MARCAL DPE OLIVEIRA NETO

" ASPECTOS QUANTICOS DA REATIVIDADE DE BIOMOLECULAS:

"

POTENCIAIS ELETROSTATICOS E INTERACOES SOLUTO-SOLVENTE

Tese

de

DOUTORADO

Centro Brasileiro de Pesquisas Fisicas

Rio de Janeiro

1985



AGRADECIMENTOS

hos Professores Mario e Miriam Giambiagi pelo valioso
apoio e enriquecidas discussoes durante a preparagao deste tra

balho.

Aos Professores Bernard e Alberte Pullman due muito
me ensinaram. Agradego-os igualmente pelas facilidades que me
foram oferecidas no Institut de Biologie Physico-Chimique em Pa

ris para a realizagao dos calculos computacionais.

A todos os amigos do  Centro Brasileiro de Pesquisas
Fisicas pela calorosa acolhida e a gentileza presente em todos

os dias.
AOs meus pais pela constante dedicagao.

A0 Carlos Lopes pelo cuidadoso trabalho de datilogra-
fia.

Ao Centro Brasileiro de Pesquisas Fisicas, pelas opor

tunidades oferecidas para a realizacgao deste trabalho.

Ao Conselho Nacional de Desenvolvimento Cientifico e -

Tecnoldgico (CNPg), pelo auxilio financeiro.

Ao povo brasileiro pela reconquista de nossa democracia.



RESUMO

Neste trabalho estudamos, atraves dos métodos da Fisi
co-Quimica Quantica, dois diferentes problemas implicando molé-

culas bioldgicas.

f. apresentada uma técnica para o calculo do potencial
eletrostiatico macromolecular e aplicando-a a molécula do acido
ribonucleico de transferéncia tARNPhe. Baseados nos resultados

obtidos discutimos alguns dos aspectos das propriedades reati-

vas desta molécula.

Foi também considerado o problema da interagado de bio
moléculas com 0 solvente. Em um primeiro estudo investigamos a

hidratacdo do glioxal, metil-glioxal e outros aldeidos simples.

Posteriormente, elaboramos uma metodologia com o obje
tivo de estabelecer os sitios preferenciais de interagdo entre
macromoléculas e pequenas moléculas polares. Este método fol a
plicado para estudar a interagao dos constituintes dos . acidos
nucleicos com moléculas de agua e, em seguida, no sentido de
obter as feigbes gerais de hidratagao de uma dupla-hélice mode-
lo do &cido desoxiribonucleico ADN na sua donformagao B. Compa-—

ramos estes resultados com estudos experimentais.
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CAPITULO 1

TNTRODUCAO

Dentro do vasto campo de pesquisas que envolvem as mo
léculas bioldgicas, o estudo da interacgao destes sistemas mole-
culares com agentes exteriores a celula assim como com aqueles
gue integram o meio celular, constitue parte importante deste

dominio.

Os acidos nucléicos, suportes quimicos da matéria wvi
va, quando atacados por uma determinada classe de compostos, a
gentes alguilantes ou hidrocarbonetos aromaticos policiclicos po
dem levar a uma desorganizacao do funcionamento do coédigo gené
tico caracterizando assim o cancer quimico.

Um nimero importante de trabalhos experimentais tem
mostrado que varias substancias cancerigenas sao agentes forte-
mente eletrofilicos; ions positivos ou moleéculas neutrag cujos
Atomos deficientes em elétrons tornam-se sitios reativos, procu
rando assim se fixarem nas regides ricas em eletrons de macromo
ldculas bioldgicas, tais como as proteinas e os acidos nucléi-
cosl’z.

Estes Gltimos apresentam numerosos sitios nucleofili
cos (grupos fosfatos e certos atomos ricos em eletrons das ba-
ses pliricas e pirimidicas, por exemplo) e constituem lugares
importantes de fixagdo de um grande nlimero de moléculas canceri

3 I .
genas~ . Uma das caracteristicas destes compostos constitue a a



finidade seletiva para com sitios especificos dos acidos nucléi
cos. Por exemplo, para o ADN (acido desoxiribonucléico), o can-
cerigeno benzo(a)pirene FIGURA l.l.a se fixa preferencialmente

sobre os grupos amino das bases nucléicas na seguinte ordem re

ativa: guaniha, apds adenina e finalmente citosina); ja o)

N-acetoxi-N,-aminofluoreno FIGURA 1.l.b prefere se fixar no car

bono 8 das guaninas3’ .

a) Benzo(a) pirene b) N—acetOXi—Nz—aminoflmxeno

PIGURA 1.1

Uma das técnicas utilizadas para abordar tedricamente

o problema da reatividade de moléculas bicldgicas com compostos

que tem as caracteristicas acima apresentadas consiste no calcu

lo do potencial eletrostidtico molecular gerado pelo conjunto dos
- - - 5-7 =

eletrons e nucleos da molécula em estudo . Esta técnica pode

fornecer informagoes valiosas sobre as propriedades reativas de

biomoléculas e um grande numero de estudos foi devotado & molé

cula do ADN (ver por exemplo uma revisao nas Refs. 8 e 9).

No Capitulo 2 desta tese apresentaremos o procedimen



to tedrico - fundamentado na mecdnica quintica - que nos permi
tira obter uma expressao para o potencial eletrostatico molecu
lar. No Capitulo 3 mostraremos uma aplicagao para a molécula do
acido ribonucléico (ARN) de transferéncia especifico da fenila-

lanina{tARNPhe).

Este Capitulo serd ainda complementado por dois arti
gos incorporados na forma de apéndices. O primeiro destes traba
lhos se refere aos potenciais eletrostaticos gerados pelas di-
versas conformagoes dos grupos fosfatos encontradas no tARNPhe
e o segundo focaliza os resultados do potencial global desta ma

cromolécula calculado nas vizinhancas dos principais sitios nu

cleofilicos das bases nucléicas gque a constituem.

O outro aspecto importante no estudo de moléculas bi
ologicas, mencionado no inicio deste Capitulo, € o da influén-
cia do meio sobre o comportamento destas moléculas. Os elemen
tos constituintes do meio no gqual se encontra uma determinada
biomolécula exercem um papel fundamental naoc somente sobre suas

caracteristicas conformacionais como também sobre suas proprie

dades quimicas e biolégicas.

Entre os numerosos fatores ambientais, a influéncia
da agua, solvente natural dos sistemas moleculares bioldgicos,

ocupa um lugar preponderante.

Seguindo este eixo de pesquisa, apresentaremos no Ca-
pitulo 4 dois tipos de enfoque para tratar o problema da intera

cao entre substratos bioldgicos com moléculas de Aguas:



1 - um dentro do gquadro do procedimento ab imnitio SCF supermolé
cular no estudo comparativo da hidratacao de moléculas rela
tivamente pequenas, tails como o glioxal, o metilglioxal e

outros aldeidos simples;

2 - o outro, objetivando determinar através de uma abordagem
eletrostatica os sitios preferenciais de atragao de macro-
moléculas bioldgicas por moléculas de agua, calculando as
energias de interacado (ver CapItulo II) entre a molécula do
substrato com as moléculas do solvente. Uma aplicagao sera

feita para a molécula do ADN.

Com respeito ao segundo enfogue, sua motivagéo decor
re das numerosas pesquisas experimentais realizadas no sentido
de estudar o efeito ambiental sobre as estruturas conformacio-
nais da molécula do ADN logo apds sua descoOberta por Watson e

Crick em 195310.

Os trabalhos efetuados sobre a difragao de raios X por
fibras de ADN mostraram que esta molécula apresenta diferentes
conformacdes em fungdo da taxa de hidratagao e da concentragao

11,12 .
colocou em evi

idnica do meio. O primeiro destes trabalhos
déncia a existéncia de dois tipos de diagramas de difragao pro
duzidos pelas fibras de ADN (designadas pelos autores de B e A
respectivamente), segundo O estado mais ou menos hidratado des
tas fibras. Este fato levou a uma série de estudos experimen-
tais, utilizando diferentes métodos, no sentido de obter infor-

macBes sobre a interagdo do solvente com os acidos nucléicos

(uma revisao sobre este assunto esta exposta na Ref. 13).



Outras conformagoes de dupla-hé&lices foram descober-

14 = .
tas: ADN-C ,Amw{}E ez&m—fui Podemos tambéem citar os trabalhos

de Falk e cc>]_aboradores;l7-]'9 na determinagao dos proviveis si-

tios de hidratagao dos acidos nucléicos.

Em relagdo aos estados conformacionais da molécula de
ADN, o modelo desta na conformag¢ac B parece ser a melhor repre-

gentagdo global do ADN em solugac ou na célula’’.

08 primeiros trabalhos tedricos realizados no sentido
de estudar o problema da solvatacao de macromoléculas biolbégicas
consistiram em aplicar uma abordagem levando em conta unicamen

. 21 - -
te os fatores estereoquimicos ~. A molecula do solvente e repre
sentada por uma esfera rigida colocada em contato com um Atome ou
grupos de atomos da macromolécula. A acessibilidade destes si-
tios para com a molécula do solvente pode ser entio estimada via
interagoes puramente estereogquimicas. Este m&todo foi inicial -

. - - 21 . -
mente aplicado aos atomos das protelnas e em segulda aos ato

-, . 22
mos dos acidos nucléicos T,

Um estudo tedrico ou experimental detalhado sobre a
natureza da hidratagao de macromoléculas bioldgicas continua ain
da problematico tendo em vista as dimensoces e a complexidadeck@
tes sistemas. InvestigagoOes tedricas tém sido feitas no sentido
de obter a distribuicao média de moléculas de agua em torno de
substratos talis como o ADN ou proteinas usando o método Monte
Ccarlo com diferentes tipos de potenciais para interag¢oes entre

os atomos do solvente e os atomos do Substrat023'24.



No Capitulo 4 apresentaremos uma técnica .que permite
considerar simultaneamente os fatores estereoquimicos e energé
ticos da interagao entre macromoléculas bioldgicas e pequenas
moléculas polares, em particular a molécula de dqgua. No desen -
volvimento desta técnica ndés nos propusemos nao sdmente estabe
lecer a posigao de estabilizagao e a energia respectiva da molé
cula de agua, como também caracterizar a sua flexibilidade, cal
culando as energias de um grande numero de configuragoes desta
molécula nas vizinhangas de um determinado sitio de interagao.
Embora um tal procedimento nao leve a preencher as lacunas exis
tentes neste dominio ele pode permitir, entretanto, obter infor
magoes relevantes sobre as caracteristicas globais da  atragao
de sistemas macromoleculares para com moléculas de agua, forne-
cendo, por exemplo, algumas das feigOes sObre a estruturagao des
tas Gltimas nas diversas regioes das biomoléculas estudadas. Es
ta sistematica serd primeiramente aplicada aos constituintes fun
damentais dos &cidos nucléicos: as bases paricas (guahina e ade
nina) e pirimidicas (citosina, timina e uracil), o grupo fosfa
to e ac¢licar. Em seguida apresentaremos os resultados obtidos quan
do o substrato estudado € uma dupla hélice modelo do ADN na

sua conformagao B FIGURA 1.2.

As discussOes que seguirao no corpo do Capitulo 4 te
ra0 como complementos trés trabalhos apresentados em forma de

apéndices no final desta tese.
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FIGURA 1.2 ADN -B

(Para a definicao dos entalhes ver Caplitulo 4)



CAPITULO 2

METODOS QUANTICOS MOLECULARES UTILIZADOS

Neste Capitulo vamos lembrar inicialmente os princi-
pios do método LCAO-SCF gue seﬁi)uéilizado para determinar as
fungoes de onda moleculares. Em seguida, discutiremos a decompo
sigao da energia de interagac entre duas moléculas via o trata
mento perturbacional, onde obteremos explicitamente uma expres
sao para a contribuicao eletrostatica, de particular interesse

no desenvolvimento deste trabalho.

2.1 - Método do Campo Auto-consistente (ou Método SCF)

Este método esta amplamente exposto na literatura (ver,
por exemplo, Ref. 25); nds nos limitaremos a descrever os prin
cipios sobre os quais ele se baseia, assim como os resultados fun
damentais obtidos para o caso de moléculas a "camadas fechadas",

as inicas que constituiram objeto de calculos no presente estudo.

Consideremos a expressao para o hamiltoniano molecu

lar na aproximagac de Born-Oppenheimer:

Z 7 Z

A, - L
i

LN S S (2.1)
1 TYui ixj Tij

L
i

.

Com as seguintes notagoes:
Z : carga huclear,

distancia entre dois nicleos,

LY

rui : distancia entre o nucleo Yy e o eletron i,



x4 : distancia entre dois elétrons i e j,
Ai e o operador laplaciano definido em relagao as coordenadas
de 1i.

Supoe-se que a molécula estudada conté&m um nimero par n de elé
trons. Podemos deixar de lado na eq. (2.1) o primeiro termo que
representa a repulsao nuclear; ele &, na realidade, constante

para a molécula se os nlicleos sao supostos imdveis.

A equagao de Schroedinger para o sistema  eletrdnico

torna-se entao:

1
—A.+zz—“_—+.zz—-]q; =E 0 (2.2)
[ 2 i i Iiu > rij el el Tal

Vamos supor que podemos tomar como valor aproximado

de weﬁ 0 determinante de Slater:

1 .
Y =~/n—| ¢, (Dal)é, (DIB(L) ..... (pn.:-z( Yo (1) ¢n/2(1)5(1)
¢ (2)a(2)b, (2)R(2) .....
E (2.3)

As n/2 funcoes ¢k sao fungoes monoeletrdnicas e representam os
orbitals moleculares; o e 8 representam os dois estados de spin
gque cada elétron pode ocupar. As fungSes ¢k serao considerados

reais e impoé-se a elas uma condigcao de ortonormalizacao:

<¢k|¢2> = Gkﬂ {2.4)
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condicoes, o valor médio do hamiltoniano eletrdnico defi

Nestas
nido pela eq. (2.2), tomado em relagao a ¢ & dado por
ny2 nkz np
E=2 ¥ I+ I I (2 J, - K, ) {2.5)
kK 5k g ke ke
com:
_ -+ 1 Zu -
I = ¢k(r1) 5 4,1 2 o (r)dr, (2.6)
TR
1
Jkg = J¢k(§1) ¢k(}1) rlz ¢£(;2)¢2(;2)dT1 dr, (2.7)
1
Y T J[djk(;l)%(ifl) I3 by (F,) 0y (F)dr, ar, (2-8)

Impondo-se que a energia média E seja estacionaria em

relagdo a uma variagao de uma qualquer das fungoes ¢k , conser-

vando a condicgao expressa pela eqg. (2.4), encontramos que oS ¢k

verificam a seguinte equagao,

F g (1) = €y ¢y (1) (2.9)

26 poa designa

gue € também denominada equagao de Hartree-Fock

do operador de Fock e tem a seguinte expressao:

1 ZU n2
F = = = A.+2 + z (24, - ) (2.10)
2 Mt r s T Pk Ke
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J, e Kk sao chamados operadores coulombiano e de troca respecti

vamente e sao fungaes dos orbitais moleculares ¢k:

K 0(2) = J@k(l) ¢k(l) v dTl 6(2) (2.11)

12

5

>

0
i

= Jq)k(l)e(l) 1;1-_ ar, 6. (2) (2.12)

12 o

2.2 - 0 Método LCAO

Neste método os orbitais moleculares ¢ 5340 expressos

como combinagaes lineares dos orbitais atomicos

m > n/2 (2.13)
Os Ky sac os orbitais de base, centralizados sobre os
adtomos, normalizados mas nao ortogonais.
O problema de Hartree-Fock, formulado sobre a base
dos orbitais atdmicos (QA) & escrito da seguinte maneira em no

tagao matrical:

FLC =5C (2.14)

ou

(-85 C, =@ (2.15)
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A matriz F & construida sobre os orbitais atOmicos:

Z
- iy (= LA on u -
qu = Xp(l) [ 5 Ai i riu X (J.)dT.l +
n/2
kil {Xp(l) [ 20,8, ] Xg(i)ary (2.16)

A matriz(f:k & constituida pelos coeficientes do orbital molecu

lar ¢k (eq. 2.13).

[PREEERNENS) (@]
N A

=

e a matriz $ caracterizada pelos elementos

Spq = Xp(l) Xq(l) dri (2.17)

As equacOes 2.15 sao as chamadas equacoes de Roothaan?’ . Elas

constituem um sistema linear e homogéneo onde as incdgnitas sao

os Ci. Este sistema admite solucglCes nao todas nulas se — e 80—
mente se - seu determinante € nulo:

F-c8| =0 (2.18)
e a cada valor de &€ gue satisfaz esta equagao corresponde uma

matriz Ci.
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As equagoes de Roothaan podem ser resolvidas iterati-
vamente. Constroe-se inicialmente um jogo de n/2 orbitais mole-
culares (fungbes tentativas) gque -sao utilizadas para construir
a matriz . A resolucao da eg. 2.18 conduz a m solugoes € ¢ A8
guais correspondem a m jogos de coeficientes Ci.OerQ coeficien
tes correspondendo aos n/2 valores mais baixos de €, s S€rvem pa
ra reconstruir uma matriz F a gual dara novos valores €, € no-
VoS Ct para as egs. 2.15 e 2.18. Trata-se entdo de um calculo
iterativo que se repete até que as matrizes C nao variam mais

de uma iteragao a outra. Os OM ¢, = X Ct X, obtidos nao sao as

r
solugdes as mais gerais da eqg. 2.9, a menos que a base X dos
orbitais atdmicos seja infinitamente grande. Estes orbitais sao

designados auto-consistentes e o método de resolugao iterativa

da eq. 2.15 & o método do campo auto-consistente (SCF}).

Entretanto, um problema de ordem pratica se coloca na

determinagac dos elementos de matriz:

T g i 2 éf CS X (1) X (1) . Xp(2) Xq(2)dTl dr, (2.19)
B k k f 1
Kk’pq i ’ C. Cg JXr(l)Xp(l)rlz XS(Z)Xq(Z)dTldT2 (2.20)

da eq. 2.18 , que exigem, para uma molécula poliatdmica, o cal-

culo de integrais bieletrdnicas do tipo

1

12

Xr(l)XS(l) Xp(Z)Xq(Z)dTldT2 .

0 calculo destas integrais & um problema de dificuldades que va



14

riam em fun¢ao das bases atomicas que sao empregadas.

Podemos escolher como base uma composta pelos orbi -
tals de Slater centradas scobre cada atomo:

-1 -
X (n,2,m) =N T T yg‘(e,m

onde N & uma constante de normalizacao e y? um harménico esfé
rico. Podemos obter uma excelente aproximagao dos orbitais de
Hartree-Fock para o caso de atomos, utilizando uma combinagéo
linear de um pequenc nimero destes orbiais. Entretanto, o calcu
lo das integrais multicéntricas, gquando tratamos de moléculas,

& extremamente difIcil nesta base.
. ’ . 28 - .
A fim de contornar esta dificuldade, Boys pPropos uti
lizar os orbitais atdmicos de base como sendo uma combinag¢ao 1i

near de funcoes gaussianas do tipo:

X(a,n,%,m) =N Xn Y Z =

-

onde o & um parametro positivo e x,y,z definidos em relagao aos
nicleos dos atomos que comportam as gaussianas. Desta maneira

torna-se viavel o cdlculo das integrais multicéntricas intervin
do nas egs. 2.19 e 2.20 o que permite resolver a eq. 2.18 sem
aproximagoes e constitue a razao. pela qual, recentemente, uma tal
base de orbitais atdmicos tem sido amplamente empregadas no do
minio da Quimica Tedrica. Neste trabalho nds utilizamos para os
dtomos da segunda fila da classificagao periddica uma base  de

gaussianas de dimensao (7s, 3p/3s) contraidas em base minima



15

(5, 2, 3/3) empregadas por Clementi et al. em estudos de molécu

las de interesse biolégicozg.

2.3 - A decomposigao da energia de interacao intermolecular.
30

MEtodo de perturbagao de London

Sejam A e B duas moléculas em interacao e H, e H, seus
hamiltonianos respectivos. NOs vamos supor conhecidas as fun-
coes de onda das moléculas isoladas e desigﬁaremos wg e wg oS es
tados fundamentais de A e B, Wg e ¢% dois estados excitados de

A e B. O hamiltoniano total do sistema supermolecular é escri

to como:

0= H, + HB + Vv (2.21)

A AB

Vg sendo o operador potencial de interacao. Se i e j sao res

pectivamente dois elétrons de A e B, k e L os niicleos de Ae B, ©

operador de interacao VAB tera a seguinte expressao:

Z. 7
Vap = 5 g K2 L5 5 1
keA ReB |rk—r2| ieA  jeB |ri—rj|
7 7,
-z s o— 4 5 5 - (2.22)
icA LeB lri—rgl jeB keA |-rj--rk|

Os dois primeiros termos da soma representam a repulsao nuclear
e a repulséo eletrdnica entre A e B, 0os dois termos seguintes

representam a atragdo entre um el&tron de A e um niicleo de B e

reciprocamente.,

A energia de interacao do sistema A-B até os termos
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de perturbacao de segunda ordem em VA sera dada por:

B

P L0 o 0
. “Va U Vap! ¥ Vg _
P _ .0
P Ep ~ Ea
o 0 o g 0,0 p.,.g. 2
<hp Vp Vg ley 95 Wplp | Vap 195 05>
o _o
q Ei - Ep p g E%+E§—EB-EA
{(2.23)
onde, sobre o exemplo da molécula A
f
o _|,o o
Bp = |¥p Hy ¥p dip (2.24)
J
f
P _ |34 p
b o8 m, b ar, (2.25)
J

O terceiro termo da eq. 2.22 constitue g energia de interagao e
letrostitica entre as moléculas A e B e a chamaremos de E__ -
Neste desenvolvimento este termo & entao a contribuigao de pri

meira ordem em VAB para a energia de interagao intermolecular.

Os termos seguintes do desenvolvimento de perturbagao

constituem a contribuigao de segunda ordem em V

AR" O quarto e

gquinto termo indicam a passagem para um estado excitado de cada
uma das moléculas no campo criado pela outra; eles constituem
a energia de polarizacgdo. O Gltimo termo indica uma excitagao si

multinea de A e B e constitue a energia de dispersao.

Este desenvcelvimento foi aprimorado por Murreleteﬂ?{
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onde foi considerado a antissimetria da fungao de onda de ordem
zero do sistema A-B em relagao a troca de dois elétrons de A e B,
para explicar porque, a curtas distancias, duas moléculas se as
sociam para formar ligagoes gquimicas ou entao porque elas  po-
dem se repelir fortemente. Desta maneira duas novas contribui-
goes aparecem; uma indicando a repulsao das nuvens eletronicas-a
curtas distdncias (termo de primeira ordem} e a outra indican-=
do a passagem de um eletron de uma das moléculas para um orbi-
tal molecular vazio da outra (energia de transferéncia de car-

ga - termo de segunda ordem) .

2.4 - A Energia de Interagao Eletrostatica Molecular

Podemos definir para cada molécula A e B, cuja intera

gao estamos estudando, um operador de densidade de carga lo-
CalG:
By = B &) - 0@ (2.26)
P = Pauc't Peg T .
com
A ¥y =1 7. §(F-1) (2.27)
Pruc'®’ = X k =Ty :
A - _ A
pei(r) = ié(r ri) (2.28)

- - >
Ty representa a carga de cada nucleo k de A, r, & r, os vetores

posicdo de cada niicleo e de cada eletron de A.

Resulta destas definigOes que o operador Van dado pe

la eq. 2.22 se identifica & integral:
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A, > B,>
(rA)p (rB)
VAB = ; —? dTA dTB . (2.29)
|"B "a|

E de maneira explicita esta integral tem a seguinte expressao:

%_ N TN dIAdﬁB
{z 7,8 (¥,~T, ) - za(r -T; ][z 7,6 (51, § 8 (ryr)] = =X (2.30)
AT

O desenvolvimento de I e a aplicagéo das propriedades da fungao &

nos leva a obter exatamente o operador VAB expresso pela eq. 2.22.

Desta maneira & possivel representar o potencial Van

. ~ . . .~ A B
como o resultado da interagao de distribuigoes de carga,p e p

definidas independentemente para cada uma das moléculas A e B.

