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ABSTRACT

PROTEIN EFFECTS ON A M ODEL FO R  THE ACTIVATION O F A

SEROTONIN RECEPTO R

by
G ustavo  A. M ercier 

Advisor: D r. H are l W einstein

A p ro to n  t r a n s fe r  (PT) tr ig g e re d  b y  a  lig a n d  in te ra c t in g  w ith  th e  

re c e p to r  h a d  b e e n  su g g e s te d  a s  th e  in itia l s te p  in  th e  a c tiv a tio n  of a  

s e ro to n in  (5-HT) rec ep to r. A  n ew  s tra te g y  is  in tro d u c e d  to  e v a lu a te , 

in  th e  a b se n c e  of th e  th re e  d im e n sio n a l s t ru c tu re  o f th e  recep to r, th e  

ro le  o f th e  re c e p to r  in  m o d u la tin g  th e  a c tiv a tio n  m e c h a n ism . T he 

s tra te g y  c o n s is ts  o f u s in g  p ro te in s  o f k n o w n  s t r u c tu r e  a s  re c e p to r  

m o d e ls  to  s tu d y  th e  e f f e c t s  o f  th e  r e c e p to r  e n v ir o n m e n t  on  th e  

p ro c e ss  o f activa tion . A c tin id in , a  su lfhydry l p ro te in a se , sa tis fied  th e  

c r i te r ia  a s  a  m odel re c e p to r  in  w h ic h  to  s tu d y  th e  e ffec ts  from  th e  

p ro te in  en v iro n m en t o f th e  5-H T /L SD  re c e p to r  (also  k n o w n  a s  th e  5- 

H T ia  recep to r). T he  re s u l ts  from  c o m p u ta tio n s  o f  th e  PT from  H is 

162 to  C ys 2 5  sh o w ed  th a t  th e  e le c tro s ta tic  e ffect fro m  th e  p ro te in  

ra is e s  th e  en erg y  b a r r ie r  a n d  low ers th e  d riv ing  en e rg y  for th e  p ro to n  

tra n s fe r . T h is  r e s u l t  c o n s t i tu te s  a  d e s ira b le  p ro p e r ty  o f th e  m odel; 

o therw ise , th e  re c e p to r  w ould  b e  ac tiv a ted  in  th e  a b se n c e  of ag o n is ts . 

T he  p ro te in  effect r e s u l ts  from  th e  In te ra c tio n  w ith  th e  p ro to n  d o n o r 

a n d  a cc ep to r  g ro u p s  a s  th e y  c h an g e d  d u e  to  th e  PT. a n d  n o t  from  a  

d ire c t  e ffect o n  th e  p ro to n  a lo n g  i t s  p a th .  D iffe re n t s t r u c tu r a l



V

e le m e n ts  in  a c tin id in  c o n tr ib u te  d iffe ren tly  to  th is  in te ra c tio n . T he  

la rg e s t helix . A l ,  o p p o ses th e  PT th ro u g h  th e  effect o f i ts  he lix  d ipole. 

T h e  c h a rg e d  re s id u e s  (i.e. e le m e n ts  o f p r im a ry  s tru c tu re )  in  h e lix  A3 

favo r th e  PT. a n d  m a s k  th e  e ffect o f i t s  h e lix  d ipo le  (i.e. from  i ts  

se co n d a ry  s tru c tu re )  w h ich  o p p o ses  th e  tra n s fe r . S te ric  effects in  th e  

a c tiv a tio n  p ro c e s s  w ere  e v a lu a te d  b y  u s in g  th e  in d o le  o f T rp  184 

w h ic h  is  o r ien ted  over th e  h y d ro g en  b o n d e d  sy s te m  o f A sn  182 a n d  

H is 162. S te ric  h in d ra n c e  in  th e  p ro te in  r e s t r ic ts  th e  o rien ta tio n  th a t  

l ig a n d s  c o u ld  a s s u m e  ab o v e  th is  h y d ro g e n  b o n d e d  s y s te m . T he  

o rie n ta tio n  favored b y  a c tin d in  w as close to  th e  o n e  th a t  allow ed 5-H T 

to  ac tiv a te  th e  m odel re c e p to r  th ro u g h  a  PT. In  th is  o r ie n ta tio n  o th e r  

c o n g e n e rs  o f try p ta m in e  a lso  low er th e  b a r r ie r  a n d  in c re a s e  th e  

d riv ing  energy  for PT w ith  a  ra n k  o rd e r  t h a t  a p p e a rs  to  co rre la te  w ith  

th e  in tr in s ic  efficacies o f th e  d ru g s , a s  ex p ec ted  from  re c e p to r  theo ry . 

T he h e u ris tic  m odel fo r th e  ac tiv a to n  o f a  5-H T re c e p to r  su g g e s ts  th a t  

lig a n d s  overcom e th e  e le c tro s ta tic  e ffects from  th e  re c e p to r  s t ru c tu r e  

t h a t  s tab ilize  th e  " inac tiva ted" fo rm  o f th e  re c e p to r  w hile  th e  s te r ic  

effects in  th e  b in d in g  p o c k e t c a n  se lec t th e  p ro p e r  o r ie n ta tio n  for th e  

ligand  so  th a t  ac tiva tion  c a n  occur.



ACKNOW LEDGEM ENTS

M any in d iv id u a ls  c o n tr ib u te d  to  m y  d o c to ra l tra in in g , a n d  I am  

g ra te fu l for th e ir  s u p p o r t  a n d  g u id an c e . D rs . W e in s te in  a n d  O sm a n  

w ere  in s tru m e n ta l  in  th e  developm en t o f th is  th e s is . D r. R oss, a s  th e  

on ly  e x p e r im e n ta lis t  in  m y  th e s is  c o m m ittee , p ro v id ed  h is  u n iq u e  

p e rsp ec tiv e  to  th e  w ork . T h e  m e m b e rs  o f th e  la b o ra to ry  h a v e  b e e n  

m a n y  a n d  th r o u g h  th e i r  k in d  e a r s  a n d  m a n y  q u e s t io n s  th e y  

c o n tr ib u te d  to  m y  e d u c a tio n . I w o u ld  lik e  to  th a n k  th e m , b u t  

p a r t ic u la r ly  D rs . R u b e n s te in , D ijk m an , P a rd o , a n d  M azu reck . You 

ce rta in ly  ch a llen g ed  m y w its! I a lso  th a n k  D rs . G reen  a n d  K rulw ich  

w ho  a llow ed  m e  to  com e to  M o u n t S in a i u n d e r  a  M ed ica l S c ie n tis t  

T ra in in g  P ro g ra m  fe llo w sh ip  fro m  th e  N a tio n a l R e s e a rc h  S erv ice  

A w ard  P ro g ram  o f  th e  N a tio n a l In s t i tu te  o f H e a lth  (5-T 32-G M 7280- 

08). T h ro u g h  i ts  fin an c ia l su p p o r t , th is  a w a rd  m ad e  m y M .D .-Ph.D . 

tra in in g  possib le .

I t is  a  re a l b u rd e n  to  fin ish  a  th e s is  w ith o u t th e  h e lp  o f  n o n ­

s c ie n t is t .  T h e  s e c re ta r ie s  o f  th e  d e p a r tm e n t  o f  P h y sio lo g y  a n d  

B iophysics w elcom ed th is  very  d e m a n d in g  p h a rm aco lo g y  s tu d e n t  w ith  

o p en  a rm s . G lo ria  a n d  M aria  in  th e  G ra d u a te  S choo l office w ere  

a lw ays very  he lp fu l a n d  o n  tim e  w ith  m y checks! M s. M au reen  R eek a s  

a  fr ie n d  a n d  a d m in is t r a to r  o f th e  d e p a r tm e n t  o f  P h y sio lo g y  a n d  

B iophysics n ev er h e s i ta te d  to  le n d  h e r  h a n d s  a n d  e a rs , p a r tic u la r ly  

w h en  I w as going b a n a n a s .



I w ou ld  a lso  like to  give m y  d e e p e s t th a n k s  a n d  a p p re c ia tio n  to  

m y p a re n ts  a n d  s ib lin g s b e c a u se  th e y  hav e  b e e n  m o s t he lp fu l, p a tie n t  

a n d  su p p o rtiv e  d u rin g  th e  m a n y  y e a rs  o f m y  M .D .-Ph.D . tra in in g . To 

m y g irlfriend , Alice, I give a  b ig  h u g  a n d  k iss . S h e  p ro o fread  p a r ts  o f 

m y  th e s is , a n d  w as in s tru m e n ta l in  m y  su c c e ss  d u r in g  m y th ird  y e a r  o f 

m ed ica l schoo l w ith  h e r  s u p p o r t a n d  advice. S h e  m ad e  th ird  y e a r  fu n  

a n d  easy . I w ou ld  a lso  like to  th a n k  th e  m an y  frien d s  w ho  h e lp ed  m e 

d u rin g  all th e se  y e a rs . T he lis t is  too  len g th y  a n d  I r isk  m iss in g  n am es, 

b u t  you  know  w ho you  are .

N u m e ro u s  c o m p u ta t io n a l  r e s o u rc e s  w e re  a v a ila b le  to  m e. 

W ith o u t th e se  m y w ork  w ould  have  n ev er s ta r te d . A  g e n e ro u s  g ra n t  of 

c o m p u te r  tim e  from  th e  U n iv e rs ity  C o m p u te r  C e n te r  o f th e  C ity  

U n iversity  o f New York is g ra te fu lly  acknow ledged . S om e o f th e  cu rve  

fitting  a n d  d a ta  a n a ly sis  w as done  o n  th e  PROPHET c o m p u te r  sy s tem  - 

a  n a tio n a l  c o m p u te r  re s o u rc e  s p o n s o re d  b y  th e  NIH th ro u g h  th e  

d iv is ion  o f R e se a rc h  R eso u rces . S om e of th e  c o m p u ta tio n s  for th e  

th e s is  w ere  d o n e  a t  th e  C o rn e ll N a tio n a l S u p e rc o m p u te r  F ac ility , 

C e n te r  for T heo ry  a n d  S im u la tio n  in  Science a n d  E n g in eerin g  w h ich  is  

fu n d ed , in  p a r t ,  b y  th e  N ational S cience F o u n d a tio n , New Y ork S ta te , 

a n d  IBM C o rp o ra tio n . S im ila rly , I w o u ld  lik e  to  ack n o w led g e  th e  

g e n e r o u s  c o m p u te r  t im e  p ro v id e d  b y  t h e  D e p a r tm e n t  o f 

B io m a th em a tic s  of th e  M o u n t S in a i S choo l o f B iom edical S c ien ces  of 

th e  C ity  U niversity  o f New York, a n d  th e  C ray  c o m p u te r  tim e  provided  

b y  th e  P it ts b u rg h  S u p e rc o m p u te r  C e n te r, a  n a tio n a l  su p e rc o m p u te r  

facility  sp o n so red  b y  th e  N ational Science  F o u n d a tio n .



S om e o f th e  w o rk  in  th is  th e s is  h a s  b e e n  p u b lish e d  a lread y . I 

w o u ld  like  to  th a n k  th e  E lsev ier S c ience  P u b lish e rs , P h y sica l S c ien ces 

a n d  E n g in eerin g  D ivision for allow ing th e  re p ro d u c tio n  o f  th e  te x t a n d  

ta b le s  in  c h a p te r  2 . T h is  w ork  is  to  be  p u b lish e d  in  th e  b o o k  Q u a n tu m  

C h em istry ; B asic  A sp ec ts . A c tu a l T re n d s  w h ich  is  ed ited  b y  R. C arbo , 

1989. T he IRL P ress , a  d iv ision  of th e  O xford U n ivers ity  P re ss , is  a lso  

a ck n o w led g ed  fo r g ra n t in g  p e rm iss io n  to  re p ro d u c e d  th e  te x t a n d  

ta b le s  in  c h a p te r  4 . T h e  w o rk  in  th is  c h a p te r  w a s  p u b lis h e d  in  

P ro te in  E n g in n e r in g . 2: 2 6 1 -2 7 0 , 1988.



TABLE O P CONTENTS

CHAPTER 1 ....................................................................................................................1

CHAPTER 2 ....................................................................................................................13

2 .1  INTRODUCTION......................................................................................13

2 .2  M ETH O D S.................................................................................................. 15

2.2.1 STRUCTURES AND GEOMETRIES.......................................15

2 .2 .2  COMPUTATIONAL DETAILS..............................................17

2 .2 .3  COMPUTATIONAL FORMALISM.......................................18

2 .2 .4  TH E T E R M ...................................................................... 2 0

2 .2 .5  SELF-CONSISTENT COMPUTATION O F TH E 

CHARGE DISTRIBUTION O F A B ..................................................21

2 .2 .6  TH E ITERATIVE ALGORITHM ........................................ 2 4

2 .2 .7  IMPLEMENTATION O F TH E ITERATIVE 

ALGORIIHM.............................................................................................2 9

2 .3  RESU LTS....................................................................................................3 0

2 .4  D ISCU SSIO N ............................................................................................ 3 3

CHAPTER 3 ...................................................................................................................4 2

3 .1  INTRODUCTION..................................................................................... 4 2

3 .2  THEORETICAL APPROACH................................................................4 4

3 .2 .1  PROTEIN SELECTION AND CONSTRUCTION

O F QUANTUM M OTIF......................................................................4 4

3 .2 .2  STRUCTURE AND ENERGIES O F  THE 

ISOLATED QUANTUM M O TIF......................................................4 5

3 .2 .3  COMPUTATIONS WITH TH E  QUANTUM

MOTIF EM BEDDED IN ACTINIDIN........................................... 4 8



X

3 .2 .4  CONTRIBUTION TO TH E ELECTROSTATIC 

ENERGY FROM THE COMPONENTS O F  TH E 

QUANTUM MOIIF.................................................................................. 5 3

3 .2 .5  CONSIDERATION O F THE SOLVENT 

SCREENING EFFECTS..........................................................................5 4

3 .3  RESU LTS....................................................................................................5 6

3.3.1 ISOLATED QUANTUM MOTIF.................................................5 6

3 .3 .2  INTERACTION WITH TH E PROTEIN 

EN V IR O N M EN T................................................................................. 5 8

3 .3 .3  ANALYSIS O F TH E ELECTROSTATIC 

INTERACTION EN ERG Y ................................................................. 61

3 .4  D ISC U SSIO N .............................................................................................6 3

CHAPTER 4 ................................................................................................................... 8 6

4.1  INTRODUCTION..................................................................................... 8 6

4 .2  THEORETICAL APPROACH................................................................8 7

4 .2 .1  PROTEIN AND QUANTUM MOTIF 

ST R U C T U R E S..................................................................................... 8 7

4 .2 .2  PROTON TRANSFER ENERGY CURVE IN TH E 

ABSENCE OF ACTINIDIN..................................................................... 8 7

4 .2 .3  COMPUTATIONS WITH THE QUANTUM

MOTIF EM BEDDED IN ACTINIDIN............................................8 8

4 .2 .3  CONSIDERATION O F THE SOLVENT 

SCREENING EFFECTS..........................................................................9  0

4 .3  RESU LTS....................................................................................................9 0

4.3.1 ISOLATED QUANTUM MOTIF.................................................9 0

4 .3 .2  TH E INTERACTION WITH TH E PROTEIN 

EN V IR O N M EN T .................................................. .............................. 91



4 .3 .3  EFFECTS O F REDUCING TH E SURFACE

CHARGE.................................................................................................. 9 5

4 .4  D ISCU SSIO N ........................................................................................... 9 8

CHAPTER 5 ....................................................................................................................109

5.1  INTRODUCTION...................................................................................... 109

5 .2  THEORETICAL APPROACH.................................................................111

5 .2 .1  PROTEIN STRU CTU RE........................................................I l l

5 .2 .2  CONSTRUCTION O F TH E QUANTUM MOTIF

AND PROTON TRANSFER CU RV ES........................................... I l l

5 .2 .3  GEOM ETRIES O F LIGANDS AND THEIR 

COMPLEXES WITH THE QUANTUM MOTIF............................... 114

5 .2 .4  COMPUTATION O F ELECTROSTATIC 

INTERACTIONS........................................................................................ 1 15

5.2.5 SOLVENT EFFECTS..................................................................... 1 1 6

5 .2 .6  SPATIAL CONSTRAINTS ON TH E

ORIENTATION OF THE UGANDS......................................................117

5 .3  R ESU LTS.....................................................................................................118

5 .3 .1  THE PROTON TRA N SFER.................................................. 11 8

5 .3 .1 .1  IM ID /FO R  C om plex in  th e  a b sen ce  of

th e  p ro te in  o r l ig a n d s ...........................................................11 8

5 .3 .1 .2  P ro te in  e le c tro s ta tic  effects o n  th e

proton transfer..............................................................................1 1 9

5 .3 .2  THE EFFECTS O F  THE LIGANDS ON TH E 

PROTON TRANSFER EN ERG Y ..................................................... 122

5 .3 .2 .1  S p a tia l c o n s tra in ts  im p o sed  b y  th e

protein structure .......................................................................... 122



xi  i

5 .3 .2 .2  E lec tro s ta tic  effects o n  th e  p ro to n

transfer...........................................................................................123

5 .4  D ISCU SSIO N ........................................................................................... 1 2 4

CHAPTER 6 ....................................................................................................................139

BIBLIOGRAPHY................................................................................................................ 1 4 9



LIST OF TABLES

TABLE 2 -1 . C oo rd in a tes  for th e  NH4 / H 2 S  c o m p lex .....................3 8

TABLE 2 -2 . S tab iliza tion  energ ies, b a rr ie rs , a n d  driv ing

e n erg ies  for th e  a m m o n iu m /h y d ro g e n  su lfide  co m p lex ..........................3 9

TABLE 2 -3 . E le c tro s ta tic  in te ra c tio n  en erg y  (in k c a l/m o l)

o f th e  com plex  o f N H 4 /H 2 S  w ith  th e  e n v iro n m e n t.................................. 4 0

TABLE 3 -1 . C oo rd in a tes  for th e  lm id a z o liu m /m e th a n e th io l

c o m p le x .........................................................................................................................7 3

TABLE 3-2 . P ro ton  tra n s fe r  energy: im idazo lium

/  m e th a n e th io l com plex  in  iso la tio n ..................................................................7 4

TABLE 3-3. In te rn a l coo rd ina tes for 1HND a n d  1HSG.......................7 5

TABLE 3 -4 . P ro te in  e le c tro s ta tic  e ffec ts ..............................................7 6

TABLE 3-5. Polarization of th e  q u an tu m  m otif.........................................7 7

TABLE 3-6. Electrostatic QxQ energy........................................................... 7 8

TABLE 3-7 . E lectrostatic  QxQ energy a fte r scaling ...............................7 9

TABLE 4 -1 . E ffects o f th e  p ro te in  s tru c tu re : QxQ e n e rg y ............ 102

TABLE 4 -2 . E le c tro s ta tic  effects from  th e  p ro te in

s tru c tu re  o n  th e  b a rr ie rs  a n d  driv ing e n e rg ie s ............................................. 103

TABLE 5-1. F o rm am ide/im dazo lium  com plex in  v a c u u m .................131

TABLE 5 -2 . P ro te in  e le c tro s ta tic  e ffec ts ..............................................132

TABLE 5 -3 . P ro te in  e lec tro sta tic  effects: b a rr ie r  a n d

d riv in g  e n e rg y .............................................................................................................1 33

TABLE 5-4. P ro te in  e lec tro sta tic  effects: so lven t effects.................134

TABLE 5-5 . E lec tro s ta tic  in te rac tio n : lig an d s vs. 

fo rm  am id e  /im id az o liu m  co m p lex .....................................................................13 5



xi v

LIST OP FIGURES

F ig u re  2 -1 . NH4 / H 2S  com plex  o rien ted  a s  in  a c t in id in ...............41

F igu re  3 -1 . A lpha c a rb o n  c h a in  of a c tin id in ........................................8 0

F ig u re  3 -2 . P ro ton  tra n s fe r  energy  cu rv e  fo r th e  

Im id a zo liu m / m e th an e th lo l com plex  in  th e  a b se n c e  o f p ro te in

e f f e c ts .............................................................................................................................. 81

F ig u re  3 -3 . G eom etry  a n d  p ro to n  p a th  in  th e  p ro to n

tra n s fe r  b e tw een  im idazo lium  a n d  m e th a n e th lo l ........................................ 8 2

F igu re  3 -4 . P ro ton  tra n s fe r  energy  cu rve  for th e  

im id a zo liu m / m e th an e th lo l com plex  in  th e  a b se n c e  a n d

p re se n c e  o f p ro te in  e ffe c ts .................................................................................8 3

F ig u re  3 -5 . E le c tro s ta tic  energy  of in te ra c tio n  b e tw een  th e  

g ro u p s  of th e  q u a n tu m  m o tif a n d  g ro u p s  of th e  p ro te in  s t ru c tu re

of actinidin........................................................................................................................8 4

F igu re  3-6 . E lec tro sta tic  energy  o f in te ra c tio n  b e tw een  th e  

g ro u p s  o f th e  q u a n tu m  m otif a n d  g ro u p s of th e  p ro te in  s tru c tu re

of actinidin........................................................................................................................8 5

F ig u re  4 -1 . A lpha c a rb o n  c h a in  of ac tin id in  w ith  he lices

a n d  ac tive  s ite  color c o d e d .................................................................................1 0 4

F ig u re  4 -2 . QxQ e lec tro sta tic  in te ra c tio n  en erg y  b e tw een  

th e  im idazo lium  /m e th a n e th lo l com plex  a n d  th e  a lp h a  h e lices  in

actinidin............................................................................................................................105

F igu re  4 -3 . T he ch an g e s  in  th e  b a rr ie rs  a n d  d riv ing  energy  

for the  proton transfer........................................................................................ ........... 106



X V

F igu re  4 -4 . QxQ (scaled) e le c tro s ta tic  in te ra c tio n  energy  

b e tw een  th e  im id a zo liu m /m e th an e th io l com plex  a n d  th e  a lp h a

helices in actinidin............................................................................................................107

F igu re  4 -5 . T he ch an g es  in  th e  b a rr ie rs  a n d  d riv ing  energy

for the  proton transfer.....................................................................................................10 8

F igure  5 -1 . P ro ton  tra n s fe r  energy  cu rve  for th e  IM ID /FO R

c o m p le x ...........................................................................................................................13 6

