9)
n

the two-state Boltzmann equation now embodying the free-energy contributions arising from
ligand binding (¢f. Computational Methods for details).

In this contribution, we consider eqs (1), (5) and (9) to investigate the molecular binding of
sevoflurane to open and closed structures of Kv1.2, and its functional impact on channel
energetics.

Computational methods

A procedure was designed to solve the molecular binding of sevoflurane to the open-conduc-
tive (O) and resting-closed (C) structures of Kv1.2 for saturation conditions up to n' =2,
under equilibrium conditions. For both channel structures, the procedure consisted of (i) an
extensive production of docking solutions for the ligand-receptor interaction, (ii) clustering of
docking solutions into binding sites along the receptor structure and (iii) estimation of binding
affinities using the free-energy perturbation (FEP) method. First completion of steps (i)
through (iii) solved the ligand channel interaction for singly-occupied binding sites. Double
occupancy of the receptor sites was investigated by inputting the first generated ensemble of
docked structures into another round of (i) through (iii) calculations. In detail, step (i) was
accomplished by docking sevoflurane as a flexible ligand molecule against an MD-generated
ensemble of membrane-equilibrated structures of the protein receptor. Docking calculations
included the transmembrane domain of the channel, free from the membrane surroundings.
Step (ii) provided the location of 6V; volumes lodging docking solutions for the ligand along
the channel structures. Each of these volumes was treated as binding site regions in FEP calcu-
lations. Here, FEP calculations started from equilibrium structures of the ligand-bound chan-
nel embedded in a explicit water-membrane environment. For the purpose of improving
statistics, FEP estimates and the associated statistical errors were determined from at least two
independent decoupling runs. Calculations were performed over ~ 7.0 ns per site, per confor-
mation and per replica to converge FEP estimates, in a total MD simulation time of ~ 2.0 ys.
Following this procedure, binding constants Kx(#,. . .,1,) for channel structures X = {C, O}
were solved by inputting FEP estimates into eq (1), allowing for direct solution of state-depen-
dent probability distributions px(n,,. . .,1n) via eq (2). Here, binding constants Kx(n;,. . .,1,)
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and the related standard binding free energies AG%(n,, . . . , n,) were solved for the condition
of independent binding sites and relative to a homogeneous and diluted aqueous solution
occupied by ligands at constant density p and excess chemical potential jt. Ligand-free and
ligand-bound open probability curves px(V) were respectively computed from eqgs (5) and (9)
by taking into consideration the previously determined mid-point voltage and steepness of the
open probability curve of Kv1.2 free of ligands, i.e. V,,, = -21.9 mV and AQ = 3.85¢, as deter-
mined from best two-state Boltzmann fit of the measured conductance-voltage data of the
channel [18]. Note that any ligand-induced shift in eq (9) is determined by the partition func-
tion ratio between open and closed structures and not by the choice of these reference parame-
ters. Probabilities px(n;,. . .,n;) and px(V) were determined for sevoflurane concentrations in
the range of 1mM-100mM (or in density units, 6.02x107A>-6.02x10A ).

Membrane equilibrated channel structures. The Kv1.2 structure in the open-conductive
(O) state was obtained from Treptow and Tarek [29]. The construct was previously acquired
via molecular dynamics (MD) simulations of the published x-ray crystal structure [19]. The
resting-closed (C) structure of Kv1.2 was obtained from Delemotte et al. [30]. Modeling details
and validation can be found in the original papers. It is important to clarify that besides the
structure by Delemotte et al., other resting-state models have been proposed for Kv1.2 [31-
34]. Given that these structures were proven to provide with a consensus model for the resting
state of the channel [35], we focus our investigation on the former model.

Structures C and O were embedded in the lipid bilayer for Molecular Dynamics (MD)
relaxation and subsequent molecular docking of sevoflurane. Specifically, each structure
featuring three K" ions (s4s2s0) at the selectivity filter was inserted in a fully hydrated and
zwitterionic all atom palmitoyloleylphosphatidylcholine (POPC) phospholipid bilayer. After
assembled, each macromolecular system was simulated over a MD simulation spanning ~ 20
ns, at constant temperature (300 K) and pressure (1 atm), neutral pH, and with no applied TM
electrostatic potential. The channel structures remained stable in their starting conformations
throughout the simulations. Indeed, the RMSD profile of the channel in each simulation con-
verges to a plateau value of approximately 4.0 A, indicative of structural stability of the con-
structs [29,30]. Structures sampled in the steady phase of the trajectories were considered in
subsequent docking and FEP calculations.