A energila Ecou pode também ser expressa em fungao de

O : o O
Eooy = VUa Vg [Vaplvn ¥p>

O -

<y dglepl rA)pB B |¢A q’B dr dt
>
I

.
BN

—— dTAdTB (2.31)
|xr,-r, |

<5 o™ (F Y lugr<u |0 (Fy) lug
A B

Somos entao levados a calcular elementos de matriz do tipo

<2 le™(Ey 105>
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Na pratica, as fungoes wg dependem somente das coordenadas ele
trdnicas (aproximagao de Born-Oppenheimer). Supondo-se gue a mo

lécula A contém n eletrons, teremos:

n
A
gy (95> = <w§;]]z{ zka(EA—E:*k_)— DT, T | v

i=1

> > 01, 0 _ 1 O|w a;2 _2 0
i Zkﬁ(rA rk)<wA]wA> <wA|§=$(rA ri)|wA>

(2.32)

Todos os elétrons de A sendo indistingulveis:

o

<w§|pA(§) |¢z> =% Z, 6(r —?k)~n<¢§[6(§A-T:i) v

K k A

- .k o, >

nJ wg(;A,;z,...r ) wA(rA,;z,...;n)de...dTn
(2.33)

O segundo termo desta expressao pode ser definido como a denst

dade total de carga eletronica no ponto r, e sera denotado por

(v

Palry)

Se definirmosG;
(F )+, 5 7. 6(F -7 (2.34)

A expressao de Ecoy serad dada por:
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Ecou = |+ > [ dTAdTB {2.35)

Podemos escrever Ecou igualmente como:

E =l V. (¥,) Y,(F )ad
cou | 'a'fp’ Ypifg/dly
(r.)dt
Y. (r
Ty = | A TA A (2.36
cohde VA(rB) ]; = | )
A B
0 termo VA(fB) depende somente do ponto ;B e da densidade . de

carga da molécula A. Designaremos VA(fB) o potencial eletrosté
tice molecular gerado por A no ponto ;B; podemos também conside
ra-lo formalmente como a energia eletrostatica de interagao en

tre dois sub-sistemas constituidos pela molécula A e uma carga

igual a de um proton situada no ponto ;B'

Utilizando as egs. (2.34) e (2.36) obtém—se:

-
z [ p,(r.)
> k At
VA(I'B) = kZA—-;"—?*'— J |_)_ _:—Id-TA (2.37)
eA [r -ro rp=r,
d F) o= ] T 8 (FF) 110
Lembrando que: p,(r,) = wA|i=l (ry-r; EwA

Se wg & constituido por um determinante de Slater construido a

partir de N orbitais moleculares (N=n/2) duplamente ocupados
: n

a (ri) e lembrando que & 6(;A—§i) & uma soma de operadores wo-
i

noeletrdnicos:
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N
- * > > > >
pA(rA) = ZUil au(rl)é(rA—ri)au(rl)dr
N 2
> >
= 2.
(T ,) 2uil|au(rA) | (2.38)

Expressando os orbitals moleculares aLl como conbinagoes lineares dos orbi

tais atomicos:

) (2.39)

Desta maneira a expressio do potencial eletrostdtico molecular criado pela

molécula A no ponto fﬁ, no guadro da teoria LCAQ &  escrita conmo:
Z N oM &, A
VA(;B) = 3 % -27% I3 c; i Ko (Tp) Ko () ATy (2.40)
kea |r, -r,| u=l o o > >
k B IIBﬂ%J

2.5 ~ Uma Aproximagao Multipolar para os Calculos de Ecou e V

(

A expressao de V ) como dada pela eqg. (2.40) mostra

A'"B
gque o calculo pritico tanto de V,(rp) assim como de E__ =~ neces
sita a determina¢ao de um grande numero de integrais do tipo

- \ >
X;(IA) XG. (rA)

|fﬁ - T
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calculo este que se revela extremamente longo e dispendioso .

Apbs os trabalhos de London, foram realizados ‘numero
sas tentativas para determinar a energia eletrostatica, utili-
zando no lugar da distribuicao de carga molecular um conjunto
de multiplos convenientemente escolhido e aplicando as formu -
las classicas da eletrostatica (ver por exemplo Ref. 32 e refe-
réncias al mencionadas). Diferentes autores recorreram a desen
volvimentos multipolares a partir de funcoes de onda para o cal
culo de interac¢oes moleculares: Amos e Crispin33 utilizam orbi
tais localizados SCF para calcular via um tal desenvolvimento ,
a interacao de duas moléculas de metano ou de duas moléculas de
agua. Mulder e Huiszoon34 empregam este método para o calculo
de interacao de moléculas organicas e comparam os resultados
assim obtidos com resultados baseados em potenciais atomo-atomo.
Rein et al.35_37 lancam mao de expansoces multipolares a partir
de funcoes de onda moleculares IEHT ou CNDO, para o calculo da
contribuicao eletrostatica das energias de interacao envolvendo
as bases plricas e pirimidicas. Pullman e Perahia38 mostraram
que os esquemas de hidratacao das bases pirimidicas obtidos a
partir de uma soma de termos de interacac multipolo-multipolo ,
sao aptos para reproduzir corretamente as caracteristicas prin
cipais dos esquemas de hidratagao destes sistemas, cbtidas no
quadro do método ab initio supermolecular. A expansao utilizada
consiste em desenvolver em multipolos atdmicos e de recobrimen
to (até os termos quadrupolares) as distribuicgoes continuas ab

initio SCF de densidade eletrdonica das moléculas individuals.
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A abordagem que nos adotamos neste trabalho para cal
cular as grandezas tebricas que serao analisadas nos NoSsos es

tudos macromoleculares (Capitulos 3 e 4) & a mesma empregada por

estes {ltimos autores.

A fim de indicar como o desenvolvimento multipolar &
obtido a partir da funcao de onda molecular nds vamos expor em

seguida os aspectos principais deste procedimento.

Reescrevendo a expressao que nds encontramnos para a

densidade total de carga eletrdnica para a molécula A:

()

i ™Mz

nopocfM e Xt (X
i=1 o ar at o o

podemos notar que ela nos leva a considerar dois tipos de dis -

tribuicoes:

- distribuicoes de um centro: os orbitais atOmicos X, e X,, cen

trados sobre o mesmo atomo.

- distribuigoes de dois centros: sao as distribui¢oes do  tipo

* * - . - ,
Xu Xu,onde Xu e Xuisao centrados em dois nucleos diferentes.

Se definirmos P .. = 2 g c*H CE,, entao
o =1 .
pA(§) =T IP, ., x;(r)x&,(%) (2.41)
_ oo

Sejamk e & os Indices dos atomos sobre os quais estao centra

dos Xu e Xui, considerando igualmente que, na pratica, os orbi-
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tais atdmicos e seus coeficientes siao reais. Podemos entaoc re-

escrever a eg.(2.41)

= I L P X X +2

2
) =S TLELLP X X (2.42)
A k aek u'eﬁa o o k>l oo

explicitando assim os dois tipos de distribuigoes: atmicas e de
recobrimento. Desta maneira podemos expandir estas distribui -

coes de carga em diferentes momentos multipolares:

distribuicao atSmica distribuicao de recobrimento
k k . kK L ( *
. =7 - X = -
monopolos: q =4~ 2 I P Ko Xu,dt ey 221 L Pauuxa‘xa‘dT
0 o o o
dipolos: i com trés componentes Ficq de componente:
do tipo:
k k x k & .
= - X X = - X x X,
H{,x i i.j Pau' o x a'dT ukR,x 2 i i- Pua' a Xa‘dT
quadrupolos; Qk COm Nove Compo Qkﬁ.de comporente
nentes:
k K . k & "
== - - = = X d
Qk,xy 2 3' [ Puarxu & XardI Qkﬂ,xy 2 3 3' Puu' a X Ty t

Para as distribuigSes de recobrimento, a origem da ex
pansac multipolar € escolhida arbitrariamente; no nosso caso ela

& tomada no centro do segmento que une os dois &atomos.

Pode-se mostrar, utilizando as leis da eletrostatica
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cléssica39, gque o potencial criado por um gquadrupolo Q depende
somente de dois parametros se este & levado a sua forma diago
nal. Isto significa que a diagonalizagao da matriz de elementos
Qxy nos levara a somente dois auto-valores nac nulos e desta
maneira podemos tratar o guadrupolo considerando simplesmente
dois guadrupolos axiais,o que simplifica o calculo de proprieda-
des eletrostaticas de moléculas a partir de procedimentos uti

lizando expansdes multipolares.

Denotando por T o vetor posigao gue une os dois mul
tipolos 1 e j, e por 4 o vetor unitario correspondente, as f6£
mulas utilizadas para as diferentes contribuigdoes multipolares
da energia de interacao entre dois sistemas moleculares 5a0 as

seguintes40

- monopolc - monopolo

mo= ] (2.43)

-
E=- q; 0. .o (2.44)
T r
- dipolo - dipolo
__l_ > > _ - >, . -F - 245
BT [n; -1y 3(ui-u)(uj-uJ] (2.45)
r
- monopolo - guadrupolo {gquadrupolo axial g, Qa)
Qa > > 2
E=q -2 [3GG.0 -1] : (2.46)
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- dipolo - guadrupolo

3Q
E = —2 {2(5.6)(§.ﬁ)+ [1-5(2.1)] (G.ﬁ)} ; (2.47)
2r
nesta expresséo, os vetores ? e G devenm ser orientados do

quadrupolo para o dipolo.

- quadrupolo (gl,Ql) - gquadrupolo (gz,Qz)
30,0
g 27 {1—5[(31.6 P (@0 J+2¢E, .5, -
4r°®

20(3,.0) (&,.0) (3,.3,)435(3,.0) " (d,.1) 2}

(2.48)

O potencial eletrostatico de um sistema molecular po
de ser entao determinado a partir da soma de termos de intera-
gées, expressos pela egs. (2.43),(2.44) e (2.46) dquando substitui-
mos nestas expressdes o monopolo g por uma carga unitaria. cCal
culos tebricos foram realizados4l no sentido de comparar ¢ po-
tencial ab inttio eq. (2.490) criado por uma molécula de agua
ao longo da bissetriz do dngulo HOH, com © potencial criado pelo
conjunto de multipolos descritos acima. Os resultados mostraram
gue a partir de uma distéancia de 2% do atomo de oxigénio, 0S
potenciais ab initio e multipolares sao praticamente idénticos,
sendo do tipo 7s, 3p/3s a base de gaussianas utilizadas para
a molécula de agua. O tempo de calculo para potenciais multipo-
lares & aproximadamente 30 vezes mals rapido (considerando um
computador IBM 370-168) que o cdlculo do potencial ab <nitic pa

- 41
ra a nmesma molécula
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CAPTTULO 3

ASPECTOS REATIVOS DO ARN DE TRANSFERENCIA
he

ESPECIFICO: DA FENILALANINA: tARNP

he

3.1 - O tARNP e sua Estrutura Molecular

A importdncia dos acidos ribonucléicos de transferén-
cia (tARN) no metabolismo celular & indiscutivel. Eles desempe
nham varios pap&is nos processos bioguimicos e ocupam um lugar
fundamental na sintese de proteinas. A sequéncia nucleotidica
do ADN &€ inicialmente transcrita na sequéncia complementar do
ARN mensageiro (mARN). Em seguida este dirige o conjunto dos
amino-acidos em uma sequéncia linear especifica que caracteriza
uma dada proteina, processo este denominado translacao. As molé
culas do ARN de transferéncia agem como veiculos para transfe-
rir os amino-acidos do sitio livre, no interior deos ribosomas,

para a cadeia de proteinas.

A fim de realizar estudos tedricos neste dominio, uma
etapa essencial consiste em obter a estrutura detalhada da ma-
cromolécula. Entretanto, inumeras dificuldades sao encontradas
na realizacao destes experimentos e somente foram superadas no
estudo da estrutura tridimensional do ARN de transferéncia da

Phe ,

fenilalanina do levedo "yeast tRNA . Para esta molécula, um

cristal altamente ordenado fol obtido na presenga de sais de

P = 0 C s 42-44
magnésio, sodio e de poliaminas .

As moléculas de tARN formam um grupo de polinucleoti-
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deos pequencs e globulares (a serem distinguidos das cadeias fi
brosas encontradas no ADN ¢ no mARN) tendc aproximadamente 75 a
90 nucleotideos distribuidos ao longo de uma estrutura muito com

plexa.

Cada nucleotideo FIGURA 3.1.1 & formado a partir da
associagdo dos seguintes sistemas moleculares: uma ribose (agu
car), um acido fosfdrico (grupo fosfato), uma base nucléica u-
sual {(guanina, adenina, citosina, uracil) ou uma base nucléica
modiflcada (também designadas nao usuaie). E importante realgar
que a presenga destas ultimas constitue uma feicao de todos os
tARN. A maior parte destas bases nao usuais se diferenciam das
bases usuals pela adigdo de um ou mals grupos metilas sendo co
mum denotar as regides dos tARN em fungdo de suas posigoes nas
diversas partes da molécula FIGURA 3.1.2. Por exemplo, para o}

he

tARNP o lago TyYC & assim denominado visto que ele contém a

timina®; o lago D contém a dihidrouracila FIGURA 3.1.3. Por ou
tro lado, o laco do anticodon & assim designado porque ele con

tém as trés bases nucléicas que reconhecem o codon.

* Lepmbremos que a timina & caracteristica dos ADNS aparecendo,

entre toda a familia dos ARNs, somente no ARN de transferén-

cia.
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.‘ : :iJ::JL\TQ}ﬁ base nucleica
CI) 5! H% Z

‘O——~P O’_CHz
fosfato l |
‘aghcar

O

PQP{ base nucléica

fosfato

aclcar

FIGURA 3.1.1 - Encadeamento dos nucleotideos nos

acidos nuclé&icos
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.

SEGMENTO T

.
TERMINAL 3'

a 65
g “ACCEPTOR"
gg 2
O ilaco
75

LACO _

ANTICODON 32

l ANTICODON

FIGURA 3.1.2 - Lagos e segmentos em dupla-hé&lice do
£ARNTC

a orientac@o de suas bases nucléicas.

A figura indica igualmente
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H 0, H 0,
O¢
H\ /|6
Ny 5 \
> | > H METIL-GUANINA
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Hsn = Oy
l
H
H »C Q“H _
| H \
H H\\C
H< lli
C H
H H\: _H HE t N\H DIMETIL-GUANINA
H>\C H
H ~ N e N
1 5 \
[ >
2 3 4 el
H /I\ N METIL-ADENINA
N
| N
FIGURA 3.1.3 - Exemplo de Bases Nucléicas nao usuais encon

tradas no tARNPhe

A PSEUDO-URACTIA tem a mesma forma da URACILA mas in
terage com as adeninas do tARNPhe através de pontes
de hidrogénic que nao sao do tipo Watson-Crick (ver
FIGURA 3.1.5)
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A estrutura cristalina do tARNPhe possul grosselramen

te uma forma em L, os dois segmentos "acceptor”™ e TyC formam
uma dupla-hé&lice continua e os dolis segmentos "D e anti-codon
formam outra dupla-hélice. As duas dupla-hé&lices constituem os
dois bragos do "L", cada um tendo um comprimento de aproximada-
mente 60 % e um didmetro tendo cerca de 20 R. O terminal 3’
"acceptor", onde se faz a elongagao do peptideo na cadeia protel
ca, encontra~-se em uma das extremidades da molécula enguanto que

0 anti-codon que reconhece o codon sobre o ARN mensageiro encon

tra—-se na outra extremidade.

E frequente considerar por razoes de comodidade o dia
grama chamado "folha de trevo" mostrado na FIGURA 3.1.4. Este
diagrama apresenta a vantagem de mostrar mais claramente o enca
deamento e a natureza das bhases, as partes helicoidais e nao he
licoidais da molécula e a natureza das interagoes entre as ba-

ses. Todos os pares de bases, encontrados nas dupla hélices sao

do tipo Watson Crick: adenina - uracill e guanina - citosina FI
GURA 3.1.5 com excessao do par guanina 4 G(4) - uracil 69 U(69).
Mas como € mostrado na FIGURA 3.1.4, as interagoes .pontes de

hidrogénio "padrSes™ nao sao as Gnicas a contribuirem para a es
tabilidade da macromolécula. Nas partes ngo helicoidais, algu-
mas bases usuais e modificada participam em ligagoes hidrogénio
nao convencionais e sao chamadas interagoes tercidrias. Tais 1i
gagoes podem ocorrer entre duas ou trés bases como também entre
uma base e o filamento fosfodiester da cadeia macromolecular ou

_ Phe42f43
mesmo entre regilioes diferentes do tARN .
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A
C TERMINAL
g 3" “ACCEPTOR”
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C « 6
G & (70
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FIGURA 3.1.4 - Diagrama "Folha de Trevo" do tARNPhe.

0Os tracos continuos indicam as intera
coes terciarias, via pontes de hidro-

génio, entre as bases nucleicas.
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FIGURA 3.1.5 - Pares complementares Watson—-Crick

de bases nucléicas do tARNPhe
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Um grande nimero de pesquisas tedricas tem sido devo-
tado ao estudo das interacoes envolvidas na estrutura tridimen-

45-48
sional do tARNPhe .

3.2 - 0 Calculo do Potencial Eletrostatico de um Biopolimero

Considerando=-se sistemas macromoleculares um problema
deve ainda ser resolvido quanto ao caliculo de seus potenciais e
letrostaticos; obter diretamente as fungoes de onda de tais sis
temas & inviavel em nossos dias mesmo com 0os computadores mais
modernos. A técnica adotada para realizar nossos calculos con-
siste em fragmentar a macromol&cula em sub-unidades escolhidas
de maneira adequada49_51. No caso dos acidos nucléicos estas
sub-unidades sao as bases, 0os grupos fosfatos ¢ os agucares, e
as ligagoes inter-unidades gue sao seccionadas pela divisao sao
"saturadas" pela adigao de um atomo de hidrogénio a cada um des
tes componentes. DesSta maneira, torna—se possivel calcular a
funcao de onda ab initio SCF de cada sub-unidade e a partir das
distribuigoes eletronicas correspondentes obter o desenvolvimen
to multipolar como moStramos no Capitulo 2. O potencial eletros-
tatico da macromolécula & entao calculado superpondo oS poten -

ciais gerados pelos multipolos das sub-unidades, convenientemen

te orientadas segundo a geometria macromolecular.

Se a divisao da macromolécula & corretamente escolhi
da, a perturbacao eletrdnica introduzida nas sub-unidades pela
divisao pode ser minimizada e o potencial obtido pela sSuperposi

gdo pode reproduzir o potencial eletrostatico macromolecular com
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precisao em regitoes nao muito proximas das ligagSes inter-unida

des49—51.

Esta técnica foi amplamente aplicada no estudo das
propriedades eletrostaticas de diferentes conformagoes de du-
pla~hé&lices de acidos desoxiribonucléicos, com modelos compor-—

tando aproximadamente 500 atomos cada um7_9’52_

A existéncia de uma estrutura cristalografica para o

he

tARNY permite, entao, estudos tedricos sobre suas proprieda -

des reativas, mas a tarefa & consideravel. Embora o tarnt e per

tenga a classe T gue agrupa ©S menores tARN53, ele & no entan-
to constituido de 76 nucleotideos, ou seja aproximadamente 2500
atomos., E esta a razao pela qual o estudo desta macromolécula

progrediu passoc a passo, de modelos muitc simplificados a mode

los mais completos.

Em primeiro lugar foi calculado o potencial eletrosta
tico molecular devido somente aos grupos fosfatos da macromolé
cula54, sendo justificada esta simplificagao pela carga negati-
va associada a cada um destes grupos. Como consequéncia,pode-se
prever que os potenciais individuais gerados por cada grupo fos
fato contribuem de maneira significativa para o potencial mole-

cular do tARNPhe.

Apesar de todos os fosfatos do tARNPhe terem conforma
coes diferentes - em termos dos angulos de torgao W, Coh= Og,y
p - O3| a W', 05,- P - O3T - CB‘— FIGURA 3.2.]1 - , esses estu -

dos mostraram que estas conformagoes podiam. ser classificadas em
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10 grupos de conformacgoes semelhantes. Em sequida,e com uma boa
precisao, o potencial de cada um dos fosfatos em um mesmo grupo
foi obtido a partir de somente uma funcao de onda; sendo esta
calculada para um fosfato escolhido como representativo do gru-
po. A base atOmica utilizada para o atomo de fésforo foi cons-
truida a partir da base de gaussianas (10s, 6p) proposta por
Roos e Siegbahn55 a qual foram adicionados seis orbitais d com
o objetivo de fornecer uma representacaoc mais apropriada deste

Ftomo na cadeia fosfodiester56.

Cl4 cir)
Y’ V3 Y
C(3) ——-C 2
v,
¢l

FIGURA 3.2.1 - Definicao dos angulos de

torgao da cadeia fosfodiester
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Os potencials das diferentes conformacoes dos fosfa-

tos isolados estao descritos em detalhe no Apéndice A desta te

se sendo o8 seguintes os resultados relevantes desse trabalho:

1) Os célculos ab initic SCF para as variagoes energéticas exis

tentes entre os dez fosfatos representativos indicam que as
conformacoes mals estidveis em energia (grupo 8 e grupo 10)
correspondem aos grupos mals populosos. 0Os grupos 1 (fosfato
25) e 5 (fosfato 17 e 19) sao particularmente desfavoraveils
energéticamente e suas presencas no tARNPhe sao provavelmen-~
te devidas as imteragdes tevcidarias locais que exigem  tais
conformacoes, ou seja as interacoes segmentos D (C25) - lacgo
variavel (G45) envolvendo o grupo 1 e lago D (G18,Gl9) - la

co TYC (y55, C56) envolvendo o grupo 5.

As variacoes dos dngulos de torgao fosfodiester tem um efei

to desprezivel sobre os minimos principais de potencial loca
- o)

lizados em uma posicao equidistante de 2.15 A ( "bridge

position") dos dois oxigénios anidnicos do grupo fosfato.

Estes efeitos sdo realcados em outras regices em torno do
grupo fosfato e de maneira notdvel ao longo da bissetriz - do

angulo 0,' P 0g, que em uma cadeia de polinucleotideos & gros

seiramente dirigida para as bases nucléicas circunvizinhas.

Os estudos realizados sobre o potencial global, devi
The

do a superposicac dos potenciais de todos os fosfatos do tARN

fatos nas regioces em dupla-hélice do tARN®

de que agueles localizados nas regioces dos lagos, estes altimos es

mostraram gque de maneira geral, os potenciails assoclados ags fos

he -~ , .
sao mals atrativos

tando mals afastados do centro da estrutura54.
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3.3 - Estudo dos Sitios Reativos das Bases Nucleicas do tARNPhe

Para gue uma reagao possa ocorrer entre uma macromolé
cula e um reativo, € necessario que este Gltimo possa atingires
tereoquimicamente um determinado sitio ou alvo da macromolécula.
Portanto, gue a um tal alvo esteja associado um potencial fa
vordvel & interacao & uma condicao necessaria mas insuficiente.
Em consequéncia, paralelamente-aoc estudo do potencial eletrosté
tico, foram consideradas as acessibilidades estereoquimicas as
sociadas aos atomos das bases estudadas. Elas serao apresenta -
das como medidas quantitativas das areas acessiveis sobre os A&
tomos em consideracac (ou dtomos receptores) em relagao a  uma

esfera teste em contato com ele557.

A primeira etapa para a obtencao destas Areas consis
te em construir uma superficie envelope para a macromolécula:
cada um de seus atomos € envolvido por uma esfera cujo raio & o
raio de van der Waals do atomo. O0s valores tomados para estes
raiocs sao os seguinteg? H(l,zg); C(l,6g); N(l,Bg); 0(1,43) e
P(l,9RL Em sequida, uma rede de N pontos uniformemente dis-
tribuidos & gerada sobre a superficie da esfera de van der Waals
envolvendo o atomo receptor. A esfera atacante &€ colocada em
contato. com cada um destes pontos (da esfera do receptor) e pa-
ra cada confiquracao & estudada a intersegac entre esta esfera
atacante com as esferas envolvendo os outros atomos da macromo-
lécula. Verifica-se assim se a configuragao & estereoguimicamen
te acessivel dentro do guadro do modelc de esferas rigidas utili
zado. Apds o exame das N configuracoes e supondo ter encontrado

- . - - O 2 -
entre elas N' acessiveis, a area acessivel A (em A ) do atomo
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receptor & definida como:

A fim de obter uma boa precisao no cilculc destas a
reas nds tomamos 600 pontos para o valor de N; sendo o erro des
- . . () . .
te calculo inferior a 0,1A . O valor considerado para o raio da

- O - . “ .
esfera atacante & 1,2A representando um atomo de hidrogénio.

No decorrer destes estudos, foi levado em conta, além

de todas as sub-unidades da macromolécula, a influéncia dos qua
44 -
tro cations de magnésio localizados no cristal do tARNPhe So

bre os potenciais e as acessibilidades dos sitios reativos das

bases nucléicas.

0Os resultados relativos a estes calculos estac apre -
sentados no Apéndice B desta tese e mostram essencialmente a in
dividualidade dos potenciais e acessibilidades associadas aos

sitios reativos de cada uma das bases do tARNPhe.

Em um polinucleotideo de estrutura regular,como, por
exemplo o ADN-B, os potenciais associados a uma base nucléica
qualquer sac influenciados pela sequéncia de bases circunvizi -
nhas, mas este efeito € relativamente fraco (geralmente da or-

9. 0 efeito da sequéncila de bases so

dem de algumas Kcal/mole)5
bre a acessibilidade & também pouco pronunciado.

he . = . .
a situacao se apresenta de maneira diferen

No tARN®
te devido 3 forma complexa da macromolécula. Cada base & carac

terizada pelo seu potencial médio, pela ordem dos potenciais e
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acessibilidades associadas aos sitios das bases. As similarida-
des entre duas bases nao sao mais funcgdo do tipo de base, mas
principalmente fungao da proximidade entre elas na estrutura tri

dimensional da macromolé&cula.