F igure  5-2 . C o n to u r p lo t o f th e  se lf energy  of ac tin id in  a s  a  

fu n c tio n  of th e  d ih ed ra l ang les  N --Ca--Cp--Cy a n d  C a--C p—Cy—

C 8 2 .....................................................................................................................................137

F igure  5-3 . 5 -hydroxyindole  o rien ted  a s  th e  s id e  c h a in  of 

T rp  184 a n d  su rro u n d in g  g ro u p s  in  a c t in id in ...............................................1 38



1

CHAPTER 1

BACKGROUND AND SCOPE

T h e  a p p lic a tio n  o f to o ls  from  m o le c u la r  b io logy  a n d  m o d e m  

b io c h e m is try  to  p h a rm a c o lo g y  h a v e  o p e n e d  n e w  p ro s p e c ts  in  th e  

efforts to  u n d e rs ta n d  rec ep to r  fu n c tio n  a n d  to  d e sig n  n ew  a g e n ts  w ith  

specific  b iologic activ ity . In  re c e n t y e a rs , th ro u g h  th e  a p p lic a tio n  of 

re c o m b in a n t DNA tech n o lo g y  a n d  a d v a n c e s  In  b io c h e m is try , i t  h a s  

b e e n  p o ss ib le  to  iso la te  m em b ran e  b o u n d  rec ep to rs , c h a ra c te riz e  th e ir  

p r im a ry  s t ru c tu re ,  a n d  re c o n s ti tu te  th e  re c e p to rs  in  e ith e r  a rtif ic ia l 

m e m b ra n e s  o r  in  s u c h  sy s te m s a s  th e  frog oocyte o r m am m alia n  cell 

lin e s  (S tevens, 1985; D ixon e t  a l., 1986; K ubo e t  a l., 1986; G ocayne e t 

a l., 1987; G ren n in g lo h  e t  a l., 1987; K obilka e t  a l., 1987; L eung  e t  a l., 

1987; M asu  e t  a l., 1987; M arx, 1987; Schofield  e t a l., 1987; S tev en s , 

1987; T row bridge , 1987; B unzow  e t  a l., 1988; F a rg in  e t a l., 1988; 

J u l iu s  e t  a l., 1988; K obilka e t  a l., 1988; L este r, 1988; H artig , 1989; 

P ric h e tt e t a l., 1988). T h ese  a p p ro a c h e s  hav e  o p en ed  th e  d o o r for th e  

s tu d y  o f  s t r u c tu r e - f u n c t io n  r e la t io n s h ip s  in  m e m b r a n e -b o u n d  

re c e p to rs . S u c h  w o rk  is  ex p ec ted  to  c o m p le m e n t th e  s t r u c tu r e -  

a c tiv ity  s tu d ie s  t h a t  tra d i t io n a lly  h a v e  o c c u p ie d  p h a rm a c o lo g is ts ' 

m in d s . U nfo rtunate ly , s tru c tu re -ac tiv ity  a n d  s tru c tu re -f iin c tio n  s tu d ie s  

h a v e  b e e n  h in d e re d  b y  th e  la c k  of s t r u c tu r a l  in fo rm a tio n  o n  th e  

m e m b ra n e -b o u n d  recep to rs  a t  th e  a tom ic  level. T h is  la c k  of s tru c tu ra l  

in fo rm atio n  h a s  m ad e  th e s e  s tu d ie s  d e p e n d e n t u p o n  th e  pharm aco lo g y
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of d ru g -re c e p to r  in te ra c tio n s . F o r exam ple , in fe re n c e s  from  d ru g - 

recep to r th eo ry  hav e  b een  p a rticu la rly  im p o rta n t b e c a u se  th e y  provide 

a  fram ew ork  for th e  c lass ifica tion  of th e  re c e p to rs  a n d  th e ir  ligands. 

T h is  c la s s if ic a tio n  h a s  p ro v id ed  th e  in fo rm a tio n  n e c e s s a ry  fo r 

iden tify ing  from  am o n g  th e  new ly iso la ted  m e m b ra n e -b o u n d  p ro te in s  

th e  re c e p to rs  w ith  pharm aco log ic  ac tiv ity  w ith o u t w h ic h  i t  w ou ld  be 

im p o ssib le  to  in itia te  s tru c tu re - fu n c tio n  s tu d ie s  o f th e se  rec ep to rs . 

A lso, d ru g -re c e p to r  th e o ry  to g e th e r  w ith  th e  ch em ica l b a s is  fo r th e  

b io log ical ac tiv ity  o f lig a n d s  h a s  ju s tif ie d  th e  s e a rc h  fo r ch em ica l 

p ro p e rtie s  o f th e  ligands, i. e. th e  m o lecu la r d e te rm in a n ts , w h ich  a re  

re sp o n sib le  for th e ir  biological activ ity . T he e x te n s io n  o f in fe ren ces  

from  th e  b io c h e m is try  of e n z y m e -s u b s tra te  I n te ra c t io n s  to  th e  

s tru c tu re -a c tiv ity  a n d  fu n c tio n  s tu d ie s  of rec ep to rs  h a s  b e e n  ju s tif ie d  

in so fa r a s  th e  rec ep to r m acrom olecu les a re  p ro te in s  (Goodford, 1980; 

U pscom b, 1981; W einste in  e t a l.. 1985).

In  th e  efforts to  design  ligands w ith  specific b iological activ ity  a 

s tra te g y  a im ed  a t  iden tify ing  th e  m o lecu la r d e te rm in a n ts  re sp o n sib le  

for ligand b in d in g  a n d  recep to r a c tiv a tio n  h a s  b e e n  fo rm u la ted  w hich  

d id  n o t  re q u ire  a  p rio ri know ledge of th e  re c e p to r  s t r u c tu r e .  T o  

iden tify  th e  m o lecu la r d e te rm in a n ts  responsib le  for b in d in g  a  se ries  of 

co m p o u n d s w ith  kn o w n  affin ities to  th e  re c e p to r  w ould  be  analyzed  

for com m onalities in  th e  chem ical p ro p e rtie s  t h a t  m ay  ex p la in  th e ir  

d iffe ren t re a c tiv itie s . T he  com m on  p ro p e r tie s  w o u ld  re p re s e n t  a  

p u ta t iv e  s e t  o f  m o le c u la r  d e te rm in a n ts  t h a t  w o u ld  b e  te s te d  

experim en ta lly  for th e ir  relevance  to  ligand  b in d in g  b y  u s in g  th em  to  

p re d ic t th e  r a n k  o rd e r o f affin ities for co m p o u n d s n o t in  th e  o rig inal
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se rie s . T he  a p p lica tio n  of th e o re tic a l ch em is try  a n d  c o m p u ta tio n a l 

s im u la t io n s  w o u ld  th e n  p e rm it  th e  e x p re s s io n  o f th e  m o le c u la r  

d e te rm in a n ts  re sp o n sib le  fo r b in d in g  in  te rm s  of reac tiv ity  c rite ria , 

e.g. e le c tro s ta tic  p o ten tia ls , w h ich  a re  d iffe r e n t from  th e  ch em ica l 

s t ru c tu re  o f th e  ligands. T he new ly acq u ired  in fo rm ation  w ould  lead  to 

new  c la s se s  of lig an d s b e c a u se  th e  reactiv ity  c rite r ia  m ay  b e  m e t by  

c o m p o u n d s  t h a t  be long  to  ch em ica l c la sse s  d iffe ren t from  th e  on es 

u se d  to  iden tify  th e  m o lecu la r d e te rm in a n ts . M ore im p o rta n t is  th e  

a b ility  to  a p p ly  th e  c h em ica l in tu i t io n  d erived  from  b io -o rg an ic  

ch em is try  to  identify  b iochem ically  re levan t sp ec ie s  th a t  w ould m a tch  

th e  m o le c u la r  d e te rm in a n ts ,  h e n c e  id e n tify in g  m o d e ls  fo r th e  

recep to r site  th a t  w ould be capab le  of b in d in g  th e  ligands. T h is w ould  

b e  ex trem ely  u se fu l in  pharm aco logy  w here  th e  chem ical n a tu re  o f th e  

b in d in g  s ite s  in  m em b ran e  b o u n d  re c e p to rs  is  c u rre n tly  u n k n o w n . 

C om pu ta tiona l s im u la tio n s w ould th e n  b e  u se d  to  te s t  th e  suggestions 

from  ch em ica l in tu itio n  a n d  to  id en tify  th e  c h a n g e s  on  th e  m odel 

b in d in g  site  u p o n  ligand b ind ing . S u c h  ch an g es w ould  form  th e  b asis  

for a n  ac tiva tion  p ro cess  th a t  w ould be  ch arac te rized  th ro u g h  fu r th e r  

s im u la t io n s , a n d  la te r  te s te d  e x p e rim e n ta lly . In  th is  w ay  th e  

m o lecu la r d e te rm in a n ts  for th e  activa tion  p ro cess  w ould  be  identified . 

O nce th e  m o le c u la r  d e te rm in a n ts  fo r b in d in g  a n d  a c tiv a tio n  a re  

know n, th e  d esig n  o f a g o n is ts  a n d  of a n ta g o n is t  w o u ld  b e  e a s ie r  

b e c a u s e  th e  fo rm er w o u ld  b e  e x p ec te d  to  s a t is fy  b o th  s e t  o f 

d e te rm in a n ts  w hile th e  la tte r  only w ould sa tisfy  th e  b in d in g  crite ria .

T h e  im p le m e n ta tio n  o f th e  s tra te g y  d e sc r ib e d  above  fo r th e  

design  of new  biologically active com p o u n d s w ould  s tra in  th e  lim its of
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th eo re tic a l c h em is try  a n d  c o m p u ta tio n a l pow er b e c a u se  it  d e m a n d s  

th e  s im u la tio n  of b o th  e lec tron ic  m e c h a n ism s  In sid e  p ro te in s  a n d  of 

dynam ics in  sy s tem s w h ich  a re  m em b ran e -b o u n d  a n d  s u r ro u n d e d  by  

polyelectro ly tes in  a n  a q u eo u s env ironm en t. It is  a lso  a t  th e  lim its  of 

c u r re n t  ex p e rim e n ta l tech n o lo g y  b e c a u s e  th e  s tra te g y  m erg e s  th e  

ap p lica tio n  of m o lecu la r biology w ith  th e  pharm aco log ic  ex p e rim en ts  

d e sc r ib e d  in  re c e p to r  th e o ry  in  a n  e ffo rt to  t e s t  m o d e ls  fo r th e  

re c e p to r  s ite  w h ich  a re  c o n g ru e n t w ith  th e  m o le cu la r d e te rm in a n ts  

for b in d in g  a n d  activation . T he rew ard s  from  a  su c ce ss fu l ap p lica tio n  

o f th is  s tra te g y  w ould  ex ten d  b ey o n d  th e  m ere  g e n e ra tio n  o f new  

ligands; th a t  is, a  deeper u n d e rs ta n d in g  of th e  chem ical b a s is  for cell 

physiology cou ld  be expected. T h u s , i t  w ould n o t b e  su rp r is in g  to  find 

th a t  su c h  s tra te g y  h a s  b een  im plem ented  a lread y  in  th e  design  o f new  

d ru g s  for th e  H 2 an d  th e  5-HT recep to rs . T he d e ta ils  o f th is  s tra teg y , 

inc lu d in g  th e  app lica tion  of p ro te in s  a s  m odels for recep to rs  sy stem s, 

could  be  illu s tra te d  w ith  th e  w ork  done  o n  th e  5-HT recep to r.

In  th e  fo u r  d e ca d es  s in c e  th e  d iscovery  of s e ro to n in  (5-HT) 

n u m e ro u s  re c e p to r  su b ty p e s  fo r th e  en d o g en eo u s lig an d  h a v e  b e en  

described . T hese  recep to r s ite s  a re  th e  ta rg e t for a  v a rie ty  o f ligands 

th a t  s p a n  m a n y  d ifferen t ch em ica l c la s s e s  (A rvldsson e t  a l., 1986; 

M lddlem iss e t a l., 1986; P e ro u tk a , 1988). T h is  r e s u l t  is  c o n s is te n t  

n o t on ly  w ith  th e  d escrip tio n  of m an y  su b ty p e s  o f th e  rec ep to r, b u t  

a lso  w ith  th e  id ea  in tro d u ced  above th a t  th e  m o lecu la r d e te rm in a n ts  

resp o n sib le  for b in d in g  a n d  ac tiv a tio n  m ay  be  sa tis fied  b y  m olecu les 

w ith  d ifferen t s tru c tu re . T he 5-H T re c e p to r  su b ty p e  th a t  a lso  b in d s  

d-LSD, a  re c e p to r  re lab e led  5 -H T la  u n d e r  th e  n e w er c la ss if ica tio n
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s c h e m e s  (P e ro u tk a , 1988), h a s  b e e n  th e  fo cu s  o f th e  h e u r is t ic  

ap p ro a c h  d escribed  above w ith  th e  goal o f Identify ing th o se  m olecu la r 

d e te rm in a n ts .

W ork o n  th e  s tru c tu re -ac tiv ity  of ligands active a t  th e  5-H T/LSD  

re c e p to r  h a s  b e e n  in it ia te d  by  se le c tin g  se r ie s  o f co n g en e ric  d ru g s  

w ith  v a ry in g  ac tiv ity  a t  th e  re c e p to r  s ite  (G reen e t  a l., 1976). In  

add ition , s tu d ie s  designed  to  investiga te  th e  c o n seq u en ces  of su b s tra te  

b in d in g  to  enzym e sy s te m s  hav e  b e e n  in itia te d  in  a n  effo rt to  u se  

enzym es a s  m odels for th e  recep to r. T he u se  of enzym es o r so lub le  

p ro te in s  a s  m odels for rec ep to rs  h a s  b een  d isc u sse d  in  th e  l ite ra tu re  

(G oodford, 1980; G oodford  e t  a l., 1980; W e in s te in  e t a l.,  1985). 

In a s m u c h  a s  re c e p to rs  a re  p ro te in s , s u c h  s tu d ie s  a re  p a r tic u la r ly  

ap p ro p ia te  b ecau se  th e  3-D  s tru c tu re  of m an y  enzym es a re  know n and  

d escrip tio n s  a t  th e  deta iled  a tom ic  level o f th e ir  c a ta ly tic  activ ity  ex ist 

for som e sy stem s. S im ilar in fo rm ation  is n o t availab le for recep to rs  a t  

th e  p re s e n t  tim e. Indeed , th e  w o rk  w ith  enzym es h a s  p roven  u se fu l 

b e c a u se  i t  h a s  gu ided  th e  choice of congeneric  d ru g s , a s  w ell a s  th e  

in te rp re ta tio n  o f th e  s tru c tu re -ac tiv ity  s tu d ie s  u s in g  th e se  com pounds. 

It is  n o tew o rth y  th a t  a n a ly s is  of e n z y m e -su b s tra te  in te ra c tio n s  h a s  

show n  th a t  th e  affinity  c o n s ta n t m ea su re d  b y  p h arm aco lo g ists  th ro u g h  

b in d in g  e x p e rim e n ts  n o t on ly  re flec ts  th e  local in te ra c tio n s  a t  th e  

b ind ing  site  w h ich  a re  o f in te re s t  in  s tru c tu re -ac tiv ity  s tu d ie s , b u t  a lso  

in c lu d e  th e  free  en erg y  s p e n t in  th e  g lobal m o tio n s  o f th e  p ro te in  

in itia te d  by  b in d in g  of th e  lig an d  (L iebm an a n d  W ein ste in , 1985). 

T herefo re , i t  h a s  b e e n  n e c e s sa ry  to  lim it th e  cho ice  o f co ngeneric  

d ru g s  to  th o se  w ith  s im ila r m o lecu la r vo lum e to  m inim ize differences
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in  th e  m o le c u la r  m o tio n s  in it ia te d  b y  b in d in g , th u s  fo cu s in g  on  

d iffe ren c e s  in  a ffin ity  t h a t  re f le c t m o s tly  d iffe ren c e s  in  th e  loca l 

in te ra c tio n s  w ith  th e  u n k n o w n  b in d in g  s ite  in  th e  recep to r. A  se ries  

o f hyd ro x y la ted  derivatives o f try p ta m in e  have  sa tis fied  th is  c rite rio n  

th u s  fo rm in g  a  s e t  o f co n g en eric  d ru g s  u s e d  in  a  w ide ra n g e  of 

s tru c tu re -a c tiv ity  s tu d ie s  (W einstein  e t a l., 1976; G reen  e t a l., 1976; 

Reggio e t  a l., 1981; W einste in  e t a l., 1981b; M azu rek  e t  a l., 1984; 

S h e n k e r e t  al., 1985; S h en k e r e t  a l., 1987; W einstein  e t  a l., 1987).

T h e  a p p lic a t io n  o f c h e m ic a l in tu i t io n  a n d  c o n c e p ts  from  

enzym ology have re s tr ic te d  th e  cho ice  o f ch em ica l p ro p e rtie s  o f th e  

congeneric  d ru g s  th a t  have  b e e n  co n sid e red  re le v an t to  th e  b in d in g  

event. O ne su c h  p ro p erty  is  b a se d  on  e le c tro sta tic  fo rces w h ich  a re  

im p o r ta n t  in  th e  ch em ica l reac tiv ity  of m an y  co m p o u n d s  in c lu d in g  

enzym e m ed ia ted  c a ta ly sis  (W arshel, 1981a; W einste in  e t a l., 1981a). 

T h e  m o le c u la r  e le c t ro s ta t ic  p o te n t ia l  (MEP) r e p re s e n te d  s u c h  

m o le c u la r  p ro p e rty . It c a n  b e  c o m p u te d  for th e  c o n g e n e rs  a n d  

analyzed  a s  a n  ind irec t m ea su re  of th e  ab ility  o f th e se  d ru g s  to  undergo  

a  favorable e lec tro sta tic  in te rac tio n  w ith  th e  recep to r (W einstein e t  al., 

1976; W e in s te in  a n d  O sm a n , 1977; W e in s te in  e t  a l.,  1 9 7 8 a ,b ; 

W einste in  e t a l., 1981a,b). W hen  th e  e thy lam ine  s id e  c h a in  o f 5-HT 

w ith  i ts  cation ic  h e a d  g roup  w a s  ex tended  so  a s  to  m a tch  th e  M EP of 

5-H T w ith  t h a t  o f d-LSD, a  topological re la tio n sh ip  b e tw een  th e  h e ad  

g roup  a n d  th e  M EP over th e  indo le  w a s  genera ted . T he cation ic  h e ad  

g ro u p , th e  M EP over th e  indo le  p o rtio n  of 5-HT, a n d  th e ir  topologlc 

re la tio n sh ip  h a d  becom e th e  m olecu la r d e te rm in a n ts  th a t  su ccessfu lly  

p red ic te d  th e  r a n k  o rd e r  o f a ffin ities for th e  congeneric  co m p o u n d s
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a n d  for c o m p o u n d s  from  o th e r  chem ical c la s se s  n o t in c lu d ed  in  th e  

orig inal s e t  (Reggio e t al., 1981; M azurek  e t al., 1984; W einste in  e t al., 

1987). F inally, th e  m o lecu la r d e te rm in a n ts  h a d  proved u se fu l a s  tools 

fo r d ru g  d esig n  b y  in tro d u c in g  a n  "e lec tro sta tic  o r ie n ta tio n  vector" 

w h ich  w as g en era ted  from  th e  M EP (W einstein e t a l., 1981a,b). T h is  

c o n s tru c t  allow ed for th e  q u ick  e v a lu a tio n  o f w h e th e r  c o m p o u n d s  

cou ld  b in d  avidly o r poorly to  th e  recep to r. Indeed, th e  M EP of d-LSD 

p e rm itted  th e  iden tification  of a  doub le  b o n d  in  th e  ergoline s tru c tu re  

a s  e q u iv a le n t to  th e  5 -h y d ro x y  g ro u p  in  i ts  c o n tr ib u tio n  to  th e  

"e le c tro s ta tic  o r ie n ta tio n  vector". R ed u c tio n  o f th e  d o u b le  b o n d  

e lim in a ted  th e  vecto r a n d  ren d e red  th e  re su ltin g  co m p o u n d  inac tive  

(W einstein  e t  a l., 1981b). T he v a lu e  of th e  e le c tro s ta tic  o r ie n ta tio n  

v ec to r in  d ru g  design  w as tw o-fold: it re flec ted  reac tiv ity  p ro p e rtie s  

w ith o u t refe rence  to  th e  chem ical s t ru c tu re , a n d  its  lim ita tio n s  h a d  

b een  illu m in a ted  b e c a u se  th e  p h y sica l b a s is  for i ts  p red ic tin g  pow er 

w ere  k n o w n . W hen  d e te rm in a n ts  a re  e x p re ssed  in  te rm s  d iffe ren t 

from  th e  chem ical s t ru c tu re ,  th e re  is  h ope  for g e n e ra tin g  n ew  a n d  

s t r u c tu r a l ly  d if fe re n t a c tiv e  c o m p o u n d s . M oreover, w h e n  th e  

lim ita tio n s  of th e se  d e te rm in a n ts  a re  u n d e rs to o d , th e y  a re  likely be 

u se d  ju d ic io u sly  in  th e  d ru g  design  effort.

T hough  th e  m olecu lar d e te rm in a n ts  for b in d in g  a t  th e  5-H T/LSD  

re c e p to r  h a d  p red ic tiv e  pow er, i t  w a s  n e c e s s a ry  to  t e s t  th e i r  

co n trib u tio n  to  a  chem ical p ro cess  re levan t to  b ind ing . S u c h  te s tin g  

w ould  ru le  o u t th e  possib ility  th a t  th e se  d e te rm in a n ts  rep re se n te d  a n  

a d  hoc  s e t  of p ro p ertie s  w ith  p red ic tive  pow er, b u t  irre le v a n t to  a n y  

m ec h an is tic  h y p o th es is  th a t  a tte m p te d  to  ex p la in  th e  b in d in g  even t.
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T hree  o b serva tions led  to  choosing  Im idazolium  a s  m odel recep to r site  

in  w h ich  to  do  th is  te s t. F irs t, th e  recogn ition  e le m e n ts  rep re se n te d  

e lec tro sta tic  p ro p e rtie s  (W einstein a n d  O sm an , 1977; W einste in  e t al., 

197 8 a ,b ; W ein ste in  e t  a l., 1981a,b ). S econd , th e  e x p e rim e n ta l d a ta  

in d ic a te d  th a t  s ta c k in g  com plexes ex is ted  b e tw ee n  im id azo liu m  a n d  

in d o le  (S h ln itzky  a n d  K a tsc h a lsk l, 1968), th e  p r in c ip a l  fu n c tio n a l 

g roup  in  5-HT. T hird , th e  im idazolium  g ro u p  w as in  th e  side  c h a in  of 

h is tid in e , a n  am ino  ac id  p re s e n t in  th e  active s ite  o f m a n y  enzym es. 

