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KEY W ORDS potassitma channels； anmaoninm 

eomtl~lnds； sⅡucnlre—activity relationship； solvalion 

energy；least-squares analysis；oamtmter-aided design 

A邛 ：T0 explore the struemm-activity relationship of 

quaternary ammonium (QA) ions at the e)衄 

binding site of K channe1． M哐Il}I【帕ls：ImighflI 

and M_0PAC 6．0 molecular mo~ling package vaere 

used to calculate the flee enel'gy of hydration  

(△Gbvdr 。)，the energy of the highest occupied 

orbital(E )，and the energy of the lowest 

utxxxa~ed orbital (局n．0) for each QA ion， 

respectively． Ⅱ varfialleast squaremethodwasused 

to analyze 山e relationship between the binding free 

∞ gy andthese descriptiveparameters RESULTS： 

Generally。the higherthe ELtmO of aQAionwas，the 

weakerits solvalion  was end aem rdingly the smmger 

binding affinity． For a QA ion larger thin 

tetraethylammonit~ (1EA)， its large size was 

unfavorable to its channel binding affinity． 

o0】帆 USIt)N：Ⅱ binding affinity of all QAions 

eorrelgedwellwith△Gh ̂ ∞ and ELUS~O． 

TEAion and other quaternary ammonium (QA) 

iOils inhibited K &annel by blocking 山e ion 

conduction pore⋯ ． The blockade was modulmed bv 

multiple sites in the pore region ~2,3J
． Of these 

residUeS．one specific amino acid located in the pore- 

forming region of a K chanilel(po sition 449 ofthe 

Stroker B)was critical in determining the channel 
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sensitivity to the external TEA[3,4j
．
After mutation 

T449F or T449Y in each of the 4 subtmits， the 

resultant channel a墒rIity for TEA incmased about100 

foldl 4。
．
1EA waslllOughtto be boundwi thin a cage 

of 4 aron~tic residues by cation ：Tr-electron 

interactionL 
． 
But this interaction mechanism failed 

to explain the stmctme—activity relationship ofQAions 

atthe external binding site． Reduction in the binding 

flee energy corresponded well willl all increase in the 

computedfree binding energy ofhyda'~ on ofthe TEA 

derivatives 。’ 
． In this paper． quantum chemical 

study w鼯 made to 矗 our undersaanding the 

mechanism of TEA selectivity． 

Calculafiort and analyses were carried out∞ a Silicon 

Graphic*Indigo wolk,ba：afion． The least square(PLS) 

method was cmpoly~l to analyze the relalkmship between the 

bindingfree energy and e ∞a Dry variables 

Binding free aler 。口 pI衄  Since the 

disscerabon equilibrium c arIt( )of eachQAim had been 

e~ ntally determined，theomeslxm,~,g biIld【Ilgfree enea'gy 

wa．s calculated asA № =一R×T×In(1M／ )，wI盱e R 

wasthe gas c~-istallt and T=298K 

Calculation of solvafi~n ener~ Thefree energy of 

hy击 吼 (A( )of each QA ion w船 ca1cl11出。d by a 
continuum solvafion model【 ，璐h唱 the solvafillaⅡ 血 e of 

lnsightll molecular modeling pach ( Teclmolog~es， 

San DiegoCA)． Parameter setw糖set幻cFFglfcI优 fieId and 

the accuracy level was rEgLI ． 

sI 一日珥，i q1阳n ehemieal c0咖 l切 

MOPAC 6 0 package and the AM1 Hamiltonian were used to 

calculatethe energy ofthe highest occupied c~ital(E∞∞)and 

the energy ofthe lowest u,ao,~pi=l odfital(局J )fer each 

QAion 

ln practice．for each QA Inn，d1．皿 In the binding flee 

ellel~ (△△G )and change Intheflee erla~gy of出h 帅 

(△△G )were respectively defined and calculated as 

follows： 

G =△ (QA)一AG (TEA) 

△△6 ： 叮兀=一△G 一 (QA)+AGh帅 (TEA) 
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RESUI S 

CorrelalJon between AAGb．叫iIIg and 

AAG 埘 Ⅱ TEA was the most effective QA ion 

blocker at the external binding site of K channel，and 

any changes in the chemical structure of TEA ion 

reduced bm_ding affinity(Tabl，Fig1) 

o 

E 

： 

o 

司 

司 

△ △ Gblndln_／kd‘tool 

魄 1． CorrelalJon betweela吐∞ in bind~agfree 

es cAAG艟曲g】andd崛nge infree es of 

dellydl'at~on(丛 G mh)． TPA'was notincluded 

in the c0r 咀8岫 ． 

33",ere existed a tl correl~&ya between 

AAGbi．,aTI窖and△△6deh 胁 formost oftheQAions， 

exceptfor TPA(Tab 2，№ 1，Eq1)． 

△△G bi胁 ：3．97+2．60×△△G曲 Eq(1) 