A sequir apresentaremos uma discussao geral sobre os
potenciais e acessibilidades associlados aos sitios das bases e
sua utilizagao na interpretagdo da reatividade destes componen

tes no interior da macromolécula.

Varios reativos, atacantes de sitios especificos das
bases dos acidos nucléicos, sao conhecidos e foram realizados um
numero importante de trabalhos experimentais envolvendo o}

Phe , .
tARN . No presente estudo consideraremos quatro reativos ele

trofilicos: o guetoxal, o carbodiimido, o 7-bromometil-antrace-

no e o AAAF.

Os potenciais e as acessibilidades, extralidos de nos
sos calculos, associados aos sitios de atague destes reativos
estao apresentados grificamente nas FIGURAS 3.3.1, 3.3.2e 3.3.3.
Para cada uma destas. FIGURAS, os potenciais sao dispostos so

bre o eixo vertical e as acessibilidades sobre o eixo horizon -

tal.

As bases sdao indicadas pelo nlimero de seus nucleoli-

. . o Phe -
deos (1-76) na cadeia polinucleotidica do tARN ; OS5 .. numeros
no interior de um clirculo correspondem as bases gue nao se

emparelham com outras no interior desta macromolécula. Os si-

tios para os quais a acessibilidade calculada e nula nao estao
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indicados.

O estudo destas FIGURAS permite fazer as seguintes obser

vagoes:

3.3.1 - 0 Quetoxal

Estudos experimentaisGo_Gl indicaram que este compos

to (B-etoxi-a-gquetobutiraldeido) reage simultaneamente com os
atomos N, e N2, sejam da guanina G20 ou bem da guanina G34 (ver
FIGURA 3.1.5 para a-localizaéao destes sitios na guanina). Pode
mos notar pela FIGURA 3.3.l1 que nossos calculos indicam que as

Fhe tem os sitios N e N, a

guaninas sujeitas a reagoes no tARN
cessiveis. Estes sitios sao também acessiveis para somente uma
das outras guaninas, Gl9, mas esta & emparelhada (com C56), ao
contrario de G20 e G34, e podemcs supor que isto diminue sua
reatividade. E interessante constatar gque G57, também nao empa-
relhada, nao reage com o quetoxal, © que correlaciona-se bem
com a fraca acessibilidade desta base como indicado na FIGURA
3.3.1. Sendo o quetoxal um reativo eletrofilico, o potencial ma
cromolecular deveria favorecer sua reagao com G20 em relagao a

G34, mas isto s6 poderia ser verificado por observagOes experi-

mentais mais detalhadas.

Ccomo consequéncia da clara correlagao entre a acessi-
bilidade e a reatividade pocdemos prever Jue N, , sendo mals aces
sivel que N,, deve ser provavelmente o sitio de ataque <inicial
(esta também foi a conclusao dos estudos quanticos de uma rea-

~ . . . 6
cao similar entre uma guanina e o glioxal 7).
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dos sitios Ny (G) e N,(G) do tARNT D
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3.3.2 - 0O Carbodiimido

O carbodiimido (mais precisamente, l-ciclohexil
3—[é—morfolino (4y - etii]carbodiimido) pode reaglr com a guani
na, uracila ou as uracilas modificadas - pseudouracila PU e di
hidrouracila DU (ver FIGURA 3.1.3) - atacando N, no caso da gua
nina e N3 no caso destas ﬁltimas63. Com a guanina, tais reagOes
foram observadas para G20 e G34, as mesmas bases potencialmente
reativas com o quetoxal, reagao esta que como ja indicamos im-

plica também o sitio N Podemos assim, aplicar a mesma inter -

1*
pretagao para a reatividade destas guaninas calcada nos resulta

dos da FIGURA 3.3.1.

Com respeito & uracila e as uracilas modificadas,trés
bases foram observadas experimentalmente reagindo com o carbodi
imido: U477, DULl6 e U333 (moderadamente). Os resultados da FIGURA
3.3.2 mostram que estas trés bases, com DUl7, sao as unicas que
3 acessivel. A razao pela gual DUl7 nao re

aja, pode ser atribuida ao seu potencial em N3, o mehos atrati-

apresentam o atomo N
vo das quatro bases acessiIveis. E interessante notar gue U33 ,
reagindo moderadamente, tem também um potencial menos atrativo

gue aqueles associados as duas bases quée reagem fortemente.

3.3.3 - 0 7=-bromometil-antracenoc

64
Este composto reage com as guaninas do tARNPhe . Os

resultados dos estudos experimentals realizados i1ndicam que uma
das guaninas 18,19,20,22,24 (ver FIGURA 3.1.4) fol alterada,mas

sua localizagdo exata na estrutura molecular nao pode ainda ser
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determinada. Este reativo ataca principalmente o atomo dea gua
nina®> e de maneira andloga a discussao sobre o guetoxal, pode-
mos notar através da FIGURA 3.3.1 as acessibilidades e os poten
clais associados aos atomos N2 de G19, G20 e G34. Tratando-se
de um reativo eletrofilico, a base associada ao potencial mais
atrativo deveria ser a mais sensivel ao ataque, o0 que nos leva

a predizer que a reagao se desenvolverda com G20.

3.3.4 - O N-2-Acetoxi-2-Acetilaminofluoreno (AAAT)

6-67

A reagao do AAAT com a guanina6 implica principal

- -, 6 R
mente o atomo Cg, desta base nucleica 8. A ou as posigoes das

Phe _ . . .
nao foram ainda determinadas, mas

met66 t r67
o estudo de dois outros tARN, o tARN o tARNY

guaninas sensiveis do tARN

permiti

ram observar reagoes deste composto com G20 e com Gl8 e Gl9 res

pectivamente. Entretanto, como o nlmero de nucleotideos nestes

Acidos ribonucléicos, e, particularmente, nas regides dos lacos
-~ _ Phe I

D, nao se correspondem com aguele do tARN uma previsao dos

sitios reativos neste Ultimo torna-se dificil.

Os resultados tedricos, apresentados na FIGURA 3.3.3,
indicam gue os sitios C8'mais acessiveis sao agueles de Gl, G20
e G34. A reagao com Gl é provavelmente desfavorecida visto a
sua participacao na dupla-hélice gue constitue o segmento "acceptor'.
Entre as duas outras guaninas, G20 deve ser a mais reativa em
razao do potencial mais favoravel associado a esta base., Ela es
ta situada no segmento "D" e ocupa uma posigao similar agquela

das guanlnas reativas nos dois outros tARN estudados.
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Os calculos tedricos apresentados aqui poderao ser u

tilizados para interpretar outras observacoes experimentais com

he

respeito is reatividades especificas do tARN €. Nio obstante,

alguns fatores experimentais podem influir na probabilidade de

obter uma boa correlacao:

a) para que uma correlacao seja obtida, & preciso gue a estrutu

b)

ra eristalografica utilizada para os cdlculos tedricos e a
estrutura em solugao do tARNPhe sejam praticamente as mesmas ;
os estudos experimentais foram realizados sob condigoes dife
rentes O que pode influenciar a estrutura da macromolécula .
Além disso, nao deve ser excluido o fato de que as  reagoes
elas mesmas possam engendrar npodificagoes estruturals importan
tes. Tendo em vista que as acessibilidades sao calculadas le
vando em conta a geometria molecular detalhada na vizinhénga
do sitio estudado, & provdvel que esta grandeza seja mais a

fetada que os potenciais em fungao de peqguenas variacgOes es

truturais.

para confirmar as reatividades relativas dos sitios &atAmfme,
seria importante gue cada tipo de sitio pudesse ser estudado
levando em consideragao uma variedade de reativos diferentes
e que os resultados fossem coerentes entre si. Este egstudo
poderia também dissipar as dlvidas quanto as possiveis mudan
cas estruturais da macromolécula devido aos reativos. Neste
sentido, até o momento, tais informagoes nao estao disponi-

veis na literatura deste dominio.

Tendo em mente estes fatores, & no entanto estimulan

te observar que para os reativos considerados, os resultados te
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bricos apresentados para a reatividade das bases nucléicas estu
dados indicam uma correlacgao satisfatdria com agueles obtidos

experimentalmente.
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CAPITULO 4

HIDRATACAO DE SISTEMAS BIOMOLECULARES :

ALGUMAS APLICACOES TEORTCAS

4.1 - Hidratagao do Glioxal, Metil-Glioxal e Outros Aldeldos

Simples

Esta bem estabelecido que o glioxal e alguns de seus
derivados reagem com diferentes tipos de acidos nucléicos, dan
do origem a consequéncias bioldgicas importantes. Estes COMpos
tos sac capazes de tornar inativo o ARN do virus do mosaico do
tabaco69 ou o ARNPhe?O e de desnaturar o ADN71’72. E como assi
nalou Albert Szent-Gy8rgyi eles podem estar igualmente implica
dos nas atividades carcinogénicas devido ao seu envolvimento no

controle da divisao celular (o metil-glioxal, por exemplo)73,74.

Diversas investigagoes tebricas tem sido realizadas
no sentido de estudar as interagoes destas moléculas com o0s cons

tituintes dos Scidos nucldicos®2:72776

Tendo em vista a importancia da presenga do glioxal e
do metil-glioxal nas concentragoes celulares, nossos estudos ti
veram como propdosito mostrar alguns aspectos da reagao destes
com moléculas de &gua para formar gem—diols (FIGURA 4.1.1). Estu
dos experimentais indicam que o glioxal e o metil-glioxal, ben
como a molécula do formaldeido, formam hidratos estaveis:; o mes

mo fendmeno entretanto nao & observado para a molécula do ace -
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17-78

taldeido e aldeidos de ordem superior

H\ | CATALISE EM MEID i - OH
. + H,0 ACIDO OU C
NN BASICO

/S o / oy

R R

Aldeido Gem-Diol
FICURA 4.1.1 - Reagao de um aldeido com uma molécula

de agua

Objetivando compreender as caracteristicas da reativi
dade desta série de moléeculas consideramos para o radical R os

seguintes grupos:

(a)- H (b) - CHy
H
/ CH3-——— C
H \H
Formaldeido
Acetaldeido
(c) — CHO (d) — COCHy
H 0
\C C / CH 0
_ s )y
4 ! Neo o7
07 N,
Glioxal

Metil - Glioxal



O mecanismo de reacgao gue estudamos se baseia em con
clusoces experimentais sobre a hidratagdo do formaldeido ecatali
zada em um meto acido. Esta reacao envolve uma concorréncia en

tre um proton e uma molécula de Aagua no sentido de reagirem com

seu grupo carbonila79.

Nossos calculos foram realizados através do método ab
initio SCF, considerando o conjunto substrato—-solvente como uma
supermolécula, e resolvendo assim as equagoes de Roothaan (ver
expressao 15 do Capitulo 2) para este sistema. As bases atOmi-
cas utilizadas sao gaussianas do tipo STO-—3G8O para os calcu-

los de otimizagOes de geometrias e do tipo 7s 3p/3s para os cal

culos dag energiag resultantes dos complexos formados.

0s resultados estao apresentados no Apéndice C; sali
entaremos aqui a sistematica gue adotamos para abordar o proble

ma estudado assim como discutiremos de forma abreviada os resultados

essenciais encontrados.

Primeiramente investigamos as estruturas dos comple-
x0s de transicao entre a molécula do formaldeido e uma molécula
de agua. Como foi sugerido pelos estudos experimentais sobre a
cinética desta reagiogl, consideramos o atomo de oxigénio da mo
lécula de agua se iigando diretamente ao atomo de carbono do
grupo carbonila do formaldeido. Esses estudos mostraram uma dis
torgao do formaldeido. levando a uma estrutura tetraedral, a me
dida que a molécula de agua se aproxima desse composto (FIGURA

4.1.2).
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FIGURA 4.1.2 - Geometria do complexo égua—fdrmaldeido

Na pratica, os complexos de transicoes sao distorci-
dos progressivamente até a forma final de equilibrio. A fim de
simplificar o estudo destas distor¢oes consideramos somente qua
tro conformagoes da molécula do formaldeido, que foram designa
das por I, II, III e IV. A conformagao I corresponde a forma na
tural da molécula (plana), a conformagao IV apresenta esta molé
cula com a geomelria Uipica de uma estrutura tetraedral e as
conformagoes Il e III tem geometrias de distorg¢ao  intermedia-
rias entre as conformagoes I e IV. Assim, os angulos formados
entre as ligacoes do atomo de carbono com os atomos restantes
da molécula do formaldeido (o eixo z & definido seguindo a FIGU
RA 4.1.2), para as conformagoes I, II, III e IV, sao respecti-

vamente: 902, 96.5°, 103° e 109.5°.

Permitimos a molécula de agua se aproximar ao longo
do eixo z e procuremos para cada conformagao estudada a distan

cia r,, que correspondesse ao minimo energético destes comple-

x0s. Entretanto, estes resultados indicaram que a energia do com

plexo torna-se instavel quando se aproximam as duas moléculas
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uma da outra.

Prosseguimos entao estes estudos no sentido de inves
tigar uma protonagao inicial do Atomo de oxigénio do formaldei-
protonados

do e, em seguida, uma complexagao destes compostos

com uma molécula de agua.

Os resultados mostraram gque a protonagao do formaldei
do & favoravel energéticamente e adotamos o seguinte esquema pa

ra investigar a complexacao deste sistema protonado com uma mo
¢ =

lécula de agua.

®
H .
I  Protonacgdo 7
c
A, ———— &g
H” o H ’H Distorcao
Complexacao \/C¢ ©
H CH
‘/ @
\ /'H
OH ?
i Deprotonacao i
cotd -
- \O C -+
H " Y “ow
®
® ®

FIGURA 4.1.3 - Etapas utilizadas para estudar a hidratagao
do formaldeido catalizada em um meio acido

A etapa deste esquema, envolvendo uma distorgao,impli

ca as quatro conformagoes que apresentamos préviamente e as ge
ometrias dos complexos encontrados, em cada uma destas etapas,

foram otimizadas com o objetivo de determinar seus minimos ener .

géticos.
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Este estudo indica que, através deste mecanismo, po-
dem ser formados complexos estaveis do formaldeido com uma molé
cula de agua. Desta maneira, parece plausivel concluir que uma
protonagao inicial do grupo carbonilado formaldeido atua no sen

tido de permitir sua complexagao com a molécula do solvente.

Aplicamos a mesma sistemidtica para o estudo da hidra
tagao do acetaldeido, glioxal e metil-glioxal. Procedemos a uma

analise detalhada das energias resultantes de cada uma das eta

pas envolvidas nas reagdOes - como ilustradas para o formaldeido
FIGURA 4.1.3 - assim como da energia total de complexagao. Os
resultados indicam que hidratos estiveis podem ser formados a

partir da complexacao do glioxal e do metil-glioxal com molécu
las de Agua. Entretanto, para o caso do acetaldeido, os aspectos
energéticos envolvidos neste mecanlsmo de reagao desfavorecem a

formagao de complexos estdvels desta molécula em solugao aquosa.

4.2 - Interagoes do ADN-B e seus Constituintes com Moléculas de

de Agua: Uma Abordagem Eletrostatica

4.2.1 - Caracterizagao da Flexibilidade de uma  Molécula

de Agua em um Determinado Sitio de Interacgao

Como foi apresentado no Capitulo 2, expressaremos a
energla de interagao intermolecular como uma soma de termos de
interacdao entre os multipolos do substrato e da molécula . de

dgua. Para cada uma destas moléculas, suas distribuigoes conti
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nuas ab initio SCF de densidade eletrSnica, sao entao desenvol

vidas em multipolos atomicos e de recobrimento.

No desenvolver deste procedimento nos propusemos, nao
somente estabelecer a posigao de minimo de energia da molécula
de agua,mas igualmente caracterizar sua flexibilidade, investi
gando rigorosamente todas as orientagoes possiveis desta molécu

la nos seus sIitios de interacao com o substrato.

A técnica adotada para colocar a molécula de agua em
contato com a molécula receptora, & similar aquela apresentada
no Capitulo 3, para o estudo das acessibilidades estereoquimi -
cas dos sitios reativos de sistemas macromoleculares. O primei
Yo passo consiste em envolver a molécula de agua e © substrato
com envelopes - formados pela Superposigao de esferas de wvan der
Waals =~ centrados sobre todos os atomos que constituem as duas
moléculas. Dois atomos sao colocados em contacto e nds chamamos
atomo receptor, o atomo da molécula do substrato onde liga-se
uma molécula de agua. Esta ultima pode estar em contato via seu
dtomo de oxigénio ou um de seus atomos de hidrogénio, que serao

designados atomos atacantes.

Impusemos um raio de lg para os atomos atacante e re
ceptor o que significa um limite de aproximagao entre eles de
ZR . Esta mesma distidncia foi imposta aos atomos vizinhos do re
ceptor, susceptiveis de formar pontes de hidrogénio com a molé-
cula de agua. A escolha deste limite minimo foi calcada nos re
sultados de trabalhos anteriores sobre os esquemas de hidrata-

gao de sistemas biomoleculares38. Estes esquemas foram obtidos
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utilizando a aproximagao eletrostdtica para a energia de intera
cao e comparados com aqueles resultando da aplicagac do wmétodo
ab iniitio SCF para a supermolécula substrato-molé&cula de &gua.
Para os outros atomos o limite minimo foi considerado como a

soma de seus raios de van der Waals.

Podemos variar a orientagac da molécula de agua giran
do a esfera envolvendo o atomo atacante sobre a esfera do atomo
receptor; as posicoes onde ocorrem intersegoes entre os envelo-

pes das duas mol&culas sdo consideradas inacessiveis,

As posigGes exatas, estudadas para um par de atdmos em
contato, sio determinadas a partir da construgac de uma rede de
pontos uniformemente distribuidos sobre as esferas dos atomos a
tacantes e receptores. Esta rede de pontos & obtida pela técni
ca de Korobov (ver por exemplo Ref. 82), que pode gerar sobre a
superficie das esferas um numero de pontos correspondendo aos
nimeros da sequéncia de Fibonacei: 1,1,2,3,5,8,13,21,34,55,89,
144,233,377,610 ... obtidos pela seguinte relagao de recorrén-

cia:

an+l ~ °n n-1 o 1

Impoe-se as duas esferas contatos nestes pontos.
Visando estudar o maximo de coﬁfiguragaes possiveis, foram tam
bém consideradas rotagoes da molécula de dgua em torno de um ei
xo ligando os centros dos dois atomos em contato para cada par
desses pontos. 0Os nossos testes indicaram, para diferentes nﬁmg

ros de configuragaes estudados, que a flexibilidade da molécula
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de Agua torna-se estdvel a partir de 144 pontos sobre a esfera
do receptor, combinados com 89 pontos sobrea esfera do atacante
@ 24 passos de rotagoes. Mostraremos os resultados desses tes

tes, através de um exemplo, no fim desta segao.

Podemos notar gue os numeros de pontos sobre as esfe
ras envelopes e os passos de rotacgoes adotados,.nos conduz ao
estudo de aproximadamente 310.000 configura¢oes de uma molé&cula
de dgua em contato com um s6 atomo receptor. Embora este numero
seja reduzido de maneira consideravel proibindo a interseccao
dos dois envelopes, sobram no entanto investigar entre 50,000
a 100.000 configuragoes para um adtomo receptor relativamente a
cessivel. Tendo em vista o tempo de calculo computacional, proi
bitivo para as energias de interagao eletrostatica deste numero

de configuragoes,mesmo utilizando as expansoes multipolares, con

tornamos este problema através dos seguintes critérios:

I) Primeiramente, a mol&cula de &qua & representada simplesmen
te por um dipole U e um guadrupolo @, obtido a partir da
sua funcao de onda ab Znitio SCF, colocados no baricentro des
ta molécula. Desta maneira, a enérgia de interagao de uma confi
gquragio & estimada inicialmente pela seguinte expressao simpli-
ficada.

> > >
E = E 4+E_ = —l.e~ Q{a & a): grad =

el oo

+
N
N

Os termos EU e E_ indicam respectivamente a energia do dipolo

Q
z e do guadrupolo Q no campo eletrostético local € gerado pe

lo substrato; o simbolo: indica um produto tensorial contrai
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> P
do duas vezes. Se expressarmos por r a distancia entre os mul
tipolos do substrato e o ponto onde o campo & calculado e

+ 3 - [l -
por u o vetor unitario correspondente, os campos eletrosta

ticos e seus gradientes S3o escritos como:

~ campo e gradiente do campo gerado por um monopolo :

grad ¢ = L. [1-3(d & 0]
r

- campo e gradiente do campo gerado por um dipolo :

£= 5 I - 30 DY)
r
gTad 2. = - [(G @ M+ & W+ (1-50 & 1]
r

- campo e gradiente do campo gerado por um quadrupolo axial

-
(a, Qa):
> 3Qa > > > - > 2
i 2(a . wa + [1-5(a . w ]
r
g?gd £ T~ 9?{; a@a- 15(4 G)[(g 2 W+(a & a)]
r
P2 a-5@ LD L-217E 0 R e
2 2

Em vez de calcular o campo eletrostatico e seu gradi

ente nas posigdes de cada um dos baricentros das configuragoes,
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adotamos © sequinte procedimento: a partir de uma rede de
pontos distribuidos em torno do Atomo receptor, determina -
mos o ponto desta rede o mais proximo do baricentro da molé-
cula de Agua para calcular essas energias de interagao. Os
pontos sao tomados ao longo de vetores radiais - tendo como
origem o centro do atomo receptor - e passam pelos pontos de
Korobov correspondendo ds configuragoes acessivels da molécu
la de dgua ligada a este atomo. Este procedimento nos permi
te assegurar gque existe no menos um ponto distante, alguns
o)
décimos de Angstroms no maximo, do baricentro de cada uma
das configuragoes da molécula de agua estudada. Desta manei-

ra, consideramos todas as configuragoes acessivels e selecio

namos as 500 configuragoes energéticamente mais estaveis.

II) Levamos em conta novamente as configuragOes seleclonadas a
cima, dentro da representacao dipolar e quadrupolar da molé
cula de agua. Neste estagio, determinamos a energia eletros
tatica entre as duas moléculas, considerando todos os multt

polos do substrato. Foram escolhidas as 200 configuracgoes

de energia mais estaveis.

ITI) As energias de interacao das configuragOes obtidas pelo se
gundo critério sao recalculadas levando em conta todos os
multipolos, atSmicos e de recobrimento, da molécula de
dgua e do substrato. A reorganizagao final das energias des
tas configuragoes permite entao determinar a posigao do mi
nimo de energia da molécula de agua, ligada a um determina

do sitio de interacao.
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Estes calculos podem nhos fornecer, além do minimo e-
nergético da molécula de agua, toda uma gama de configuracodes ten
do energias muito proximas uma da outra. Desta maneira, nos foi
possivel caracterizar a flexibilidade da molécula de agua repre
sentando, por meio de graficos simples - para cada sitio estuda
do - todas as configuracoOes que tem energias compreendidas em

um intervalo de 1 Kcal/mole, a partir do minimo de energia.

A FIGURA 4.2.1.1 ilustra um exemplo destes graficos
assim como os resultados obtidos quando foram utilizados trés
diferentes ntmeros de configuragoes da molécula de égua; 0 si-
tio estudado € o atomo N

, da guanina. Os nameros de configura-

¢oes estao indicados no seguinte guadro:

nimero de nimero de
FIGURA | pontos so pantos so passos de | nimero de |
14.2.2.1 1 bre o &to bre o ato rotagoes configuragoes

Mo receptor mo atacante

(a) 377 144 36 2 x 106
5
(b) 233 89 24 5 x 10
5
() 144 89 24 3 x 10

No lado esquerdo da FIGURA 4.2.1.1 indicamos as configu-
ragoes da molécula de agua no plano da guanina. Uma visualiza -
cao em um plano perpendicular ao plano da guanina & mostrado no
lado direito desta figura. Os seis diagramas e Os outros que ros
traremos depois foram obtidos através de um "plotter" associzdo a
un micro-computador. A molécula de Agua & representada na sua posigao de mi-

nimo de energia, para cada um dos sitios caracteristicos de interagao, as ou
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ta)

{b}

(e}

FIGURA 4.2.1.1 - Resultado dos testes realizados relg
tivo ao numero de configuragoes da

molécula de agua

tras configuragoes gue pertencem a zona de interagdo observada

foram indicadas por um ponto representando as posig¢oes dos étg
mos de oxigenios. Os diagramas da FIGURA 4.2.1.1 mostram gue
vo3 x 105 configuragoes, sao suficientes para reproduzir os re-

sultados obtidos no caso de um numero maior de configuragoes.,
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4.2.2 - Aplicacoes aos Constituintes dos Acidos Nucl@icos

A FIGURA 4.2.2.1 ilustra as zonas de hidratagdo da
guanina. No diagrama central desta figura est3o indicadas as zo
regioes

nas de interag¢ao visualizadas no plano da base. Estas

sao numeradas na ordem decrescente - em valor absoluto - dos mi

FIGURA 4.2.2.1 - Zona de hidratagao da guaninas visualiza
das no planoc da base (diagrama central)
e em um plano perpendicular ao plano de

base (diagrama superior e inferior)
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nimos de energia das moléculas de agua nas suas zonas preferen

ciais de interacao (ver TABELA 4.2.2.1).