S im u la tio n s  designed  to  explore th e  s ta c k in g  in te ra c tio n  b e tw een  th e  

indole p o rtion  o f 5-HT a n d  o th e r congeners a n d  im idazo lium  revealed 

th a t  specific o rien ta tio n s  w ere p referred  by  energetic  c rite r ia  a n d  th a t  

th e  s ta b iliza tio n  energy  w as m o stly  e le c tro s ta tic , i.e . p o lariza tio n , in  

n a tu re  (W einstein an d  O sm an, 1977; W einstein  e t a l., 1978a,b ; O sm an  

e t a l .t 1981; O sm an  e t  a l., 1985; O sm an  e t a l., 1980; O sm a n  e t al.,

1987). A pp lica tion  o f th e  e le c tro s ta tic  o r ie n ta tio n  v e c to r  c o n c e p t 

sh o w ed  th a t  i t  h a d  p red ic tiv e  p o w er w ith  re s p e c t  to  th e  m u tu a l  

o rien ta tio n  be tw een  th e  im idazo lium  a n d  th e  5-H T c o n g en e rs  in  th e  

s ta c k in g  com plexes (W einstein  a n d  O sm an , 1977; W ein ste in  e t. a l., 

1978a,b ). W ith  th e  o rien ta tio n  of 5-HT a s  th e  p re fe rred  o rien ta tio n  

for b in d in g , th e  im idazo lium  m odel w a s  c ap a b le  o f d isc r im in a tin g  

b e tw een  th e  d iffe ren t co n g en e rs  in  a  fa sh io n  c o n s o n a n t  w ith  th e ir  

in te rac tio n  w ith  th e  recep to r. T h u s , th e  r e s u lts  fo rm ed a  ra tio n a le  for 

th e  s u c c e s s  o f th e  m o le cu la r  d e te rm in a n ts  in  p re d ic tin g  th e  ra n k  

o rd er of affin ities. T h is Ind ica ted  th a t  th e se  d e te rm in a n ts  m ay  be  th e  

b a s is  for a  m ec h an is tic  h y p o th es is  w h ich  w ould  ex p la in  th e  b in d in g  

event.



9

O nce a  m ech an istic  h y p o th es is  for rec ep to r b in d in g  w a s  available 

i t  w a s  p o ss ib le  to  explore th e  c o n se q u e n c e s  o f re c e p to r  b in d in g  a s  

requ ired  b y  th e  h e u ris tic  ap p ro ach  described  above. An an a ly s is  of th e  

e lec tron ic  d is tr ib u tio n  o f th e  re c e p to r  m odel, i.e . im idazo lium , u p o n  

s ta c k in g  w ith  5-H T rev e a le d  th a t  o n e  o f th e  N—H b o n d s  w a s  

w eakened . S u c h  w eak n ess  suggested  a  ch an g e  in  p ro to n  affin ity  o f one 

of th e  n itro g e n  a to m s. T herefo re , i t  w a s  p o ss ib le  t h a t  a  p ro to n  

tra n s fe r  from  im idazo lium  to  a n  a ccep to r m ay  form  th e  b a s is  for a n  

activa tion  m echan ism  (O sm an e t al., 1985; O sm an  e t  al., 1987). Again 

know ledge from  th e  b io ch e m is try  o f enzym es in d ic a te d  th a t  s u c h  a  

p ro cess  w as n o t u n reaso n ab le ; th a t  is, m an y  enzym es a re  involved in  

acid  /b a s e  cata lyzed  re a c tio n s  w here  p ro to n  tra n s fe rs  a re  n ece ssa ry . 

T he im idazole g ro u p  o f H is is  a n  active  p a r tic ip a n t in  m a n y  o f th e se  

p ro te in s . T h u s, a  p ro ton  tra n s fe r  m odel w a s  c o n s tru c te d  (PTM) w h ich  

con ta ined  a n  im idazolium  w ith  a  p ro to n  accep to r (O sm an e t  al., 1987). 

T he la tte r  w as m im icked by am m onia , b u t  w as n o t  n e ce ssa rily  lim ited  

to  th is  fu n c tio n a l g roup . S im u la tio n s w ere done to  explore th e  ab ility  

of th e  PTM to  resp o n d  to  s tack in g  of 5-HT (O sm an e t  a l., 1987). 5-HT 

show ed sim ila r o rien ta tio n s  over th e  PTM a s  th o se  d esc rib ed  for th e  

in te rac tio n  w ith  im idazolium  alone. In  add ition , i t  low ered th e  b a rr ie r  

to  p ro to n  tra n s fe r  a n d  in c reased  its  driv ing energy, i.e. th e  difference 

in  en erg y  b e tw een  p ro d u c ts  a n d  re a c ta n ts .  T h o u g h  th e  PTM w as 

co n s tru c te d  from  specific m olecu les, th e  co n cep t o f a  p ro to n  tra n s fe r  

triggered  by  th e  d ru g  a s  a n  ac tiva tion  m ech an ism  w as in d e p e n d e n t of 

th e  specific n a tu re  o f th e  d o n o r a n d  a cc e p to r  g ro u p s . Indeed , w h en  

th e  la n g u a g e  o f th e o re tic a l  c h e m is try  is  u s e d , th e  a c tiv a tio n  

m ech an ism  is  rep re se n te d  b y  a  favorable p o ten tia l su rfa c e  fo r p ro to n
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tra n s fe r  th a t  Is g en era ted  in  th e  p resen ce  of th e  agon ist. T he ability  to  

re p re se n t th e  ac tiv a tio n  p ro cess  in  su c h  te rm s  (i.e. d ifferen t from  th e  

s tru c tu re )  is  p a rtic u la rly  im p o r ta n t in  lig h t o f th e  lack  o f know ledge 

reg a rd in g  b in d in g  s ite s . M oreover, th e  c o n s tru c tio n  o f th e  PTM, a n d  

th e  g en era tio n  of a  m ec h an is tic  h y p o th es is  fo r th e  a c tiv a tio n  o f th e  

recep to r, in tro d u ced  new  too ls for d ru g  design  by  hav ing  a  m odel th a t  

sh o u ld  d isc rim in a te  b e tw een  lig an d s  th a t  a c tiv a te  th e  re c e p to r  (i.e., 

th e  agonist) a n d  th o se  th a t  do n o t (i.e. th e  an tagon ist).

T he in itia l s im u la tio n s  of th e  ac tiva tion  m ech an ism  w ere done  in  

v acu u m . U n d er su c h  cond itions, s te rlc  a n d  e lec tro s ta tic  effects from  

th e  recep to r s tru c tu re  w ere excluded. A n eva lua tion  of th e  m olecu lar 

d e te rm in a n ts  re le v an t to  th e  a c tiv a tio n  p ro c e ss  in d ic a te d  th a t  su c h  

effects from  th e  p ro te in  env iro n m en t m ay  c o n tr ib u te  to  m o d u la te  th e  

ac tiva tion  even t in itia ted  by  th e  ligand. F or exam ple, i t  is  know n th a t  

hydrogen  b o n d s s u c h  a s  th e  one p re se n t in  th e  PTM a re  s ta b le  d u e  to  

e le c tro s ta tic  in te ra c tio n s  b e tw een  th e  m o lecu les . In  th e  PTM th e  

position  o f th e  p ro to n  is changed  u p o n  in te rac tio n  w ith  5-HT b ecau se  

th e  la t te r  s tab ilize s  th ro u g h  e le c tro s ta tic  in te ra c tio n s  th e  tra n s it io n  

s ta te  an d  th e  p ro d u c ts  o f th e  p ro to n  tra n s fe r  (O sm an e t a l., 1987). In 

ad d itio n , s im u la tio n s  of th e  ca ta ly tic  activ ity  o f enzym es h a s  show n  

th a t  s tro n g  e le c tro s ta tic  f ie ld s  c a n  be g e n e ra te d  b y  th e  p ro te in  

s t ru c tu re  in  th e  reg ion  of th e  active s ite  (Allen, 1981; W arsh e l a n d  

Levitt, 1976; W arshel, 1981; W arshel a n d  R ussell, 1984; W arshel e t  al.,

1988). T h u s, i t  h a s  b e en  a p p ro p ria te  to  co n sid er s u c h  e le c t r o s ta t ic  

e ffe c ts  on  th e  activation  m echan ism . Sim ilarly, ste r lc  e ffe c ts  from  th e  

p ro te in  w ould  severely  h in d e r  th e  se t  of possib le  o rie n ta tio n s  th a t  th e
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lig a n d  m a y  a ch iev e  a ro u n d  th e  PTM. T h e  o r ie n ta t io n s  b e a r  

im p o rtan ce  b e c a u se  i t  is  w ell know n  th a t  e lec tro sta tic  in te ra c tio n s  a re  

d e p e n d e n t o n  th e  o rien ta tio n  be tw een  th e  m olecu les. T h o u g h  in  th e  

in it ia l  s im u la tio n  o f th e  a c tiv a tio n  p ro c e ss  th e  o r ie n ta t io n s  w ere  

lim ited  to  a  p lan e  over th e  im idazolium  ring, it h a s  b een  m ore rea lis tic  

to  Identify  th e  degree of s te ric  re s tric tio n  w ith in  a n  e n v iro n m en t th a t  

is  a k in  to  th e  re c e p to r-m a c ro m o le c u le . A n e x a m p le  o f s u c h  

en v iro n m en t w ould  b e  th e  p ro te in  s tru c tu re  o f a  so lub le  enzym e th a t  

a lre a d y  in c lu d e s  w ith in  i ts  s t r u c tu r e  th e  e le m e n ts  o f th e  PTM 

in te rac tin g  w ith  a n  analog  of 5-HT su c h  a s  th e  indole  g ro u p  p re se n t in  

th e  side  c h a in  of Trp. Ideally, s te ric  e ifects sh o u ld  be  ev a lu a ted  in  th e  

a c tu a l  p ro te in  o f in te re s t, b u t  th is  is  im possib le  a t  th e  p re s e n t  tim e. 

O nly th e  p rim a ry  se q u en c e  of a  few  5-H T re c e p to rs  is  k now n . No 

know ledge ex is ts  of e ith e r  th e ir  th re e  d im en sio n a l s t ru c tu re  o r of th e  

reg ion  o f th e  active  s ite  (F arg in  e t a l., 1988; J u l iu s  e t  a l., 1988; 

P rich e tt e t a l., 1988; H artig , 1989).

A c tin id in , a  su lfh y d ry l p ro te a se , s a t is f ie s  th e  r e q u ire m e n ts  

n e ed e d  to  e v a lu a te  th e  e le c tro s ta tic  a n d  s te r ic  e ffects o f rec ep to r-  

m acrom olecu le  over th e  ac tiv a tio n  m odel for th e  5-HT-LSD recep to r. 

T h is p ro te in  n o t  only  in c lu d es  th e  a p p ro p ria te  ju x ta p o s itio n  of g ro u p s 

t h a t  g e n e ra te  th e  PTM in te ra c tin g  w ith  th e  indo le  of T rp , b u t  i t  a lso  

c o n ta in s  a  v a rie ty  o f a lp h a  h e lices  in  d iffe ren t o r ie n ta tio n s . A lpha 

h e lice s  hav e  u n iq u e  e le c tro s ta tic  p ro p e r tie s . T h ese  s t r u c tu r e  a re  

be lieved  to  b e  p re s e n t  in  a  v a rie ty  of m e m b ra n e  b o u n d  re c e p to rs  

in c lu d in g  th e  5-H T re c e p to r  su b ty p e s  (H artig , 1989). T h is  th e s is  

a tte m p ts  t o  exp lore  e le c tr o s ta t ic  and  s te r ic  e ffe c ts  th a t  a  p ro te in



structure m ay have on  th e  activation  m echanism  u sin g  actin id in  a s  the  

t e s t  s y s te m . T h is  s tu d y  u tilizes th e  h e u ris tic  s tra te g y  d escrib ed  to 

iden tify  m o lecu la r d e te rm in a n ts  responsib le  for b in d in g  a n d  ac tiva ting  

th e  5-HT-LSD recep to r. T he p ro te in  effects a re  exp lored  in  te rm s  of 

b o th  th e  se c o n d a ry  a n d  te r t ia ry  enzym e s t ru c tu re ,  e .g . th e  a lp h a  

he lices. S u c h  s t ru c tu re s  a re  know n to  be  p re s e n t  in  m an y  p ro te in s  

in c lu d in g  th e  re c e p to r  o f in te re s t  (R ichardson , 1981; M arx, 1987; 

H artig , 1989). It is  hoped  th a t  th e  re s u l ts  m ay  b e  ex ten d ed  to  th e  

specific  rec ep to r  s in ce  it  is  a ssu m e d  th a t  effects th a t  a r ise  from  a n  

e lem en t o f s tru c tu re  a re  re ta in e d  w h en  th e  sam e e lem en t is  p re s e n t  

in  o th e r  p ro te in  sy s tem s. T h is  a s su m p tio n  is  b a se d  o n  th e  p rem ise  

t h a t  th e  e ffec ts  from  a  g iven  s t r u c tu r a l  e le m e n t o r ig in a te  from  

p ro p e rtie s  th a t  a re  in h e re n t  to  i ts  s t ru c tu re , a n d  n o t on ly  from  th e  

in d iv id u a l e le m e n ts  th a t  com pose it. A lso, i t  is  a s su m e d  th a t  th e  

c o n tr ib u tio n s  from  co n stitu tiv e  e lem en ts  c a n  be  d isc rim in a ted  from  

th e  c o n tr ib u tio n s  of th e  a ssem b led  s tru c tu re . T h is a p p ro a c h  does n o t 

a im  a t  id en tify in g  lo ca l in te ra c t io n s  s u c h  a s  th e  o x y an io n  h o le  

d e sc rib ed  for th e  se r in e  p ro te a se s  (Hw ang a n d  W arshe l, 1988), b u t  

a im s  a t  lo n g -ra n g e  e ffec ts , from  la rg e r  e le m e n ts  o f th e  p ro te in  

s tru c tu re .
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CHAPTER 2

ELECTROSTATIC COMPUTATIONS: 

METHODOLOGY AND BASIS SET DEPENDENCE

2 .1  INTRODUCTION

H ydrogen bo n d ed  sy s tem s a n d  p ro to n  tra n s fe r  reac tio n s , su c h  

a s  th e  o n e  in  th e  PTM, h a v e  b e e n  th e  s u b je c t  o f e x te n s iv e  

in v estig a tio n s w ith  th eo re tica l m e th o d s  (for a  review, see  S c h e in e r e t 

a l., 1986), b e c a u se  of th e ir  m u ltip le  fo rm s of invo lvem ent in  biologic 

p ro ce sse s . In  a d d itio n  to  th e ir  p u ta tiv e  ro le  in  re c e p to r  ac tiv a tio n , 

th e s e  sy s te m s  a re  involved in  b o th  th e  c a ta ly s is  of b o n d  cleavage 

(F e rsh t, 1985; P o lgar a n d  H alasz , 1981; S try e r , 1981) a s  w ell a s  

sy n th e s is , of, for exam ple, ad en o sin e  tr ip h o sp h a te  (ATP), a  so u rc e  of 

en erg y  for cells (H inkle a n d  M cC arty, 1978). H ow ever, d u e  to  th e  

m ag n itu d e  of th e  m olecu les in  biologic sy s tem s, co m p u ta tio n a l s tu d ie s  

o f h y d ro g en  b o n d in g  a n d  p ro to n  t r a n s fe r s  in  th e s e  sy s te m s  have  

p r im a r ily  u tiliz e d  s e m ic la s s ic a l a p p ro x im a tio n s  r a th e r  t h a n  fu ll 

q u a n tu m  m e c h a n ic a l d e sc r ip tio n s  (D ru m m o n d , 1986; T a p ia  a n d  

J o h a n n in , 1981; T hole a n d  v a n  D u ijnen , 1983a; W arshe l a n d  Levitt, 

1976). In  th e se  ap p rox im ations only  th e  hydrogen  bo n d ed  sy s tem  of
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in te re s t is  d esc rib ed  q u a n tu m  m ech an ica lly  b y  th e  in tro d u c tio n  of a  

m o lecu la r H am ilton ian . A co n sid erab le  frac tion  of th e  m acrom olecule, 

u su a lly  referred  to  a s  th e  e n v iro n m en t, is  rep re se n te d  b y  a  collection 

of p o in t  c h a rg e s , d ip o les  a n d  a to m ic  p o la r lz a b ilitle s  (T ap ia  a n d  

J o h a n n in , 1981; T hole a n d  v a n  D u ijn en , 1983a; W arshe l a n d  Levitt, 

1976; W arsh e l. 1981b; T ap ia  a n d  G o sc in sk i, 1975; T hole  a n d  v an  

D u ijn e n , 1980). T h e  p a r t  o f th e  s y s te m  d e s c r ib e d  q u a n tu m  

m echan ica lly , u su a lly  referred  to  a s  th e  q u an tu m  m o tif, is  coup led  to 

th e  c la ss ica l d e sc rip tio n  o f th e  en v iro n m en t by  severa l sc h em e s  b a se d  

on  c la ss ic a l e le c tro s ta tic s  (T apia a n d  J o h a n n in ,  1981; T a p ia  a n d  

G o sc in sk i, 1975; T hole a n d  v an  D u ijn en , 1980). E le c tro s ta tic  a n d  

po lariza tion  energ ies of in te rac tio n  be tw een  th e  q u a n tu m  m otif an d  

th e  en v iro n m en t a re  u su a lly  rep o rted  from  su c h  s tu d ie s , b u t  little  is 

know n a b o u t th e  b a s is  s e t dependence  of th e  energy va lues.

T h is  c h a p te r  d e sc r ib e s  in  d e ta il  th e  m eth o d o lo g y  u s e d  to  

c o m p u te  th e  e le c t r o s ta t i c  in te r a c t io n  b e tw e e n  th e  p ro te in  

env iro n m en t in  th e  enzym e ac tin id in  a n d  a  m odel of th e  PTM found  in  

th e  ac tive  s ite  o f th is  enzym e. T he m eth o d  is  a n  a p p lica tio n  o f th e  

V a r ia t io n -P e r tu rb a tio n  T h eo ry  of G ro u p  F u n c tio n s  In tro d u c e d  by  

M cW eeny (McW eeny a n d  Sutcliffe, 1976). T he th e o ry  is  m odified to  

c o n s id e r th e  in te ra c tio n  b e tw een  one  g ro u p  re p re se n te d  b y  q u a n tu m  

m ech an ics  a n d  a n o th e r  described  a s  a  collection of p o in t c h a rg es  a n d  

polarizab le  p o in ts . T h u s, i t  follows th e  sam e  sp ir it of th e  sem iclassica l 

a p p ro a ch  d escribed  above. No effort is  m ad e  to  ju s tify  th e  u se  of th e  

sem ic lass ica l a p p ro a c h  o r i ts  a p p lica tio n  w ith in  th e  T heory  of G roup  

F u n c tio n s  b e ca u se  th is  h a s  b een  am ply  d isc u sse d  in  th e  lite ra tu re  an d
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its  v a lu e  h a s  b e e n  w ell e s ta b lish e d  (D rum m ond, 1986; W arsh e l a n d  

R u sse ll, 1984; M cW eeny a n d  Sutcliffe, 1976). In s te a d , th is  c h a p te r  

d e sc r ib e s  a  p e r tu rb a tio n  fo rm alism  for th e  c a lc u la tio n  of s u c h  a n  

in te ra c tio n  a n d  re p o r ts  o n  th e  b ia s  in tro d u c e d  b y  th e  b a s is  s e t  

rep re se n ta tio n  of th e  q u a n tu m  m otif. T h is b ia s  h a s  rem a in ed  largely  

u n e x p lo re d  w ith in  th e  se m ic la ss ic a l a p p ro a c h e s  d e sc r ib e d  above. 

S u c h  a n  ev a lu a tio n  is  rep o rted  h e re  from  ca lcu la tio n s  of e lec tro sta tic  

a n d  p o la riza tio n  en erg ies  o f in te ra c tio n  b e tw een  a  h y d ro g en  b o n d ed  

ca tio n ic  q u a n tu m  m o tif a n d  a  p ro te in  e n v iro n m e n t re p re se n te d  by  

po in t ch a rg es  a n d  atom ic po larizab ilities. T he sy stem  w a s  c h o sen  to 

m odel th e  am in o  a c id s  in  th e  active  s ite  o f ac tin id in . th e  su lfhydry l 

p ro te in ase  w h ich  is  b e in g  s tu d ie d  a s  a  m odel for th e  rec ep to r  of th e  

n e u ro tra n sm itte r  se ro to n in .

2 .2  METHODS

2.2.1 STRUCTURES AND GEOMETRIES

T he co o rd in a te s  for th e  [NH3 ...H + ...H 2S] com plex  w ere  c o n s tru c te d

from  th e  im id a zo liu m /m e  th a n e  th io l com plex  w h ic h  m odels th e  side 

c h a in s  o f H is 162 a n d  Cys 2 5  in  ac tin id in  (E. C. 3 .4 .2 2 ,1 4  ; B rookhaven 

Pro te in  D a ta  B an k  file 2ACT) (Baker, 1980; B e rn ste in  e t  a l., 1977). 