The s唧 r a QA joIl hydrated，the weakef it 

Tab 2． PIN s． TPA 懈 s exeh~led in the 

c0rd ∞  

interacted wiⅡl the chaffmel_ This relationship was 

consistent with previous reD0n and findings~ ’fJ． 

Rda1 咀sh-p between AG drad唧，ELtr~o， - 
aI-d EH叫垤0 It was dear that△G d呲i correlated 

hig~y wj山ELUMO(Tab2，Eq 2)． ． 

△Gh =16．O1+57．6×ELUMO Eq(2) 

The higher the ￡uJM0 was， the w 岫 r the 

solvation of a QA ion was． This linear relationship 

i~pmved dy with respect to bo吐l ￡I 0 and 
。  

}l0M0(Tab2，Eq 3)． 

△Gh =26．96—2．05× }-0Mo 

+68．8×ELU~O Eq(3) 

In contrast to ELU~O，an increase in ￡}loM0 

favored hydration． The relative con~'ibution of Ⅲ  

and ￡H0M0 fc 册 ％ and 20 ％ respectively． 

Accontingto Bq 3，△G 啪 of a QA ion could be 

succe~fdly predicted， which， in turn ， verified the 

Miability of our regressionmodel(№ 2)． 

Tab 1．c cIlla删 dj曲蝤- 叫s-~ronfier o 脚 d1ergies-flee d1ergies向f ．dm6吼 aIId binding flee es妇 
i0璐 
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Calculated △ Ghycl rwdan／kJ‘tool一’ 

Fig 2． Plot 0匮p睫djc妇l缸ee e艚嚼 鹳 o￡l 击 吼 

{AG 山adm】Vers‘ls actually ca]cul~ AG dr甜咂· 

AAGM埘i correlation with ELtrMO and 

EI_嘶帕 Since △△G oermlm~ with 

△△G ab⋯ and the latter related well with the 

frontier orbital energies， the former was expected to 

corrdamwith L【JM0and }【0Moas well(Tab 2，Eq 4， 

Eq 5)． 

AAGbj n = 一127．91—34．86x ELL
．
~O Eq(4) 

Gbindin = 一156．87+5．43×EHOMO 

一 64．54×ELLlM0 Eq(5) 

Electronic descriptors Etx~ao and EHeMO were 

essentially responsibleforthe binding affmity of aQA 

ion Compared with HOM【]， uAIu term  made the 

dominent contributiontothe bindingfree energy． The 

higher ELUMO and the lower EHOMO res~ted in the 

stronger binding of a QA ion(Eq 5) Plot of acnlal 

△△G № versus predicted valu~ reeomfmned the 

good correlation between the binding free energy and 

the energies offrontier orbits(Fig 3)． 

The l'mding that △△GNndl correlated wi 山 

△△G suggested a general mechanism in which 

waterthatwas boundt0theQAions nIu就be partially 

l'emoved to establish cation 7f-electron interactionL f Fig 

4)． The dehydration energy requirementwasdifferent 

for each QA ion，whereas the subsequent energy 

provided bythe binding sitemight be similarforallQA 

ions． Th usthe dehydration processwas criticalforthe 

binding affinity of aQAion． Our study showedthat 

Actual△ △ Gb|ndIn_／kJ‘tool。’ 