Zona Nﬂnimackzgnergia Atomos do substrato NC
associado.a zona implicados

1 -11,9 Og H(N;) 24

2 ~11, 3 Ny, O . 13

3 -11,3 H(Ng) Ny, H, (N,) 22

4 -10,1 H(Nl), H, (N,) 94

5 - 7,0 PNCS) 23

TABELA 4.2.2.1 - Energias Kcal/mole) e sitios de interagao
da guanina com moléculas de agua. NC
indica o numero encontrado de configura-
¢oes desta Tltima molécula que pertence &

zona de interacgao

Os dois outros diagramas mostram a distribuicgao de
configuragoes de cada molécula de agua visualizada em um plano
perpendicular ao plano da base. Um destes diagramas indica as
zonas detectadas na metade superior da guanina. O outro (abai
x0 da figura central) indica as zonas detectadas na metade infe
rior da base. Nos trés diagramas expostos na FIGURA 4.2.2.1 é

conservada a mesma numeragac para as zonas de hidratagao da gua

nina.

Esta figura mostra 5 zonas de hidratagao da guanina,
das guais a mais forte em interacdao estd associada ao hidrogé-

nio do N; e ao atomo O . A distribuicao de posigdes da molécula
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de agua consti tuindo a zona 1 aparece estar concentrada nesta re
giao quando ela & visualizada no plano da base. Entretanto, co
mo mostra © diagrama superior, ela cobre uma zona relativamente
grande do espago de ambos os lados do plano da base. Desta ma-
neira, esta molécula de Agua, fortemente ligada (-11,9 Kcal/mole),
pode se deslocar facilmente na regiao delimitada pelo conjunto
das configuragées que constituem a 2zona 1. Podemos observar a
mesma situagao para o segundo sitio localizado entre N, e
06(—11,3 Kcal/mole) . O terceiro sitio de interagao estd associa
do aos seguintes atomos: N, © hidrogénio de Ny e um dos hidro-
génios do grupo amino N2(—ll,3 Kcal/mole) . E interessante obser
var gue esta zona &€ dividida em duas regiodes espaciais distin -
tas, de um lado e de outro do atomo N, no plano da base. A quar
ta zona de interagao se situa entre o hidrogénio de N, e o ou-
tro hidrogénio de N,(~10,2 Kcal/mole). As configuragOes associa
das 3 zona 4 se distribuem radialmente em torno do hidrogénio de

N Como a TABELA 4.2.2.1 indica, esta zona compreende 94 confi

5
guragdes. Tais como estao dispostas nesta regiao, elas se apre-
sentam repartidas em quatro grupos distintos; para cada um de-
les os atomos de oxigénio estao na mesma posigao e os de hidro-
génio em posigBes diferentes. Esta divisao em grupos distintos
& naturalmente uma consequéncia do fato de utilizarmos um nime-
ro discreto de pontos sobre as esferas dos atomos atacantes e
receptor. Assim, podemos esperar que estas configuragOes se dis

tribuirac continuamente nesta regiao guando o numero de pontos

tende ac infinito.

Configuragdes radiais foram observadas também para ou

tras bases estudadas neste trabalho e, de maneira geral, nao cor
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respondem a moléculas de agua fortemente ligadas a estes subs

tratos.

A quinta zona de hidratac3o da guanina implica o hi-
drogénio do atomo C8 e a energia de interacao determinada para

esta associacao & de -7,0 Kcal/mole.

Os resultados envolvendo os outros constituintes dos
acidos nucléicos sao mostrados no Apéndice D desta tese e se-
guem, de maneira geral, o mesmo eixo de discussao feito para a
molécula da guanina. Destes estudos podemos extralr as seguin-

tes observacoes relevantes:

- quando se comparam oS esquemas de hidratacao obtidos para as
bases pliricas, guanina e adenina, as particularidades de hi-
dratacao de um determinado grupo funcional nao se transferem
de uma base para outra. Os atomos vizinhos desempenham um pa
nel fundamental modificando a natureza das configuragoes re-
sultantes. Por exemplo, a mol&cula de adgua que se situa na zo
na 2 de interaééo da guanina tende fixar-se no plano da base.
Se observarmos a molécula de agua inﬁeragindo nesta mesma re

gido da adenina (zona 2) podemos notar que, no caso desta Gl
tima base, a molécula de agqua efetua uma rotacao em torno de
seu eixo de simetria de maneira gue seus dois atomos de hidro

génio benificiem de uma interagao com © atomo N7 (ver FIGURA

3 do Apéndice D)

- 0s esquemas de hidratacao das bases pirimidicas, uracila e ti
mina ( FIGURAS 5 e 6 do Apéndice D), se apresentam de maneira

similar:
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a) a associagao mais estivel em energia implica uma molécula

de agua se situando entre o hidrogénio do N, eo atomo 0,

b) o sequndo sitio de interacao se localiza na regiao compre-
endida entre os atomos O2 e 04; neste sitio uma molécula
de agua pode se deslocar facilmente em torno do hidrogénio

do N3.

c) a ultima associagao implica o atomo Oy © a molécula de

agua se situa entre este atomo e os grupos ligados ao CS'

d) a Unica diferenca observada nos esquemas de hidratacgao des
tas bases envolve o grupo metila da timina. As configura -
coes de interacao de uma molécula de dgua com este  grupo
se distribuem radialmente, em torno dos atomos de hidrogé
nio, caracterizando a maior zona de interagao determinada
neste estudo. 0s resultados indicaram também uma energia

de interagao fraca associada a este sitio (-3,0 Kcal/mole).

- por outro lado, os oxigénios do grupo fosfato atraem fortemen
te moléculas de agua (-19,0 Kcal/mole) apresentando flexibili

dades relativamente grandes nas zohas de interacao respecti-

vas .

4.2.3 - Sitios Preferenciais de Atracdo de uma Molécula de

ADN=«B por Moléculas de Agua

Discutiremos nesta secao os resultados obtidos apli-
cando o procedimento desenvolvido na sec¢ao anterior a um mode

lo da molécula do ADN na sua conformagaoc B.
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Este polimero comporta 11 grupos fosfatos e 10 agﬁcg
res sobre cada hélice fosfodiester e 10 pares de bases comple-

mentares, constituindo assim um passo da dupla hélice do ADN.

A macromolécula & construida a partir de seus fragmen
tos constituintes segundo a mesma técnica utilizada no estudo

Phe (Capitulo 3). Desta manei

do potencial eletrostatico do tARN
ra, a energia total de interacao, entre a dupla hélice de ADN
e a molécula de agua, & expressa através de uma soma de intera

¢oes individuais entre os multipolos de cada sub-unidade e os

multipolos da molécula de agua.

0Os resultados, apresentados no Apéndice E, estao divi
didos em trés secdes. Cada uma delas se refere is interacdes de
moléculas de dgua com uma dada regiao da dupla hélice. Essas re
gioes sao: o grande entalhe ("major groove"), o pequeno entalhe

("minor groove") e 0S grupos fosfatos da cadeta fosfodiester.

A molécula do ADN compreende dois entalhes de profun
didades diferentes. As definig¢les dos entalhes estao associadas
a geometria dos pares de bases: o "grande entalhe" se situa do

lado do angulo externo formado pelas ligacoes glicosidicas res

pectivas das duas bases; "o pequeno entalhe", do lado intemo des
te angulo. Assim, os atomos das bases podem ser classificados
em duas categorias: agueles que pertencem ao grande entalhe e

aqueles gque pertencem ao pequeno entalhe (FIGURA 4.2.3.1).
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CHs O Grande Entalhe

. . <(4 .
Timina ~a
5 4 H N/H

H=——& aN—H
N2 I

/'"—“<( 1 7 Adenina
< o, /KS \>-H

C{1)
Pequenc Entalhe x

I
.

/

\

Grande Entalhe

7§>_% Guanina

C{l)

Pequeno Entalhe \
v

FIGURA 4.2.3.1 - Definicao do peqgueno e grande
entalhe

Foram utilizadas duas sequéncias diferentes de pares
de bases: uma constituida de pares adenina-timina (AT) e a ou-
tra de pares guanina - citosina (GC). Assim, para examinar a
influéncia das diferentes sequéncias de bases nucléicas sobre a
estruturagao de moléculas de agua nos seus entalhes, nosso mode
lo para o ADN compreende duas dupla-hélices distintas,

poly(da) . poly(dT) e poly(dG) . poly(dC).

Focalizamos somznte as interagoes de molé&culas de dgua

com 05 nucleotideos centrais de nosso modelo; nao foram levados
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em consideragao os efeitos gerados pelas extremidades das du-
pla-hélices sobre suas hidratagoes. Para as bases centrais in-
vestigamos estas interagoes com os heteroatomos eletronegativos
e com os hidrogénios dos grupos aminos que nao participam das
pontes de hidrogénioc formadas pelos pares de bases dos acidos
nucléicos. Nos denotamos, por exemplo, este atomo de hidrogénio
do grupoc amino N4 no caso da citosina por H4(C). O numero 4 se
refere ao atomo N, no qual o hidrogénio & ligado e a letra C de
signa a citosina. Para os grandes entalhes de poly (dG) .poly (dC)
e poly(da) .poly (AT) os atomos estudados sao: N7(G), 06(G),H4(C),
(T) e para os pequenos entalhes os atomos se-

N7(A), H_(A) e O

6 4
guintes; N3(A), 02(T), N3(G) e H2(G). Na cadeia fosfodiester fo
ram estudados os oxigénios do agucar (Ol') , OS aniénicos(o1 e

02) e os estéricos (03; e 05.) dos grupos fosfato.

Os sitios de interacao das moléculas de dgua da pri
meira camada de hidratacao nos entalhes das duas dupla-hélice
estao ilustrados nas FIGURAS 1-6 do Apéndice E. A fim de simpli
ficar a visualizacao destes resultados, mostramos somente 3 nu
cleotideos de cada hélice dos polimeros; as moléculas de  agua
estao indicadas nas suas posigoes de minimo energético e o con
junto das posicOes dos atomos de oxigénio - das outras configu-

racoes - & representado por uma zona hachuriada.

Os resultados indicam que 47 ferengas importantes sao
estabelecidas quando se compara a maneira pela qual se apresen
tam as moléculas de agua no grande e no pequeno entalhe de

poly (dRA) . poly(dT) e poly({dG).poly (dC) .
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0s grandes entalhes dos dois polimeros apresentan ca
racteristicas similares de hidratacgao; as moléculas de &agua in
teragem com uma Unica base nucléica e algumas delas podem for-
mar pontes de hidrogénio com dois atomos de wuma mesma base. No
interior do grande entalhe foram igualmente observadas molécu -

las de agua apresentando grande flexibilidade, estando associa-

das a um Unico Atomo da base.

Nos pequenos entalhes, as moléculas de Agua sao pouco
flexiveis e formam pontes de hidrogénio entre atomos de diferen
tes constituintes das dupla-hélices, implicando uma base e uma
desoxiribose (poly(da).poly(dT)) ou mesmo duas bases e uma deso

Xiribose (poly(dG).poly(dC)).

Prosseguimos este trabalho no sentido de estabelecer
uma correlagao com resultados experimentais recentemente obti-
d0583_87. Esses se referem acs estudos de cristais de fragmen -
tos de uma dupla-hélice sint&tica do ADN-B contendo a sequéncia
de bases CGCGAATTCGCG. Pela difracao de raio X sobre os cris

tais estudados puderam ser localizadas com precisac moléculas de

dgua presentes nesta estrutura.

Uma das caracteristicas de hidratagao do dodecamero
acima apresentado refere-se ao modo particular pelo qual se es-
truturam as moléculas de agua nas camadas de hidratagao no inte
rior dos pequenos entalhes das diferentes regices - constitui-

das ou de pares de bases GC ou AT - da dupla—hélice85_87.

Fizemos tal estudo comparativo, atravées de um modelo
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simples para a primeira camada de hidrata¢ao nos pequenos enta
lhes de poly(dA).pely(dT) e poly(dG).poly(dC), e desta maneira

obtivemos as feigOes de uma seqgunda camada de hidratagdo.

Nossos resultados mostraram gque no pequence entalhe de
poly (dA) .poly (dT), as moléculas de agua da sequnda camada unem
as primeiras camadas de hidratagao de cada filamento helicoidal
da dupla-hélice ("cross~linking configuration") através de pon
tes de hidrogénio (FIGURAS 7 e 9, Apéndice E). No caso de
poly (dG) .poly (dC) nao & observado esse "cross-linking"; a pre-
senga do grupo amino da guanina no interior do pequeno entalhe
desempenha um papel fundamental no sentido de proibir -~ via im—
pedimentos estereoquimicos - tal tipo de configuragao (FIGURA 8

e 10, Apéndice E).

Os esquemas de hidratacao, nos entalhes do ADN-B, de
terminados tedricamente se mostraram em boa correlagao com 0s
resultados obtidos pelas experiéncias. Uma configuracao aproxi-
madamente tetraedral de ligagOes entre moléculas de adgua & ob-
servada nos peguenos entalhes das regliOes centrais (compostas de
pares AT) do dodecamero CGCGAATTCGCG, enguanto gque nas extremi-
dades deste polimero (compostos de pares GC) uma tal ordenagao
& interrompida. Nos grandes entalhes desta dupla-hélice a maior
parte das moléculas de Agua observadas se associam com uma Uni

ca base nucléica,

Os primeiros trabalhos experimentais sobre a hidrata
cao deste dedecamero foram realizados em cristais a temperatura

ambiente. Esta temperatura originou vibragOes térmicas conside-
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raveis no interior do cristal tornando assim dificil a observa
~ - - 85 .
cao de moleculas de agua ~ . Estudos posteriores a uma temperatu
0,86-87 o . ~ o
ra de 167K permitiram refinar as conclusoes iniciais. A
maior diferenca observada entre os dois estudos experimentals es
td relacionada com a hidratacao dos grupos fosfato da dupla-hé
lice; o primeiro indica uma fraca concentragao de moleculas de

Agua em torno desses grupos e o segundo coloca em evidéncia uma

alta capacidade de hidratacac dos mesmos.

Nossos estudos mostraram gue as moléculas de agua as-
sociadas aos grupos fosfato do ADN-B, 530 as gque apresentam as
mais fortes energias de interagao com a dupla-hélice (ver TABE-
LA 1 do Apéndice E). Como para o caso da hidratagcao do grupo fos
fato isolado (Apéndice D), essas moléculas de agua sao caracteri
zadas - igualmente - por suas altas flexibilidades nesta regiao.
Este pode ser um dos fatores preponderantes gue dificultou en-
contrar moléculas de agua em torno dos grupos fosfato , no caso

de estudos experimentals em altas temperaturas.
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CONCLUSOES E PERSPECTIVAS

0s trabalhos expostos nesta tese seguiram dois eixos
de pesquisa de interesse da Biofisica-Bioquimica Quéantica. Um
dentro do quadro da aplicacao do cdlculo de potenciais eletros-
taticos moleculares para investigar alguns dos aspectos das pro
priedades reativas de biomoléculas. O outro se orienta no sentl

do de estudar o problema da hidratacao destes sistemas.

0 estudo paralelo do potencial molecular e das acessi
bilidades estereoquimicas associadas aos sitios reativos das ba
ses nucléicas do tARNPhe permitiu indicar como a estrutura ter
cidria complexa desta macromolécula distingue bases nucléicas
de um mesmo tipo em funcoes dessas grandezas. O "meio" macromo-
lecular eletrostatico ou estereogquimico de uma dada base se su
perpoe,assim, a suas propriedades intrinsecas. Comparamos nos-
sos estudos com diversos resultados experimentais. Foi possivel

mostrar que,as grandezas teOricas utilizadas,sao capazes de

fornecer informagdes importantes na interpretacao da reativida

de do tARNPhe frente a compostos eletrofilicos tais como o que
toxalﬁwﬁl, carbodiimido63 e o0 AAAF66_67. Desta maneira, pode
mos esperar que estes calculos tedricos poderao ser Qteis na

formulacao de novas experiéncias envolvendo esta biomclécula.

Em uma etapa posterior ao estudo macromolecular reali
zado acima, desenvolvemos uma metodologia que permitiu conside
rar - simultaneamente - os aspectos energéticos e estereogquimi-

cos da interagao de peguenas moléculas polares com sistemas bio
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1légicos, comportando um nimero relativamente grande (v3000) de
atomos. Aplicamos este método para investigar o probklema da in
teragao de um outro dcido nuclé&ico, o ADN-B, com moléculas de
agua. As distribuicoes eletrdnicas de carga das moléculas de
agua foram consideradas explicitamente para os calculos das ener
gias de interacao entre os dois sistemas. Também caracterizamos
a flexibilidade da molécula de Agqua estudando um grande nimero
de configuragoes (300 mil) desta molécula, quando ela se encon
tra em um dado sitio de interagao do substrato. Utilizamos como
modelo para este Ultimo duas dupla-hélices do ADN tendo respecti
vamente as sequéncias homopoliméricas poly(dA) .poly (AT) e
poly (dG) .poly (dC) . Avalia-se assim como as moléculas de &gua se
estruturam nas diferentes regioes deste dcido nucléico em fun
gao das diferentes sequéncias de pares de bases implicadas. Os

calculos efetuados indicaram as seguintes caracteristicas:

1) Os oxigénios anidnicos dos grupos fosfato da dupla-hélice
constituem os sitios que apresentam as mais fortes afinida-
des para com as moléculas de Agua. Nesta regiao as molécu-

las de agua apresentam também flexibilidade considerivel.

2) As moléculas de agua observadas no pequeno entalhe se asso
ciam com atomos pertencendo a diferentes constituintes da
dupla-hélice. Mostramos igualmente que notiaveis diferencas
se estabelecem no que se refere & disposicao de moléculas de
agua no pequeno entalhe de um ou de outro dos polimeros es
tudados. No caso de poly(da) .poly(dT), as moléculas de agua
se estruturam numa configuracao geométrica ordenada de liga
coes, esta'situagao nao sendo observada no caso da sequén-

cia poly(dG) .poly(dcC).
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3) As moléculas de agua no grande entalhe das duas sequéncias
sao dispostas de maneira similar. Nos dois casos elas se li
gam com uma Unica base nucléica e aquelas que s3o associa-
das a um Gnico Atomo da base apresentam grande flexibilida-
de.

Estes resultados se mostraram em correlacao satisfatd
ria com resultados obtidos através de experiéncias recentes so

bre a localizagao de moléculas de agua em dupla-hélices do

8
ADN-B 7.

Naturalmente ag técnicas empregadas no desenvolver des
te trabalho podem ser extendidas para estudar outros @ sistemas

biomoleculares.

Podemos ainda dedicar esforgos no sentido de refina-las
para levar em consideracac modelos possivelmente mais realistas
para os sistemas biomacromocleculares e ¢ meio que o circunda;
por exemplo, incorporando nestes estudos as mudancas de estrutu
ra que podem sofrer moléculas tals como os acidos nucléicos e
proteinas sob a influéncia dos diversos fatores externos (meio
catidnico, efeito do solvente, reativos, etc). Seria igualmente
importante aprimorar a metodologia apresentada no Capitulo IV com
o objetivo de tratar de maneira simples a interagcao simultanea
de um grande nimerc de moléculas de Aagua com macromoléculas bio-

logicas.

No que diz respeito das propriedades reativas destes
sistemas um passo posterior consistiria no estudo detalhado de

uma certa reagdao levando em conta, nao somente a contribuigao e
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letrostatica, como também todos os termos que contribuem para
a energia total de interagac intermolecular (polarizagao, trans

feréncia de carga, repulsio e dispersao).
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The Electrostatic Potential of Yeast tRNAFPhe I]
The Potentials of the Phosphate Groups in Their

Various Conformational States
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The range of conformational states of the phosphate groups observed in the published crysial structure
of tRNAFPPe j5 nsed as the basis for theoretical studies on the effect of conformation on the electrosiatic
potentials of these moieties. Deductions concerning the influence of these effects on the potential of a

complete tRNAFPe macromolecule are presented.

INTRODUCTION

The importance and the variety of the roles of
tRNAs in cellular function have prompted our
lahoratory to undertake a theoretical study of this
familv of nucleic acids. As a first stage of this work
we are evaluating the electrostatic molecular po-
tential of the macromolecule. The concept and
technique of calculating electrosiatic molecular
potentials!~3 have become an important tool for
the determination of fundamental features of the
macromolecular structure and of the effect of this
structure on the biochemical reactivity of the nu-
cleicracids and their constituents. 410

In the first part of this series on tRNAs! we
have presented potentials produced by the 76
‘phosphates of the tRNAPhe which, because of
their anionic nature, may be expected to contrib-
ute the dominant component to the potlential of
the complete macromolecule. In this study we have
taken into account the variability of the confor-
mational states of the phosphate groups in the
backbone of the macromolecule, as obhserved in the
x-rayv structure, but the effects of these various
conformations on the potentials of the individual
phasphates were not considered. We now present
a discussion of these effects.

“In a forthcoming article of this series'? ihe
phosphate potentials presently discussed will be
" combined with the corresponding potentials of the
rihose sugars and the nucleic acid bases to present
the electrosiatic potential of a complete tRNAFhe
macromolecule.

Journal of Computational Chemisiry, Vol. 1. No. 3, 301--306 {1980) - .

& 1950 by John Wiley & Sons, Inc.

METHOD

The stralegy for calculating the electrostatic
potential of a molecule begins with the production
of a molecular wavefunction by an ab initio self-.
consistent field (SCF) calculation. The electrostatic
molecular potential associated with the corre-
sponding eleciron distribution p{i} is then given
bv the classical formula

Ly p(i)
vp) =g e o (B,
(P) %rap f o dr

where Z, 1s the nuclear charge of nucleus a.

1t was, of course, evident from the beginning of
this work that in treating macromolecules it is
impossible to calculate a molecular wavefunction

for.the complete system. We have therefore in-

vestigated the possibility of constructing the po-
tentia) of such a svstem as a superposition of the
potentials of its individual constituent units. For
nucleic acids, the most convenient division isdinto --
phosphates, sugars, and bases. More precisely, the
macromolecule is divided between consecutive
phosphates and sugars at the Cg’---O3’ and Cg
—Qs - bonds, and between the sugars and bases at
the glycosidic bond. H termini are subseguently
added to the phosphate Qg and Oz atoms to yield

-a subunit, HoPO,~ (or HPO4~ in the case of the

doubly jonized phosphate 1 at the 5’ end of the
backbhone; in Part ] of this series the double ion-
ization of this phosphate was not taken into ac-
count. This has now heen corrected. The effect on
the summed phosphate potentials is limited to a

0192-8651/80/0001-0301801.00
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Figure 1. Conformational staies of the phosphates in
tRNAThe

small region around phosphate 1 where the re-
sulting potentials are found to be approximately
100 kcal/mole more negative); to the sugar Cg, Cs,
and Cy- atoms to yield a subunit, 3,5 didesoxyri-
bose; and to the bases at the site of the glycosidic
bond to vield the free nucleic acid bases. The effect
of replacing the exact bonds by the superposed
CH, NH, and OH bonds in the corresponding
wavefunctions has been examined and the ap-
propriate corrections made when necessary.
Wavefunctions were calculated for these subunits
using a contracted Gaussian atomic orbital basis?3
and all geometries were based on the x-ray crys-
tallographic structure of the orthorhombic crystal
of t RNAFPhe published by Sussman et al.14
Simultaneously we have also shown that it was
possible to simplify significantly the computations
of the potentials associated with the macromole-
cules by utilizing an overlap multipole expansion
(OMTP) of the electron density of the constituent
units.2® The main characteristic of the procedure
is the replacement of the exact electronic density
distribuiion by a polveentric multipole expansion
made of the superposition of individual multipole
expansions of every overlap distribution, each
overlap multipole expansion being centered either
on the appropriate atom or in the middle of the

distance separating the atoms carrying the atomic _
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orbitals involved, vielding an n{n + 1)/2 poly-
centric representation of the electron distribution
for a molecule with n atoms. This expansion was
shown to reproduce the exact values of the po-
tential of the constituent units satisfactorily until
a distance of 2 A from any of their atoms, and the
procedure moreover has the advantage of being
computationally inexpensive.1®

RESULTS AND DISCUSSION

The conformational states of the phosphates of
tRNAPPe are shown in Figure 1 by a plot. of the two
phosphodiester torsional angles C3-—03—P-—-0p
and O3—P—0;5—Cs, ' and w, respectively, in
the terminology of Sundaralingam 16 Also shown
i this figure are the nine conformational regions
corresponding to Sundaralingam’'s notation of ¢
(180°), g* (60°), and g~ {300°) for these two bond
rotations. ~

It can readily be seen that the phosphates may
be classified into a limited number of groups with
similar conformational states {(which, moreover,
generally fall into one of Sundaralingam’s con-
formational regions).