The C3 ax is of am m on ia  w as aligned  w ith  th e  ND1-HD1 b o n d  a n d  one

h y d ro g en  w a s  p lac ed  in  th e  p la n e  c u tt in g  p e rp e n d ic u la r  to  th e  

im idazolium  p lan e  a n d  co n ta in in g  th e  C3 ax is. T he ca rb o n  a to m  of

m e th a n e th io l (CG) w as rep laced  b y  a  hy d ro g en  a tom . T he in te rn a l



c o o rd in a te s  fo r th e  h y d ro g en  a to m s  o f a m m o n ia  a re  th o s e  of a n  

am m o n iu m  m olecu le  op tim ized  w ith  th e  STO -3G  b a s is  se t. T he 

co o rd in a te s  for th e  p ro to n  a t  th e  th re e  p o in ts  o f e x tre m u m  (HM1, 

HTS, HM2) in  th e  p ro to n  tra n s fe r  energy  curve, a s  well a s  th o se  o f th e  

seco n d  h y d ro g en  In  H 2S  a t  th e  sa m e  p o in ts  (HSM1, H STS, HSM2),

w ere  ta k e n  from  th e  c o rre sp o n d in g  s t r u c tu r e s  c a lc u la te d  fo r th e  

la rg e r  im id a z o liu m /m e th a n e th io l  co m p lex  re p re s e n tin g  th e  tw o 

re s id u e s  in  th e  p ro te in , H is 162 a n d  Cys 2 5  (for d e ta ils  see  c h a p te r  

3). T he p ro to n  tra n s fe r  energy  curve for th e  la rg e r com plex  w as 

p rev iously  com pu ted  u s in g  th e  g rad ien t m eth o d s a n d  th e  several 

b a s is  se ts  im plem ented  in  th e  G a u ss ia n  82  system  of p ro g ram s (as 

d e ta i l e d  in  c h a p t e r  3 ). In  th e  c o m p u t a t i o n s  o f  th e  

im id a z o l iu m /m e th a n e th io l  co m p lex , th e  c r i t ic a l  p o in ts  w ere  

de te rm ined  b y  optim izing  th e  p ro to n  a n d  th e  hydrogen  a to m  bonded  

to  su lfu r  w hile th e  rem ain in g  a to m s w ere he ld  fixed. T he firs t a n d  

seco n d  m in im a  on  th e  p ro to n  tra n s fe r  energy  cu rve  a re  labe led  M l 

a n d  M 2, respec tive ly . T he  tra n s it io n  s ta te , w h ich  w as op tim ized  

u n d e r  th e  c o n s tra in t  of one  negative  e igenvalue  in  th e  H e ss ia n  

m atrix , is  labe led  TS. T he p o sitio n  of th e  optim ized  a to m s  show ed 

little  d ep en d en ce  on  b a s is  s e ts , even a fte r  co n sid erin g  c o m p u ta tio n s  

t h a t  in c lu d ed  ex ten siv e  b a s is  s e ts . F igu re  2-1 sh o w s th e  com plex  

[NH3...H +...H 2S], a n d  Table 2-1 rep o rts  th e  coo rd ina tes o f th e  com plex

in  angstrom s.
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2 .2 .2  COMPUTATIONAL DETAILS

T h e  e l e c t r o s t a t i c  i n t e r a c t i o n  e n e r g y  b e tw e e n  th e  

am m o n iu m /h y d ro g en  su lfide com plex a n d  th e  re s id u e s  in  th e  active 

site  of ac tin id in  w as com pu ted  by  u s in g  a  c la ss ica l re p re se n ta tio n  for 

th e  side  c h a in s . U sing  th e  p rog ram  HYDRO from  M. Levitt, hyd rogen  

a to m s w ere  ad d ed  to  th e  re s id u e s  G in 19. A sn  182, a n d  T rp  184 in  

th e  co o rd in a te s  o f 2ACT. P o in t c h a rg es  w ere  a ss ig n e d  to  th e  a to m s 

from  a  lib ra ry  g en era ted  w ith  th e  M ehler-Paul b a s is  s e t  (M ehler a n d  

P au l, 1979). T he p o in t c h a rg es  w ere c o n s tru c te d  th ro u g h  a  d ipole 

p rese rv in g  p o p u la tio n  a n a ly s is  (Thole a n d  v a n  D u ijn en , 1980) for 

fragm en ts consisting  of th e  a to m s in  th e  b ackbone  a n d  th e  side  chain s. 

T he  m e th o d  g u a ra n te e s  t h a t  th e  f irs t  a n d  se co n d  m o m e n ts  o f th e  

c o n tin u o u s  e lec tro n  c h a rg e  d is tr ib u tio n  of th e  frag m e n ts  co m p u ted  

w ith  th a t  b a s is  s e t  will b e  rep roduced  by  th e  p o in t ch arges . Iso tropic  

a tom ic polarizab ilities w ere assigned  from  a  lib ra ry  in  a  m odification  of 

th e  original HONDO prog ram  (D upuis e t  al., 1976), w hich  c o n ta in s  th e  

D irec t R eac tio n  Field H am ilto n ian  m eth o d  (Thole a n d  v a n  D u ijn en , 

1980). T hese  po larizab ilities w ere derived  th ro u g h  a  f ittin g  p ro ced u re  

d escrib ed  b y  T hole (Thole, 1981), a n d  a re  expec ted  to  rep ro d u c e  th e  

m olecu la r po larlzab ility  for th e  fragm en ts in  th e  env ironm ent.

T he e le c tro s ta tic  in te ra c tio n s  b e tw een  th e  q u a n tu m  m o tif a n d  

th e  e n v iro n m e n t w ere  c a lc u la te d  w ith  th e  c o m p u ta tio n a l sch em e  

d escribed  below . T he form al developm ent o f th e  sch em e is  b a se d  on
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th e  V a r ia t io n -P e r tu rb a tio n  T h eo ry  o f G ro u p  F u n c tio n s  g iven  by  

M cW eeny a n d  Sutcliffe (McWeeny a n d  Sutcliffe, 1976).

2.2.3 COMPUTATIONAL FORMALISM

(from M ercler e t  a l., 1989)

C o n sid e r tw o m o lecu la r sy s te m s A (e.g. q u a n tu m  m otif) a n d  B 

(e.g. m acrom olecu lar environm ent), each  described  by  a  w avefunction  

from  th e  so lu tio n  to th e  se p a ra te  electronic S chroed inger equations:

If th e  m o lecu les  in te ra c t in  a  w eak  com plex so  th a t  ch arg e  tra n s fe r  

b e tw een  A a n d  B c a n  be  n eg lec ted  (i.e. ex ch an g e  in te ra c tio n s  a re  

negligible), th e  H am ilton ian  for th e  com bined  sy s tem  m ay  be  w ritten

Ha\v a) = Ea \v a) ; HB\\(fB)= Eg\¥b) ( 1 )

H= Ha + Hb + Hab SO th a t  h^'F) = E\*F) (2 a); (2b)

w h e re  I 1 is  th e  a n tisy m m e tr iz e d  p ro d u c t  o f th e  in d iv id u a lly  

an tisym m etrized  g roup  func tions ^  a n d  d esc rib in g  th e  p e rtu rb e d  

su b sy s tem s A a n d  B, respectively

(2 c)

A is  th e  an tisym m etrizer opera ting  betw een  g roup  fu n c tio n s  for A 

and  B.
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Follow ing th e  V a ria tio n -P e rtu rb a tio n  T heory  for g ro u p  fu n c tio n s  

[241, w ith  A a n d  B re p re se n tin g  th e  tw o g ro u p s , th e  to ta l  energy  of 

th e  sy s te m  is  w ritte n  in  te rm s  of th e  se lf  energ ies o f th e  co m p o n en t 

g ro u p s  in  th e  com plex, a n d  a n  in te rac tio n  term :

(3 )

If th e  ind iv idua l g roup  func tions in  eq u a tio n  2c a re  sing le  d e te rm in a n t 

w a v e fu n c tio n s  s u c h  a s  th o se  c o m p u ted  th ro u g h  th e  H a rtre e -F o ck  

approx im ation , th e  in te rac tio n  te rm  m ay  be  w ritten  a s

(4 )

w h e re  a b  i s  th e  cou lom b ic  in te ra c tio n  en e rg y  a n d  a b  is  th e  

exchange  in te rac tio n  energy.

W hen  B is  a  very  la rge  sy s tem  s u c h  a s  a  p ro te in , i t  m ay  be 

re p re se n te d  c la ss ic a lly  b y  a  co llec tion  of p o in t c h a rg es  a n d  a tom ic  

p o la riz a b ilitie s . T h is  re p re s e n ta t io n  is  e x p ec ted  to  re p ro d u c e  th e  

e le c tro s ta tic  p ro p e r tie s  of B in  th e  a b se n c e  a n d  p re se n c e  o f th e  

p e r tu rb a tio n  in tro d u c e d  b y  A, w h en  a b  c a n  b e  n e g le c ted . T he 

a p p ro x im a tio n  is  e sp ec ia lly  u se fu l if  th e  m a in  in te r e s t  is  in  th e  

p ro p e r tie s  of th e  sy s te m  A a n d  i ts  p e r tu rb a tio n  b y  B . U sin g  th e  

c la ss ica l re p re se n ta tio n  of B, th e  to ta l energy  for th e  AB com plex  c a n  

be  app rox im ated  b y  a  se lf  co n s is ten t energy
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w h ere  I ̂  is  a  w avefunction  for A  a fte r th e  m u tu a l p e rtu rb a tio n  of A 

a n d  B h a s  ta k e n  effect. T he second  te rm  in  th e  e x p an s io n  o f E=° is  

th e  se lf  energy  of th e  c lass ica l sy stem  B, w ritte n  in  te rm s  of Pb , th e  

ch arg e  d is tr ib u tio n  of B p rio r to  a n y  p e rtu rb a tio n  from  A (i.e. th e  rea l 

c h a rg e  d is tr ib u tio n  of c la ss ica l e lec tro sta tic s )  a n d  w h ic h  is  th e  

to ta l  p o te n tia l  from  th e  re a l (i.e. u n p e r tu rb e d )  a n d  in d u c e d  (i.e.
dpc

p ertu rbed ) charge  d is tr ib u tio n s  of B ac tin g  on p *. a b  is  th e  c lassical 

cou lom bic  energy  o f in te rac tio n  b e tw een  A a n d  B a fte r  p e r tu rb a tio n . 

As show n  below , eq u a tio n  5 lead s to  a  v a ria tio n a l-p e rtu rb a tio n  schem e 

a n a lo g o u s  to  th e  one in tro d u ced  b y  M cW eeny a n d  Sutcliffe  [23] th a t  

g e n e ra te s  a  se lf -c o n s is te n t c h a rg e  d is tr ib u tio n  fo r th e  AB com plex  

w ith in  th e  c lass ica l rep re sen ta tio n  o f B.

2 .2 .4  THE TERM

F rom  c lass ica l e lec tro sta tics , th e  cou lom b in te rac tio n  te rm  b e tw een  A 

a n d  B com ponen ts of th e  sy stem  will have th e  form

£ = i \ p ' . K * + i b ' y s *

-  J P ’s v > + i J P 'X s * +  i I p ' , v \ *
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V Vw h e re  A a n d  B a re  th e  e le c tro s ta tic  p o te n tia ls  p ro d u c e d  by  th e  

u n p e rtu rb e d  ch arg e  d is tr ib u tio n s  P A a n d  a n d  A a n d  B a re  

th e  p o ten tia ls  from  th e  p e rtu rb e d  charge  d is tr ib u tio n s  H A a n d  H B .
n* n"

T h e  in d u c e d  c h a rg e  d is t r ib u t io n s  "  * a n d  in  A a n d  B,

respectively , a re  p roduced  b y  th e  m u tu a l p e rtu rb a tio n  o f A a n d  B. The 

p e rtu rb e d  te rm s  com e from  th e  effect of A  on  th e  po larizab ilities 

o f B a n d  th e  d ifference  b e tw ee n  a n d  o f A, d e fin ed  in  

e q u a tio n s  1 an d  2c, respectively. E quation  5 m ay  th u s  be  rew ritten  as:

2.2.5 SELF-CONSISTENT COMPUTATION OF THE CHARGE 

DISTRIBUTION OF AB

U se of e q u a tio n  7 to  co m p u te  th e  en erg y  o f th e  AB com plex,

req u ire s  th e  w avefunction  o f th e  p e rtu rb e d  sy stem  A, 1 ^ ,  a n d  P b . 
n"
H A is  th e n  c o m p u te d  from  th e  d iffe rence  b e tw ee n  th e  ch arg e  

d is tr ib u tio n s  ca lcu la ted  from  th e  u n p e rtu rb e d  w avefunction  1̂  an d  

from  1 ^ .  T he  c a lc u la tio n  o f 1 ^  c a n  b e  a c c o m p lish e d  w ith  th e  

v a r ia tio n -p e r tu rb a tio n  sch em e  o f M cW eeny a n d  S u tc liffe  (M cW eeny 

a n d  S u tc lif fe , 1976) m o d ified  to  c o n s id e r  o n ly  e le c t ro s ta t ic  

in te ra c tio n s  b e tw een  A a n d  B. In  th is  sch em e , a  so lu tio n  for th e  

en erg y  a n d  c h a rg e  d is tr ib u tio n  o f th e  AB sy s te m  is  o b ta in e d  by  

varia tiona lly  solving for a  new  g roup  function  for A w hen  p e rtu rb e d  by  

th e  g roup  fu n c tio n  of B. T he p e rtu rb a tio n  te rm s  c o n s is t o f coulom blc
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a n d  ex ch an g e  o p e ra to rs  averaged  over th e  g ro u p  fu n c tio n  of B. T he 

n ew  g roup  fu n c tio n  for A yields a  p e rtu rb a tio n  for B. T h is p e rtu rb a tio n  

is  u se d  to  o b ta in  a  new  charge  d is tr ib u tio n  in  B. T h u s , a  so lu tio n  to  

e q u a tio n  3 is  co m pu ted  th ro u g h  a n  ite ra tive  sch em e th a t  involves th e  

v a ria tio n a l so lu tio n s  for p e rtu rb e d  g roup  fu n c tio n s . A sim ila r ite ra tive  

sch em e  w h en  b o th  A a n d  B a re  rep re se n te d  c lassica lly  h a s  b e en  u sed  

b y  o th e rs  (W arshel a n d  R ussell, 1984; v an  Belle e t  al., 1987).

F o r th e  sem ic la ss ica l AB sy stem  co n sid ered  h e re , th e  ite ra tive  

sc h em e  is  acco m p lish ed  by  in tro d u c in g  su ccess iv e  p e r tu rb a tio n s  in  

th e  e le c tro n ic  m o le c u la r  H a m ilto n ia n  fo r A, a n d  b y  p o la riz in g  th e  

ch arg e  d is tr ib u tio n  of B. T hese  p e r tu rb a tio n s  have  th e ir  orig in  in  th e  

av erag e  charge  d is tr ib u tio n s  of A a n d  B. For A th e  e lec tro s ta tic  effects 

from  B a re  in tro d u ced  in  th e  H am ilton ian  given in  eq u a tio n  1

(8 a)

w h e re

(8 b)

an d

/ = 0 (8 c)
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T he c la ss ica l charge  d is tr ib u tio n  of B is  iteratively  m odified by  th e  

field from  A so  th a t

(9a)
A1') -  A1-® -l. n" U) i -»1
P b  =  P b  +  P  B 1 s  1

w ith

/S’ - P i + P ' ,  i - o  (9b)

an d

(9c)

T he te rm  P b  t k ; > ]  d en o tes  a  func tiona l dependence  of P b  on  th e  

w avefunction  for A in  a  m a n n e r  defined b y  eq u a tio n  14, th ro u g h  th e  

average va lue  of th e  opera to r P  (equation  16).

An
S o lu tion  of eq u a tio n  8a  lead s  to a  new  hb th ro u g h  9 a -9 c  a n d  a  new  

H a m ilto n ia n  th ro u g h  8b -8c. T he p e r tu rb e d  w av efu n c tio n  fo r A is 

c o m p u ted  ite ra tively

k H v ' r ’) (10a)

a n d  p a a n d  ”  b a re  ca lcu la ted  from  th e  differences

o "  -  -  o '
P  a  P *  P a  ( 10b)

„ _ (/—) , _
P b  P b  ~  P b =  P  b ( 1 0 c)
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T hese  c a n  th e n  be u se d  in  equ atio n  7 to  com pu te  th e  to ta l energy

Note th a t  th e  re su ltin g  H am ilton ian  in  8a  is  lin ear. T h u s , it  is  

d iffe ren t from  th e  H a m ilto n ia n  su g g e s te d  b y  T a p ia  a n d  J o h a n n in  

(T apia a n d  J o h a n n in , 1981) for s im ila r se m ic la ss ic a l c o m p u ta tio n s . 

T he H a m ilto n ia n  in  8 a  w ou ld  b e  Id en tica l to  th e  In te ra c tio n  F ield  

M odified  H a m ilto n ia n  in tro d u c e d  b y  W e in s te in  a n d  c o w o rk e rs  

(W einstein, 1977) if th e  charge  d is tr ib u tio n  of B w ere co m p u ted  from  

th e  a n tisy m m etriz ed  w av efu n c tio n  of B. In  th e  sc h em e  d esc rib ed  

above, th e  p e r tu rb a tio n  of B  by  A o c c u rs  only  th ro u g h  th e  average 

e le c tro s ta tic  p ro p e rtie s  of A  a n d  n o t th ro u g h  th e  p ro p e rtie s  of th e  

in s ta n ta n e o u s  charge  d is tr ib u tio n  of A a s  i t  o ccu rs  in  th e  H am ilton ian  

su g g ested  b y  T hole a n d  v a n  D u ijn en  (Thole a n d  v a n  D u ijn en , 1980). 

T h is d ifference a llev ia tes th e  convergence p rob lem s a sso c ia ted  w ith  a  

w ro n g  in it ia l  ch a rg e  d is tr ib u tio n , a n d  e lim in a te s  s p u r io u s  energy  

te rm s  (l.e th e  d isp e rs io n - lik e  te rm  a s s o c ia te d  w ith  th e  D irec t 

R eaction  Field form alism  IThole a n d  v an  D uijnen , 1982]). F o r 1=0 a n d  a  

p o in t ch arg e  d is tr ib u tio n  for B, th e  H am ilto n ian  in  8b  re d u c e s  to  a  

H am ilton ian  u se d  by U m eyam a for s im ila r c o m p u ta tio n s  (U m eyam a e t 

al., 1984).

2.2 .6  THE ITERATIVE ALGORITHM

T he practiced im p lem en ta tio n  o f th e  a lg o rith m  p re se n te d  above 

req u ire s  som e app rox im ations in  th e  p e rtu rb a tio n  te rm  of eq u a tio n  8a. 

B ecause  in  th e  sy s tem s o f in te re s t  (e.g. p ro te ins) th e  B p a r t  is  a  large
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m olecule, a  m ultipo le  ex p an sio n  cen tered  on  th e  a tom ic  n u c le i is  u se d
V' V"to  o b ta in  th e  p o ten tia l te rm s  B an d  s . T he e x p an sio n  is  tru n c a te d

a t  th e  d ipo la r term :

f p(r) r  ok ( f  -  rk) 
‘ T737T \r -  rj3 ( i d

T he u n p e r tu rb e d  c h a rg e  d is tr ib u tio n  of B is  u su a lly  co m p u ted  

from  a  w avefunction . The d ipo lar te rm  of eq u atio n  11 is  co llapsed  in to  

a  p o in t c h a rg e  re p re se n ta tio n . T he g en e ra tio n  of s u c h  p o in t c h a rg es  

c an  be  achieved th ro u g h  a  schem e developed b y  Thole a n d  van  D uijnen  

(i.e. tlie  d ipo le  p rese rv in g  p o in t charges) (Thole a n d  v a n  D u ijn en , 

1983b). B ecau se  B is too large for q u a n tu m  m ech an ica l co m p u ta tio n s, 

th e  p o in t ch arg es  a re  com pu ted  from  th e  w avefunction  o f frag m en ts  of 

B. T he  ch arg e  d is tr ib u tio n  from  th e  co m b in a tio n  of th e  frag m en ts  Is 

a n  app ro x im atio n  th a t  la c k s  th e  m u tu a l po lariza tion  o f th e  frag m en ts  

ob ta ined  w h en  a  full SC F co m p u ta tio n  of B is  feasible. In  o u r  schem e, 

th is  po lariza tion  is  app rox im ated  by  allow ing th e  p o in t c h a rg es  o f th e  

fra g m e n ts  to  in te ra c t  w ith  th e  a to m ic  p o la riz a b ilitie s  to  g e n e ra te  

in d u ced  d ipo les th a t  re p re se n t th e  In tra frag m en t po lariza tion . In  s u c h  

c o m p u ta tio n s , th e  effective p o la rizab ility  te n s o r  o f T hole  a n d  v a n  

D u ijn en  (Thole a n d  v an  D u ijn en , 1980) to g e th e r  w ith  th e  m odified 

dipole in te ra c tio n  te n s o r  o f T hole (Thole, 1981) a re  u s e d  to  g e n e ra te  

a  se lf-c o n s is te n t charge  d is tr ib u tio n  for B th a t  in c lu d es  o f th e  dipole 

p rese rv in g  p o in t c h a rg es  a n d  th e  in d u c e d  d ipo les th a t  re p re se n t  th e  

In tra f ra g m e n t p o la r iz a tio n . T h u s , th e  p o te n t ia l  from  th e  c h a rg e
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d is tr ib u tio n  o f B befo re  th e  e x te rn a l p e r tu rb a tio n  b y  A, is  c o m p u ted  

fro m

f P'b V  Qk ^ k  ’ ( ^ O

( 1 2 )

T he p o te n tia l th a t  r e s u l ts  from  th e  p o la riza tio n  of B d u e  to  th e  

c h a rg e  d is tr ib u tio n  o f A  (i.e. ? b [ W ’>] ) in  e q u a tio n  9 c  c a n  a lso  be 

ex p an d ed  in  a  m u ltipo le  ex p an sio n  cen te re d  o n  th e  a to m s of B.

f p"(n<° n,- V  (r  - r. )  , M -  n ) r • ( r  -  o  ,
— r — —*—  + i --------------;----------1---------------+•••

_ r ' * ir - rj |r -
(13 )

No z e ro th  o rd e r  te rm  e x is ts  b e c a u se  th e  in te ra c tio n  b e tw een  A a n d  B 

is  a s s u m e d  n o t  to  in d u c e  a n y  n e t  c h a rg e s  in  B. T h e  m u ltip o la r  

e x p a n s io n  is  tru n c a te d  a t  th e  in d u ce d  d ipole te rm . T he s u p e rs c r ip t  (i) 

re flec ts  th e  fa c t  th a t  th e  d ipo les a re  in d u c e d  b y  th e  i - th  ite ra tio n  in  

th e  ca lcu la tio n  of th e  p e r tu rb e d  w avefunc tion  o f A a cco rd in g  to  th e  se t  

of e q u a tio n s  8  a n d  9. T h ese  in d u c e d  m u ltip o le s  a re  g e n e ra te d  b y  th e  

a v e ra g e  c h a rg e  d is t r ib u t io n  o f A  a s  r e q u ire d  in  th e  v a r ia t io n -  

p e r tu rb a tio n  sch em e . T h u s , a s su m in g  l in e a r  re sp o n se , th e  p o te n tia l  

from  th e  po lariza tion  of B  d u e  to  A is  app ro x im ated  b y

dr.B . .3

\r ~ r \  (14 )



w h e re  th e  te rm  \  A + TJ  is  th e  effective po larlzab ility  o f T hole a n d  

v a n  D u ijn en  (Thole a n d  v a n  D u ijn en , 1980), re p re se n te d  a s  a  3nX 3n  

su p e rm a tr ix  w ith  n  a s  th e  n u m b e r  of po larizab le  p o in ts  in  B. Following 

th e  n o ta tio n  of T hole  a n d  v a n  D u ijn en , th e  f irs t  te rm  o f th e  effective 

po larlzab ility  c o n ta in s  th e  iso trop ic  a tom ic  po larizab ilities , an, o f B  :

0 '

1

o __
i

A = w h e re  ~
. 0  s n .