Fig 3． Plot of predicted d目  in bindil-g 

energy{丛 G蛐 】V∞m aettml丛 GII_I· 

山 MO 

LUMO 

— —  

、 !!!! 一 ＼ 
HOllO I 

OA Ion W-h， 

飚 4． m曲 orbital-m恒rac血m betwe~ solute 

{QA】∞d so],mm {w 吧r)． 

tl1e solvent effec~ p~yed a pivotalrolein the binding 

oftheQAions． 

The calculated ELUMO and EunMo of water 

molecule was —l2．46 eV an d 4．42 ev．n~'pecfively． 

When a QA ion was immersed in water．there was a 

strong orbital interaction between LUM0 (QA)and 

HOMO( O)(Fig 4)． smallerthe gap between 

LL1M0(QA)and H]M。( O)was，the strongerthe 

intemction and solvation wP．re． rrbe inleracticu  

between IIIM0( 0)and H0M0(QA)is mlativdy 

weak． ThusforQAions．interaction betweenIUMo 

(QA)and HOMO (H20)conm~uted substantially to 

AGhvd瓜嘲． m lower￡LuMo(QA)resulted the 

stronger hydration and accordingly the weaker binding 

affinity of a QA ion． On 吐le hasis of these 

discussions，the relationships and physical meanings of 

Eq 2，Eq 3，Eq 4，and Eq 5 could be easfly 
understood and explained． 

For chargedQAions，the electrostatic contribution 

． ．

1口E -r ＼詈鼍 lqa 司 司 IlulpIJ 

． ． ． ． ． ． ．  ． ． ．
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tO △Gb山  WaS by f打 me dominant teml and 

outweighed the non electrostafic contribufion arising 

from vall der Ⅵr衄ls interaction be1ween the solute 

tQA)andthe solvent tw~ter)and the entmp-y penalty 

for creating a cavityforthe soluteinthe solvent． As a 

result，though the Non-electrostafic contribution of a 

QAion was suppo~ to be propoaionaltoits solvent 

accessible area(sAS)，Ⅱ1e total△G lacked of 

correlationwithits volutile or SAS． ．n s did notmearl 

thatthe voltmle or曼AS of aQAion had nothingto do 

with its binding affinity． A careful insight into the 

relationship between△△G 口dj and△△G蛐  d。D found 

thatⅢ’A，BuEnA，PrE ，and Pr2E~A dehydrated 

mole easily than 1EA did．but they all bound nlor~ 

weakly than 1EA． It was cult to explain this 

inconsistence in lemas of△Gde ∞or ELUMO． 

By comparing chemieo-physical characteristics of 

the related QA compounds，we noticed that ． 

BuEt3A，PrEt~A，and Pr2E A were t．t~y than 

T队 ，whichwasprobably atleastthe口aItial ason 

this observed discrepancy． By cation 丌_ele~tllon 

interaction，aQAion bound atthe cage sitefolmed by 

four arOHlatic residues~ (Fig5)，Ⅱ1e size ofwhichwas 

assumedto accomcdate QAioils notlargerthan TEA． 

ForTPA，most probably，it was too large to bind at 

the TEA binding site，and this was probably not the 

casefor BuEnA，PrEt~A，and P E A． These three 

ions were only sfighfly larger than TEA，they could 

bind the smne locus as TEA by changing their 

~nformation and adapting themselvestothe dimension 

of the binding site． And thus，additional energy was 

requiredto compensatefor conformational change．and 

the corresponding affmi钾 was redlx~1． 

rig 5． TEA billd site by a cage of 

日m 咖 c resich~ ． 

I-Ieve，we concluded that the binding affinity of 

each QA ion generally correlated well with its free 
energy of hyckadon or ELUMO

．
The lower ELuMD 

(QA)was，Ⅱ1e strongerit hydrated．and consequently 

the weaker was its binding affmity． For a QA ion 

smallerthanTEA，its size did notinfluence affinity
． 

Onthe ot]3P_xhand，for a QA ion largerthan TEA，its 

tar~e sizewas unfavorabletoits bindingtothe channe1． 

Taking the size effect into account， the stt'Lic[1llP~ 

activity relationsl~p of QA ions and the mechamsm of 

TEA selectivity were rn0re easily understood． 
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7一，、哪 
季铵离子通道亲和力的结构．活性关系 

V 

赵善荣，蒋华良0，戎锁宝，陈凯先 。嵇汝运 

(中国科学院上海药物研究所，上海绷 l，中国 『2 ) 
。 J J 一  

关键词 塑望堂；壁些盒塑；笪 一量 关系；溶 
剂化能；最小二乘法分析；计算机辅助设计 

毋 
目的 探讨季铵离子在钾通道外部结合位点的结 

构一活性关系． 方法：用 Insightl1分子建模软件包 

和 MOPAC 6．0计算每个季铵离子的水化 自由能 

(△G忡 )、最高占有轨道能量(FI{0Mo)和最低 

未占有轨道能量(ELu~o)．结合自由能与这些描 

述参数之间的关系用偏最小二乘法进行回归． 结 

论：一般说来，季铵离子 Fu 。越高，溶剂化就越 

弱，相应的亲和力就 越强． 对 于 比四乙铵大 

(TEA)的季铵离子，其大的分子尺寸不利于它对 

通道的亲和力． 结论：所有季铵离子的通道亲和 

力与△Gh 山珈和 ELtr~o有很好的相关性． 
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