Because small variations in w’ or w are unlikely
to have other than small effects on the resulting
molecular electrostatic potentials, we decided to
study only one phosphate, roughly centrally po-
sitioned in the o', w plot for each group of phos-
phates of similar conformation.

Ten such phosphates have been chosen, namely
2,14, 16, 19, 25, 43, 49, 59, 72, and 76, with the
geometries of these residues in the crystal strue-
ture of tRNAPhe (ref. 14) being taken as repre-
sentative for all the phosphates in each of the ien
resulting conformational groups. This grouping is
shown in Figure 1, where the groups are denoted
P,-Pyp in order of increasing w’ values for the
representative phosphates. Phosphate 1 must
clearly be treated separately as it is doubly ionized
and thus distinct from the remaining 75, singly
iomzed phosphates. This same grouping of the
phosphates was used in Part I'! where the multi-
pole expansions of the representative phosphates
were used Lo calculate the contribution of all the
phosphates in the corresponding conformational
group to the summed phosphate elecirostatic po-
tential.

Figure 1 shows the variety of conformational
states of the phosphate groups in the highly con-
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voluted tRNAFP ¢ backbone. Although the majority
of the phosphates have the common g7g~ con-
formation, there are phosphates in all regions of
the «’, w space, with the exception of the central
tt region. The instability of this latter conforma-
tional region, as theoretically predicted,’” may
thus be deduced.

Figure 2. Representation of the phosphate plane C and In order to compare Lthe molecular electrostatic
line D. potentials of these phosphate groups we first study

Mg

Mo ‘E-—?s’

T

{1} Pg {1YPyp

Figure 3. {a)-(j) Potentials along the 2 A surface in plane C for the phosphate groups P1—P .



81

Lavery, deOliveira. and Pullman

Table 1. The properties of the molecular electrostatic potentials and the relative energies of the phosphate conformational

groups of tRNAPEE,

Relative energy

Minima in Minima in Position of of representative
0,P0O, plane plane C plane C phosphate®
Phosphate group Conformation {(keal/mole) (kcal/mole) minima {kecal/mole)
P, £t ~155.8 199 0y--04 452
P2 g*g* —1550.4 —129 02-—05' +1.7
Ps gtg™ —153.2 —134 0, +1.7
P tgt —152.8 —132 0,—0s +2.3
Py g~ —155.9 —135 0,—05 +11.4
Ps tg~ —153.7 -132 O[-*O{,' +1.7
P- g gt andigt -155.4 —-134 0O, +2.8
Py £78” ~152.7 —130 0,—0s 0
Pq gt ~153.3 ~125 0, +1.8
Pio g tand g g~ —1539 -129 0,—0s +1.0

= With respect to the most stable conformer, the representative phosphate of group Pg.

the global minima (taking account of the 2-A limit
of approach for the multiple expansions) which,
for all ten groups, are found to lie in a symmetric
bridged position between the two anlonic oxygens
0, and O2 (see Fig. 2). These minima are all ap-
proximately in the O;PO, plane with displace-
ments of no more than 0.2 A toward O3 or Og de-
pending on the phosphate group considered. The
values of these minima are given in column 3 of
Table I: they may be seen 10 be stable 1o within 2
kcal/mole from a mean value of —154 kcal/mole.
Consequently, variation of the w and «’ torsional
angles have a negligible effect on this principal
minlmum. '
Investigations of the potential in other regions
around the phesphate moiety reveal, however,
more marked effects of conformational change. We
present two such regions. The first region consid-
ered is the plane C, passing through the phos-
phorus atom and from which the four phosphate
oxygen atoms are roughly equidistant (Fig. 2). For
each phosphate conformational group, potentials
along the 2-A contact surface of the phosphate
were calculated for this plane with the results
shown in Figures 3(a)-3(j). It may be noted that
the values around the contact surfaces and the
position of the corresponding minimal potentials
(Table I) varv significantly with conformational
changes, although in a manner gualitatively un-
derstandable on the basis of the positions of Ha
and Hs- shown in Figure 3. The minimal potentials
along the 2-A contact surface, given in Table I,
show a maximal variation of 13 kcal/mole from
—122 keal/mole for Py 10 —135 keal/mole for Pg,

their positions being localized near the anionic
oxygen O, or Oy or between these oxygens and O;.
Only one phosphate conformational group from
tRNAFPhe P, vields a minimum displaced toward
Oa-.

The second region of potential considered is
described by a line D (Fig. 2) passing from the
phosphorus atom toward Oy and Oy along the bi-
sector of the OaP0Os angle. This direction is in-
teresting because although it points away from the
strong anionic oxygen bridge potentials, it 1s ori-
ented toward the bases neighboring the phosphate
in a polynucleotide backbone. Potentials along this
line for each of the phosphate groups are given in
Figure 4.

These potentials are seen to be notably affected
by conformational changes, with a maximal vari-
ation of 28 kcal/mole between groups Pg and P; at
a distance of 4.5 A from the phosphorus atom. At
6 A a maximal variation of 10 kcal/mole remains.
Four groups show notably deeper potentials at all
distances, Ps, Ps, P, and Pg, which refer to con-
formations of type gtg~,tg~, and g L.

For the doubly ionized phosphate 1, we note
that it is associated, as would be expected, with
much stronger electrostatic potentials between its
three pairs of anionic pxygens. Fhree local minima
are located: O30;, —263 kcal/mole, 0303, 263
keal/mole, and 0,05, —254 keal/mole. The global
minimurmn is, however, a point equidistant from al)
three oxygens on the 2-A envelope, where a po-
tential of —274 kcal/mole is calculated. Due toits
different ionization state this phosphate was not
included in the preceding discussion of the po-
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Figure 4. Potentials along a line D bisecting O3 PO;. for
the phosphate groups P1-Pig.

tentials in plane C or along line D, with the re-
maining phosphates, where we discuss only con-
formational effects on the phosphate potential.
In comparing the phosphate conformational
groups it is interesting to mention the variation of
the energy between the ten representative phos-
phates, revealed by our ab initio SCF calculations.
1n the final column of Table I these energies are
shown with respect to the most stable confarmer
(the representative phosphate of group Pgwith a
conformation g=g~ close to that found in B-DNA)
which s taken as energy zero. (It should be
stressed that these conformational energies refer
to the geometries of the representative phosphates
in the tRNAPre molecule and are in no way the
result of a conformation energy minimization
procedure}. It is interesting io note that the most
stable conformations Pg and Py correspond to the
most populated groups (see Fig. 2}. P; (phosphate
25) and Ps (phosphates 17 and 19) are particularly
disfavored energetically and their presence n
tRNAPbe ig presumably explained by important
local tertiary interactions which necessitate these
conformations, concelvably the D arm (C25)-
variable loop (G45) interaction for group Py and
the D loop (G18, G19)-TWC loop (W55, C56) in-
teraction for Ps. '
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CONCLUSIONS

The resulis of the present study show that
variations of the phosphodiester torsional angles
have a negligible effect on the principal deepest
potential, found in a bridge position between the
anionic oxygens, of an isolated phosphate group.
In other regions around the group the effects of
conformational changes are more marked, notably
aJong the bisector of the O3PO5 angle, which in a
polynucleotide backbone is roughly directed
toward the neighboring nucleic acid bases. The
conformational states showing deeper negative
potentials along this line are g*g~, tg~, and g ¢.

Although such changes in potential with con-
formational stale can amount to almost 30 kecal/
mole in certain regions it is to be noted that, in the
coniext of the potentials of a complete t RNAFbe
macromolecule, the topological positioning of the
phosphate groups plays a much more important
role, as will be shown in a subsequent part of this
series.

We mayv add that we have completed a similar
study of the sugar subunits of tRNAFPe developing
a grouping, as for the phosphates, based on con-
formational state and studying changes in elec-
trostatic potential with their conformation.
However, since the sugar subunits in our study are
not complete ribose sugars (see Method section)
and consequently not of general inlerest as isolated
species, we do not present these results. We may
stale simply that the potentials associaled with
these uniis are several times weaker than those of
the phosphates and that changes of the potential
with their conformational states do not ammount to
more than 2-3 keal/mole. As such, these effects are
unlikely to be an important factor in determining
the potential of a complete tRNAPPe. within and
around which very strong potentials exist.
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tional Foundation for Cancer Research 1o which the au-
thors wish to express their thanks. They also thank Melle
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ABSTRACT Phe

The sites of the 76 nucleic acid bases of tRNA potentially reactive
towards electrophiles are studied by calculations on the associated molecular
electrostatic potentials and the static steric accessibilities. Each of these
sites is treated in its environment within the macromolecule. The influence
of various schemes of screening by countercations of the backbone phosphates
on the electrostatic potentials is investigated. The possible significance of
the potentials and accessibilities in connection with observed chemical reac-
tivities 1s discussed.

INTRODYCTION

Qur laboratory is presently engaged in a thecoretical exploration of cer-
tain aspects of the fine structure of the transfer ribonucleic acid, tRNAPhE.
In the previous publications of this series we have presented the electrosta-
tic potential around the macromolecule produced by the assembly of its 76 anio-
nic phosphate groups (1}, the potentials of its individual phosphates as a
function of their conformations (2) and the potentials and accessibilities as-
sociated with each of these phosphates in their macromolecular environment (3}.
In this publication we extend our studies to the evaluation of the electrosta-
tic potentials and the steric accessibilities of potentially reactive sites
associated with the nucleic acid bases of tRNAPhe. These potentials and acces-
sibilities are calculated taking into account the contribution of all the sub-
units, phosphates, sugars and bases of the macromolecule and, in addition, the

effects of countercation screening are also considered.

METHOD
The present calculations are based on the geometry of yeast tRNAP

he in
its orthorhombic crystal form given by Sussman et al. (4).The technique of

evaluating the molecular electrostatic potential of a macromelecule has al-

© IRL Press Limited, 1 Falconberg Court, London W1V 5FG, U.K.
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ready been described (e.g. see the first article of this series (1) or our pa-
pers on similar calculation on B-DNA (5) and Z-DNA (6)). The potential sites
considered in this paper are the neqgative potential minima which occur around
the nucleic acid bases and are generally associated with the atoms of these
moieties susceptible to electrophilic attack. These sites are of two types :
1) those which occur in the plane of the bases, and are associated essentially
with the pyrimidine-1ike ring nitrogens or the carbonyl oxygens, and 2) those
which occur out of the plane of the bases, and are associated primarily with
the pyrrole-type ring nitrogens, C8 or the amino groups of the purines and C5
of the pyrimidines {6). For the sites which occur out of the plane of the bases
there are always two related potentials, one on each side of the base. In the
tables of results which follow we present only the more negative of these two
values, for brevity. '

The technique of calculating static steric accessibility has also been
Phe (3. (see

also ref. 7 and B for related calculations). As the attacking species we con-

described previously in its application to the phosphates of tRNA

sider in the present calculations a sphere of 1.2 A radius {the Van der Waals
radius of the hydrogen atom) which has been shown in our previous studies (3)

to reproduce well the accessibility of a macromolecule toward a water molecule,
considered explicitly, via one of its hydrogen atoms. Although the results ob-
tained for this particular simple species are, of course, rigorously valid only
for this model, they certainly give an indication on the overall accessibilities
to the different sites and allow to place an upper limit on the accessibility

of these sites towards larger and mcre complex attacking molecules.

RESULTS AND DISCUSSIDNM
A) The potentials and accessibilities of the base sites.

The results of the computations are presented in tables 1-8 The potentials

reproduced in these tables have been calculated taking into account not only

the macromolecule, tRNAPhe, jtself, but also four magnesium cations, M92+, in

the positions localised by x-ray studies on the orthorhombic crystal of tRNAPhe
(4). These potentials thus refer to tR!\IAPhe

It may be remarked that in these tables the entries of potential and/or

in its crystal form,

accessibilities are absent for certain in-plane base sites e.g. cytosine N3 (no-
tation C{N3)) and adenine N1. The reason for these absences is the occlusion of
the corresponding sites by base-pair hydrogen bonding. This occlusion strongly
(although not completely (9))reduces the magnitude of the site potentials and
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the accessibility of the associated base atoms. Nevertheless., reactions at the-
se sites cannot be ruled out, because of now well-established transient fluc-
tuational base unpairings {see e.a. 10).

There are, in addition, certain missing entries for the modified bases,
which imply the absence of a corresponding site in these residues.

We shall consider the potentials and accessibilities successively for the

different types of base in tRNA''®

TABLE 1. Guanine site potentials (kcal/mole)

Residue N1 NZ N3 FJF C8 ] 06 Order ]
- ; |

1 -978 -949 -979 -1116 | - 1060 l - 1055 N7>C8> 06> N3> Ni> N2

3 -1068 | -1028 |-1044 -1189 | -1109 | -117C N7> 06 C8> N1> N3> N2 {
4 -1091 | -1068 | -1086 -1206 }-1125 | -1196 N7>06>C8>Nl>HN3> 2
15 -1135 | -1138 |-1156 -1302 | -1189 | -1302 N7 = 06> N1>CB8>N3> N2
1B -973 | ~1033 [ -1043 -986 -931 -983 N3>N2>N7>06>N1>C8
19 ~B59 -870 -928 -908 -887 -861 N3>N7>C8> N2> 06> N1
-1016 | -1104 | -1031 -952 -955 ¢ -1005 N2> N3>Nl>06>C8> N7

22 -1147 | -1121 |-1149 . - -1126 | -1126 N3>N1>C8 = 06> N2
24 -1098 | -1071 | -1118 -1223 | -1141 | -1183 N7>06>C8>N31>Nl>N2
30 -965 -930 -968 -1047 -9%6 | -1021 N7>06>N3>C8>N1>N2
-668 -660 -713 -7167 -744 =117 N7>C8>06>N3>Nl>N2
42 -1059 { -1626 | -1041 -1169 | -1093 | -1145 N7>06>C8>N1>N3>N2Z
43 -1077 | -1040 | -1062 -1201 ; -1108 | -11B3 N7>06>C8>N1>N3>N2
45 -1130 | -~1146 { -1181 -1225 | -1129 | -1229 06 > N7 > N3>N2>N1>C8
51 -1096 | -1056 | -1079 -1257 | -1132 | -1230 N7>06>CB>HNl>N3>HN2
53 -1073 | -1034 | -1055 -1172 | -1047 | -1176 06> N7 > Nl>N3>C8>H2
@ -931 -957 -987 -926 -892 -949 N3> HNZ2>06>Nl>N7>CB
65 -1160 | ~1131 | -1144 -1248 { -1161 | -1241 N7 > 06> C8>N1>N3>N2
71 -1010 -991 -9B7 -1089 -983 | -1085 N7 >06 > Nl >N2>N3>(8
10 -1078 | -1062 | -1067 -1182 | -1133 | -1105 N7>(C8>06>N1>N3>N2
f 20 -1093 | -1112 : -1100 -1187 | -1075 | -1186 N7 > 06 > N2> N3>N1>(C3
46 Jl -1133 | -1166 | -1237 - -1072 | -1152 N3 > N2 > 06> N]>C8
1
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1) Guanine

The potentials {in kcal/mole} at the different sites associated with that
base are shown in table I. In the first column is given the number of the base
residue, ringed numbers denoting bases not involved in interbase hydrogen bon-
ding ; the next six columns indicate the values of the potentials, each column
being headed with the name of the atom of the base with which a particular site
is associated ; in the final column the order of the sites, with respect to
decreasingly negative potential, is given for each residue.

Several general points may be noted immediately from Table I. Firstly, the
potentials are strongly negative, of the order of -800 to -1300 kcal/mole. These
intensities are principally due to the strong, combined effect of potentials of
the anionic phosphate groups, which superpose on the potentials inherent to the
bases. Secondly, the values of potential differ appreciably for a given site
from one guanine to another. This is due to the irreqular and complex folded
structure of tRNAPhe
ries from one guanine to another. This situation, again due to the folded struc-
ture of tRNAPhe
lar structure, such as B-DNA, where each base in a given segment of the helix

. Thirdly, the ordering of the potentials of the sites va-
, is significantly different from that in a nucleic acid of regqu-

has very similar site potentials and site orderings, apart from relatively weak
perturbations due to the neighbouring base seguence. tRNAPhe thus presents a
much more complicated picture of base site potentials, which depend significan-
tly not only on the nature of the base concerned, but also on its location in
the nucleic acid.

Considering the guanine potentials in more details we may note that the
most negative potential for each base is commonly at N7, although N3 (residues
18, 19, 22, 46 and 57) and 06 (residues 45 and 53) may also occupy this position.
It is interesting to note that N2, the guanine amino group site, which is gene-
rally associated with a relatively weak negative potential and is often the
last site in the ordering also occurs as first, most negative site for one
guanine : residue 20. The ordering fo the remaining sites is very variable
between the different guanines.

The average potentials associated with each base differ considerably and,
from table 1, we may deduce that e.g. guanines 19 and 34 have weak average po-
tentials ( «—1000 kcal/mole) while guanines 15, 45. 51 and 65 have strong ave-
rage negative potentials {>—1100 kcal/mole). These results can be corretated
with the structure of tRNAPhe
tion of the phosphates around a given base.

and more specially with the special concentra-

The residues which occur below the horjzontal line at the bottom of table
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1 are the modified guanines : 10 (MZ-methylguanine), 26 (NZ-dimethylguanine)
and 46 (7-methylguanine). The average potentials of these bases and the site
ordering are similar to the normal guanines. It is interesting to note that

the positive charge carried by 7-methylguanine 46 does not distinguish this

residue from its close neighbour, guanine 45, in terms of average potential.
The dominating influence of the summed phosphate potentials is thus exampli-
fied.

TABLE 2. Guanine atom accessibilities (Az)

l
Residue N1 N2 N3 i N7 C8 06 l Order

[l f 1 e

1 ¢ 0.0 | 009 | 1.21 | 5.33 1 2.10 | 2.3 | N7>06>C8>N3
3 | 00 | 0.14] 0.09 | 4.3 | 0.79 | 2.02 | N7>06>CB> N2> N3
4 | 0.0 | 009 | 0.60 | 2.60 | 0.53 | 0.97 | N7>06>N3>C8B> N2
15 | 00 | 0.0 | 060 | 3.38 | 1.0 | 3.31 | N7>06>C8>N3
18 [ 0.0 { 0.0 { 0.37 | 4.13 | 0.53 | 3.55 | N7>06>C8>N3
19 1 093] 1.76 | 1.95 1 5.47 | 1.0 | 7.35 | 06>N7>N3>N2>C8>Ni
1.02 | 1.81 | 1.39 | 5.75 | 2.27 | 5.17 | N7>06>C85N2>N3> NI

22 0.0 0.0 0.0 - 0.0 0.0 -
24 0.0 0.0 0.97 1.71 0.0 _ 0.28 N7 > R3> 06
30 0.0 0.32 0.0 i1 0.11 ' 1.90 N7 >06>N2>C(8

0.88 ] 1.90 | 1.21 5.05 | 2.06 | 7.31 | 06>K7>C8> N2>N3> Nl

4z Q.0 0.0 0.56 4.03 0.74 2.71 N7 > 06 > C8 » N3

43 0.0 0.05 0.19 4.22 0.74 2.42 N7 >06>C8>N3>N2Z
45 0.0 0.0 0.0 3.75 1.05 6.30 06 > N7 > C8

51 0.0 0.09 0.42 3.29 .58 1.74 N7 > 06 >C8B>N3>NZ

0
53 | 0.0 | 00 | 0.0 | 357 | 0.79 | 2.46 | N7>06>c8
G) | 00 | 0.09| 0.42 | 0.0 | 0.0 | 3.55 | 06>N3>N2
65 | 0.0 | 0.05| 0.19 | 4.17 | 0.69 | 2.26 | N7>06>C8>N3>N2

71 0.0 0.0 0.28 2.04 0.21 1.09 N7 > 06 > N3> (8

10 0.0 0.0 0.74 Q.0 0.79 0.0 C8 > N3
26 0.0 0.09 0.37 0.51 0.0 2.91 06 > N7 > N3 > N2

46 0.0 0.0 0.0 - 0.95 0.28 C8> 06
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We now turn to the calculated accessibilities of the guanine atoms cor-
responding to sites for which the potentials have been studied, The results
are shown in table 2, the presentation being similar to that for the potential
sites. Note that zero accessibilities have not been inciuded in the ordering
in the Tast column of this table. It may be seen that the accessiblie areas of
the guanines vary considerably passing from one resjdue to the next, both in
terms of their average values and of their ordering for each base. There are,
however, certain similarities between the bases, notably the inaccessibility
of N1 in all but three cases (15, 20 and 34) and the high accessibilities of
N7 and 06. C8 s alsc relatively accessible for most guanines, while N3 is
somewhat Tess accessible. N2 has low or zero accessibility in ail but three
residues : 19, 20 and 34. It might be expected that the unpaired bases (rin-
ged in table 2) would show particularly high accessibilities and this is so
for residues 20 and 34, but not for 57 which has rather low accessibilities,
apparently because of its internal position in the T¥C Toop and its stacking
interactions with bases 56 and 58. In contrast, guanine 19, which is paired
with cytosine 56, has high accessibilities being exposed on the outer surface
of the macromolecule between the D and TyC loops, positioned similarly to the
unpaired base 20. An exceptional case of steric hindrance is seen for guanine
22 for which no site was found to be accessible., This base is situated in the
core of the tRNAPhe molecule, is involved in the base triplet 22-13-46 and
stacked between the pair 15-48 and the triplet 23-12-9.

Finally, comparing for each guanine the orderings of the potentials in
table 1 and of the accessibilities in table 2, we remark a certain correla-
tion between these twoc properties. In most residues N7 and 0b are sites asso-
ciated with the deepest potentials and also with large accessibilities while
N2 generally have weak potentials and small accessibilities. The remaining
sites are intermediately placed in both tables with the exception of the par-

ticularly low accessibility of NI1.

2) Adenine

The potentials are presented in table 3. The final entry at the bottom
of this table is the modified base l-methyladenine 58.

As for the guanines, the average potentials and the site orderings differ
considerably for the varijous adenines, Thus, adenines 35, 36 and 76 have par-
ticularly weak average potentials, of the order of -600 to -800 kca?/mo1e,
while those for residues 9, 64, 66 and 67 are strong, -1100 to -1250 kcal/mole.
For the indjvidual bases N7, N6 and, somewhat less commgnly N3, have the most
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negative potentials, while the potentials for NI (this site is often occluded

by hydrogen bonding) and C8 are generally weaker. For adenine 38, however, (8

becomes the most negative site. Contrasting these results with those for gua-

nine one may note the relatively more negative potentials associated with the

adenine amino groups in comparison with those of the guanine amino groups.

The accessibilities for adenines are given in table 4, Here we may note

the generally large accessibilities at N7 and M3, and the small values at N&.