Molecular Docking. We used AutoDock Vina [36] to dock sevoflurane against the MD-
generated ensemble of channel structures C and O. Each ensemble included 120 independent
channel configurations at least. Docking solutions were resolved with an exhaustiveness
parameter of 200, by searching a box volume of 100 x 100 x 100 A® containing the transmem-
brane domain of the protein receptor. Sevoflurane was allowed to have flexible bonds for all
calculations. Clustering of docking solutions was carried out following a maximum neighbor-
hood approach.

Molecular dynamics. All MD simulations were carried out using the program NAMD 2.9
[37] under Periodic Boundary Conditions. Langevin dynamics and Langevin piston methods
were applied to keep the temperature (300 K) and the pressure (1 atm) of the system fixed. The
equations of motion were integrated using a multiple time-step algorithm [38]. Short- and
long-range forces were calculated every 1 and 2 time-steps respectively, with a time step of 2.0
fs. Chemical bonds between hydrogen and heavy atoms were constrained to their equilibrium
value. Long-range electrostatic forces were taken into account using the Particle Mesh Ewald
(PME) approach [39]. The CHARMMS36 force field [40] was applied and water molecules
were described by the TIP3P model [41]. All the protein charged amino acids were simulated
in their full-ionized state (pH = 7.0). All MD simulations, including FEP and voltage-driven
simulations (see next), were performed on local HPC facility at LBTC.
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Free-energy perturbation (FEP). Eq (1) was simplified here for the condition of ligand
interactions to multiple independent sites—a condition that appears to be fulfilled at the chan-
nel structures featuring sparse binding sites for sevoflurane. Within this scenario, binding con-
stants for structures X = {C, O} were factorized as the product of independent equilibrium
constants

Ky(ng,...,n)=Ky(n,0,...,0) x ... x Ky(0,,...,0_,,n)

where,

3
1 | & 2 \? . .
K 0,,...,0)=— —B[Wy (n1)—m 1]
o0 -m (ﬁkxw)]e

3
1 3 27'5 ’ - " (ng)—n,Ji]
Ky (0,,...,0,_,,n) = nl [H (ﬁkx(i)> ]e BWy (ns) -~

i=1

denote respectively the binding constant of #; ligands to each of the j sites at structure X.

Accordingly, the excess chemical potential [t associated with coupling of the ligand from gas
phase to bulk water and W;(nj) associated with coupling of ; ligands from gas phase to site j
under restraints were quantified via FEP. Because computation of [t does not depend on the
choice of concentration, so long as the same thermodynamic state is used for the solution and
gas phases, we estimated the excess potential by considering one sevoflurane molecule embed-
ded into a water box of 60 x 60 x 60 A°. Wy (n;) was computed by taking into consideration the
whole ligand-channel-membrane system.

All FEP calculations were performed in NAMD 2.9 [37] by considering the Charmm-based
parameters for sevoflurane as devised by Barber et al. [42]. Starting from channel-membrane
equilibrated systems containing bound sevoflurane as resolved from docking, forward trans-
formation were carried out by varying the coupling parameter in steps of 0.01. Each transfor-
mation then involved a total of 100 windows, each spanning over 31800 steps of simulation.
For the purpose of improving statistics, free-energy estimates and associated statistical errors
were determined using the simple overlap sampling (SOS) formula [43] based on at least two
independent FEP runs.

Specifically for ligand-protein calculations, the free-energy change W, (1 ;) for singly-occu-
pied sites j was computed as a FEP process that involves ligand coupling to a vacant site. Differ-
ently, for doubly-occupied sites, Wy (2;) was computed as a two-step FEP process involving
ligand coupling to a vacant site W (1,) followed by binding of a second ligand at the preoccu-
pied site Wy (2;]1,). Because Wy (2)) is a state function, the stepwise approach is equivalent to a
single-step process involving simultaneous coupling of two ligands to the protein site that is,
Wi (2;) = Wy(1,) + Wy(2|1;). The colvars module [44] in NAMD 2.9 was used to apply the
harmonic restraint potentials when computing these quantities.