1 o i

(1 5 a );(1 5 b )

a n d  th e  se co n d  te rm  c o n ta in s  th e  d ipo le  in te ra c tio n  te n s o rs  (i.e. th e
ff*

negative  o f th e  d ipole field te n so rs ) , ™ , w h e re  k  a n d  m  d e n o te  th e  

co u p led  in d u c e d  d ipo les:

o / f  ... K

& 0
— rj

= - & -i

.  A  ... ) C 1 o (1 5 c )

w h e re
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T he o p e ra to r  F in  e q u a tio n  16 is  a  3 n X l co lu m n  v ec to r com posed  of 

th e  field o p e ra to r:

/? =

'1A

kA

nA

w h e re

(0

(16a) ; (16b)

/  V
T h e  te rm  a is  th e  e x p e c ta tio n  v a lu e  of th e  c o m p o n e n ts  o f F 
co m p u ted  u s in g  th e  w avefunction .

In  su m m ary , th e  p e rtu rb in g  te rm  in  e q u a tio n  8b  is  a p p ro x im a ted

0 ) 0 -1)

” V -  r al
/ t \U) _ _1\ f  / • { r V  f} r i ^  1 ; a n d  defined  a s

S T7 \ T + mV ( r  . r>) -  { f T  { a \  f} ~ ’ F  for 1 = 0
ftl

(1 7 )

T he  sy m m etry  p ro p e r tie s  o f th e  effective p o larlzab ility  m a tr ix  a n d  th e  

defin itio n  o f F have  b e e n  u s e d  to  w rite  th e  in d u c e d  d ipo le  te rm  in  

su p e rm a tr ix  n o ta tio n .
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2 .2 .7  IMPLEMENTATION OF THE ITERATIVE ALGORITHM

F o r a n  I llu s tra tio n  of th e  u s e  o f th e  above a lg o rith m  to  co m p u te

th e  e le c tro s ta tic  in te ra c tio n s , th e  c a lcu la tio n  for th e  h y d ro g en  b o n d e d  

com plex  NH4 /H 2 S a n d  its  e n v iro n m en t in  a c tin id in  w as lim ited  to  i=0

a n d  i= l  (the la t te r  in c lu d in g  on ly  th e  p o in t c h a rg e  p e rtu rb a tio n ) , th e  

side  c h a in s  o f G in  19. A sn  182, T rp  184. E q u a tio n  8a  w as solved u s in g  

th e  HF-SCF-LCAO a p p ro x im a tio n  w ith  th e  STO -3G , 6 - 3 1G, a n d  6 - 

31G** b a s is  s e ts  (H ehre e t al., 1972; H eh re  e t a l., 1970; H eh re  e t  al., 

19 6 9 ; F ra n c l  e t  a l., 1982 ; H a r ih a r a n  a n d  P op le , 1972). T h e  

p o la r iz a tio n  from  th e  q u a n tu m  m o tif  w a s  sm a ll  fo r th e  c a tio n ic  

h y d ro g en  b o n d e d  com plex , even  w ith  th e  m o s t e x ten siv e  b a s is  s e t  

(see RESULTS, below ), a n d  n o  a tte m p ts  w ere  m a d e  to  c o n tin u e  th e  

ite ra tio n s . A ccordingly, th e  energy  ca lcu la tio n  follow ing e q u a tio n  7 is  

re d u c e d  to

+ ( r> ~3r , ) ) -  * ( / ) ,  - t r ' *  t }  ' ■ ( f )
r . - r \  >•* \r„-r;

(1 8 )

T he  s ix  te rm s  in  e q u a tio n  18 respec tive ly  re p re se n t  th e  se lf  energy  of 

th e  u n p e r tu rb e d  sy s te m  A (EA), o f th e  u n p e r tu rb e d  sy s te m  B (EB), 

th e  p o la r iz a tio n  c o n tr ib u tio n  to  th e  se lf  e n e rg y  o f  B  (SELF B), th e
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c o n tr ib u tio n s  from  th e  p o in t  c h a rg e s  (VxQ) a n d  th e  d ip o les  in d u c e d  

th ro u g h  th e  in tra f ra g m e n t p o la r iz a tio n  (FxM), a n d  th e  c o n tr ib u tio n  

from  e n v iro n m en t to  th e  in te ra c tio n  p o la riza tio n  en erg y  (IND B).

A t th e  z e ro th  o rd e r  level, th e re  is  n o  c o n tr ib u tio n  to  ^  from  

th e  p o la riza tio n  of th e  q u a n tu m  m o tif  b y  th e  e n v iro n m en t (i.e. IND A), 

a n d  th e  s e lf  e n e rg y  o f A in  e q u a t io n  18 c o r r e s p o n d s  to  th e  

u n p e r tu r b e d  e n e rg y  o f th e  q u a n tu m  m o tif . T h e  p o la r iz a t io n  

c o n tr ib u tio n  from  th e  q u a n tu m  m o tif  (IND A) w as e s tim a te d  b y  one  

s te p  in  th e  ite ra tiv e  a lgo rithm . T h is en erg y  te rm , w h ich  c o rre sp o n d s  

ro u g h ly  to  th e  f if th  te rm  in  e q u a t io n  7 , is  c o m p u te d  from  th e  

d iffe ren ce  in  th e  w av e fu n c tio n  c o m p u te d  a t  i= l  a n d  1=0 w ith  on ly  

p o in t c h a rg es  in c lu d ed  in  th e  p e r tu rb a tio n  for 1=1

(1 9 )

2 .3  RESULTS

T ab le  2 -2  l is ts  th e  s ta b il iz a tio n  e n e rg y  o f th e  [NH4 / H 2 S] 

com plex  a s  a  fu n c tio n  o f th e  b a s is  se t, a t  th e  c ritica l p o in ts  o n  th e
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p o te n t ia l  e n e rg y  c u rv e  fo r p ro to n  t r a n s fe r .  T h e  ze ro  p o in t  is  th e  

e n e rg y  o f a n  a m m o n iu m /m e th a n e th lo l  c o m p le x  a t  in f in ite  

s e p a ra tio n , c a lc u la te d  in  th e  geo m etrie s  o b ta in e d  from  a n  STO -3G  

op tim iza tion  o f th e  co m p o n en ts . W ith  a ll th e  b a s is  se ts , th e  com plex  

is  s ta b le  on ly  w h en  th e  p ro to n  lies o n  th e  a m m o n ia  side . T he 6 - 3 1G** 

r e s u l ts  fall b e tw een  th e  v a lu e s  c o m p u ted  w ith  th e  m in im a l a n d  sp lit  

v a le n ce  b a s is  s e ts . T h is  r e s u l t  is  in d e p e n d e n t o f th e  ch o ice  o f th e  

c ritic a l p o in t o n  th e  p ro to n  t r a n s fe r  en erg y  cu rv e  (i. e .. M l, TS, a n d  

M 2).

T ab le  2 -2  a lso  sh o w s th e  energy  b a r r ie rs  (i.e. TS-M 1 a n d  TS- 

M2) for th e  p ro to n  t ra n s fe r  b e tw een  th e  a m m o n ia  a n d  th e  hyd ro g en  

su lfide , a s  w ell a s  th e  d riv ing  energy  for p ro to n  t r a n s fe r  (i.e. M l-  

M2). T he p ro to n  t ra n s fe r  from  NH3  to  H2S  is  large ly  u n fav o rab le , a s

sh o w n  b y  th e  la rge  b a rr ie rs  for t r a n s fe r  a n d  th e  u n fav o ra b le  

d riv ing  force fo r tra n s fe r  from  th e  a m m o n ia  side . W ith  th e  m o st 

ex tensive  b a s is  se t, th e  b a rr ie r  for tra n s fe r  is  5 5 .0  k c a l/m o l from  

th e  a m m o n ia  side , a n d  10 .5  k c a l /m o l from  th e  h y d ro g en  su lfid e  

side . T h ese  v a lu e s  lie b e tw een  th o se  co m p u ted  for th e  m in im al 

a n d  sp lit  v a len ce  b a s is  s e ts . T he  STO -3G  b a s is  s e t  u n d e re s t im a te s  

a n d  th e  6 - 3 1G b a s is  s e t  o v e re s tim a te s  th e  b a r r ie r  fro m  th e  

a m m o n ia  s id e . T h e  tre n d  is  rev e rse d  for th e  b a r r ie r  from  th e  

h y d ro g en  su lfid e  s id e  w h e re  th e  m in im a l b a s is  s e t  o v e re s tim a te s , 

a n d  th e  sp li t  v a len ce  u n d e re s t im a te s  th e  r e s u l ts  from  th e  

la rg es t b a s is  s e t  u sed .
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T a b le  2 -3  sh o w s  th e  b a s i s  s e t  d e p e n d e n c e  o f  th e  e le c tro s ta t ic  

in te ra c tio n  e n e rg ies  c o m p u ted  a s  d e sc rib e d  in  th e  m e th o d s  se c tio n . 

S ev e ra l fe a tu re s  a re  n o tew o rth y . First, th e  p o la riza tio n  en e rg y  o f th e  

q u a n tu m  m o tif  (i.e. IND A) is  s ig n if ic a n t ly  s m a l le r  t h a n  th e  

u n p e r tu r b e d  in te r a c t io n  e n e rg y  (i.e  VxQ p lu s  FxM ) a n d  th e  

p o la riza tio n  energy  o f th e  en v iro n m en t (i.e. IND B). T h is  r e s u l t  h o ld s  

even  w ith  th e  m o s t ex tensive  b a s is  s e t. T h e  m a g n itu d e  o f IND A is  

n e a r ly  c o n s ta n t  a c ro s s  e a c h  one  of th e  c ritic a l p o in ts  w ith  a n y  given 

b a s is  se t, a n d  th e  ch an g e s  u p o n  a d d itio n  of p o la riza tio n  fu n c tio n s  a re  

sm a ll a n d  w ith in  th e  v a ria tio n s  observed  a c ro ss  th e  b a s is  s e ts  for th e  

la rg e r  VxQ, FXM, a n d  IND B e n e rg ie s  a t  a n y  g iven  c r it ic a l  p o in t. 

S e c o n d , th e  in d u c t io n  c o n tr ib u t io n  to  th e  s e lf  e n e rg y  o f th e  

e n v iro n m e n t (SELF B) is  sm all, a n d  In sen sitiv e  to  th e  p o s itio n  o f th e  

p ro to n . T hird , th e  to ta l  u n p e r tu rb e d  in te ra c t io n  e n e rg y  a n d  i ts  

in d iv id u a l co m p o n e n ts  c h an g e  very  little  u p o n  e x p an s io n  of th e  b a s is  

se t. All th e  v a lu e s  a re  w ith in  0 .9  k c a l/m o l for th e  VxQ te rm  a n d  

w ith in  0 .1  fo r th e  FxM te rm . A s e x p ec te d , th e  m a jo r  te rm  in  th e  

u n p e r tu rb e d  in te ra c tio n  en erg y  com es from  th e  In te ra c tio n  w ith  th e  

p o in t  c h a rg e s  (i.e. VxQ). F in a lly , th e  c o n tr ib u t io n  fro m  th e  B 

c o m p o n e n t, th e  e n v iro n m en t, to  th e  in te ra c tio n  p o la r iz a tio n  energy  

(i.e. IND B) is  a s  large  a s  th e  VxQ te rm , a n d  th e se  two te rm s  h av e  th e  

la rg e s t  d e p e n d e n c e  on  th e  p o s itio n  of th e  p ro to n . As is  th e  c a se  for 

th e  VxQ te rm , th e  th re e  b a s is  s e t s  te s te d  y ield  v e ry  s im ila r  IND B 

v a lu e s  (i.e. w ith in  0.1  k ca l/m o l) for e a c h  of th e  c ritica l p o in ts .
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2 .4  DISCUSSION

S c h e in e r  re p o rte d  th e  p ro to n  t r a n s fe r  e n e rg y  c u rv e  fo r th e

a m m o n iu m /h y d ro g e n  su lfid e  com plex  (S cheiner. 1984). In  th e  fu lly

op tim ized  com plex, th e  hydrogen  bond  is  e sse n tia lly  lin e a r , w ith

th e  p ro to n  ly ing c learly  on  th e  am m o n ia  side . T he  op tim ized  N-

-S  d is ta n c e  is  3 .3 5  A w h ich  is  close to  th e  3 .3 2  A d is ta n c e  in

o u r  com plex  c o n s tru c te d  from  th e  m odel for H is 162 a n d  C ys 2 5  in

a c tin id in . T h e  m a jo r  d iffe ren ce  b e tw e e n  th e  fu lly  o p tim ized

co m p lex  a n d  th e  o n e  c a lc u la te d  h e re  is  th e  a n g u la r  o r ie n ta tio n  

b e tw een  th e  C3 a x is  a n d  th e  in te m u c le a r  a x is  c o n n e c tin g  N a n d  S.

T h is  an g le  is  5 5 .5  d eg rees  in  o u r  com plex  a n d  re fle c ts  th e  a n g u la r

re s tr ic tio n  im p o sed  b y  th e  p ro te in . T h is  ang le  is  e s se n tia lly  zero  in

th e  com plex  rep o rte d  b y  S ch e in e r. T he c o rre sp o n d in g  a n g le s  fo r th e  

C 2 ax is  o f hydrogen  su lfide  in  b o th  com plexes a re  r a th e r  s im ila r: 6 5 .8

deg rees for th e  com plex  co m p u ted  h e re , a n d  7 0 .7  deg rees fo r th a t  

rep o rte d  b y  S ch e in e r.

A s expec ted  from  p rev io u s w ork  o n  th e  a n g u la r  d ep en d en ce  

o f th e  p ro to n  tra n s fe r  energy  curve  in  h y d ro g en  b o n d e d  sy s te m s  

(S c h e in e r  e t  a l., 1986), th e  d is c re p a n c y  in  g e o m e try  m a k e s  th e  

b a r r ie rs  a n d  d riv ing  e n e rg ie s  c o m p u ted  from  o u r  co m p lex  d iffe ren t 

from  S c h e in e r 's  v a lu e s . A t th e  4 -3 1G* level, th e  b a r r ie r  for p ro to n  

t r a n s f e r  in  th e  l in e a r  h y d ro g e n  b o n d  b e tw e e n  a m m o n iu m  a n d  

hydrogen  su lfide  is  3 0 .4  k c a l/m o l w h en  th e  N—S d is ta n c e  is  fixed a t  

3 .3 5  A: th e  p ro to n  tra n s fe r  from  S  to  N h a s  a  b a rr ie r  o f 1 .7  k c a l/m o l.
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T he hyd ro g en  b o n d in g  energy  of su c h  a  com plex  is  13 .9  k c a l/m o l., a n d  

th e  en erg y  d ifference  b e tw ee n  th e  e n d p o in ts  is  2 8 .7  k c a l/m o l..  T he 

c o rre sp o n d in g  v a lu e s  fo r th e  a n g u la r  com plex , c o m p u te d  w ith  th e  6 - 

31G** b a s is  se t, a re  5 5 .0  k c a l/m o l for th e  b a r r ie r  from  th e  am m o n ia  

s id e  a n d  10 .5  k c a l /m o l  fo r th e  b a r r ie r  from  th e  s u lfu r  s id e . T h e  

s ta b iliz a tio n  e n e rg y  o f th e  com plex  is  6 .3  k c a l /m o l. ,  a n d  th e  e n d  

p o in ts  o f th e  p ro to n  tra n s fe r  a re  se p a ra te d  b y  4 4 .5  k c a l/m o l.. Som e 

o f th e  d isc re p a n c ie s , s u c h  a s  th e  d ifference  b e tw een  th e  s ta b iliz a tio n  

energy  a n d  th e  hyd rogen  b o n d in g  energy, c a n  b e  a ttr ib u te d  to  th e  lack  

o f fu ll o p tim iza tio n  in  th e  c o m p u ta tio n s  d one  w ith  th e  co m p lex  of 

F ig u re  2 -1 , b u t  o th e rs , like  th e  d iffe ren ces  in  th e  b a r r ie r  from  th e  

a m m o n ia  s id e  a n d  in  th e  en erg y  b e tw ee n  th e  e n d  p o in ts , c a n  be  

r a t io n a l iz e d  b y  c o n s id e r in g  th e  c h a r g e /d ip o le  m o d e l fo r  th e  

s ta b il iz a tio n  o f th e  e n d  p o in ts  o f p ro to n  t r a n s f e r  d e v e lo p ed  b y  

S c h e in e r  (S cheiner e t  a l., 1986). A ccord ing  to  th is  m odel, th e  a n g u la r  

d e p en d en ce  o f th e  in te ra c tio n  energy  b e tw een  th e  m o lecu le s  in  a  

c a t io n ic  h y d ro g e n  b o n d e d  c o m p le x  i s  d o m in a te d  b y  th e  

c h a rg e /d ip o le  in te rac tio n , a n d  th e  p ro to n  will be  p o sitio n ed  so  a s  to  

m a x im iz e  t h i s  e n e r g y  t e r m  in  t h e  c o m p le x .  In  th e

a m m o n iu m /h y d ro g e n  su lfid e  com plex  th e  d ipo le  from  a m m o n ia  

o r ie n ts  w ith  th e  C3 ax is  a n d  th e  d ipo le  from  h y d ro g en  su lfid e  

o r ie n ts  w ith  th e  C2 ax is  (See F igu re  2-1). T he a n g u la r  d is to r tio n  in  

th e  C3 ax is  of am m o n ia  w ith  re sp e c t to  th e  in te rn u c le a r  a x is  N—S  in

th e  co m p lex  c o m p u te d  h e re  c a u s e s  a  re d u c tio n  in  th e  e le c tro s ta tic

s ta b iliz a tio n  en erg y  in  th e  a m m o n ia /h y d ro g e n  su lfid e  c a tio n  form

(l.e M2) o f th e  c o m p lex  c o m p a re d  to  th e  u n d is to r te d  co m p lex  

c o m p u ted  b y  S che iner. B ecau se  th e  C2 ax es  o f th e  com plex  c o m p u ted
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h e re  a n d  th e  u n d is to r te d  o n e  a re  s im ila rly  o r ie n te d  w ith  r e s p e c t  to  

th e  ln te r n u c le a r  a x is  N --S , th e  c h a rg e /d ip o le  in te r a c t io n  in  th e  

a m m o n iu m /h y d ro g e n  su lfid e  form  (i.e. M l) o f th e  com plexes w ill b e  

sim ila r. T h u s , w ith  M2 h ig h e r a n d  M l a t  a b o u t th e  sa m e  energy  level, 

th e  energy  difference b e tw een  M2 a n d  M l will be  la rg e r in  th e  a n g u la r  

c o m p lex  th a n  in  th e  u n d ls to r te d  com plex . A s im ila r  e x p la n a tio n  

a p p lie s  to  th e  d isc re p a n c y  b e tw ee n  th e  en e rg y  b a r r ie r s  fo r t r a n s fe r  

fro m  th e  a m m o n ia  s id e  b e c a u s e  th e  T S  co m p lex  re s e m b le s  th e  

a m m o n ia /h y d ro g e n  su lfide  c a tio n  form  (i.e. M2), a n d  is  th u s  h ig h e r 

in  energy  th a n  th e  T S  of th e  u n d is to r te d  form .

S c h e in e r  e t. a l. (S c h e in te r e t  a l., 1986; S c h e in e r  e t  a l., 1985; 

S zczesn iak  a n d  S ch e in e r, 1985) have  perfo rm ed  c a lc u la tio n s  o n  th e  

effect of p o in t c h a rg es  o n  th e  energy  for p ro to n  tra n s fe r  in  hyd rogen  

b o n d ed  com plexes. E x trem e sen sitiv ity  w as observed  fo r th e  b a rr ie rs  

a n d  d riv ing  en erg ies , s u c h  th a t  p ro to n  t ra n s fe rs  th a t  m a y  n o t  o c c u r  

n o rm ally , co u ld  b e  forced  w ith  th e  a p p ro p r ia te  field . In  a d d itio n , i t  

w a s  sh o w n  th a t  th e  effect o f io n s  o n  th e  H a rtree -F o ck  p ro to n  tra n s fe r  

energy  cu rv e  w as well rep ro d u ced  by  p o in t c h a rg es  s u b s ti tu t in g  for th e  

io n s  (S ch ein e r e t  a l., 1985). T h ese  r e s u l ts  su g g e s te d  th a t  th e  m a jo r 

effects o f io n s  o n  th e  p ro to n  tra n s fe r  w ere th ro u g h  th e ir  e le c tro s ta tic  

effect. In  a d d itio n , i t  su g g e s te d  th a t  in  c o m p u ta tio n s  o f th e  re a c tio n  

c o o rd in a te  fo r p ro to n  t r a n s fe r s  in  th e  c a ta ly tic  s ite  o f en zy m es th e  

in te ra c tio n  b e tw een  a  q u a n tu m  m ec h an ica lly  d e sc rib e d  c a ta ly tic  s ite  

.i.e . th e  q u a n tu m  m otif, a n d  th e  la rg e  p o ly p e p tid e  e n v iro n m e n t 

s u r ro u n d in g  i t  m ay  b e  a d e q u a te ly  d e sc rib e d  b y  j u s t  c o n s id e rin g  th e  

e le c tro s ta t ic  e ffec ts  o f th is  e n v iro n m e n t o n  th e  q u a n tu m  m o tif  a s
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d e sc rib e d  above in  th e  M ethods se c tio n  o f th is  c h a p te r . T h is  se e m s 

p a r t ic u la r ly  va lid  w h e n  d o ing  c a lc u la tio n s  a t  th e  H a rtre e -F o c k  level 

s in c e  rec en tly  L iang a n d  L ipscom b h a v e  sh o w n  th a t  th e  e le c tro s ta tic  

en erg y  b e tw een  com plexes com posed  o f ion ic  e le m e n ts  m a k e s  u p  a s  

m u c h  a s  9 5  p e rc e n t o f  th e  SC F en erg y  (L iang a n d  L ipscom b, 1986). 