The accessibilities at C8 are intermediate in magnitude with the exception of

TABLE 3. Adenine site potentials (kcal/mole)

I;esiduei N1 N3 N6 N7 CB Order
5 - S1145 | -1176 | -1223 | -1165 N7 > N6 > C8> N3
9 |-1241| -1217 | -1193 - ~1156 N1> N3> N6 > C8
14 ] -1138| -1106 | -1147 - -1170 N1> C8> N6 > N3
() |-118a| -1161 |-1195 | -1139 | -1150 N6 > N1> N3> C8> N7
23 -] -1132 | -1167 - ~1154 NG > C8 > N3
29 - 1003 | -1060 | -1090 | -987 N7> N6 > N3 > C8
31 | -921| -928 | -973 992 | -922 N7 > N6 > N3 > N1 > €8
(39 | -72] -735 | -740 | -811 | -783 N7 > C8> N6 > N1> N3
757 -776 | -736 | -805 | -725 N7> N3> N1> N6 > C8
-836 | -842 | -831 -838 | -843 €8> N3 > N7 > N1 > N6
44 - 1081 | -1128 | -1207 | -1118 N7 > N6> C8> N3
62 - | -1064 |-1169 | -1205 | -1119 N7 > N6 > C8 > N3
64 - 1105 | -1203 | -1215 | -1130 N7 > N6 > C8 > N3
66 - 1173 | -1220 | -1246 | -1165 N7 > NG > N3 > C8
67 - -1183 | -1209 | --1240 | -1145 N7 > N6 > N3 > C8
(73 | -995| -948 | -962 | -994 | -889 N1> N7 > N6 > N3 > C8
(6 | -671| -679 | -580 614 | -5B2 N3 > N1 > N7 > 08> N6
58 - 1118 | -978 - -1058 N3 > C8 > N6
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the large value of 3.01 32 for the terminal acceptor end base, adenine 76,

This exposed base is in fact highly accessible at all sites. The modified base
1-methyladenine 58 shows only a small accessibility at N3. Five adenines, resi-
dues 35, 36, 38, 73 and 76, show quite high accessible areas at Nl. All these
bases are unpaired. In contrast, adenine 21 which is also unpaired is inacces-
sible at N1, N3 and Né, apparently because of its orientation towards the core
of the molecule and the consequent hidrances caused by uracil 47 and the stac-
king with guahine 22 and 7-methylguanine 46.

o]
TABLL 4. Adenine ator accessibilities (Az)

Residue N1 N3 N6 N7 C8 Order

5 - 1.07 | 0.05 1.90 | 0.0 N7 > N3> N6

9 1.11 | 0.70 | 0.70 - 0.0 NL> N3> N6

14 0.83 | 2.09 | 0.0 - 0.0 N3 > N1

@) 0.0 | 0.0 | 0.0 2.22 | 0.42 N7 > C8

23 - 1.90 | 0.0 - 0.26 N3 > C8

29 - 0.88 | 0.37 3.11 | 0.74 N7 > N3 > C8> N6

31 0.0 | 0.93 | 0.56 1.02 | 0.0 N7 > N3 > N6

G | 209 1.11 ] 0.0 0.0 | 0.0 NI > N3

3.62 { 1.25 | 0.05 | 0.46 | 0.32 N1>N3>N7>C8> N6
| 250 | o.88 | 0.23 0.46 | 0.0 N1>N3>N7 > N6

44 - 1.99 | 0.0 1.48 | 0.0 N3 > N7

62 - 1.44 | 0.09 1.99 | 0.05 N7 > N3 > N6 > C8

64 - 0.97 | 0.0 2.32 | 0.84 N7 > N3 > C8

56 - 0.74 | 0.05 2.69 | 0.69 N7 > N3 > C8 > N6

67 - 1.21 | 0.05 2.09 | 0.26 N7 > N3 > C8 > N6
3 2.46 | 0.93 ] 0.14 1.44 | 0.21 N1>N7>N3>C8> N6
5.89 | 1.16 | 3.43 6.40 | 3.01 N7 > N1 > N6 > C8 > N3

58 - 0.14 0.0 - 0.0 N3
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Comparing potentials and accessibilities for the adenines, N?Aand N3 are
seen to be well nlaced for most residues while the relatively deep potentials

of N6 are contrasted by relatively Tow accessibilities.

3) Cytosine

The potentials at cytosine sites are contained in table 5. At the bottom
of this table are included the modified bases 5-methylcytosines 40 and 49.

TABLE 5. Cytosine site potentials (kcal/mole)

Residue| N3 NG 02 ch Order
]
2 - |-1091 | -985 | -1074 N4 > C5 > 02
1 - (-1133 [-1075 | -1114 N& > €5 > 02
13 - {-1205 {-1131 | -1188 N4 > 55 02
25 - | -1144 |-1074 | -1143 N& > C5 > 02
27 ~ |- p-1083 | -1068 N4 > C5> 02
28 - |-1001 | -99a | -1049 N4 > C5 > 02
(2 | -874 | -921 | -B34 -865 N& > N3 > C5 > 02
48 - | -116 | -1289 | -1141 02 > N4 > C5
56 - 8RO | -B39 | -89%0 C5 > N& > 02
1099 | -1065 |-1193 | -1112 02 >C5 > N3 > N4
61 - | -1179 | -1089 | -1139 N4 > C5 > 02
63 - 1-1166 | -1052 | -1181 NG > C5 > 02
70 - [-1104 |-1012 | -1042 NG > C5 > 02
72 - 1017 | -933 | -970 NG > C5 > 02
926 | -B9L | -911 { -885 N3 > 02 > N& > C5
(5 | -8s7 | -B&2 | -B30 | -837 N3 > N4 > C5 > 02
40 ~ {-1028 | -978 | -1058B £5 > N4 > 02
| ag - {-1235 {-1187 | -1254 C5 > N& > 02
L] t |
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For cytosine the site associated with N3 is occluded by hydrogen bonding
for all but the four unpaired residues : 32, 60, 74 and 75. Of the three remai-
ning sites N4 is most commonly associated with the deepest potential and 02
with the weakest. Once more the bases from differing regions of the macromo-
lecule are associated with different average potentials, the weakest being
those for cytosines 32, 56, 74 and 75 and the strongest those for cytosines
13, 43 and 49. It is interesting to note that in both the S-methylcytosines

TABLE 6. Cytosine atom accessibilities (Az)

Residue N3 N4 0z C5 Order
2 - 0.19 | 1.49 | 0.74 02> C5> Na

11 - 0.0 1.13 | 0.42 02> C5
13 - 0.0 | 0.28 | 0.21 02> C5
25 - 0.0 | 0.52 | 0.0 02
27 - 0.09 | 0.32 | 0.47 C5> 02> N4
28 - 0.0 | 0.73 | 0.7 (5> 02
(G2 | 162 | 019 | 2.18 | 0.26 02> N3> C5> N4
48 - 0.0 | 0.32 | 0.1 02> C5
56 - 1.48 | 3.23 1.69 02> C5> N4
1.07 | 0.14 | 4.48 | 0.42 02> N3> C5> N4
41 - 0.05 | 0.97 0.21 02> C5> N4
63 - 0.05 | 1.05 1.11 C5> 02> Na
70 - .14 0.89 1.21 C5> 02> N4
72 - 0.0 | 0.8 | 0.16 02> €5
2.69 | 0.42 | 6.18 | 0.0 02> N3> N4
(9 | 362 | 111 | 7.9 1.69 02> N3> N&> C5
0 | 0.0 | 019 | 2.22 | 0.16 02> Nd > C5
49 | 0.0 | 0.56 | 1.01 0.32 02> Nd > €5

|
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(40 and 49}, the (5 site has the most negative potential, which for the unmo-
dified bases is only the case for cytosine 56.

Passing to the cytosine accessibilities (table 6}, the dominance of the
values for 02 and C5 may be seen. N4 is only slightly accessible with the excep-
tion of cytosines 56 and 75 which are both exposed ; 56 between the D and TyC
loaps and 75 in the acceptor end.

Sites DZ and C5 of cytosines are thus calculated to have both relatively

strong negative potentials and large accessibilities for the majority of these

residues.
TABLE 7. Uracil site potentials (kcal/mole}

Residue| N3 s 02 04 Order
6 | -1187 | -1212 | -1152 | -1237 04> C55 N3> 02
7 | -1201 | -1226 | -1174 | -1281 04 > C5 > N3 > 02
8 | -1244 | -1290 | -1123 | -1285 C5 > 04 > N3 > 02
12 | -1109 | -1113 | -1067 | -1183 04> C5> N3 > 02
(G | -8s3{ -se3 | -737 | -954 04> (5> N3 > 02
a1 | -1032 1 -106s | -947 | -1071 04 > C5 > N3 > 02
-1086 | -1092 | -1098 | -1037 02 > C5 > N3 > 04
50 | -1169 | -1219 | -1081 | -1245 D4 > C5 > N3 > 02
52 | -1086 | -1112 | -1015 | -1206 04 >C5 >N3 > 02
1122 | -1099 | -1180 | -1050 02 >N3 >C5 504
68 | -1145 | -1142 | -1101 | -1205 04 >N3 >C5 > 02

69 | -1103 | -1093 | - “1191 04> N3> C5

978 ] - | -1055 | -943 | 02>N3>04

) | -s0| - 971 | 792 02> N3 > 04
38 | o8| -9hg | -930 | -o18 N1s 02> N3 > 04
55 | —10s0 | -10%8 | -1101 | -1004 02> N3 > N1 > 04
56 | -1034 | -1034 | -1141 | -1167 045 02 > N3 = C5
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4} Uracil

The potentials for uracil are contained in table 7. Included at the foot
of this table are the modified bases dihydrouracil (16 and 17), pseudouracil
{39 and 55) and thymine (54), which may be considered as a modified uracil in
the present circumstances. We note that in the pseudouracils 38 and 55, which
are linked to the sugar via C5, the potential associated with N1 replaces that
for €5, which occurs in the equivalent geometrical position in the unmodified
uracils.

The most negative potentials for the different uracils are found to be

TABLE 8. Uracil atom accessibilities (A")

i

Res1idue N3 " 02 04 Order
S I S
6 | 0.0 | 069 ] 1.13 ] 3.15 04> 02> C5
7 | 0.0 | 0.84 | 2.30 1.45 02> 04> C5
g | 0.0 1.21 | 0.0 0.69 C5 > 04
12 | 0.0 | 0.16 | 2.18 | o0.44 02> 04> C5
(33 | 0.19 | 0.32 | 0.65 | 3.47 04> 02> C5 > N3
41 | 0.0 1.32 { 1.41 | 2.06 04> 02> C5
1.11 | 3.69 | 4.85 11.39 04> 02> C5 > N3
50 | 0.0 1.27 | 1.41 2.42 04> 02> C5
s2 | 0.0 | 0.90 | 1.29 | 3.19 04> 02> C5
0.0 | 0.0 | 513 ] 3.9 02> 04
68 | 0.0 | 0.05 | 1.49 1.45 02> 04> C5
69 | 0.0 1.32 | - 4.B5 04 > C5

1.62 | - B.84 | 11.10 04> 02> N3

W | 17 - 3.39 | 11.14 04 5 02 > N3
N1

39 0.0 0.14 3.03 2.38 02> 04> N1
N1

55 | 0.0 056 | 7.19 0.0 02> N1

54 0.0 0.0 0.0 2.18 04




96 Nucleic Acids Research

those associated with 04. 02 is generally the weakest of the sites studied but
in the case of five residues, 16, 17, 47, 55 and 59, this situation is rever-
sed and it becomes the most negative site. For all these residues however, 02
is not involved in hydrogen bonding. N3 and C5 are generally associated with
intermediate potentials with the exception of C5 for uracil 8, in which it is
the most negative site.

The weakest average potentials for the uracil residues are those of the
dihydrouracils 16 and 17 in the O loop and also of uracil 33, while the dee-
pest average potentials are calculated for uracils 6, 7, 8, 50 and 68.

Table 8 shows the accessibilities at the uracil atoms. One may note the
largest values for 02 and 04 for all residues with the exception of residues
8 and 55 where 02 and 04 are, respectively, inaccessible. For uracil 8, C5 has
a2 large accessibility and it will be recalled that this atom is also associa-
ted with the most negative potential for this base. These phenomena are most
probably explained by the unusual, reverse Hoogsteen, base pairing of uracil
8 with adenine 14 via its N3-H and 02 centers. The N3 atom is generally inac-
cessible, the exceptions being for the unpaired bases 16, 17, 33 and 47.

Comparing tables 7 and 8, 04 of uracil is seen to be associated most com-
monly with the strongest potentials and largest accessibilities, but this is
alse true for 02 when this atom is not involved in hydrogen bonding.

B) The effects of countercation screening

At this point, it may seem relevant to ask whether the potentials for

tRNAPhein the presence of the four crystallographically located M92+ cations

Phe

as presented in the preceeding section, are relevant in describing tRNA
in the presence of other cation arrangements, as could be the case for the
molecule in solution. To tentatively answer this guestion we studied two new
situations, namely, tRNAPhe in the absence of any cation and tRNAPhe in the
presence of both the four Mgz+ and twenty Na© cations. Both these studies were
carried for the test case of the guanine residues. The latter ions were bound
to the bridge sites between the phosphate anionic oxygens, a position identi-
cal to that employed in studying the Na® cation screening of B-ONA (19). Their
binding to given phosphates and their number was arrived at by an optimisation
procedure which searched to locate, for each new ion, the bridge site with the
most negative potential, avoiding at the same time too close approaches betwen
the various countercations (limiting distances of Nat -Na't 73 and Na' —M92+,
143 were imposed). The phosphates found in that way to bind Na® ions are resi-

dues 1, 3, 6, 15, 24, 25, 31, 44, 45, 51, 53, 57, 61, 63, 66, 68, 70, 72, 74
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and 76. This screening does not pretend to represent the true countercation
distribution in solution. but is rather intended to i1llustrate one of many

possible models of a more complete screening of tRNAPhe than that which exists

in its orthorhombic crystal form in association with the four localized Mg2+
10ns.

For reasons of economy of space imposed by the editorial rules we* shall
not reproduce the numerical results here. They may be obtained upon request.
Here we simply wish to indicate that the order of potential sites for each
base is not greatly changed between the three approximations investigated and
that the same is true the ordering of the guaninesin terms of their averaqe

potentials.

C) Correlations with experimentally observed chemical reactivities of
tRNATNE
It has been demonstrated, notably by our earlier studies of B-DNA (5, 12),

that both electrostatic potentials and steric accessibility can, and often do,
play a significant role in determining the chemical reactivity of sites within
a macromolecule. We similarly investigated the possible role of these factors

Phe with electrophiles.

for several experimentally studied reactions of tRNA
The results of the previous sections indicate, however, by themselves the 1imi-
tations of such an approach inasmuch as they show that strong negative poten-
tials, which would imply greater affinity for a reaction with electrophiles,
often occur for bases with low accessibilities, which disfavour reactions and
that converse situation is also common, weak potentials being associated with
bases having high accessibilities. It is also obvious a priori that these are
not the only factors involved in the reactions and that as illustrated by our-
selves on numerous occasions (13-15), polarisation and charge transfer are
important components, besides the electrostatic one in the alobal interaction
energy between two species. Nevertheless the previous success of this approch
encourages its futur exploration.

de have studied four reactions of tRNAT™ : with (i) kethoxal (16-17)
(i1) 12/]1613 (18), (i11) carbodiimice (19) and (iv) N-acetoxy-2-acetylamino-
fluorene (20-23). Each of these reactants interacts with specific sites on

specific types of base within tRNAPhe.

We were concerned only with trying to
understand to what an extent may the computed potentials and accessibilities
account for the reactivity or non reactivity of certain bases in given struc-
tural regions of the macromglecule toward a given reactant. A full explanation

of the site specificity of these reagents implies more complete cuantum mecha-
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nical studies of their respective reaction mechanisms, which is beycnd the
scope of this publication (see e.¢. 13-15).

Because of space limitation we can present here the results for only cone
of the above cuoted reactions. A more complete study will be presented separa-
tely.

The exemple selected concerns kethoxal. This compound reacts specifically
with the guanine bases of tRNAPhe and in the studies of Litt (16-17) only two
gquanines, numbers 20 and 34, are found to bind this reagent. The reaction pro-
duct is a bridged adduct resulting from substitutions at guanines N1 and NZ.

In figure 1 we have combined the calculated data for the accessibilities
(horizontal axis) and potentials (vertical axis). Each point on this graphic
therefore represents, simultaneously, the potential and the atom accessibili-
ty for a given base site. On this graphic we have, in this manner, placed dots
refresenting the N1 and N2 sites of atl the guanines of tRNAPhe. Sites with

zero accessibility, consequently untikely to be reactive, are not included.

Accessible area (X)

0 1.0 2.0
..500 1 1
34,N1 -— 34,N2
=750
2
E
~
= G NIe——— 19 N2
© 1 «30, N2
c S7,N2
§ 10001, 20,8
& o S—43,N2
STErsnuz
4 20,N2
* 6S,N2
-1250+

Fig. 1 . Potential and accessibility for the quanine Nl and N2 sites in tRNAPhe.
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When both the N1 and N2 sites of a aiven base appear on this diagram they
have been joined by a line. It will be noted that this is the case only for
guanines 19, 20 and 34. For the other bases the accessibilities of N1 ar
NZ or of both are zero (see table 2). The three remaining bases are seen to
have high accessibilities for both sites, although N2, in each case, is some-
what more accessible than N1. The N1 and N2 sites of quanine 20 have high ne-
gative potentials, while those of guanine 34 are considerably lower, guanine
19 being intermediately placed.

The observed reactivity of auanines 20 and 34 is consequently understan-
dable. The inactivity of guanine 19 may be due to the fact that while guanines
20 and 34 are unpaired, guanine 19 is bound to cytosine 56 with hydrogen bonds
that involve its N1 and NZ atoms and these bonds would have to be disrupted be-
fore a reaction with kethoxal could take place.

CONCLUSIONS

In the present publication the electrostatic potentials and the steric
accessibilities of all the sites on the nucleic acid bases of yeast tRNATPE,
which are susceptible to electrophilic attack, have been calculated,

1t is shown that the potentials and accessibilities of specific sites on
each type of base are highly variable, depending strongly on the positionning
of the base inside the macromolecule. This variability applies both to the
average potential or accessibility associated with the sites of the hases and
to the ordering of the sites, in terms of these values, for each individual
base.

The effect of different countercation screenings of the backbone phospha-
tes has also been investigated. It is found that increased screening diminishes
the absolute values of the base site potentials and also their spacing, but
does not cause much reordering.

A clear correlation between structure and potential may be noted, bases
in the acceptor end or the loops generally having much weaker potentials than
those situated in the helical seaments, closer to the core of the macromolecu-
le. The accessibility of certain bases in the acceptor end or the loops is also
particularly high compared to other regions, but the structural correlations
with this property are less clear due to its sensitivity to the local structure
surrounding each individual base atom.

Finally partial correlations between the combined potentials-accessibili-

ties for the base sites and experimentally observed chemical reactivities of
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Phe have been noted. More detailed reactivity studies are required before

tRNA
definite conclusions on the relative roles of the potential and accessibility
and their relation to other factors involved (e.g. polarization, charqge trans-

fer, etc.) can be made. Such studies are under way.

Acknowled gments - This work was supported by.the contract n®14 of the Insti-
tut National de la Recherche Medicale of France with its ATP 77 79-109 in

Chemical Carcinogenesis. One of us (M.0.N.) wishes to acknowledge the support
of a doctoral fellowship from Conselho Nacional de Desenvolvimento Cientifico

e Tecnologico, Brazil.

References

1 Lavery, R., Pullman, A. and Pullman, B., (1980) Nucl. Acids Res. 8, 1061-
1078.

2 Lavery, R., de 0liviera, M. and Pullman, B,, (1980) J. Computational Chem.,

1, 301-306.

Lavery, R., Pullman, A. and Pullman, B., Theoret. Chim. Acta, in press.

Sussman, J.L., Holbrook, J.B., Warrant, R.Y¥., Church, G.M. and Kim, S-H.,

{1978) J. Mol. Biol. 123, 607-630. We have utilized in this work a further

refined coordinate system obtained as a personal communication from Dr.

S-H. Kim.

5 Pullman, B., Perahia, D. and Cauchy, D. (1979) Nucl. Acids. Res. 6, 3821-
3830.

6 Pullman, A. in Mechanismes d'Alteration et de Reparation du DNA, Relatipns
avec la Mutagénése et la Cancérpgénése Chimique. Collpoue du C.N.R.S. 256
Paris 1976, p. 103-113.

/ Thiyagarajan, P. and Ponnuswamy, P.K. (1979) Biopolvmers, 18, 2233-2247.

8 C.J., Alden and S-H. Kim, (1979} J. Mol. Biol. 132, 411-434

9 Pullman, A. and Berthod, H., (1978) Theoret. Chim. Acta, 48, 269-277.

0 Kallenbach, N.R., Mandal, C. and Englander, S.W. in Stereodynamic of Mole-
cular Systems (R.H. Sarma Ed.) Pergamon Press, New York, (1979) p. 271-282.

11 Lavery, R., Cauchy, D., Rojas, J. and Pullman, B. (1980) Int. J. Quant.

Chem. Biol..Symp. 7, in press.

12 Lavery, R., Pullman, A. and Pullman, B., Bioch. Biophys. Acta, in press.

13 Pullman, A. and Armbruster, A.M., (1977) Theoret. Chim. Acta. 249-255.

14 Pullman, A. and Armbruster, A.M., (1979) Theoret. Chim. Acta. 5°, 359-361.

15 Perahia, D., Pullman, A. and Pullman, B., (1977) Theoret Chim. Acta. 43,

207-212.
16 Litt, M. (1969) Biochemistry, 8, 3249-3253.
17 Litt, M. and Greenspan, C.M. (1972) Biochemistry, 11, 1437-1442.
18 Batey, I.L. and Brown, D.M. (1977) Biochim. Biophys. Acta, 474
19 Rhodes, D. (1975) J. Mol. Biol. 94, 449-460.
20 Fujimura, S., Grunberger, D., Carvajal, G. and Weinstein, 1.B. (1972)
Biochemistry, 11, 3629-3635,

21 Pulkrabek, P., Grunberger, D. and Weinstein, I.B. (1974} Biochemistry, 13,
2414-2419.

22 Sprinzl, M.. Grueter, F., Spelzhaus, A. and Gauss, D.H. (1980) Nucl. Acid.
Res. B, rl-r22.

23 Massouh-Rizk, L., Thése d'Etat, (1975), Université Louis Pasteur de Stras-

bourg, France.

£




APENDICE C

A Preliminary Theoretical Study of the Acid
Catalyzed Hydration of Glyoxal,
Methylglyoxal, and Other Simple Aldehydes
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Abstract

On the basis of several parameters calculated quantum chemically an explanation Is propesed
for the relative reactivity of a range of aldchydes toward acid catalyzed hydration. In particular
the biochemically interesting species of glyoxal and methylglyoxal are studicd and compared to
other aldehydes,

Introduction

In recent years a renewed interest has centered on the cellular role of glyoxal
and methylglvexal as a result of the proposals of Szent-Gyargyi that the latter
of these molecules may be invelved in the control of cellular division ard his
interpretation of the observed cancerostatic ability of both molecules [1-5]. In
this laboratory we have made several theoretical investigations of the reactions
of these two species [6-8], including a recent model study of the transformation
of methylglyoxal 1o lactic acid, mediated by the glvoxylase cnzyme system
[%].

As a complement 1o these latler studies we now present a preliminary theo-
retical inquiry into the hydration of glyoxal and methylglyoxal to form gem-dials,
which is an important reaction to consider if the cellular concentrations of these
molecules are 1o be understood. A particularly interesting aspect of this problem,
which we attempt to clarify, 1s the observation that both glyoxal and methyl-
glyoxal are readily hydraled, like formaldehyde and, in fact, to a greater extent
than thislatter molecule, whereas acctaldchyde and higher aldehydes ferm ne
stable hvdrates [10, 11].

The hydration of an aldehyde is illustrated in Figure 1. In order 1o understand
the comparative reactivity of the molecyles mentioned above we have considered

I]I Acid or H\
base ~OH
R/C‘\\O + M0 catalysis R/C ~OH
Aidehyde Gem-diol

Figure 1. Aldchyde hydration reaction.
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as -R groups -H, -CHj, ~-CHQ, and ~-COCHj, that is, the molecules formal-
dchyde, acetaldehyde, glyoxal, and methylglyoxal. As indicated in the figure,
the reaction may be acid or base catalyzed. In this preliminary study we limit
oursclves to a consideration of the acid catalyzed mechanism.

Method

Standard bond lengths and bond angles have been used for all the molecular
species studied, with the exception of certain bond length optimizations which
are described shortly. When these optimizations were performed, a minimal
STO-30 basis [12] was employed, as this has been shown to lead to satisfactory
agrecment with experimental bond lengths. For the remaining calculations we
used the double zeta contracted 10 minimal basis of Ref. [13], which yields better
total energics. All molecular conformations were optimized in this basis to reduce
steric hindrance and improve intra-or intermolecular hydrogen bonding.

Calculations were carried cut using the Gaussian 70 program [14].

Results and Discussion

A recent extensive study of the kinetics of formaldehyde hydration by Fun-
derburk et al. [15] has concluded that earlier suggestions of a cyelic transition
state involving several water molecules [16-38] are not supported by the kinetic
evidence. The observation of an apparent third-order dependence on water
concentration for hvdrations carried out i agueous dioxan or other nonpolar
solvents s, it was concluded, likely 10 be due Lo the intimate involvement of two
solvating water molecules stabilizing a proton transfer 1o the aldehyde carbonyl
aroup, while only a single water molecule actually takes part in the transition
state complex.

More particularly, in the case of the acid catalyzed hydration of formaldehyde
it was concluded that the mechanism involves a concurrent protonation of the
earbonyl group and complexation with a water molecule (a class e mechanism)
[15]. This conclusion is based on the apparent instability of the protonated al-
dehyde and the evidence that water addition te this protonated species would
exhibit hittle or no energy barrier [19). Conseguently no buffer catalysis by water
{or, more generally, in the case of acetal formation, by an alcohol} would be
observed, an inconsisiency with the kinetic evidence.

To study such a three-species interaction quantum chemically is difficult, even
when limited areas of the reaction energy hypersurface are of interest. Conse-
quently, we have separated the protonation and water complexation phases of
the transition state {formation for compuizaiional convenience. Such a division
need not influence our final interpretation of aldehvde reactivity, as this will
largely be based on the structure and stability of the transition state complex
rather than the kinetics of its formation.

We bepan our studies by attempling to ealculate a transition state complex
structure between a molecule of formaldehvde and a molecule of water. In order
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tolcad to the desired reaction the oxygen atom of water in this complex should
be bound directly to the carbon atom of formaldehyde which would, as suggested
by the kinctic evidence [ 20}, be distorted to a tetrahedral form, the two hydrogens
and the carbonyl oxygen atom being bent away from the approaching water
molecule. Such a structure has been studied by semiempirical methods, but no
details of geometry or binding encrgies are included in the publication [21].