The value of W;(nj) depends on the parameters of the restraint potential adopted in the
FEP calculation, i.e. the reference positions of the ligands in the bound state R;(lj), ey R;(nj)
and the magnitude of force constants {kx(1;),. . ..,kx(1;)}. By minimizing the contribution of the
restraint potential to the binding free-energy Wy (n;), Roux and coworkers [45] devised opti-

mum choices for the parameters
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and

367! 36~
40) = ) ~

in which, (Rx(1))),. ...,(Rx(n)) and ([6Rx( 1]-)]2>,. . .,([5RX(11]-)]2> are respectively the equilib-
rium average positions for each of the n; bound ligands at site j and their corresponding mean-
square fluctuations when interacting to structure X. Here, these parameters were estimated
from the space of docking solutions and the resulting force constants, in the range of 0.03 to
1.35 kcal/mol/A?, were considered for computations of the bound state.

Sampling overlap. Here, a per-site measure of sampling overlap o(A;, B;) between FEP
configurations in structures C and O

V(A = B))
= 1 —
) \/IrA; + irB,

was determined [46] from the square root of the covariance matrices A; and B; associated

777

o(A. B.

respectively to C and O samples at site j. Specifically, A; and B; were computed as symmetric
3 x 3 covariance matrices for centroid positions R; of the ligand at site j

Xj - <(Rj - <Rj>)'(Rj - <Rj>)T>

and their square roots
X' = Rdiag(A,/*, 4}, A}*)R"

were solved from the column major eigenvectors {R;, R,, R;} of the rotation matrix R and the
associated eigenvalues {4, 1,, 45}. Note that overlap is expectedly 1 for identical samplings and
0 for orthogonal configuration spaces.

Absolute binding free energy and ensemble averages. An absolute binding free-energy
AGS(ny, ..., n,) [47] associated with state O, (n), ..., n!) can be defined as

AGY(ny,...,n) = =B 'm[Ky(n,,...,n) x (C°)"]

where it is understood that this refers to the free energy of binding # ligands to the protein
structure X = {C, O} from a reference standard reservoir concentration C* = 1M or in units of
number density C* = (1,660A)7". Still, the ensemble average of any thermodynamic property

of the system Ay (n/, ..., n!) for state Oy (n}, ..., n’) can be known
(Ax) = Z <Ax>(n’I ..... n;)px(”u 1)

from the state probability in eq (2).

Position-dependent probability densities. As demonstrated in reference [21], state-
dependent probabilities px(;,. . .,1;) for channel structures X = {C, O} can be mapped into the
probability density px(R) of any given ligand i to occupy position R in the system (regardless
the position of the remaining N — 1 ligands). Given our original consideration that the reser-
voir is a homogeneous volume occupied by ligands with position-independent density p, the
probability px(R) simplifies to

o (R) = {p’g(R),v REGY,

p, reservoir
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for every protein site j = 1,. . .,s. The determination of px(R) thus reduces in practice to knowl-

edge of the per-site density pj (R)
Z px(1;) X px R|n )

where, px(R|n;) is the local density at site j when occupied exactly by n; molecules and px(#)) is
the probability for this occupancy state. The probability px(R|n;) describes the local equilib-
rium density of the ligand, conditional to a specific number of bound molecules that satisfies
fwde px(R|n;) = n,.In contrast,

denotes the marginal probability of site j to be occupied by 7, ligands regardless the occupancy
of the other sites.

The formulation above establishes a formal relation between space-dependent and state-
dependent densities of the system. At a fine level, this relation involves the set of equilibrium
constants Kx(n,,. . .,n,) satisfying px(n;). From pJX(R), spatial projections of px(R) along the
transmembrane z direction of the system can be determined as

where, A(z) = AxAy is the total area of the membrane-aqueous region along the Cartesian x
and y directions.

Coarse-graining over states. Consider any macrostate O (n) of the system mapping an
ensemble of accessible states Oy (1, . .., n,) in which n ligands bind the receptor regardless

their specific distributions over the binding sites. Because O, () is degenerate, the probability
density of the macrostate

Z O P (s 1))

can be determined by coarse-graining over the receptor states Oy (n,, . . ., n,) featuring exactly
n = n;+. . .+n; bound ligands. Here, the Kronecker delta function &,/, n ensures summation
over states accessible to Oy (n) only.