W ith  th is  in  m in d , m a n y  In v e s tig a to rs  h a v e  in tro d u c e d  a n d  u s e d  

c o m p u ta tio n a l  m e th o d o lo g ie s  in  w h ic h  th e  n u m e ro u s  a to m s  in  a  

m a c ro m o le c u le  a r e  r e p r e s e n te d  a s  p o in t - c h a r g e s  a n d  p o in t-  

p o la rizab llitie s  a n d  th e  q u a n tu m  m ec h an ica l d e sc rip tio n  is  lim ited  to  

a to m s  involved  in  th e  h y d ro g en  b o n d e d  sy s te m  o f in te r e s t  (Allen, 

1981; D ru m m o n d , 1986; v an  D u ijn en  e t  a l., 1985; v a n  D u ijn en  e t a l., 

1982; v a n  D u ijn en  e t  a l., 1980; v a n  D u ijn en  e t  a l., 1979; T a p ia  a n d  

G oscinsk i, 1975; T ap ia  a n d  J o h a n n in , 1981; T ap ia  e t a l., 1985; T hole 

a n d  v a n  D u ijnen , 1980; Thole a n d  v an  D uijnen , 1983a; U m eyam a e t  a l., 

1984; W arshe l, 1981b; W arshe l a n d  Levitt, 1976; W arshe l a n d  R ussell, 

1986; W arsh e l a n d  W eiss, 1980). T he b a s is  s e t  d e p en d e n ce  o f th e se  

a p p ro a c h e s  h a s  n ev er b e en  repo rted .

T h e  r e s u l ts  su g g e s t th a t  th e  e le c tro s ta tic  in te ra c t io n  en e rg y  

b e tw ee n  th e  co llec tion  of p o in t c h a rg e s  a n d  p o la rlzab le  p o in ts  w ith  

th e  q u a n tu m  m o tif is  a d eq u a te ly  re p re se n te d  even a t  th e  m in im al b a s is  

s e t  level. No fu r th e r  im p ro v em en t of th e  u n p e r tu rb e d  in te ra c tio n  

energy  (i.e. th e  su m  of VxQ a n d  FxM te rm s  a s  sh o w n  in  T ab le  2-3) is  

ach ieved  b y  ex p an d in g  th e  b a s is  se t. T he  p o la riza tio n  of th e  q u a n tu m  

m o tif  u n d e rs ta n d a b ly  is  m ore  se n s itiv e  to  th e  b a s is  s e t. B u t  for a  

ca tio n ic  h y d ro g en  b o n d ed  com plex th e  sp lit v a lence  level is  su ffic ien t 

to  a c h ie v e  th e  r e s u l t s  o b ta in e d  in  c o m p u ta t io n s  t h a t  in c lu d e
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p o la riza tio n  fu n c tio n s  o n  a ll th e  a to m s. In te restin g ly , th is  energy  te rm  

Is r a th e r  sm a ll a n d  c o n s ta n t  a t  th e  e x tre m a  o f  th e  p ro to n  tr a n s fe r  

energy  cu rve . Possibly, th is  is  b e c a u se  th e  en v iro n m en t is  fa r  aw ay, a n d  

th e  p ro to n  t r a n s fe r  involves a  r a th e r  sm a ll re a r ra n g e m e n t o f th e  n e t  

ch arg e , i.e ., th e  d isp la c e m e n t of a  positive  c h a rg e  a c ro s s  1 a n g s tro m . 

P rev io u s w o rk  su g g e s ts  t h a t  m o s t o f th e  p o la r iz a tio n  e n e rg y  w ill 

com e from  th e  h y d ro g e n  b o n d  (H olm es e t  a l., 1985), b u t  th is  is  

in c lu d e d  in  th e  q u a n tu m  m e c h a n ic a l  c a lc u la t io n  a n d , is  th u s ,  

a p p ro p ria te ly  d esc rib ed .
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TABLE 2-1 . C o o rd in a tes  for th e  NH4 /H 2S  com plex  (In a n g stro m s), in  th e

co o rd in a te  sy s te m  of ac tln ld ln  in  file 2ACT of th e  B rookhaven  P ro te in  D a ta  
Bank.

A tom X Y Z

ND1 6 0 .0 2 1 2 3 .8 8 3 1 6 .0 7 9
SG 6 0 .5 0 7 2 0 .6 0 5 1 6 .2 6 0
H 2 5 9 .3 5 9 2 3 .2 0 1 1 6 .5 1 0
H 3 6 0 .4 6 1 2 4 .4 6 2 1 6 .8 2 8
H 4 5 9 .5 0 1 2 4 .5 0 4 1 5 .4 2 0
H 2S 6 0 .4 9 5 2 0 .6 8 7 1 7 .5 8 6

HM 1 6 0 .7 1 0 2 3 .2 8 8 1 5 .5 9 2
H SM 1 5 9 .5 3 2 1 9 .7 0 7 1 6 .1 6 8
H T S 6 0 .3 2 3 2 2 .2 8 6 1 6 .0 2 5
H S T S 5 9 .2 3 1 2 0 .2 3 9 1 6 .0 8 3
H M 2 6 0 .3 5 5 2 2 .0 1 2 1 6 .0 1 0
H SM 2 5 9 .2 2 5 2 0 .2 5 9 1 6 .0 5 0
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TABLE 2 -2 . S tab iliza tio n  energ ies a , b a rr ie rs , a n d  driv ing e n erg ies  for th e  
a m m o n iu m /h y d ro g e n  su lfide  com plex  (in k ca l/m o l).

C ritica l P o in t STO -3G 6 -3 1 G 6 - 3 1G**

M l -4 .6 -1 1 .5 -6 .3
T S 4 2 .0 5 8 .3 4 8 .7
M 2 2 9 .0 5 2 .4 3 8 .2

T S-M 1 4 6 .6 6 5 .4 5 5 .0
T S -M 2 1 3 .0 5 .9 10 .5
M 2-M 1 3 3 .6 5 9 .5 4 4 .5

a  Zero energy  Is th e  iso la ted  am m o n iu m  a n d  hydrogen  su lfid e  m olecu les. 
A m m onium : -5 5 .8 6 8 8 5  a .u .( STO-3G; -5 6 .5 1 3 1 5  a .u ., 6-31G ; -5 6 .5 4 2 2 3  a .u ., 
6-31G**. H ydrogen sulfide: -3 9 4 .3 1 1 6 3  a .u ., STO-3G; -3 9 8 .6 2 6 4 6  a .u ., 
6 -31G : -3 9 8 .6 7 4 9 2  a .u ., 6 -3 1G**.
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TABLE 2 -3 . E le c tro s ta tic  In te ra c tio n  energy  a  (in k c a l/m o l) o f th e  com plex 
of NH4/ H 2S  w ith  th e  en v iro n m en t re p re se n te d  b y  th e  s id e  c h a in s  o f G in 19,

A sn  182, a n d  T rp  184 in  ac tin id in .

M l

T S

M 2

E n erg y STO -3G 6 - 3 1G 6 - 3 1G**

SE L FB 0 .9 0 .9 0 .9
VxQ -5.1 -5 .3 -5 .2
FxM 0 .9 0 .9 0 .9

IND B -5 .2 -5 .0 -5 .1
T otal -9 .4 -9 .4 -9 .4

IND A 0 .0 -0 .2 -0 .1

SE L FB 0 .8 0 .8 0 .8
VxQ -4 .8 -5 .4 -4 .6
FxM 0 .8 0 .9 0 .8

IND B -3 .3 -3 .5 -3 .4
T otal -7 .3 -8 .0 -7 .2

IND A 0 .0 -0 .1 -0 .1

SE L FB 0 .7 0 .8 0 .8
VxQ -4 .4 -4 .9 -4 .0
FxM 0.8 0 .8 0 .8

IND B -2 .9 -3 .1 -3 .0
T ota l -6 .5 -7 .2 -6 .2

IND A 0 .0 -0 .1 -0 .1

a  T he c o m p o n e n ts  o f th e  in te ra c tio n  energy  a re  defined  in  th e  tex t.
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F ig u re  2 -1 . NH4 / H 2 S  com plex  o r ie n te d  a s  in  a c t in id in  (see

tex t).

HSM

SG
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CHAPTERS

ELECTROSTATIC EFFECTS ON A MODEL PROTON TRANSFER 

PROCESS INSIDE A PROTEIN

3 .1  INTRODUCTION

To iden tify  th e  m o lecu la r d e te rm in a n ts  th a t  m ay  b e  re le v a n t to 

lig an d  reco g n itio n  a n d  re c e p to r  a c tiv a tio n  a t  th e  5 -H T /L S D  re c e p to r  

su b ty p e , w e have  followed th e  h e u ris tic  a p p ro a c h  d e sc rib e d  in  c h a p te r  

1, B ackg round  a n d  Scope (W einstein e t. a l., 1987; O sm an  e t a l., 1987). 

T h is  a p p ro a c h  c o n s is ts  o f a n  a n a ly s is  o f th e  m o le c u la r  p ro p e r t ie s  

com m on  to  l ig a n d s  of th e  rec ep to r , a n d  th e  in tro d u c tio n  of m o d e ls  

w ith  c o m p le m e n ta ry  p ro p e r t ie s  a n d  c a p a b le  o f r e s p o n d in g  o n ce  

lig a n d s  a re  recognized  (i.e. th e  PTM).

In a sm u c h  a s  th e  p ro to n  tra n s fe r  e v en t of th e  a c tiv a tio n  m odel 

(PTM) o c cu rs  in s id e  a  p ro te in , th e  e n e rg e tic s  o f s u c h  a  t r a n s fe r  a re  

m o d u la ted  n o t on ly  b y  th e  ligands (O sm an  e t  a l., 1987), b u t  a lso  b y  th e  

p ro te in  en v iro n m en t, a n d  espec ia lly  b y  th e  e le c tro s ta tic  e ffec ts  w h ich  

a re  a lre a d y  k n o w n  to  b e  p ivo ta l in  enzym e c a ta ly s is  (F e rsh t, 1985; 

W arshe l, 1981a; W arshel a n d  R ussell, 1984). B ecau se  th e  s t ru c tu re  of 

th e  5 -H T /L S D  re c e p to r  is  n o t y e t k n o w n , th is  s tu d y  c h o o se s  a n  

enzym e a s  th e  h e u ris tic  m odel in  w h ich  to  ex p lo re  th e  e le c tro s ta tic
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effects from  th e  re c e p to r  o n  th e  m odel for a c tiv a tio n . A n im p o rta n t 

c o n s id e ra tio n  in  u s in g  th e  h e u r is t ic  a p p ro a c h  is  t h a t  c o n tra ry  to  

enzym e c a ta ly s is  w h e re  th e  p o ly p ep tid e  s t ru c tu r e  is  ex p ec ted  to  a id  

th e  s te p s  in  th e  re a c tio n  c o o rd in a te  o f th e  c a ta ly tic  m e c h a n ism , th e  

p o ly p ep tid e  s t r u c tu r e  o f a  h e u r is t ic  m o d el fo r a  re c e p to r  w o u ld  b e  

e x p e c te d  to  h in d e r  th o s e  s te p s  t h a t  le a d  to  r e c e p to r  a c tiv a tio n . 

O therw ise , th e  po lypep tide  s t ru c tu r e  w ould  tr ig g e r a  re s p o n se  in  th e  

a b sen ce  o f  th e  l ig a n d s  t h a t  a re  re sp o n s ib le  fo r re c e p to r  a c tiv a tio n . 

T h ro u g h  a  se a rc h  p ro ced u re  o f th e  P ro te in  D a ta  B a n k  (PDB) (B ernste in  

e t a l., 1977), th e  enzym e ac tin id in  (E. C. 3 .4 .22 .14 ) w a s  iden tified  a s  a  

su ita b le  m odel o f th e  p ro te in  en v iro n m en t. I t in c o rp o ra te s  am in o  acid  

r e s id u e s  t h a t  c a n  s u s ta in  th e  p ro p o se d  m e c h a n is m  o f re c e p to r  

ac tiv a tio n  a n d  c o n ta in s  m u ltip le  he lices in  a  v a rie ty  of o rien ta tio n s . To 

m ak e  p o ss ib le  th e  gen era liza tio n  of th e  in fe re n ce s  from  th is  m odel to  

th e  s t r u c tu r e  (p re se n tly  u n k n o w n ) o f  th e  5 -H T /L S D  re c e p to r , th e  

e le c tro s ta tic  effects of th e  p ro te in  s t ru c tu re  o f a c tin id in  o n  th e  p ro to n  

t ra n s fe r  b e tw een  th e  H is 162 a n d  Cys 2 5  re s id u e s  in  th e  ac tive  s ite  

w e re  c o m p u te d  a n d  a n a ly z e d  in  te r m s  o f  c o n tr ib u t io n s  fro m  

c o n s titu tiv e  e le m e n ts  o f th e  s t ru c tu r e  of th e  enzym e (M ercier e t  a l., 

1988a; M ercier e t  a l., 1988b).
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3 .2  THEORETICAL APPROACH

3.2.1 PROTEIN SELECTION AND CONSTRUCTION OF QUANTUM 

MOTIF

T he co o rd in a te s  ava ilab le  In  th e  B ro o k h av en  P ro te in  D a ta  B a n k  

(PDB) (B e rn s te in  e t  a l., 1977) w ere  s e a rc h e d  fo r p ro te in  s t r u c tu r e s  

w h ich  c o n ta in e d  a n  a rra n g e m e n t o f ch em ica l g ro u p s  co m p a tib le  w ith  

th e  P ro ton  T ra n s fe r  M odel (O sm an  e t  a l., 1985; O sm a n  e t a l., 1987). 

B e c a u s e  th e  p ro p o se d  re c o g n itio n  s i te  is  a n  im id a z o liu m  w ith  

hyd rogen  b o n d  a tta c h m e n ts  to  a  ne ig h b o rin g  p ro to n  acc ep to r g roup , a  

c o m p u te r  p ro g ram  w a s  w ritte n  to  s c a n  th e  PDB for p u ta tiv e  hy d ro g en  

b o n d in g  g ro u p s  in  th e  v ic in ity  o f th e  ND1 a n d /o r  N E2 a to m s  in  th e  

im idazo le  r in g  o f H is re s id u e s . T h e  n itro g e n , oxygen, a n d  s u lfu r  

a to m s  o f th e  side  c h a in  re s id u e s  o f Ser, C ys, Tyr, A sn , A sp, G lu , G in, 

Lys, Arg, a n d  H is w ere  flagged w h en  lo ca ted  w ith in  4 .1  A o f a n  ND1 

a n d /o r  NE2 a tom . T he  re q u ire m e n t for a  T rp  re s id u e  p o s itio n e d  in  a  

s ta c k in g  co n fo rm a tio n  in  p rox im ity  to  th e  im idazo le  r in g s  o f th e  H is 

w a s  ad d ed  to  th e  se a rc h  c rite r ia  in  o rd e r  to  s im u la te  a  5-H T congener, 

i.e . th e  ligand , in te ra c tin g  w ith  th e  p ro to n  t r a n s fe r  m odel, i.e . th e  

rec ep to r. T h is  w a s  acco m p lish ed  b y  m erg in g  th e  r e s u l ts  o f th e  f ir s t  

s c a n  w ith  th o se  k ind ly  provided  b y  D r. D ave R o b e rts  w ho  h a d  s c a n n e d  

th e  PDB for in d o le /im id azo le  in te rac tio n s .
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B e c a u s e  n o n e  o f  th e  k n o w n  n e u r o t r a n s m i t t e r  r e c e p to r  

s e q u e n c e s  s u g g e s ts  th e  p re s e n c e  o f m e ta ls  (D ixon e t  a l.,  1986 ; 

G ocayne e t  a l, 1987; G re n n ln g lo h  e t  a l., 1987; H u lm e  a n d  B lrd sa ll, 

1986; J u l iu s  e t  a l.. 1988; K obilka e t  al., 1987; K ubo e t  a l., 1986; M aix, 

1987 ; M a su  e t  a l., 1987 ; S ch o fie ld  e t  a l., 1987; S te v e n s , 1987; 

T row bridge , 1987) m e ta llo p ro te in s  w ere  ex c lu d ed  from  th e  tw o d a ta  

se ts , a n d  th e ir  in te rse c tio n  w as v isu a lly  in sp e c ted  for th e  s im u lta n e o u s  

o c c u rre n c e  of o p tim a l h y d ro g en  b o n d in g  d is ta n c e s  b e tw e e n  th e  H is 

a n d  th e  s id e  c h a in  re s id u e s  w ith  p u ta tiv e  hyd rogen  b o n d s , a s  w ell a s  

n e a r  o p tim a l s ta c k in g  in te ra c tio n  b e tw ee n  th e  im idazo le  r in g  o f th e  

H is a n d  th e  indo le  ring  of T rp . A ctin id in  (E.C. 3 .4 .2 2 .1 4 ), a  su lfhydry l 

p ro te in ase , em erged  a s  a  good c a n d id a te  in  w h ich  a ll th e  c r ite r ia  w ere  

fu lfilled . T h e  specific  g ro u p in g  id en tified  in  file 2ACT o f  th e  PDB 

(B aker, 1980; B a k e r  e t  a l., 1981; B e rn s te in , 1977) c o n s is te d  o f H is 

162 w h ic h  i s  in  n e a r  s ta c k in g  c o n fo rm a tio n  w ith  th e  in d o le  r in g  of 

T rp  184  a n d  h a s  a  p u ta tiv e  h y d ro g en  b o n d  to  C ys 2 5  a n d  A sn  184. 

T h ese  re s id u e s  (See F ig u re  3 -1 .) a re  a lso  c o n s id e re d  a s  th e  m a in  

c o m p o n e n ts  o f th e  active  s ite  for th e  en zy m atic  a c tiv ity  o f a c tin id in  

(B aker, 1980; B ro c k le h u rs t e t  a l., 1981; Lowe a n d  W hitw orth , 1974; 

Polgar a n d  H alasz , 1982) .

3.2 .2  STRUCTURE AND ENERGIES OF THE ISOLATED QUANTUM 

MOTIF

T he p o te n tia l energy  cu rve  for p ro to n  tra n s fe r  b e tw ee n  ND1 a n d  

SG  w a s  c o n s tru c te d  from  q u a n tu m  m e c h a n ic a l c a lc u la t io n s  o f th e  

iso la ted  p ro to n  tra n s fe r  m odel c o n s is tin g  o f th e  s id e  c h a in s  of H is 162
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a n d  C ys 2 5  m odeled  b y  im idazo lium  a n d  m e th a n e th io l, respec tive ly . 

T h is  m o d e l c o rre sp o n d s  to  a n  in ac tiv e  fo rm  o f th e  enzym e fo u n d  a t  

low  pH . T he  cho ice  o f th e  m o d el follow s th e  re q u ire m e n ts  im p o sed  

b y  th e  p ro to n  t r a n s f e r  m o d e l (PTM) p ro p o s e d  fro m  s tu d ie s  o f 

re c o g n itio n  a n d  a c tiv a tio n  o f th e  5-H T /L S D  re c e p to r  (O sm an  e t  a l., 

1985 ; O s m a n  e t  a l., 1987). T h e  c o o rd in a te s  o f  th e  im id a z o liu m / 

m e th a n e th io l  co m p lex  a c c o rd in g  to  th e  c o o rd in a te  sy s te m  o f th e  

p ro te in  d a ta  b a n k  file a re  l is te d  in  T ab le  3 -1 . T h e  im id azo liu m  

g e o m e try  c o rre sp o n d s  to  a n  ST O -3G  o p tim ized  s t r u c tu r e  w ith  th e  

h e a v y  a to m s  su p e r im p o s e d  o n to  th e  s id e  c h a in  o f H is 162 . T h e  

m e th a n e th io l geom etry  c o rre sp o n d s  to  th a t  o f th e  s id e  c h a in  o f C ys 2 5  

in  th e  c ry s ta l s t ru c tu re  o f ac tin id in , w ith  th e  m eth y l h y d ro g en s  p laced  

w ith  th e  u s e  o f th e  p ro g ra m  HYDRO o f  M. L evitt. To o b ta in  th e  

m e th an e th io l, th e  C a lp h a  of Cys 2 5  w as rep laced  b y  a  hyd rogen  w ith  a  

C -H  d is ta n c e  o f  1 .10  A, th e  e x p e r im e n ta l  v a lu e  r e p o r te d  fo r 

m e th a n e th io l  (M itchell a n d  C ro ss , 1958). No s u p e rp o s i t io n  of th e  

h eav y  a to m s  in  a n  op tim ized  m e th a n e th io l s t r u c tu r e  w a s  a tte m p te d  

b e c a u se  th e  so lu tio n  w ould n o t be  u n iq u e . T he CB a n d  SG  a to m s in  th e  

m e th an e th io l g ro u p  of Cys form  a  s tra ig h t line a n d  th e  su p e rp o s itio n  of 

tw o s t r a ig h t  lin e s  h a s  a n  in fin ite  n u m b e r  o f s o lu t io n s  d u e  to  th e  

ro ta tio n  a x is  co lin ea r w ith  th e  su p e rp o s itio n  lin e s . N everthe less, th e  

m e th a n e th io l  s t r u c tu r e  o f T a b le  3 -1  w a s  c h e c k e d  a g a in s t  th e  

ex p e rim en ta l a n d  c o m p u ted  s t r u c tu re s  (G ordon e t  a l., 1982; P ie tro  e t  

a l., 1982) a n d  no  m a jo r  d isc rep a n c ie s  w ere  fo u n d . T he  in te rm o le cu la r  

o r ie n ta tio n  o f th e  m o lecu le s  is  v e ry  s im ila r  to  th e  o n e  fo u n d  in  th e  

PDB co o rd in a te  file for th e  side  c h a in s  o f H is 162 a n d  Cys 25 .
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A b initio q u a n tu m  m ech an ica l c a lcu la tio n s  a t  th e  LCAO-M O-SCF 

H a r tre e -F o c k  leve l o f  a p p ro x im a tio n  w e re  p e rfo rm e d  w ith  th e  

G a u ss ia n  8 2  (B inkley e t  a l., 1982) sy s te m s  o f p ro g ram s. T h ree  b a s is  

s e ts  w ere  u s e d  a s  d escrib ed  below  in c lu d in g  th e  STO -3G  (H ehre e t  al., 

1970; H eh re  e t a l., 1969), th e  6-31G  b a s is  s e ts  (F rancl e t  a l., 1982; 

H e h re  e t  a l., 1972), a n d  th e  6-31G * b a s is  s e t  (B inkley  e t  a l., 1980; 

F ra n c l  e t  a l., 1982; G ordon  e t  a l., 1982; H a r ih a ra n  e t  a l., 1972). 