In order to simplify the study of the distortion of formaldehyde whieh, in
practice, is 2 continuous progression of structures as the transition state is formed,
we considered only four conformations of the molecule, termed 1, 11, 111, and
IV. Conformation I was the normal planar molecule, while conformation 1V
has a tetrahedral carbon atom with the three remaining atoms bent back Sym-
metrically with respect o an axis, henceforth termed the z axis, passing through
the carbon atom and perpendicular 1o the original plane of the molecule (Fig.
2). Conformations 1T and 1!l were intermediate distorted geometries equispaced
between conformations 1 and V. Consequently the angles formed between the
formaldehyde ligands and the z axis for conformations I, 11, 111, and 1V are,
respectively, 90°, 96.5°, 103°, and 109.5°.

A waler molecule was subsequently allowed to approach the formaldehyde
molecule along the z axis (Fig. 2), and for each of the formaldehyde confor-
mations described a value of regp, the distance between the formaldehyde carbon
atom and the water oxygen atom, for which the interaction encrgy between the
two molecules would be optimal, was searched for. The results of these calcu-
" lations showed, however, that no attraction between the two molecules was ob-
served for any of the formaldchyde conformations, and the complex became less
stable with decreasing reg. The only exception 1o this result was a small at-
tractive minimum of 0.7 keal/mole between the water molecule and confor-
mation I at reo = 3 AL This is, however, possibly apartifact. a basis extension
effect due 10 the use of a minimal atomic basis.

Faced with this lack of complexation we turned (o an investigation of an initial
protonation of the formaldehyde oxygen atom and, subscquently, 1o the inves-
tigation of complexes between this protonated species and a water molecule.,

Protonation of formaldehyde in this way was favorable. An opiimized ge-
ometry yiclded the proton bound to oxygen with a bond length of 1.01 A, having
anangle of 117° with the carbonyl bond axis and lying in the plane of the mol-

Figure 2. Geomnetry of the formaldehyde-waler complex.
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ecule. The reoptimized carbonyl bond length increased by only 0.05101.27 A,
implying that this bond stil] had considerable double bond character. This de-
duction is supported by the obscrvation that rotating the protonated bond 1o be
perpendicular 10 the molecular planc results in a loss of 36 kcal/mole in total
energy. Al the optimized peometry the protonation cnergy was —143.0 keal/
mole, virtuallvidentical 10 the protonation energy of waiter in this atomic basis
{—142.3 keal/mole).

We proceeded Lo investipale complexes between a water molecule and the
protonated formaldehyde, using the conformations 1-1V previously described
for formaldehyde distortion, and approaching the water molecule as in Figure
2. The proton Iinked 1o the carbonyl was maintained perpendicular to the z axis
as, even for the distorted conformations H -1V, a large cnergy loss resulted from
ils rotation.

The optimum energy for the complex was found with conformation J1 when
rco = 1.60 A, at which geometry there was a binding interaction between the
two molecules of 33.4 kcal/mole. If onc considers that this energy coneeals the
unfavorable distortion energy of protonated formaldehyde in order 10 pass from
conformation 1 1o conformation 111 {14.3 kcal/mole), it is scen that a rather
- strong complex has been formed. Further optimization of the complex gecometry
was atlempied by rotating the water molecule about the z axis and changing
its orientation by the angle # (Fig. 2), but no sipnificant improvement in com-
plexation energy was lound.

Preliminary investigations now indicated 1hat deprotonation of the water
molecule to vield the final aeetal (after necessary geometrical changes) was a
strongly endothermic step and would clearly involve the assistance of another
molecule. Because such assislance is difficuit 1o model quantum chemically,
especially if several solvent molecules are intimaitely involved, we did not attempt
further studies on this step bul passed immediately 1o the final acetal.

When the conformation of this species was optimized (both hydroxyl protons
were found to lie in the O-C-O plane, one of them having a wedk hydrogen bond
interaction with the neighboring hydroxyl oxygen and C-OH bond lengihs equal
t01.43 A), the overall hydration reaction was observed 10 be exothermic by 33.5
keal/mole. This, however, implics that 10 deprotonate the water complex to arrive
at the final reaction product requires 142.9 kcal/mole. This is a large expense
of energy but is feasible with the assistance of one or more water molectles
(protonation energy = —142.3 kcal/mole) or other more strongly proton-ac-
cepting anions which may be present in the reaction medium.

As aresult of these studies it would seem that the start of protonation of the
aldehyde carbonyl group is more likely 10 trigger water complexation than the
reverse process, but because of the model division of these sieps which we adopied
we cannol give any further precision as 1o the kinetics of the transision state
formation.

Figure 3 represents the sieps considered in the computations. The associated
encrgelic parameters are illustrated sehematically in Figure 4 and listed in detail

in Table {.
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Figure 3. Computed steps in the acid catalyzed aldehyde hydration.

Based on these results for formaldehyde we now proceed, using an exactly
sirnilar technique, to a comparative study of the other aldehydes.

We have considered a first and second hydration of glyoxal, the hydration
of acetaldehyde, the two possible first hydrations of methylglyoxal (at the formyl
group and at the acetyl group, these sites of attack being indicated by arrows
for the results contained in Table I}, and the second hydration following the more
favorable of the two initial reactions. The results of these calculations are shown,
inthe order described, in Table 1.

Interestingly enough 1t was found that for all these species the most favorable
water complex is formed with aldehyde conformation 111 and that the optimum
rco varies little from the value found for formaldehyde. (The maximum change
isto 1.68 A for the second hydration of methylglyoxal.)

In comparing the likelihood of a given hydration we may make reference to

E

>

g

ko

4

» ‘

o -100 AE \\ Tﬁ-©+ H,O

B DEPRD AL py5o0m]

2 Tile iHD
150+

g . ° / SEcoupey.

G :

& . @ ’

Figure 4. Encrgetics of the computed steps in acid catalyzed aldehyde hydration.
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TABLE ] Calculated thermodynamic data for acid catalyzed aldehyde hydration (keal/mole).
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three of our calculated quantitics, namely, the overall exothermicity of the re-
action, the energy of complexation, and the energy of deprotonation of the
complex. Table I alse lists the aldehyde protoration energy and its distortion
energy {from conformation I 1o conformation 111} for completeness, although
we shall not refer directly to these quantities.

Considering then the first hydration of glyoxal we see that although its
compiexation energy is somewhat less than that of formaldehyde, its complex
deprotonation energy is almost 7 kcal/mole less, and the overall reaction is more
favorable by 1 keal/mole. From Figure 4 it seems clear that the deprotonation
of the complex 1s likely to be the rate-limiting step of the reaction, and conse-
quently as glyoxal yields a deprotonation value considerably smalier than that
of formaldehyde and well within the possibility of even a water molecule to
achieve (protonation energy = —142.3 keal/mole), we can expect a ready hy-
drate formation, as is indeed observed.

Passing to the second hydration of glyoxal the complexation energy has again
falien slightly, but the deprotonation is still easier than for the first glvoxal hy-
dration product, and the overall exothermicity of the reaction has increased by
3 kcal/mole. Thus, again in line with experiment, we would expect this hydration
to eccur readily.

The picture with acetaldehyde is different. Compared to the hydration of
formaldehyde, the overall exothermicity has decreased (by 2 kcal/mole), the
complexation energy has decreased (by almost 7 kcal/mole), and the depro-
tonation encrgy has increased (by almost 7 kcal/male) and is now considerably
greater than the protonation cnergy of a water molecule, although it could be
achjeved by a more strongly proton-accepting anion in solution. Nevertheless,
on the basis of the relative unfavorable condition of the three parameters it seems
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. justified to expect little stable hydrate to be formed for acetaldehyde, which is
the experimental observation.

Considering, finally, methylglyoxal and comparing the two possible sites of
first hydration, it is clearly seen that hydration at the formyl group is favared.
Far this site all parametcers are slightly more in favor of the reaction than flor
formaldehyde, with the exception of a complexation energy which is 0.7 keal /
mole less, On the other hand, for hydration at the acety] group the complexation
energy falls by 6 kcal/mole with respect to reaction at the formyl group, the
overall exothermicity falls by 7 kcal/mole, and the deprotonation cnergy is
considerably greater at 150.3 kcal/mole. Consequently the first hydration of
methylglyosal would clearly scem to be favored at the formyl group.

We then considered a second hydration of methylglyoxal at the acetyl group,
following the hydration at the formyl group just described. This reaction, al-
though it is slightly more favorable than the former on the grounds of exother-
micity, shows an exceptionally low complexation energy (--18.4 kcal /mole) and
an increased deprotonation energy. I'ts occurrence therefore seems doubtful.
We have not been able to locate any experimental evidence to compare with this
estimation.

Conclusion

By our preliminary quantum chemical study of acid catalyzed hydration of
aldehydes we have been able to calculate several cnergy parameters which seem
successful in explaining the relative reactivity of a range of aldehydes, including
the biochemically interesting species glyoxal and methylglyoxal. However, more
remains 10 be done at a more sophisticated level, toelucidate the details of the
rcaction mechanism and also to treat the problem of base catalyzed hydra-
tion, ’ :
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ABSTRACT

An approximate procedure for the rapid detection of
favoured sites for the location of bound water on macromolecules
has been developed with the aid of accurate electrostatic
energy calculations. The method also enables to picture the
lability of. the bound water molecules arcund the substrate. As
an application the method has been used to study the interaction

surface between nucleic acid components and a water molecule.

Key-words: Nucleic acid constituents; Quantum mechanical computations; Elec-

trostatic interaction; Hydration.
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| INTRODUCTION

In the last few years, a large number of theoretical
studies have been concerned with solute-solvent interactions.
Two theoretical appreoaches are widely employed in such
studies: the continuum "% and the discrete models” ’. Computer
simulations based on Monte Carlo calculations using analytical
potential functions for the potential energy have been also
usea® 10 |

A thorowgh investigation of the hydration scheme of.
numerous fundamental biomolecules using the ab initio SCF method-
(within the "supermolecule" procedure) has been carried but

11-16

applying the discrete approach . The majority of such works

has been directed to the main component units of the essential

b10polymers; i.e., nucleic acids (pyrimidine bases11_13; phosphate

15
16).

group14; sugar ring ~) and proteins (amino acid side chains

However, the extension of these studies to larger
molecular systems within the same framework is prohibitively
expensive. Further invéstigations have shown, nevertheless,
that a correct picture of thg_hydration scheme of a substrate
mimicking ab iniiio SCF results, may be obtained witﬂ the help
of an electrostatic approximation alcone, with the rigﬁt cautions
about the closest distance between water and substrate11.

In this work we extend the applicability of the
‘electrostatic approach to comprise more complex systems.—Our
purpose is to develop a procedure by which the general features
of the interaction between small dipolar molecules ({in particular

the very important water molecule) and macromolecules are promptly

depicted. Of course, such a technique may not provide the same
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precision as an ab initio SCF calculation. Nevertheless, one
may expect to obtain significant informations on the affinity
of biological macromolecules towards water molecule, for
example the detection of their specific binding sites. During
the development ©f this proceduré it was proposed not only-to
establish the optimum position of the water molecule and its
respective energy, but also to characterize its lability, by
investigating throughly all possible orientations of water
molecule at each binding site.

Inpart T of this work we illustrate the procedure to
describe the surface interaction between the nucleic acid.
constituents (guanine, adenine; cytosine, thymine, uracil,
phosphate group and sugar ring) and a water molecule. These re-
sults may then be used to deduce the effect of inserting these
constituents into macromolecular biopolymers. Such effects
are described in part II of this work. As a model compound,
model segments of poly (dA).poly (AT) and poly (dG) .poly (dAC) were

considered assuming them on the double helical structure of B-DNA.

I1 METHOD

In oxrder to bring a water melecule into contact with
the substrate, we use a technique similar to that previously
developed for the calculation of steric accessibility17._This
first consists of surrounding both species with envelopes
formed by the juxtaposition of van der Waals spheres centered

on all the constitucnt atoms. Two atoms in mutual contact are

then considered: an atom of the molecule to be hydrated (receptor
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sphere} and either the oxygen atom or ‘one of hydrogen atoms of
the water molecule (attacking sphexe). We keep the interaction
distance at 2A°.(see ref, 11) for this contact (the radius of
receptor and attacking spheres in contact taken as 1 AO). wWe
impose the same approach limit to the neighbouring atomé of the
receptor susceptible of forming hydrogen bonds with the water
molecule; but between other atom pairs the appreoach limit is

set as the sum of their van der Waals radii. In this way the
binding of water to any atom belonging to the receptor molecule
can be studied. The orientation of the water is varied by rolling
the surface envelope of its attacking atom over the sphere of
the receptor atom. Any position where the envelopes of the two
species intersect is taken as inaccessible, while for every
other position the electrostatic energy of interactioh is
calculated. The exact positions to be studied for a given atom
pair contact are determined by placing a uniformly spaced grid
of points defined by a Korobov distribution (see, e.g., ref. 18)
on the surface of the receptor and attacking spheres, and res-
tricting contacts to pairs of these points. Fér any such contact
it is further necessary to consider a rotation of the water
molecule around an axis joining the centers of the two atoms in
contact. Tests have shown that 144 points on the receptor sphere
combined with 89 points on the attacking sphefe of water and

24 rotation steps lead to convergence of results both regarding
the interaction energy and the most favourable positions for the

bound water molecules.

The evaluation of the electrostatic interaction between
the receptor and water molecules is made by using electron density

distributions for both species. For water and for receptors of
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normal molecular si;e this is ob£ained directly from abd initio
wave functions. When the receptor is a macromolecule, a single
wavefunction cannot be obtained directly and we employ an
approximation developed previously for the study of intrinsic
electrostatic properties of the nucleic acids19"22. Thié consists
of subdividing the macromolecule into a number of subunits small
enough to be studied gquantum mechanically and chosen so as to
minimize as much as possible the reSulting electronié perturb-
ations. Thus for the nucleic acids these subunits are the bases,
sugar and phosphate, the points of subdivision being the backbone
linkages C3,—03,; CS.—OS.' and the glycosidic bonds. The electro-
static properties of the macromolecules are obtained by a super-
position of properties of the subunits appropriately positioned
in space.

The wavefunctions are obtained by ab initzo SCF calcul-
ations using a 7s3p/3s Gaussian basis set (10s6pld for phosphorus)
contracted to minimal basiszB. The continucus electron density
distributions of each subunit and of the water molecule are
replaced by a discrete multicenter overlap multipﬁle expansion,

11,24-25 nich has been shown to

up to guadrupoles, termed OMTP
reproduce accurately the properties of the continuous distribution.
The interaction energy between the receptor and water molecule

is then calculated as the total interaction between the two sets

of multipoles; using the classical electrostatic expressions of

the charge~charge; charge—dipoie, charge—guadrupole, dipole-
~dipole, dipole-gquadrupole and quadrupole-quadrupole interactions
(see, e.g., 26, 27).

There remains a technical problem to be solved before

these calculations can be made. The choice described above of
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144 receptor points, 89 attacking points and 24 rotation steps
implies that roughly -310.000 configurations should be tested

for a water molecule in contact with only a single atom of the
receptor molecule. Although this number is considerably reduced
by forbidding the intersection of the two envelopes, there-
remain nevertheless between 50000 and 100000 configurations to
be studied for a relatively accessible atom. This number is much
too high to envisage calculating the full electrostatic inter-—
action energy in all cases, even with our OMTP expansions. The
problem is overcome by studying the accessible configurations

in several steps with increasing levels of accuracy. The first
step consists of representing the water molecule simply by a
"single dipole and a quadrupole; both calculated from the water
SCF wavefunction and placed at the barycenter of the molecule.
The energy of a given configuration is then appfoximated by the
product of the dipole.and the local electrostatic field vector
of the receptor added to the producﬁ of the guadrupole and the
local field gradient. In this step, moreover, the field and the
field gradient are not recalculated for each water position,

but rather calculated once for a grid of points surrounding the
receptor atom; the point closest to the water moleculg barycenter
being used in the energy calculation. By using points along radial
vectors originating from the center of the receptor atom and
passing through accessible points in 1its Korobov grids, it is
possible to ensure that there is always a point within a few
tenths of an Angstr®m of the water molecule barycenter. At this
level, all the accessible configurationg are analyzed, ordered
and the best 500 are selected. The second level of approximation

reconsiders these selected configurations, keeping the single
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center multipole model of water Sut employing the full OMTP
representation of the receptor molecule to calculate the inter-—
action energies. From the resulting energies the best 200
configurations are selected. Finally; for these latter configuf—
ations the interaction energy are recomputed; uéing now.the full
OMTP representations both for the water molecule and for the
receptor. A final reordering yields the best possible water
position at this site. Tests showed that this three—étep procedure
can obtain at least the first 150 water positions correctly,
while saving a great deal of computer time. These calculations
give not only the optimal energy configuration of the bound

water at a given substrate site, but also a whole range of
configurations with closely related energies. In this way a view
of the lability of the bound water may be obtained: we employ

a simple graphic representation of the water positions around the
receptor molecule in which we include all the configurations at

a given site having energies within 1 Kcal/mole of the optimum
energy. With this energy limit between roughly 10 and 150 water

configuration were found at each site. .

I11 RESULTS AND DISCUSSIONS

The results obtained by the present technique for each
of the subunits studied are displayed in figures 1,3-8. We give
also as an example the electrostatic field on the surface
envelope of guanine (figure 2). The remaining results and the
detailed technique of calculating the field on surface envelopes

are described in earlier works (see, e.g., ref. 28).
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For the nucleic acid bases the hydration schemes have
a central diagram showing the interaction zones in the plane of
the base; each of the distinct spatiallzones being numbered in
order of decreasing binding energy for the optimum configuration
belonging to the zone. In order to simplify'the hydration schemes
we have drawn the water molecule only at its optimal energy
position for each zone and for the other water configurations we
IOnly indjicate with a point the oxygen atom positibn. Note that
we do not show the resﬁlts of water binding in all weak sites
where the optimum interaction energy is less than-3 Kcal/mole.
These diagrams were drawn using a graphic plotter connected to
a microcomputer system.

The results are reported in table I where we give the
interaction energies, the receptor atoms of the
subunit involved with each zone and the number NC of water
configurations having energies within 1 Kcal/mole of the optimum
energy. '

Out—-of-plane views of the water interaction zones with
the bases (figures 1;3—6) are given in two diégrams: at the top
the upper half of the central in-plane diagram-and at the bottom
the lower half of the central diagram. The corresponding zones
in the different diagrams are easily associated with one another
by their numbering; which remains unchanged. The separation of
the out-of-plane views into two diagrams avoids confusion due to
the superposition of the interaction zones on opposite sides of
the bases. In order to simplify the comparison, the surface field
cnvelopes for guanine (figure 2) are similarly disposed: at the
ccnter; a view on the base plane, at the top a view of the upper

edge of the base and, at the bottom, a view of its lower edge.

-
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On these envelopes we show both ghe intensities of the fields,
indicated by various degrees of -shading (Table II) and their
vectorial directions indiéated by one of three symbols. These
symbols are: a) an arrow f for vectors which point within
30° of the local envelope tangent; b) a triangie A fér vec—
tors pointing outwards from the envelope by more than 300;
c) a distorted cross 2& for vectors pointing inwards by more
than 30°. In addition, each of these symbols indicate the
direction of the component of the field tangential to the sur-
face envelope. (In the case of the triangle or the distorted
cross this direction is from the broader end of the symbol
towards its narrower end ) 20. |

The phosphate subunit hydration is treated in a
similar manner to that of the nucleic bases; but in this case
the "plane" of this urnit is taken to be the one containing the
phosphorus atom together with two anionic oxygens. For the
sugar suburnit the plane is taken to be that containing the atoms
C1., Cos and €C3:. In this case only one other viey of its
hydration perpendicular to the plane was neccessary, as -only a
single water binding site was envolved. It should be noted that
" because of the subdivision scheme we adopt for DNA, the sugar
subunit lacks its hydroxyl groups at C3, and C5.. It is thus
not a complete deoxyribose and it -will be used for comparison
with the polymer results.

The hydration zones around guanine are shown in figure
1. Five binding zones are seeﬁ, éf which the strongest (zone 1)
is situated between the N1—hydrogcn and O,. The configuration
distribution of the water molecule in this region seems to be

concentrated in the plane of the base; actually, as shown in the
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upper diagram of figure 1, it covers a wide zone on both sides
Qf-the base plane. Thus; this strongly boﬁnd water molecule
(-=11.9 Xcal/mole) can be displaced out of the base plane very
easily. The same remarks apply to the second most favourable
site of guanine which falls between N, and Og {-11.3 Kcal/mole}.
The third site is on the $pposite side of the base, associated
with N, the Ng—hydrogen and one of the N, amino group hydrogen.
This interaction zone is rather interesting because it is split
into two distinct bands; one on each side of N3. The fourth
binding site falls between the N1uhydrogen and the remaining

N ~hydrogen; the water configurations having a radial distrib-

2

ution around the former atom. As Table I shows, this zone

includes 94 configﬁrations. These configurations, as seen in this

region, are divided in four distinct groups: for each group the

oxygen atoms are in the same position and the hydrogen atoms in

different ones. This division 1is a conseqguence of the restriction

of the method; for we make use of a discret number of points on

the spheres of the attacking and receptor atoms. Then,hit may

be expected that these configurations will be diéplayed in a

continuous way in space when the number of points tends to

infinite. We verify the same radial distribution for other

examples in the present study. In a general way, they do not

correspond to water molecules strongly bound to the bases. The

remaining hydration site (zone 5) which has a rather weaker

binding energy (-7.0 Kcal/mole) is associated with the Cg-hydrogen.
In the right hand diagrams of figure 2 we show the

electrostatic field on guanine surface. With the aid of these

diagrams we can see that the four strongest hydration zones can

be well correlated with the regions of strongest field. In figure Z2a
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we can see that three particularly strong field regions are
manifest and correspond nicely to the hydration zones 1, 2 and
4. The third group corresponds to the strong field seen in
figure 2¢ and 1t should be noted that the strong field is
divided into two vertical zones in exactly the same way as the
hydration zone. The binding site number 5 corresponds to a zone
of intermediate field strenght. The directions of the field
vectors on the envelope of guanine are shown in the ieft hand
diagram of figure 2. The water molecule may be expected to align
its dipoles with these field vectors. This helps to explain guite
subtle effects, such as the orientation of the water in the two
regions forming zone 3 at recéptor atom N3. Figure Z2f shows a
rapid change in field direction on each side of N3 due to the
opposing influences of this high electron density atom and of
the hydrogens at both sides of it, one on Ny and the second
attached to N,. These oppositions, which lead to rapid potential
changes, also explain why the field (and thus the hydration at
this receptor) is separated in two strong interaction zones,
instead of; for example; in a single zone along the external
bisector of the angle C2—N3—C4. Note also that the radial dis--
) tribution found for zone 4 correlates very well with the field
directions in this region of guanine (figure 24).

The strongest binding site on adenine is close to N,
(figure 3). Note that there is no division into two regions at
this site as is the case for the corresponding peosition on guanine.
Another binding site can be éeen between N3 and the C2—hydrogen
{(zone 5), but this has a much lower optimum cnergy ({only
-5.7 Kcal/mole compared to -12.3 Kcal/mole for zone 1}). The

second strongest binding is betwecen N and one of the N6 amino
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hydrogens. The resulting configuration presents an important change
with respect to the s;tuation in guanine. The water molecule in
tﬁis region of guanine tends to remain close to the base plane; in
adenine; the attraction of N7 results in the rotation of the water
plane so as to turn its hydrogens towards this atom. In the third
interaction zone (-10.8 Kcal/mole) the association involves N1 and
the remaining hydrogen of NG; The zone 4 of adenine (-6.0 Xcal/mole)
involves the C8~hydrogen and presents a similar situation to zone 5
in guanine.

The overall comparison of the two purine bases should
make clear that the nature of hx&ration around any given functional
group is by no means transferable. The neighbouring atoms always
play an important role and often entirely modify the nature of
the water binding configurations.

. The hydration zones of cytosiné are shown in figure 4.
Three of these are associated with strong binding energies. The
first is shared between N3 and one of the N, amino group hydrogens
(-12.7 Kcal/mole); the second lies between O2 and the N1—hydrogen
(-11.8 Kcal/mole) and the third between O2 and N, {—11.2 Kcal/ﬁole).
The binding site associated to zone 4 (-6.4 Kcal/mole)} is located
between the remaining amino group hydrogen and the Cs—hydrogen, this
distribution sweeping a great deal of space around the base.