Binding of potassium and sevoflurane at the main-pore of Kv1.2. FEP calculations to
quantify the binding free-energy of sevoflurane against a preoccupied central cavity of Kv1.2
with bound potassium was computed as described in the Free-Energy Perturbation (FEP) sec-
tion. Specifically, the free-energy change W;(2j) for double occupancy of the central-cavity by
potassium and sevoflurane was computed as a two-step FEP process involving coupling of
the ion to the central cavity W,,(1;) followed by binding of the anesthetic at the preoccupied
cavity W, (2)]1,), thatis, W,(2;) = Wy (1) + W,(2;[1,). Absolute binding free energies
AGy(0,, ..., Loy 0,) and AG(0,,. .. 125 0 ) were then computed from the respective
per-site binding constants KO(OI, < oljp. . 505) and Ko(0y,. . .,2j,. . .,0,). An in-water excess
potential of -65.10 kcal.mol ™" was estlmated for potassium. Spec1ﬁcally for K7, a total binding
free-energy was obtained by summing up its absolute binding free energy with its charge (g)
excess free energy (q¢ V) under an applied external voltage V [48,49]. The voltage coupling ¢
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was determined in the form of the “electrical distance”

0

55:8_‘/'

D(V) [V=0

where, @(V) is the local-electrostatic potential of the ion at the central cavity of the open chan-
nel. In practice, we solve &, from two independent 2ns-long simulations at voltages V = 0mV
and V = 600mV. For both runs, @(V) was estimated from the electrostatic potential map of the
system and subsequently considered to solve &, for §V = 600mV.

To investigate the conduction properties of Kv1.2 with sevoflurane bound to the main pore,
the open channel structure was simulated under depolarized-membrane conditions using a
charge-imbalance protocol [50].

Partition function decomposition. In the limit of s independent sites, binding constants
can be factorized as the product of independent equilibrium constants then ensuring the asso-
ciated partition function to be factorized in terms

Zy(nyy...,n) =2Zy(n,0,,...,0) X ... x Z(0,,...,0,_,,n)

? s

of per-site contributions. That decomposition is particularly useful to estimate the per-site
contributions impacting the open probability of the channel as defined in eq (9). For any given
site j, ratio values

=1
ZC(OU‘ s Thy ) s) <1
Z0(017 7nja' ) Vs

>1

mean respectively that ligand binding is not conformational dependent, stabilizes the open
structure or stabilizes the closed structure.

Derivation of main-text Eq (8). The voltage-dependent open probability for a two-state
channel writes according to

Po(V)

PolV) = L) 1 ooV

where,

embodies respectively every occupancy state O(#}, .. ., n.) of the channel conformations

» s

X = {C, O}. The state probabilities rewrite according to

pC(V) = pC(017 fe 7057 V) X Z 5<n;+..-+n;)KC(n,17 R n:)

Po(V) = pol0-...0, V) K(V) x 3 g0t WKy (n,.....n)

by noting that the voltage-dependent equilibrium constant between channel conformations is
given by

00(0,,...,0,,V)=p(0,...,0,V)K(V)
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and that every occupancy probability

{ pe(ny,....n)=pc0,,...,0,V)x pmt+K (n, ... ,n)
po(n,...,n) =py(0,,...,0,V)x pmt+mK (n,...,n)

derives from the respective binding constant and voltage-dependent probability of the ligand-
free reference state. From above, we then conclude that the voltage-dependent open probabil-
ity of the channel can be expressed in terms of the partition functions

Ze(ny,...,n) = Z pUtK (n), ... 1)

such that,

ZC(”U ] ns) + K(V)Zo(nla R I’ls)

Supporting information

S1 Fig. Root mean square deviation (RMSD) profiles of channel structures C and O along
equilibrium MD simulations. Heavy TM domain atoms of the channel were included in the
calculation, considering the starting conformation (simulation time t = 0 ns) as the reference
structure. Channel structures remained stable throughout the simulations. RMSD profiles con-
verge to a plateau value of approximately 4.0 A, indicative of structural stability of the con-
structs. Equilibrium structures sampled in the steady phase of the trajectories were used in
subsequent docking and FEP calculations.

(TIFF)

S2 Fig. Overlap analysis. (A) Per-site distributions of one and two sevoflurane molecules
bound to channel structures C and O. Distributions were sampled in FEP calculations based
on reference positions R;(lj), R;(2j) and force constants {kx(1;), kx(2;)} known from docking
(¢f. Computational Methods). Only centroid positions of the ligand are shown (dots). All bind-
ing sites but spots at the S6P-helix and the extracellular face of the channel are located nearby
flexible protein regions (light to dark red) for which the root-mean-square deviation (RMSD)
between channel structures is larger than 4.0 A. (B) Sampling overlap O(A;, B;) between ligand
distributions in (A) (¢f. Computational Methods). Overlap is larger than 0.4 for the majority of
biding sites implying a similar set of configurations effectively sampled for closed and open
states. Here, RMSD and overlap were computed after elimination of overall structural rotation
and translation by fitting channel structures at segments S1, S2, S3 and P-helix.