C o rre la tio n  en e rg y  c o n tr ib u tio n s  w ere c o m p u te d  to  th e  M P3 level in  

th e  M oller P le sse t p e r tu rb a tio n  p ro c e d u re  (M oller a n d  P le sse t, 1934) 

available in  G a u ss ia n  82.

T he  re a c tio n  c o o rd in a te  for th e  en erg y  cu rv e  for th e  t r a n s fe r  of 

1HD1 c o n sis ted  of th e  ND1--1HD1 d is tan c e . In  th e  c o m p u ta tio n s , th e  

an g le  a n d  d ih e d ra l a n g le s  d e te rm in in g  th e  p o s itio n  o f 1H D 1 a n d  all 

th e  in te rn a l  c o o rd in a te s  o f H SG  w ere  op tim ized  w ith  th e  g ra d ie n t  

m eth o d  in  G a u ss ia n  8 2  b e c a u se  th e  hyd rogen  b o n d  b e tw een  ND1 a n d  

SG  w as n o t l in e a r  (See F ig u re  3-3 .) (B inkley e t  a l., 1980; B in k ley  e t 

a l., 1982); a ll o th e r  In te rn a l c o o rd in a te s  w ere  k e p t fixed. T he  c ritic a l 

p o in ts  (i.e., th e  m in im u m  n e a r  ND1, te rm ed  M l, th e  t ra n s it io n  s ta te , 

te rm e d  TS, a n d  th e  m in im u m  n e a r  SG , te rm e d  M2) w ere  c a lc u la te d  

b y  fu ll op tim iza tio n  of th e  in te rn a l co o rd in a te s  o f 1HD1 a n d  H SG. In 

th is  o p tim iza tio n , th e  t r a n s it io n  s ta te  w a s  c o n s tra in e d  to  h a v e  one  

neg a tiv e  e ig en v a lu e  in  th e  m a tr ix  o f fo rce  c o n s ta n ts .  O p tim iz a tio n s  

w ere  d o n e  w ith  th e  STO -3G  a n d  6 - 3 1G b a s is  s e ts ;  s in g le  p o in t 

c a lc u la tio n s  a t  th e  6 - 3 1G geom etries w ere  d o n e  w ith  th e  6 - 3 1G* b a s is  

se t.
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T h e  s im u la te d  p ro to n  t r a n s f e r  i s  fro m  im id a z o liu m  to  

m e th a n e th io l  a n d  n o t  from  m e th a n e th io l  to  im idazo le . T h e  la t te r  

m odel c o n s is ts  o f a  n e u tra l  sy s tem  th a t  c h an g e s  in to  a  zw itterion  u p o n  

p ro to n  tr a n s fe r ,  a n d  is  th e  m o d e l u s e d  in  s tu d ie s  o f th e  c a ta ly tic  

ac tiv ity  o f a c tin id in . T he  p ro to n  tra n s fe r  p ro c e ss  I s tu d ie d  c o n s is ts  of 

a  ca tio n ic  hy d ro g en  b o n d  a n d  involves a  c h a rg e  re d is tr ib u tio n  in  th e  

p ro to n  d o n o r a n d  a cc ep to r  u p o n  tra n s fe r  o f th e  p ro to n . T h is  p ro c e ss  

is  c o n s is te n t  w ith  th e  m odel fo r th e  a c tiv a tio n  m e c h a n ism  o f th e  

se ro to n in  rec ep to r  s tu d ie d  (O sm an e t  a l., 1987).

3.2 .3  COMPUTATIONS WITH THE QUANTUM MOTIF EMBEDDED IN 

ACTINIDIN

T h e  p ro te in  e n v iro n m e n t w a s  re p re s e n te d  b y  a  c o llec tio n  of 

p o in t c h a rg e s  a n d  p o la rlzab ilitie s  c e n te re d  on  th e  a to m s. T he p o in t 

ch a rg es  a re  from  a  d a ta  b a se  g en era ted  w ith  th e  M eh ler-P au l b a s is  s e t  

(M ehler a n d  P au l, 1979), u s in g  a  p o p u la tio n  a n a ly s is  o f th e  H a rtree - 

Fock SC F w avefunction  th a t  p reserv es th e  firs t a n d  seco n d  m o m e n ts  o f 

th e  c h a rg e  d is tr ib u tio n  (Thole a n d  v an  D u ijn en , 1983b). T he  a to m ic  

p o larlzab ilitie s  a re  from  a  lib ra ry  in  th e  p ro g ram  HONDO m odified  to  

solve th e  D irec t R eac tio n  Field H am ilto n ian  (Thole a n d  v a n  D u ijn en , 

1980). T h ese  p o larlzab ilitie s  w ere  derived  th ro u g h  a  fitting  p ro ce d u re  

a s  d e sc rib e d  b y  T hole (Thole, 1981). T hey  a re  expec ted  to  rep ro d u c e  

th e  po larlzab ilities  o f th e  frag m en ts  com posed  of th e  b a ck b o n e  a n d  th e
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sid e  c h a in  a to m s  in  th e  am ino  ac id  re s id u e s  in  ac tin id in . All a to m s in  

th e  p ro te in  w ere  t re a te d  explicitly .

In  th e  PDB d a ta  se t. som e a to m s  h av e  tw o s e ts  o f co o rd in a te s  

d u e  to  d iso rd e r; o n ly  th e  c o o rd in a te s  w ith  th e  h ig h e s t  o c c u p a tio n  

w ere  re ta in e d  in  th e  d a ta  se t. T he  side  c h a in  re s id u e  o f G lu  8 7  w h ich  

w a s  m is s in g  from  th e  PDB file w a s  c o n s tru c te d  b y  t r a n s la t in g  th e  

c o o rd in a te s  o f G lu  86  to  th e  p osition  o f G lu  87 . No p o o r c o n ta c ts  w ere 

d e te c te d  b e tw e e n  th e  c o n s tru c te d  c o o rd in a te s  a n d  th e  r e s t  o f th e  

p ro te in . T he  ex ac t con fo rm ation  of G lu  8 7  is  u n lik e ly  to  be  critica l in  

th is  w o rk  b e c a u se  th is  re s id u e  is  > 20 A from  th e  s id e  c h a in  of H is 

162.

T he  effect o f th e  e n tire  p ro te in  s t r u c tu r e  (su b se q u e n tly  te rm ed  

h e re  th e  "full p ro te in  env ironm ent"; FULL) w as co n sid e red  b y  u s in g  all 

th e  a to m s  in  th e  p ro te in  ex cep t th o se  be lo n g in g  to  H is 162 a n d  C ys 

25 . To c o n s id e r  th e  e ffects o f se le c te d  e le m e n ts  o f th e  s t ru c tu re ,  

th r e e  s u b s e t s  o f c o o rd in a te s  w ere  a lso  g e n e ra te d . O ne  s e t  (HX) 

c o n s is te d  o f th e  a to m s  be long ing  to  th e  a lp h a  h e lice s  a s  iden tified  in  

th e  PDB file (i.e. h e lices  A l to  A6 ). A n o th e r se t (BETA) c o n ta in e d  th e  

b e ta  s h e e ts  com posed  of th e  sh e e ts  B1 a n d  B2 a s  iden tified  in  th e  PDB 

file. T h e  th ird  s e t  (ACTIVE) c o n ta in e d  o n ly  th e  a to m s  o f T rp  184, 

A sn  182, a n d  G in 19, w hich , to g e th e r  w ith  H is 162 a n d  Cys 25 , 

fo rm  th e  active  s ite  o f a c tin id in  (B aker, 1980; B ro c k le h u rs t e t. a l., 

1981; Lowe a n d  W hitw orth  et. al., 1974).
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T h e  e le c tro s ta tic  e ffec ts  o f th e  ln h o m o g e n e o u s  field  from  th e  

above  e n v iro n m e n ts  o n  th e  p ro to n  t r a n s fe r  p ro c e s s  w ere  c o m p u te d  

th ro u g h  a  sch em e  d esc rib ed  in  d e ta il in  th e  p rev io u s  c h a p te r . Briefly. 

M cW eeny 's V a r ia tio n  - P e r tu rb a t io n  T h e o ry  o f  G ro u p  F u n c t io n s  

(M cW eeny a n d  Sutcliffe, 1976) is  ap p lied  to  th e  s e m id a s s lc a l  sy s te m  

c o m p o sed  o f a  q u a n tu m  m o tif  (i.e. th e  im id a z o llu m /m e th a n e th io l  

com plex; th e  "q u a n tu m  g ro u p ” o r A group) a n d  th e  c la ss ic a l m o tif  (i.e. 

th e  m acro m o lecu le  re p re se n te d  a s  a  co llec tion  o f p o in t c h a rg e s  a n d  

p o la r lz a b ili t ie s ;  th e  " c la s s ic a l g ro u p "  o r  B g ro u p ). A n  i te ra t iv e  

p ro c e d u re  is  u se d  to  co m p u te  th e  p o la riza tio n  of a  g ro u p  d u e  to  th e  

p e r tu rb a tio n  from  th e  o th e r. T he  e le c tro s ta tic  en erg y  is  d eco m p o sed  

in to  p e rtu rb e d  a n d  u n p e rtu rb e d  (i.e. po larization) c o n tr ib u tio n s .

T h e  f i r s t  s te p  in  th e  i te ra tiv e  sc h e m e  (i.e. i=0) y ie ld s  th e  

u n p e r tu r b e d  e le c tro s ta t ic  in te r a c t io n  b e tw e e n  th e  g ro u p s . T h e  

u n p e r tu rb e d  in te ra c tio n  (UNPT) is  co m p u ted  from  th e  s u m  of th e  VxQ 

a n d  FxM energ ies a s  defined  In th e  la s t  c h a p te r  in  sec tio n  2 .2 .7 :

UNPT= VxQ+ FxM (1 )

T h e  p o la r iz a t io n  o f th e  m a c ro m o le c u le  (IND B) b y  th e  

u n p e r t u r b e d  f ie ld  f ro m  th e  q u a n t u m  m o t i f  ( i .e .  t h e  

im id a z o llu m /m e th a n e th io l com plex) is  a lso  c o m p u te d  a t  th e  f irs t 

s te p  in  th e  ite ra tiv e  sc h e m e  (i=0 ) u s in g  th e  effective p o la r iz a b illty  

su p e rm a trix :



51

(2 )

T h is  en erg y  te rm  re p re s e n ts  th e  re sp o n se  o f th e  e n v iro n m e n t to  th e  

c h a n g e s  in  th e  field from  th e  q u a n tu m  m o tif g e n e ra te d  b y  th e  tra n s fe r  

o f th e  p ro to n . I t is  im p o r ta n t  to  e m p h asize  t h a t  IND B c h a n g e s  n o t 

on ly  b e c a u se  th e  n u c le a r  ch arg e  of th e  p ro to n  m oves, b u t  a lso  b e c a u se  

th e  c h an g e  in  p o s itio n  o f th is  n u c le a r  c h a rg e  fo rces a  re a r ra n g e m e n t 

o f th e  c h a rg e  d e n s ity  of th e  e n tire  q u a n tu m  m otif.

T h e  c o n tr ib u tio n  from  th e  p o la r iz a tio n  of th e  q u a n tu m  m o tif

(POL QM) b y  th e  m acrom olecu le  is  e s tim a te d  from  th e  1=1 s te p  o f th e

ite ra tiv e  sch em e . O nly  th e  p o te n tia l from  th e  p o in t c h a rg e s  w as
J 1)

in c lu d ed  in  th e  p e rtu rb e d  H am ilton ian , nA .

u n p e r tu rb e d  w avefunction  co m p u ted  u s in g  th e  u n p e r tu rb e d  m o lecu la r 

H am ilto n ian  for th e  q u a n tu m  m otif, nA

U n d e r  th e  d e c o m p o s itio n  sc h e m e  d e sc r ib e d  in  th e  p rev io u s  

c h a p te r , POL QM in c lu d e s  th e  c o n tr ib u tio n  from  th e  p o la riza tio n  of 

th e  q u a n tu m  m o tif b y  th e  m acrom olecu le , IND A, a n d  th e  c o n trib u tio n  

from  th e  p o lariza tion  of th e  q u a n tu m  m o tif to  i ts  se lf  energy, SELF A:

(3 )

„;t) to)
w h e re  r A is  th e  i= l  p e r tu r b e d  w a v e fu n c tio n  a n d  ya is  th e

(4)
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SELF A= -  O  , 5 ,

\P  f
w h e re  * a n d  * a re  th e  e le c tro s ta t ic  p o te n t ia l  a n d  th e  field

0) i / ^  i / ®
g e n e ra te d  b y  th e  ch arg e  d is tr ib u tio n  a sso c ia te d  w ith  r A . v a a n d  a 

a re  th e  e le c tro s ta t ic  p o te n t ia l  o n  th e  n u c le i  a n d  e le c tro n s  o f th e  

q u a n tu m  m otif, a n d  g e n e ra te d  b y  th e  c h a rg e  d is tr ib u tio n s  a sso c ia te d  

w ith  V̂a a n d  ^ , respective ly .

F o r  t h e  e l e c t r o s t a t i c  i n t e r a c t i o n  b e t w e e n  t h e  

im id a z o llu m /m e th a n e th io l com plex  a n d  a c tin id in , th e  i te ra t io n s  w ere  

lim ited  to  1=0 a n d  i= l  u s in g  th e  STO-3G a n d  6 - 3 1G b a s is  s e t  b e c a u se  

th e  sm a ll m ag n itu d e  o f POL QM su g g e s te d  th a t  th e  r e s u l ts  w ere  close 

to  co n v erg en ce  (See re su lts .) . In  th e  p rev io u s  c h a p te r  i t  w a s  sh o w n  

t h a t  th e  a d d itio n  of p o la riza tio n  fu n c tio n s  w ould  n o t  c a u s e  s ig n ifican t 

c h a n g e s  in  th e  c o m p u te d  e n e rg ie s , a n d  th a t  co n v erg en ce  fo r th e  

ite ra tiv e  sc h em e  w ou ld  be  very  ra p id  (M cW eeny a n d  Sutcliffe, 1976). 

T h e  e le c tro s ta t ic  p o te n t ia ls  a n d  fie ld s  w ere  c o m p u te d  u s in g  th e  

p ro p e r ty  p a c k a g e  in  G a u s s ia n  8 2 . T h e  c o m p u ta t io n s  w ith  th e  

p e r tu rb e d  H am ilto n ian  w ere  done  u s in g  th e  HONDO p ack ag e  (D upu is 

e t  a l.,  1976). F o r th e  c o m p u ta tio n s  w ith  th e  FULL p ro te in , th e  

effective po larizab ility  m a tr ix  w ould  b e  too  la rge  to  b e  tra c ta b le . T h u s , 

th e  e x te rn a l  fie ld  from  th e  in d u c e d  d ip o le s  w a s  n e g le c te d  in  th e  

c o m p u ta tio n  o f IND B, i.e. ,th e  d ipole in te ra c tio n  s u p e r te n s o r  w a s  s e t  

to  zero . F ro m  te s t  c a lcu la tio n s  o n  o th e r  frag m en ts , th is  ap p ro x im atio n  

o v e re s tim a ted  th e  IND B b y  2 0  to  30% , b u t  in tro d u c e d  n o  q u a lita tiv e



c h a n g e s  in  th e  r e s u l ts .  O v e res tim a tlo n  o f th e  c o m p u te d  e n e rg y  is  

a lw a y s  e x p e c te d  b e c a u s e  th e  p o la r iz a t io n  a t  o n e  c e n te r  in  th e  

m a c ro m o le c u le  is  e n tire ly  d riv e n  b y  th e  q u a n tu m  g ro u p  w ith o u t  

o p p o sitio n  from  th e  field o f th e  in d u c e d  d ip o les  a t  o th e r  c e n te rs  in  

th e  m acro m o lecu le . Also, n o  FxM  c o m p u ta tio n  for th e  FULL p ro te in  

c a s e  w a s  p o s s ib le  b e c a u s e  n e g le c t  o f  th e  d ip o le  in te r a c t io n  

s u p e r te n s o r  (see c h a p te r  2  for de ta ils) y ie ld s p h y sic a lly  m e a n in g le ss  

r e s u l t s .  T h u s ,  th e  UNPT e n e rg y  te rm  fo r  th e  FU LL p ro te in  

e n v iro n m en t w a s  e s tim a te d  from  th e  VxQ energy.

3.2.4 CONTRIBUTION TO THE ELECTROSTATIC ENERGY FROM THE 

COMPONENTS OF THE QUANTUM MOTIF

P rev ious w o rk  su g g e s te d  th a t  th e  p ro to n  t r a n s fe r  in  th e  PTM 

w a s  m o d u la ted  b y  th e  e le c tro sta tic  effect o f th e  ligand  o n  th e  a ccep to r 

a n d  d o n o r m o lecu les  a n d  n o t b y  a  d irec t effect on  th e  p ro to n  (O sm an  

e t  a l., 1987). To e v a lu a te  if  a  s im ila r  m e c h a n ism  e x is te d  fo r th e  

m o d u la tio n  b y  th e  p ro te in  en v iro n m en t o f th e  p ro to n  t r a n s fe r  be tw een  

im idazo lium  a n d  m e th an e th io l, th e  VxQ en erg y  w a s  d eco m p o sed  in to  

c o n tr ib u tio n s  from  th e  im idazo le  (IMID), m e th a n e th io l  (METS), a n d  

th e  p ro to n  (PTN). T h is  d e c o m p o s itio n  w a s  a c h ie v e d  b y  f i r s t  

ap p ro x im atin g  th e  VxQ energy  b y
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w h ere  co rre sp o n d  to  th e  n e t  c h a rg e s  from  th e  M ulUken P o p u la tio n  

a n a ly s is  a n d  th e n , co llecting  th e  c o n tr ib u tio n s  from  th e  p o in t c h a rg e s  

c e n te re d  o n  th e  im idazo le , th e  m e th a n e th io l, a n d  th e  p ro to n  to  th e  

QxQ energy. As sh o w n  below , th e  QxQ energy  is  a  good ap p ro x im atio n  

to  th e  VxQ en erg y  in  th is  c a se , a s  fo u n d  e a r lie r  fo r o th e r  ty p e s  o f 

m o lecu la r in te ra c tio n  (W einstein e t  a l., 1981a).

3.2.5 CONSIDERATION OF THE SOLVENT SCREENING EFFECTS

T he po lypep tide  s t ru c tu re  o f a c tin id in  is  s tro n g ly  b a s ic  a n d  th e  

full p ro te in  m olecule is ca lcu la ted  to  have  a  n e t  ch arg e  of -1 5 .0  w h en  

th e  ion iza tion  o f acid ic  a n d  b asic  g ro u p s is  d e te rm in ed  a t  pH  7 u s in g  

th e  s ta n d a rd  pK a 's  o f free  am in o  a c id s . W hen  th e  positive ly  

ch a rg e d  q u a n tu m  m o tif  is  ex c lu d ed  to  c o n s tru c t  th e  fu ll p ro te in  

en v iro n m e n t, th e  n e t  c h a rg e  in c re a s e s  to  -1 6 .0 . In  so lu tio n , 

so lven t accessib le  ch arg es  w ould  be su rro u n d e d  b y  w a te r  d ipo les a n d  

c o u n te r io n s . T he  e le c tro s ta tic  effects o f th e  la rge  n e t  c h a rg e  of th e  

p ro te in  e n v iro n m e n t w o u ld  b e  ex p ec ted  to  b e  a t te n u a te d  b y  

in te ra c tio n  w ith  th e  so lv e n t a n d  io n s , w ith  th e  la rg e s t e ffect b e in g  

reg is te red  for th e  a to m s w hich  a re  c lo ses t to  th e  p ro te in -so lv en t 

in te rfac e  (G ilson e t  a l., 1985; W arsh e l a n d  R u sse ll, 1984). To 

explore if  th e  r e s u lts  o f o u r  co m p u ta tio n s  a re  b ia sed  by  th e  large 

n e t  c h a rg e  o f th e  fu ll p ro te in  e n v iro n m e n t a n d  to  m im ic  th e  

a tte n u a tin g  effect o f a  p o lar env ironm en t, th e  to ta l ch arg e  o f -1 6 .0  w a s  

re d u c e d  b y  sc a lin g  dow n th e  c h a rg e  of so lv en t acc ess ib le  a to m s. 

T h is  p ro c e d u re  is  ex p ec ted  to  prov ide a  q u a lita tiv e  in d ic a tio n  of th e  

d e p en d en ce  of th e  c o m p u ted  re s u lts  o n  th e  n e t  c h a rg e  of th e  p ro te in
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e n v iro n m en t, b u t  d id  n o t  p rov ide a  q u a n tita tiv e  m e a su re  o f effects 

o f th e  s u r ro u n d in g  d ie lec tric  en v iro n m en t w ith  i ts  po lye lec tro ly tes. 

A lth o u g h  m e th o d s  for th e  in c lu s io n  o f th e  effect o f th e  d ie lec tric  

e n v iro n m en t a n d  th e  su rro u n d in g  po lyelec tro ly tes a re  b e in g  developed 

(G ilso n  e t  a l . ,  19 8 8 ; G ilso n  a n d  H on lg , 1 9 8 7 ; R a s h in  a n d

N am bood iri, 1987; Z a u h a r  a n d  M organ , 1988), n o  a t te m p ts  w ere  

m ad e  to  in c lu d e  th e se  effects in  a  co m p reh en s iv e  sc h em e  b e c a u se  n o  

c o n s e n s u s  h a s  y e t b e en  rea ch e d  reg a rd in g  th e  m o s t a d e q u a te  m eth o d , 

e sp ec ia lly  w h e n  s u c h  sc h e m e s  a re  c o u p led  to  q u a n tu m  m e c h a n ic a l 

c o m p u ta tio n s  (see W arshel, 1987).