The hydration scheme of thymine (figure 3) éhows two
relatively strong interactions zones. For the strongest binding,
the water molecule is shared between 0, and the N1—hydrogen
{(-10.8 Kcal/mole). In the case of the second zone ({(-9.4 Kcal/mole}
it is interesting to remark that the binding site is located on
cach side of N5 and implies that the water molecule in this region

can move very easily around the N3—hydr0gen so as to interact with
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O, or 0,. The third zone, as shown in figure 5, is situated bet-

ween the hydrogens of_C6 and N1. The methyl group interaction with
water involves two distinct regions. The first one is associated
with the interaction with the methyl hydrogen closest to O4 and
gains a supplementary interaction with this atom (zone 4). The
second region is associated with the remaining two hydrogens (zone 5)
and has é very weak interaction energy {(-3.0 Kcal/molé). However,
it is interesting to note that water molecule configurations are
radially distributed around the atoms and show one of the largest
zones investigated in these Studies. It be should be noted that
this hydration zone results show a very good correlation with those
found by Langlet et aZ,zg using simplified formulas to study the |
hydration of the dimethylphosphate anion (bMP"}; a spherical
distribution of weakly bound water molecuies was.observed arcund
the methyl group of this molecular system.

The hydration of uracil (fig. 6) is very similar to
that of thymine. The water molecule configurations around the
carbonyl oxygens O, and O, are distributed in the same way, aé
well as those for the water molecule between the N, - and Ce
hydrogens. The only significant change occurs at Cg where the
.absence of the methyl group allows the bound water to approach the
base more closely and leads to a slight gain in interaction energy
with the adjacent center O4 (-6.5 Kcal/mole for uracil zone 4
against -6.2 Kcal/mole for thymine zone 4).

The results of our study of the phosphate group HzPoz
in its geometry froﬁ.B—DNA show high lability associated with
strongly bouna water molecules. In fact, the phosphate water
binding energies are roughly 50% stronger than those of the best

among the base sites. The hydration scheme for the phosphate
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_(figure 7) shows three distincts zones, in which the most
strongly associated binding, zone number 1, the water lies bet-

ween the 0., and O2 atoms (-19.0 Kcal/mole). AS indicated in

1
Table I zones 2 and 3 are associated with water binding between
one anionic and one ésteric oxygen (01—03. and'oz—os,, fesPectu
ively); the binding energy of the former group being somewhat
favoured by the position of the hydrogen bound to Oj¢-

Finally, concerning the sugar .subunit, we recall that
tﬁe studied molecule is not a complete deoxyribose and thus its
interest is principaily limited to comparisons with our next
polymer studies. In consequencé-there is only one interesting
hydration site to be studied; namely, around the ring oxygen

e As figure 8 shows the water bound at this site has a high

1% -
1ability; but the interaction energy is rather low (-5.7 Kcal/mole}).
The sugar cut-of-plane view shows that the water positions are
distributed more or less uniformly around the external bisector

-C

angle,

of the C.l:—o-il 41

IV CONCLUSIONS

The main purpose of the present work is to develop a
method which enables, with relatively moderate effort and cost,
the description of the interaction surface between macromolecules
and small, neufral, dipolar molecules, specifically water molecules.
This approach has been applied to describe the interaction surface
between the nucleic acid components and a water molecule. The
results satisfactorily reproduce the salient features of hydration

schemes of these systems brought to light by ab Znitio SCF
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computations: pyrimidine bases' ™13

: . 15
sugar rings ~. .

; phosphate group14 and

Despite of the great number of theoretical works
concerning hydration of nucleic acid components the present
study reveals interesting aspects of this process such as the
visualization of the water molecule lability; this is shown by
employing simple graphical representations of the water positions
around the receptor molecule. It has been found that‘many bound
water molecules can be displaced over relatively large regions1
around their optimum binding position with only very small
weakening of their interactions energies. Important spatial zones’
associated with weakly bound water molecules were observed, for
instance; that situated between one of the N, amino group
hydrogen and the Cg-hydrogen of cytosine;-as well as that asso-
ciated with the methyl group of thymine. On the other hand,
relatively large spatial zones associated with strongly bound
water molecules were also obsérved; for instance, the interaction

zone determined around the phosphate group oxygens.
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FI1G. 1 - Interaction zones of a water molecule with guanine

FIG,

FIG.
FIG.
_FIG.
FIG.
FIG.

FIG.

{the out-of-plane distributions for sites on the upper

edge of the central base are show above and those on

the lower e&ge'are show below. For the corresponding

interaction energies see Table I, These remarks also

apply to figures 3; 4, 5 and 6}.

Surface field intensities of guanine

(the views of the

base are disposed as in the preceeding figure. For the

definition of the shading se Table II).

Interaction

Interaction

Interactioh

Interaction

Interaction

Interaction

zZones

Zones

zones

Zones

Z0ones

zones

of

of

of

of

of

of

a

water

water

‘water

water

water

water

molecule

molecule

molecule

molecule

molecule

molecule

with

with

with

with

with

with

adenine.
cytosine,
thymine.
uracil.
phospha£e.

subunit.



CBPF-NF-040/85

126

Fig. 1
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Fig. 4
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Fig. 5
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Fig. 7
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Fig. 8
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TABLE' I

Energies (Kcal/mole) and interaction zones of a water molecule with the nucleic
acid components. N, indicates the number of configurations having energies withir
1 Kcalfmole of the optimum energy.

Subunit Zone Op?lmum, Rec?ptor atoms 1 N
energy involved c.

1 -11.9 : OG,H(N1) 24

2 -11.3 _ N7’06 13

Guanine 3 -11.3 H(Ng),N3,H2(N2) 22
4 -10.1 H(NT),H1(N2) \ 94

5 - 7.0 H(CB) 28

1 -12.3 H(Ng),N3 25

2 -11.4 N7,H2(N6) 21

Adenine 3 -10.8 N1,H1(N6) 22
4 - 6.0 H(CB) 54

5 - 5.7 H(Cz) : 16

1 -12.7 N3,H1(N4) 19

| 2 -11.8 H{N1),O2 17
Cytosine 3 -11.2 N3,O2 6
4 - 6.4 H2(N4),H(C5) 349

5 - 5.9 H(C6) 183

1 -10.8 H(N1),O2 27

2 - 9.4 H{N;),04,0, 90

Thymine 3 - 6.5 H(C6) 90
4 - 6.2 H1(CH3) 13

5 - 3.0 H2(CH3),H3(CH3) 400

1 -11.1 H(N,),0, 48

1 2 - 9.1 : H(NB),O4,02 54
Uraci 3 - 6.7 H(C() 155
4 - 6.5 H(CS) 18

- =19.0 01,02 12

Phosphate 2 -17.0 05,0, 4
3 -16.0 01,03. 13

Sugar 1 - 5.7 . 01, 194
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‘TABLE IT

Shading used for the surface field inten

sities (volt/A®) of guanine.

Shading I Field
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ABSTRACT

The proceduré developed in Part 1 of this series is
applied to the BOmopolymeric sequences poly(dA).poly(dT} and
poly(dG).poly(dC) on the double helical structure of B-DNA.
Some.aspects of the base sequence influence on the polymer's
attraction for water molecule are described. The results are
used to discuss the general hydration features of those systems
in relation to recent experimental studies of DNA single

crystals.

Key-words: B-DNA; Major groove; Minor groove; Interaction energy; Hydration.
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]  INTRODUCTION

Chemical or biological properties of macromolecules
are often strongly influenced by -their surroundings. Among the
various environmental factors, the detailed nature of hydration
certainly plays an important role. However, due to the size and
complexity of macromolecules, a detailed picture is difficult
to obtain either from the experimental or the theoretical viewpoint.

Nowadays, since the advent of fast digital computers,
it has been possible to study theoretically the hydration of
macromoleculés such as DNA molecules or proteins1“5. These
investigations have been carried out using the Monte Carlo method
with different atom-atom pair potentials obtained from guantum
mechanical calculations.

In part I of this series6 a procedure was developed to
take into account both the sterical and energetic aspects of the
interaction between small polar molecules and macromeclecules. The
intermolecular interaction energies were computed through the
overlap between the multipole expansions of the'charge distrib-
untions of the interacting entities7-9. The macromolecule is
built from its constituent fragments and the multipolar expansions
{up to guadrupoles) of the charge distributions of each constituent
afe derived from ab initio SCF wave functions. This procedure is
the same as that adopted in a large number of theoretical studies
devoted to the reactivity of nucleic acids based on their
molecular electrostatic potentials or fields10_13.

As an example, the above procedure was applied, in

part 1, to the interaction surface between the component units

of nucleic acids and water molecules. By investigating thoroughly
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all orientations of a water molecule at each binding site, it
was possible to characterize its lability.

Following the line of the previous work6, an extension
of this study to a model fragment of B-DNA is presented now. We
show primarily the results regarding model segments of the
homopolymers poly (dA).poly (dT) and poly (dG) .poly (dC), for which
it is assumed a double helical structure of B-DNA. These two
homopolymeric sequences allows a description of some aspects of
the bhase seguence influence on the peolymer's affinity towards a
water molecule.

Subsequently, a model is proposed for a relatively
complete first hydration layer in the minor groove of the homo-
polymeric seguences. This attempt to go a step further is
motivated by recent X-ray diffraction studies of single crystals
of oligomeric DNAs; fragments of this molecule in different

— ~2
B14 18, A19 21 22,23 have been studied and

conformations, and Z
in several cases the positions of cations, polycations and water
molecules appearing in the crystals have been also located with
precision. We further discuss the present theoretical results and
those concerning hydration of single drystals of oligomeric

. B-DNA to establish the significant correlations between them.

The present study is restricted to the standard B-DNA

conformaticm24 of the oligomers.

I1 RESULTS

The results regarding water binding to the major groove,
minor aroove and phosphates groups of the B-DNA model are presented

in Scctions 11.171, II.2 and II.3, respectively.
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The model polymer consists of one turn of the double

helix with 11 phosphates in each strand and homopolymeric base

sequences (GC) ~and (AT) . In section II.4 we describe the model

adopted in order to obtain a profile of the second hydration

layer in the minor groove of the oligomeric seguences,

Unless otherwise stated water molecules were bound to

the central nucleoticles of the

model double helices to minimize

end effects. The binding of water moleculé to bases electro-

negative hetercatoms, to amino
involved in the hydrogen bonds
to furanose and ester oxygens
and to phosphate group anionic

notations are employed for the

group hydrogens ({other than those
of the nucleic acid base pair),
of the phosphodiester linkage
oxygens are investigated. Standard

atoms of the various components of

DNA, for example, N7(G) for the atom N, of guanine, O1JS) for

the sugar oxygen, HG(A) for the N -adenine free .amino hydrogen

and Sso on.

Table I shows the studied oligomer regions, DNA component -

atoms involved in the interaction site, the optimum energies and

the number NC (see ref. 6) of water configurations having energies

within 1 Kcal/mole of the optimum energy.

Figures 1 to 6 depicte the first layer water molecule

interaction sites in poly(da).poly(dT) and peoly(dG).poly (dC)

grooves for which we have employed only three nucleotides of

each double helix strand. In order to simplify the visualization

of these diagrams we indicate the water molecule at its optimum

energy position; the oxygeh atoms of the other water molecule

configurations are indicated by a shaded zone. All figures in

the present work were drawn with the help of a graphic plotter

connected to a Apple ITI microcomputer,
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i1.1 MAJOR GROOVE

As indicated in table I, the strongest binding site
in poly{da).poly (dT) major groove lies between the N7(A) and
HG(A) atoms. This site is virtuaily the same as that located for
isolated adenine6 but in the polymer its binding energy becomes
more favourable by 3.2 Kcal/mole. However, for the second site
located in the major groove, this extra stabilization is not
found when a Qater molecule interacts with 04(T); in-this case
the intefaction energy falls by 1 Kcal/mole in comparison to
that of the isolated base. In figure 1 the bound water habilities
(that in a bridge position between N7(A) and H6(A) and the one

bound to 0,(T) are denoted by W. and Wo, respectively) can be

1

is not very labile whereas W, can be displéced

4
visualized: W1
over a wide region in the major groove of the polymer.

In poly (dG).poly (dC) major groove the strongest binding
site giving rise to an interaction energy of -15.3 Kcal/mole is

associated with a bound water molecule lying between the N7(G)

and O, (G) atoms (denoted by W3 in figure 2). This configuration

6
is more stable by 4 Kcal/mole than the corresponding one in

isclated guanine6 (although in eqguivalent binding site). The

‘ second located site involves the N, free amino hydrogen of
cytosine {W4 in figure 3). We recall that for isqlated cytosine
the optimum interaction energy of a water molecule with this

atom is -6.4 XKcal/mole; in the macromolecule this value increases
to —-11 Kcal/mole despite a relatively high water lability.

B

11.7 MINOR GROOVE

1f we first considere binding to the poly(da) strand of
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poly (dA) .poly (dT), energy 0ptimi;ation indicates that in préferred
location the water molecule is shared by N3(A) and OT atom of

the sugar bound to thé consecutive adenine in the seguence
S,APA3..The 0ptimum energy in this case is -12.3 Kcal/mole which
coincides with that found for water binding between NB(A) and the
Ng—hydrOgen in isolated adenine.

As to bindings to the poly (dT) strand our calculations
show that the reéulting configuration bridges the Oz(T) and
O1JS) atoms; with an interaction energy.of —-11.9 Kcal/mole. The
resulting bond is oriented similarly to that obtained for the
poly (da) strand.

It may be remarked that in figure 3 the water molecules
bound to poly(da) and to poly(dT) strands (denoted by Wy and W,
respectively) presents labilities significantly smaller than the
corresponding water molecule lability found for the association
with O1JS) in the isolated sugar subunitG. For this latter case
the interaction energy is -5.7 Kcal/mole; however, this water
molecule gains an extra stabilization when embedded in the
macromolecular system.

In the case of poly({(dG).poly{dC) minor groove the
stronger binding (-11.8 Kcal/mole) 1is associated with a water
molecule (W7 in figure 4) interacting simultanecusly with three
centers: one of these centers is the N2(G1 free amino hydrogen
of the central guanine and the other two are the 02(C) and 0148)
atoms both belonging to the nucleoticle on the 3' side of the
central cytosine. As reported in table I the resulting inter—
action energy involving a water molecule and the N, (G) atom in
poly (dG).poly (dC) minor groove 1s less favourable than that
mentioned above and the binding site (w8 in figure 4) is located

in the neighbourhood of the guanine amino group. Analyse of the
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distance between the water molecules W, and Wg shows that both
sites cannot coexist due to steric hindrance. Hydration of

0,(8) atom on poly(dG) strand yields a water configuration very

7
similar to that found fof NB(G),‘the binding energy being, bow-
ever, 2 Kcal/mole less favourable. According to these results
it would seem that only one binding configuration can be found
in this region of poly(dG).poly {dC) minor groove; We shall
return to this point later,

Figure 5 and & depicte a view of the bound water con-
figuratiﬁns in the major and minor groove of poly (dA).poly (dT),

and poly (dG) .poly (dC), respectively; on a'plane perpendicular to

their helical axis.

I1.3  PHOSPHATE GROUPS

The strongest binding energies within the two studied
sequence models are associated with phosphate groups (see table I).
The binding of water to anionic oxygens is favoured both from
sterical and energetic considerations. For instante, 03.atom is
sterically highly hindered preventing it from directly attacking
a water molecule. The resulting configurations show high water
‘labilities associated with the anionic oxygens. A water molecule
may bridge the 04 and 0, atoms and also the 0, and Oz atoms
through a hydrogen bond, although the latter is less favoured.
Figure 6 shows, as an example, the poly(dG).poly(dC) sequence
in which the water molecule Wq is situated between the two
anionic oxygens of the phosphate group. As indicated in table I
thére are about a hundred possible configurations for Wos such

conficurations spread over a wide region f{also depicted in figure

§) around the anionic oxygcns.
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11.4 A MODEL TO INVESTIGATE A SECOND HYDRATION LAYER IN MINOR
GROOVE

Such a model consists in the preliminary construction
of a relatively complete first hydration layer. In the case of
poly (dAa) .poly (@T) minor groove we have located the two bound water
configurations We and We. These two molecules are distant enough
from each other; as the minimal distance between two of their
atoms is approximatly A5.5 hi¢ ; conseguently it may Be assumed
these binding associations do not interfere with subseguent
"hydration. In this way our model for a first hydration layer in
minor groove has been built with the following approximation: in
view of the homopolymeric poly {dA) .poly (AT} sequence we inserted
into the polymer at each base pair water molecules identical to

W, and W i.e., the configurations at the minimal energy

5 6’
position found for the central base pair. Figure 7 shows the re-
sulting scheme: Wg, W5 and Wg represent the binding configurations
on poly (dA) strand ; Wé, We and Wg the corresponding ones on
poly (dT) strand. Now, the water molecules are integrated to the
macromolecular system and their multipoles are also taken into
account for the interaction energies computatioﬁs. In order to
obtain a profile of the second hydration layer we then studied a
subsequent binding with the two central We and W, water molecules.
The resulting hydration scheme indicates that it is constituted
by bridging the binding configurations on poly (dA) strand angd
those on poly{dT) strand. However, this bridge does not link
water molecules associated with one base pair, but instead a
water molecule bound to adenine and the following o©one in the

5'_3* gdirection bound to thymine. The interaction energy for this

binding (-17.8 Kcal/mole) is markedly larger than those obtained
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for water molecules of first hydration layer. In figure 7 it is

shown the resulting configurations W10 (bridging WS and wg) and

W,, (bridging Wé and W).
As to poly(dG).poly(dC) we recall that apparently

only the water molecule W7 may associate with the central

nucleotides in minor groove. In order to investigate the structure

of water molecules in this region we have adopted a similar

procedure to that employed for the poly (da).poly (AT) éase.

Nevertheléss, it is necessary to study the possibility of

binding at the hydrophilic centers N3(G) and O1JS) of the

poly (dG) strand, taking into account the presence of other water

molecules identical to W in the minor groove of poly(dG).poly(dC).

The results indicate that binding to 01, sugar oxygen (-9 Kcal/mole)

is preferred to binding to NB(G) atom by an amount of

interaction energy about 3 Kcal/mole. In figure 8 W;, w7 and

W; denote the resulting configurations on poly(dC) strand;
Wgr Wg

and wg those on poly(dG) strand.

Subseguent bindings to Wy and Wé molecules shows that
in contrast to the poly(da).poly(dT) minor groove,vno Cross
strand bridging occurs and that, in fact, the binding configurationé
" on poly (dC) strand are inaccessible to direct attaking of sub-
sequent water molecules. Yet, the corresponding ones on poly (dG)
strand can accept another strong hydrogen bénded wéter molecule
(=20.5 XKecal/mole) locating in the neighbourhood of the backbone
phosphate groups (W12 in figure 8).

A view of both poly (da).poly(dT) and poly (dG).poly(dC)
hydration scheme ©On a plane perpendicular to the helical axis

is presented in figures 9 and 10, respectively.
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111 DiscussIonNs AND CONCLUDING REMARKS

The above results indicate that when comparing hydration
features in the minor and major grooves of the B-DNA model, as |
functions.of its base sequence, relevant differences can be esta-
blished. We remark that the major groove of both poly{dA).poly (dT)
and poly(dG).poly (dC) have néarly the same general hydration
features; the binding being assocliated with a single base. More-
over; the water molecule can bridge between two base atoms, which
is thé case for the site involving N7(A) and HG(A) or that
involving N7(G) and OG(G)' The highest labilities in the major
groove are associated with the water molecule bound to 04(T)
and that bound to H4(C) for whiqh there appears to be no pre-
ferential neighbouring atom available to render these associations
bidentates.

However; bidentate bound water configurations can be
formed between atoms of different component units of the double
helix and such states have been found iﬁ the two oligomer's
minor grooves. This is the case for the bridge formed between
base edge atoms O, (T) or N;(A) and 0,(S) in poly(da).poly (dT)
and that involving O, (C), H,(G) and 0.(8) in poly (dG) . poly (dC)
minor grooves.

A tentative investigation of a subseguent layer hydration
in the minor groove ©f the B-DNA model reveals clear contrast in
their hydration features and only for poly(da).poly(dT) a
cross-linking of the first hydration layer is observed. The
presence of the guanine amino group in the poly (dG).poly (dC)
minor groove éppcars to play on instrumental rolc in inhibiting

such cross-linking.
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Throughrthe comparison of the two studied seéuences
we may deduce that not only the interaction energy of bindings
in the grooves are strongly correlated with the base sequence
involved, but also the geometrical arrangement of the water
molecules; this effect is emphasized in the minor groove case.

As we have mentioned Dickerson and colaborators X-ray
studies o¢of a single crystal oligomeric DNA allowed to locate
water molecules in different regions of the B-DNA seif—comple-
mentary dodecamer ceecenarreces P18, Here, it is important to
remark that we have carried out the present investigations
regarding oligomers with homopolymeric base sequence having
the classical B-DNA conformation. In the case of Dickerson's
dodecamer geometry the base seguence has a more complicated
arrangement and presents noticeable local structural hetero-
geneities. Nevertheless a theoretical interpretation of its
NMR spectrum suggdests that, in solution, its conformation may be
considerably cleoser to that of a regular B—DNA26.

The results of the dodecamer crystal, indicate that
one of the most stricking hydration feature obserﬁed is a
regular spine of ordered water molecules binding between
successive adenine N3 and thymine 02 atoms in the minor groove
in the AT-rich center of the polymer. Moreover, the second
hydration layer is found to bridge this first layer in an
approximate tetrahedral bound configuration. This regularity is
disrupted on passing from the AT center of the self-complementary
dodecamer towards its GC ends. In contrast, hydration of major
groove showed that most watcer molecules in the first laver
interact with nitrogen or oxyaen atoms on the edaes of the base

pair, and the majority of the pinding observed arc associated



CBPF-NF-041/85

150

with one single base. The hydration geometry in the major groove
.did not present a regularity comparable to the hydration in the
minor groove.

Sincé the classical work of Falk et aZ.26"28 the pre-
ferential hydration of the anionic oxygen atoms in the phosphate
groups of DNA is well established. This feature was nevertheless
invisible in the primitive Dickerson's X-ray results ét room
temperature and insufficiently resoclved spectrum of the
dodecamer crystal CGCGAATTCGCG, indicating thermal or static
disorder of the backbone atoms16. A further investigation of the’
same dodecamer at ‘IGOK17 and of a bromo derivative dexﬁéyﬂﬁﬁbGCG)
in a 60% MPD (2-methyl 2;4—pentanediol) solution18 enabled a
refinement of the initial conclusicons, indicating the phosphates
as the sites of strongest hydration. jhis correlates with our
findings since strong binding may be obserVed_favouring the
anionic oxygens of the phosphate groups. Moreover the largest
water labilities assoclated to these binding'sites seems to be
one of the most important factors rendering difficult the
pbservation of water molecuies in this'regioné of the dodecamer
crystal.

Although the present theoretical investigation refers
to classical B form of DNA it seems to account satisfactorilly
for experimental observations such as those relevant to the
"structure of hydration in majdr and minor groove as well as those

relevant to the affinity of this biomolecule for water molecules.
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FIGURE CAPTIONS

FIG. 1 - Preferred interaction sites of a water molecule in

poly (dA) .poly (8T} major groove.

FIG. 2 - Preferred interaction sites of a water molecule in

poly (dG) .poly (@C) major groove.

FIG. 3 - Preferred interaction sites of a water molecule in

poly {dA) .poly (dT) minor groove.

FIG. 4 - Preferred interaction sites of a water molecule in

poly (dG) .poly (dC) minor groove.

FIG. 5 - A view on a plane perpendicular to the helical axis
of poly (dA).poly (dT). The three base pair planes are

placed at the distances:

7 | ), Z2=h (—————v ), Z+h (————), o oxygen atoms,
® nitrogen atoms, ....... hydrogen bonds involved.
FIG. 6 - A view on a plane perpendicular to the helical axis

of poly (@G).poly (dC).

FI1G. 7 - A schematic representation of the partial first and
second hydration layer in poly (dA).poly (AT} minor

groove.

FIG. 8 — A schematic representation of the'partiai first and

second hydration layer in poly (dG).poly(dC) minor greoove.

FIG. 9 - A view on a plane perpendicular to the helical axis of
the scheme obtained in poly (dA) .poly (AT) minor groove.

FIG. 10 — A view on a plane perpendicular to the helical axis of

the scheme obtained in poly (dG).poly (dC).
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FIG. 10



Table 1
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Preferred interaction sites between a water molecule and a mo-

del fragment of B-DNA. NC denote the number of a water molecu-

le configurations at each binding site having energies within
1 Kcal/mele of the optimum energy.
Reaion Base pair Receptor atans (E (Keal/mole) NC
©d sequence involved -
N, {A), H,.(A) - 14.6 9
AT 7 6 :
Major Oq(T) -~ 8.4 24
Groove
N, (G), O, (G) - 15.3 3
ae 7 6
Hé(c) - 11.0 96
{ N, (A), O,,(S) - 12.3 15
AT i
Minor L 0, (T}, 0., (8S) - 11.9 29
Groove .
ac f 0, (C) ,H, (G) ,0,, (S) - 11.8 5
1 N, (G) ~ 1.0 4
0. C, - 25.5 103
Phosphate O, - 20.8 5
Group — !
\ 0 — —
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