(TIFF)

S3 Fig. Re-hydration and re-lipidation. Site-specific lipid or water coordination number dif-
ference (An) between final FEP configuration and equilibrium trajectories. For both closed (C)
and open (O) channel structures, An is a function of lipid or water distances from individual
binding site’s geometric center. An is computed considering the average number of water/lipid
molecules within throughout equilibrium trajectories (cf. S1 Fig), as well as the average coordi-
nation number in the same binding sites in all four channel subunits at the end of the FEP cal-
culation. Averaging statistical uncertainty is propagated and shown as error bars. Note that
coordination number at the final ligand-decoupled stage of FEP is very similar (An~0) to
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equilibrium reference values determined for membrane-embedded, ligand-free channel struc-
tures. Note as well in S5 Fig that sites S4S5 linker and S6P-helix interface are lipid exposed,
whereas sites within the voltage-sensor, S4Pore interface and extracellular face are water acces-
sible.

(TIFF)

S4 Fig. State-dependent binding probabilities for different concentrations of sevoflurane
in the bulk. Shown are sorted values of p(#,. . .,n,) over the occupancy states of channel struc-
tures C and O. Strings for the four most likely states are stated in the center of the plots-the
first line corresponding to the most likely, and the last to the fourth most likely state.

(TIFF)

S5 Fig. Local molecular interactions and physical chemical environment of sevoflurane
within Kv1.2 binding sites. The first column of each conformation (C and O) displays a sur-
face representation of the amino acids that compose the respective binding site, colored by
their physical chemical character-white: apolar, green: polar non-charged, red: negatively
charged and blue: positively charged. The second column shows the water molecules within a
5A radius from the site’s geometrical center. Of note, sites S4S5 linker and S6P-helix are pre-
dominantly dehydrated and lipid accessible.

(TIFF)

S6 Fig. Average atomic distances between the centroids of sevoflurane and photolabeled
Kv1.2 residues in structures C and O. Shown are average distances between sevoflurane
when bound to S6P-helix site and Thr384, and average distances of the ligand when bound to
S4S5-linker site to residues Leu317 and G329. Distances were measured by considering both
ensembles of equilibrium protein structures inputed into docking searches, and sevoflurane
docking poses pertaining to a given binding site.

(TIFF)

S7 Fig. Ion-sevoflurane equilibrium. (A) Absolute and excess free-energies (kcal.mol ™) for
binding potassium (yellow) and/or sevoflurane (blue) at the main pore of Kv1.2 (white). Excess
free energies at 100mV are shown in parentheses. More favorable absolute and excess free-
energies ensure single occupancy by potassium to be more likely than that by sevoflurane. In
contrast, double occupancy by potassium and sevoflurane is unfavorable due to a positive
absolute free energy for binding the molecule at the ion occupied cavity. (B) Shown are time-
dependent trajectories of potassium ions diffusing through the open pore of Kv1.2 despite one
bound sevoflurane molecule at the central cavity. The voltage-driven MD simulations were
carried out at a depolarized potential of 600 mV to increase the rate of sampling of conduction
events. Simulations spanned a total of ~ 30 ns.

(TIFF)

S1 Movie. Three-dimensional visualization of position-dependent densities of sevoflurane
bound to the closed Kv1.2, at 100 mM. Kv1.2 channel and ligand densities are depicted in
white and orange, respectively. Video displays 360° side view, followed by an extracellular
view. Relates to main text Fig 3.

(MPG)

S$2 Movie. Three-dimensional visualization of position-dependent densities of sevoflurane
bound to the open Kv1.2, at 100 mM. Kv1.2 channel and ligand densities are depicted in
white and blue, respectively. Video displays 360° side view, followed by an extracellular view.
Relates to main text Fig 3.

(MPG)
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$3 Movie. Ion conduction simulation in the presence of sevoflurane bound to channel cen-
tral cavity. Molecular dynamics simulation with 600mV depolarizing potential was carried

out to enhance sampling of conduction events. Kv1.2 channel, sevoflurane and K" ions can be
seen in white, blue and yellow, respectively. Water molecules nearby potassium ions and sevo-
flurane are also shown. Note that the presence of sevoflurane does not hinder ion conduction.
(MPG)

S1 Table. FEP calculations and equilibrium binding constants for singly- and doubly-occu-
pied sites j of the closed channel structure”.
(PDF)

S2 Table. FEP calculations and equilibrium binding constants for singly- and doubly-occu-
pied sites j of the open channel structure”.
(PDF)
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