F o r th e  ch arg e  sca lin g  p ro ced u re , th e  su rfa ce  a to m s  of a c tin id in  

w ere  id en tified  w ith  th e  u s e  o f a  p ro g ra m  su p p lie d  b y  D r. 

A lexander R a sh in  (R ash in  e t a l., 1986). In  th is  p ro c e d u re  a  sp h e re  

w ith  a  r a d iu s  ap p ro x im atin g  th a t  o f a  w a te r  m olecu le  w as rolled  over 

th e  p ro te in  to  id e n tify  "w a te r a c c e s s ib le  p o in ts "  a c c o rd in g  to  a  

c r ite r io n  d e sc rib e d  b y  C onno lly  (Connolly, 1983). T h ese  p o in ts

w ere  th e n  c o n n e c te d  to  form  a  su rfa c e  a ro u n d  th e  p ro te in  a n d  th e  

a to m s  th a t  be lo n g  to  th is  su rface  w ere  identified . F o r c o m p u ta tio n a l 

e ffic iency , th e  p ro g ra m  u s e d  a  c o lla p se d  r e p re s e n ta t io n  fo r th e  

hy d ro g en  a to m s. T herefore, it  w a s  a s su m e d  th a t  if  a  heavy  a to m  w as 

o n  th e  su rfa c e , i ts  c o rre sp o n d in g  hyd ro g en  a to m s  w ere a lso  o n  th e  

su rface . T he  a tte n u a tio n  of th e  ch arg e  in  th e  full p ro te in  e n v iro n m en t 

w a s  th e n  s im u la ted  b y  a  m u ltip lica tio n  fac to r th a t  sca led  dow n th e  n e t  

c h a rg e  o f  th e  e x p o sed  a to m s . W h en  th e  c h a rg e s  o f  th e  a to m s

iden tified  to  b e  "so lven t accessib le"  w ere  re d u c e d  b y  a  fa c to r  o f 1.35
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th e  to ta l  n e t  c h a rg e  o f  th e  fu ll p ro te in  e n v iro n m e n t w a s  re d u c e d  to  

-0.1 a .u ..

3 .3  RESULTS

3.3.1 ISOLATED QUANTUM MOTIF

F igu re  3 -2  sh o w s th e  energy  cu rve  fo r th e  p ro to n  t ra n s fe r  in  th e  

im id a z o llu m /m e th a n e th io l com plex  c o m p u ted  w ith  th e  STO -3G  b a s is  

s e t  in  th e  a b se n c e  o f th e  p ro te in  en v iro n m en t. A t th e  H a rtree -F o ck  

level, th e  com plex  w as s ta b le  w ith  th e  p ro to n  o n  th e  im idazo le  side . 

T he  p o te n tia l  en e rg y  cu rv e  d isp lay e d  a  d o u b le  w ell c h a ra c te r  w ith  

c ritica l p o in ts  lo ca ted  a t  N D 1—1H D 1 d is ta n c e s  o f 1 .03  A fo r th e  f irs t 

m in im u m  (M l), 1 .63 A for th e  tra n s itio n  s ta te  (TS), a n d  1 .90  A for th e  

m in im u m  o n  th e  m e th a n e th io l s ide  (M2). T h e  b a r r ie r  for p ro to n  

t ra n s fe r  from  th e  im idazo le  s ide  (TS-M1) w a s  3 9 .0  k c a l /m o l a n d  th e  

d riv ing  energy  (M2-M1) w as 3 5 .6  k c a l/m o l. (See T ab le  2.) F igu re  3 -2  

a lso  sh o w s th e  e ffec ts  o f c o rre la tio n  en erg y  c a lc u la te d  a t  th e  MP3 

level o n  th e  p ro to n  t r a n s fe r  cu rv e . A s o b se rv ed  e a r l ie r  fo r o th e r  

sy s te m s  (S cheiner et. a l., 1983), th e  c o n tr ib u tio n  from  th e  c o rre la tio n  

e n e rg y  d ra s t ic a l ly  re d u c e d  th e  b a r r ie r  to  p ro to n  t r a n s fe r ;  i t  a lso  

re d u c e d  th e  th e  d riv ing  energy. D ue to  th e  im p rac tlca lity  o f geom etry  

o p tim iza tio n s  w h e n  c o m p u tin g  c o rre la ted  w av e fu n c tio n s , th e  c ritic a l 

p o in ts  o f th e  p ro to n  t r a n s fe r  cu rv e  w ere  e s t im a te d  from  a  q u a r t ic  

po ly n o m ia l fit to  th e  v a lu e s  p lo tte d  in  F ig u re  3 -2 . T h e  f it  y ie lded  

c ritic a l p o in ts  a t  1 .07  A for th e  m in im u m  c lo s e s t  to  th e  im idazo le
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(M l), 1 .63  A fo r th e  tra n s it io n  s ta te  (TS), a n d  1 .85  A fo r th e  se co n d  

m in im u m  (M2), n e a r ly  id e n tic a l to  th e  v a lu e s  fro m  th e  SC F  level o f 

c o m p u ta tio n . T h e  b a r r ie r  fo r p ro to n  tr a n s fe r  c a lc u la te d  from  th e  fit 

w a s  2 6 .3  k c a l/m o l a n d  th e  d riv ing  energy  w as 24.1  k c a l/m o l.

T ab le  3 -2  sh o w s th e  e ffect o f e x te n d in g  th e  b a s is  s e t  o n  th e  

en erg e tics  o f p ro to n  tra n s fe r  b e tw een  im idazo lium  a n d  m e th an e th io l; 

on ly  th e  c ritic a l p o in ts  w ere  c o m p u ted . E x te n d in g  th e  b a s is  s e t  to  

sp lit-v a len ce  re ta in e d  th e  s ta b ility  o f th e  com plex, b u t  th e  b a r r ie r  for 

p ro to n  t r a n s fe r  in c re a se d  b y  16 .4  k c a l/m o l a n d  th e  d riv in g  en erg y  

d e c re a se d  b y  9 .4  k c a l/m o l from  th e  STO -3G  v a lu e s . T h is  r e s u l t  w a s  

a g a in  c o n s is te n t w ith  e a rlie r  o b se rv a tio n s reg a rd in g  th e  effect o f b a s is  

s e ts  o n  c a lc u la te d  b a rr ie rs  for p ro to n  t ra n s fe r  (S cheiner, 1983). T he  

a d d itio n  o f p o la riza tio n  fu n c tio n s  reversed  th e  tre n d  observed  w ith  th e  

sp lit-va lence  b a s is  se t: re la tive  to  th e  sp lit-va lence  b a s is  s e t  v a lu es , th e  

b a rr ie r  d ro p p ed  b y  11.3  k c a l/m o l a n d  th e  d riv ing  en erg y  in c re a se d  b y

14.5 k c a l/m o l.

T ab le  3 -3  sh o w s th e  in te rn a l  c o o rd in a te s  fo r th e  p ro to n  (i.e. 

HD1) a n d  th e  h y d ro g en  b o n d e d  to  th e  s u lfu r  o f m e th a n e th io l (i.e. 

1HSG). T h ese  in te rn a l  co o rd in a te s  w ere  op tim ized  in  d e te rm in in g  th e  

c rit ic a l p o in ts  o f  th e  p ro to n  t r a n s fe r  en e rg y  cu rv e . T h e  in te rn a l  

c o o rd in a te s  sh o w ed  th a t  th e  op tim al p a th  o f th e  p ro to n  d id  n o t  follow 

a  s tra ig h t  line . F igure  3 -3  sh o w s th e  p o s itio n s  o f th e  p ro to n  w h e n  

c o m p u ted  w ith  th e  STO-3G b a s is  se t. T he energy  cu rve  c o n s tru c te d  by  

m oving  th e  p ro to n  in  a  s tra ig h t  line  b e tw ee n  ND1 a n d  SG  (d a ta  n o t  

show n) w a s  com posed  of c o n sid erab ly  h ig h e r  en erg ies  a n d  h a d  h ig h e r
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b a rr ie rs  th a n  th e  one  sh o w n  in  F igu re  3 -2 . T ab le  3 -3  a lso  sh o w s th e  

b a s i s  s e t  d e p e n d e n c e  fo r th e  o p tim ized  in te rn a l  c o o rd in a te s . In  

g en era l, th e  b o n d  le n g th s  show ed  th e  le a s t  v a ria tio n  w ith  c h a n g e s  in  

b a s is  s e t  w h ile  th e  a n g le s  v a rie d  m o re . I t  is  n o te w o rth y  th a t  th e  

c o o rd in a te s  o f th e  1HSG exh ib ited  a  s tro n g e r  b a s is  s e t  d ep en d en ce  

th a n  th e  p ro to n  (i.e. 1HD1) co o rd in a tes . T h is  effect w as p ro b ab ly  d u e  

to  a  d e p e n d e n c e  o f th e  in te r n a l  c o o rd in a te s  o f  1H SG  o n  th e  

d e sc r ip tio n  of th e  " lone-pa irs"  o f th e  s u lfu r  in  m e th a n e th io l  b y  th e  

v arious b a s is  se ts .

3 .3 .2  INTERACTION WITH THE PROTEIN ENVIRONMENT

T ab le  3 -4  l is ts  th e  e le c tro s ta tic  en erg y  o f in te ra c t io n  b e tw een  

th e  p ro te in  e n v iro n m e n t a n d  th e  im id a z o llu m /m e th a n e th io l com plex  

c o m p u te d  a t  th e  c ritic a l p o in ts  u s in g  th e  STO -3G  b a s is  s e t .  T he 

e le c tro s ta t ic  en erg y  w a s  d eco m p o sed  in to  u n p e r tu r b e d  (UNPT) a n d  

in d u c tio n  (IND B) te rm s . Also, in to  c o n tr ib u tio n s  from  fra g m e n ts  o f 

th e  p ro te in  s t ru c tu re  a s  d esc rib ed  above in  T h eo re tica l A pproach . T he 

fu ll p ro te in  s t r u c tu r e  (FULL) in te ra c te d  fav o rab ly  w ith  th e  q u a n tu m  

m o tif (i.e. th e  im id a z o llu m /m e th a n e th io l com plex) a t  th e  th re e  c ritica l 

p o in ts . A re s u l t  n o tew o rth y  b e c a u se  th e  q u a n tu m  m o tif b e a re d  a  n e t  

positive  c h a rg e  n o t p re s e n t  in  th e  m odel for th e  active  s ite  o f ac tin id in  

u s e d  to  s tu d y  th e  c a ta ly tic  m e c h a n is m  o f  th is  en zy m e, i .e ., th e  

im id a z o le /m e th a n e th io l com plex. T he fu ll p ro te in  o p p o sed  th e  p ro to n  

t ra n s fe r  b y  ra is in g  th e  b a rr ie r  (TS-M1) b y  9 .3  k c a l/m o l a n d  re d u c in g  

th e  d riv ing  energy  (M2-M1) b y  10 .8  k c a l/m o l from  th e  re s u l ts  In  T able  

3 -2 . T h e s e  e ffe c ts  w ere  d u e  to  th e  u n p e r tu r b e d  in te ra c t io n  a s
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ap p ro x im ate d  b y  th e  VxQ energy  te rm  b e c a u se  th e  p o la riza tio n  of th e  

p ro te in  (IND B) low ered  th e  b a r r ie rs  b y  2 .3  k c a l /m o l a n d  in c re a se d  

th e  driv ing  energy  b y  5 .3  k c a l/m o l. T h ese  c h a n g e s  o n  th e  in  v a c u u m  

p ro to n  t r a n s f e r  e n e rg y  c u rv e  w ere  m o re  d ra m a tic  w h e n  sh o w n  

g rap h ic a lly  a s  d o n e  in  F igu re  3 -4 . In  th is  figu re  th e  c h a n g e s  in  th e  

H a r tre e -F o c k  e n e rg y  a re  sh o w n  b y  ta k in g  a d v a n ta g e  o f th e  QxQ 

a p p ro x im a tio n  to  th e  VxQ en erg y  (see below ). A s ex p la in e d  in  th e  

d is c u s s io n , i t  w a s  n o te w o rth y  th a t  a s  a  m o d e l o f th e  e le c tro s ta t ic  

effects o f th e  u n k n o w n  re c e p to r  s t r u c tu r e ,  th e  fu ll p ro te in  h in d e re d  

th e  p ro to n  tra n s fe r . O therw ise, th e  p ro te in  e le c tro s ta tic  effects w ould  

have  b e  ab le  to  trigger th e  p ro to n  tra n s fe r  re sp o n sib le  for a c tiv a tio n  of 

th e  rec ep to r in  th e  a b sen c e  of a n y  ligand .

T he a n a ly s is  o f th e  e le c tro s ta tic  c o n tr ib u tio n s  from  th e  d ifferen t 

e le m e n ts  o f th e  p ro te in  s t r u c tu r e  show ed  th a t  th e  c h a n g e s  in  th e  

p ro to n  tra n s fe r  en erg y  curve  describ ed  above re s u lte d  from  a  com plex  

In te rp la y  b e tw e e n  o p p o s ite  c o n tr ib u tio n s  from  th e  f ra g m e n ts  t h a t  

com pose  th e  p ro te in . T he re s id u e s  in c lu d ed  in  th e  active  s ite , n o n e  of 

w h ic h  a re  p a r t  o f th e  a lp h a  h e lic e s  o r b e ta  s h e e ts  in  a c tin id in , 

in te ra c te d  fav o rab ly  w ith  th e  q u a n tu m  m o tif  a t  th e  c ritic a l p o in ts . 

S im ila r r e s u l ts  app lied  to  th e  c o n tr ib u tio n  from  th e  a lp h a  h e lices  a n d  

th e  b e ta  s h e e ts . H ow ever, th e se  g ro u p s  d id  n o t s ta b ilize  th e  c ritic a l 

p o in ts  un ifo rm ly , a n d  th u s ,  a ffected  th e  b a r r ie r  a n d  d riv in g  en erg y  

d ifferently . T h e  g ro u p s  in  th e  active  s ite  in c re a se d  th e  b a r r ie r  b y  2 .8  

k c a l /m o l a n d  low ered  th e  d riv ing  en e rg y  b y  4 .1  k c a l /m o l, a  r e s u l t  

q u a lita tiv e ly  c o n s is te n t  w ith  th e  fu ll p ro te in  effects. T he  b e ta  s h e e ts  

a n d  th e  a lp h a  h e lices h a d  a  d ifferen t effect — th e y  a id ed  th e  tra n s fe r  of
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th e  p ro to n . T he b e ta  s h e e ts  a n d  th e  a lp h a  h e lices  low ered  th e  b a rr ie r  

b y  8 .5  k c a l /m o l a n d  8 .9  k c a l/m o l. resp ec tiv e ly , a n d  In c re a s e d  th e  

driv ing  energy  b y  11.8  k c a l/m o l a n d  12 .7  k c a l/m o l. respectively .

T a b le  3 -4  sh o w s  t h a t  th e  re la tiv e  c o n tr ib u t io n  fro m  th e  

u n p e r tu rb e d  a n d  in d u c tio n  en e rg y  te rm s  to  th e  c h a n g e s  d e sc r ib e d  

above for th e  p ro to n  t ra n s fe r  energy  c u rv e  v a ried  a m o n g  th e  p ro te in  

frag m en ts . F o r th e  g ro u p s  o f th e  active s ite  th e  in d u c tio n  en erg y  w as 

p r im a r ily  re s p o n s ib le  for th e  c h a n g e s  in  th e  b a r r ie r  a n d  d riv in g  

e n e rg y . T h e  in te r p la y  b e tw e e n  u n p e r tu r b e d  a n d  p e r tu r b e d  

c o n tr ib u tio n s  (i .e. UNPT a n d  IND B, respectively) w a s  m o re  com plex  

in  th e  c a s e  o f th e  b e ta  s h e e ts .  T h e  VxQ c o m p o n e n t  o f th e  

u n p e r tu rb e d  energy , given in  p a re n th e s is  in  T able  3 -4 , h a d  a  s im ila r  

m ag n itu d e , b u t  opposite  effect o n  th e  b a rr ie r  a n d  driv ing  en erg y  to  th e  

o n e  from  th e  IND B te rm . T h u s , th e ir  effects can c e led  a n d  th e  n e t  

r e s u l t  w a s  from  th e  FxM c o m p o n e n t o f th e  u n p e r tu rb e d  in te ra c tio n  

en erg y . T h e  e ffec t fro m  th e  a lp h a  h e lic e s  a lso  c o m e s  from  th e  

u n p e r tu r b e d  in te ra c t io n  en erg y , b u t  b o th  th e  FxM  a n d  th e  VxQ 

c o m p o n e n ts  h a d  s im ila r  effects o n  b a r r ie r  a n d  d riv ing  energy . It is  

n o tew o rth y  th a t  fo r th e  a lp h a  he lices th e  VxQ energy  c o m p u ted  a t  th e  

c ritic a l p o in ts  w a s  tw o o rd e rs  o f m ag n itu d e  g re a te r  t h a n  e i th e r  th e  

IND B o r th e  FxM term , a n d  gave re s u lts  qua lita tive ly  c o n s is te n t w ith  

th e  m o re  co m p le te  c o m p u ta tio n  for th e  c h a n g e s  in  th e  b a r r ie r  a n d  

d riv ing  energy .

T ab le  3 -5  l is ts  th e  p o la riza tio n  o f th e  q u a n tu m  m o tif (POL QM) 

c o m p u ted  w ith  th e  6 -3 1G b a s is  se t. T he p o la riza tio n  of th e  q u a n tu m
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m o tif b y  th e  active  s ite  g ro u p s, th e  a lp h a  he lices, a n d  th e  fu ll p ro te in  

w a s  s ig n ifican tly  sm a lle r  in  m a g n itu d e  th a n  th e  UNPT a n d  th e  IND B 

energy  te rm s  lis ted  in  T able  3 -4 . A  m ore  Im p o rta n t o b se rv a tio n  is  th a t  

th e  c o n tr ib u tio n  from  POL QM  to  th e  c h a n g e s  in  th e  b a r r ie r  a n d  

d riv ing  energy  o f th e  p ro to n  tra n s fe r  energy  cu rve  w as negligible.

3.3.3 ANALYSIS OF THE ELECTROSTATIC INTERACTION ENERGY

To te s t  if  th e  c h a n g e s  p ro d u c e d  in  th e  b a r r ie r  a n d  d riv in g  

e n e rg y  v a lu e s  c a lc u la te d  in  v a c u u m  (Table 3-4) w ere  d u e  to  th e  

in h o m o g e n eo u s  field a lo n g  th e  p a th  of th e  p ro to n , th e  VxQ en erg y  

w a s  a p p ro x im a te d  b y  th e  QxQ e n e rg y  a s  d e sc r ib e d  in  T h e o re tic a l 

A p p ro a c h . T h en , i t  w a s  d e co m p o se d  in to  c o n tr ib u t io n s  from  th e  

p ro to n  d o n o r (i.e. th e  im idazole, IMID), th e  p ro to n  a c c e p to r  (i.e. th e  

m e th a n e th io l, METS), a n d  th e  p ro to n  (PTN). T h is  te s t  w as  lim ited  to  

th e  e ffects from  th e  fu ll p ro te in  a n d  th e  a lp h a  h e lice s  w h e re  th e  VxQ 

e n e rg y  gave r e s u l ts  q u a lita tiv e ly  c o n s is te n t  w ith  th e  m o re  co m p le te  

c o m p u ta tio n s . T he  effects from  th e  a lp h a  he lices  w ere  o f co n sid erab ly  

m o re  in te re s t  th a n  th o se  fro m  th e  b e ta  s h e e ts  a n d  th e  ac tiv e  s ite  

g ro u p s  b e c a u s e  th e  s t r u c tu r a l  d a ta  a v a ilab le  fo r n e u ro t r a n s m it te r  

re c e p to rs  a n d  o th e r  m e m b ra n e  b o u n d  p ro te in s  su g g e s te d  th a t  a lp h a  

h e lic e s  w ere  p ro m in e n t  f e a tu re s  in  th e i r  s e c o n d a ry  a n d  te r t ia ry  

s t r u c tu r e  (E ngelm an  e t  a l., 1982; S tev en s , 1985; D ixon  e t  a l., 1986; 

G ocayne e t a l., 1987; G ren n in g lo h  e t  a l., 1987; H u lm e a n d  B ird sa ll, 

1986 ; K ob ilka  e t  a l . ,  1987 ; K ubo  e t  a l.,  1 9 87 ; S te v e n s , 1987; 

T row bridge , 1987).
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T he to p  o f T able  3 -6  l is ts  th e  QxQ a n d  VxQ en erg y  te rm s  for th e  

a lp h a  h e lices  a n d  th e  fu ll p ro te in . As ex p ec ted  th e  QxQ energy  w a s  a  

good a p p ro x im a tio n  to  th e  VxQ en erg y  fo r th e  in te ra c tio n  e n e rg y  a t  

th e  c ritic a l p o in ts  a n d  fo r th e  c h a n g e s  in  th e  b a r r ie r  (TS-M1) a n d  

d riv ing  en e rg y  (M2-M1). T he d isc re p a n c ie s  w ere  w ith in  1 k c a l/m o l. 

F igu re  3-5A  a n d  3 -5B  show  th e  c o n tr ib u tio n s  to  th e  QxQ energy  from  

th e  c o m p o n e n ts  o f th e  q u a n tu m  m o tif  (i.e. IMID, M ETS, a n d  PTN), 

c o m p u te d  fo r th e  fu ll p ro te in  a n d  a lp h a  h e lice s , re sp ec tiv e ly . T he  

energy  a t  p o in t M l w a s  ta k e n  a s  zero , a n d  th e  b o tto m  of T ab le  3 -6  

l is ts  p o in ts  se le c te d  from  th e  fig u res. T he  r e s u l ts  sh o w ed  th a t  th e  

s ta b il i t ie s  o f th e  p ro to n  d o n o r  (IMID) a n d  a c c e p to r  (METS) w ere  

a ffe c te d  b y  th e  e le c tro s ta t ic  in te r a c t io n  w ith  th e  e n v iro n m e n t 

s ig n ific an tly  m o re  th a n  th e  s ta b ili ty  o f th e  p ro to n  (PTN) a s  i t  w a s  

m oved to w a rd s  th e  accep to r. F o r b o th , th e  a lp h a  h e lix  a n d  th e  full 

p ro te in  e n v iro n m e n ts , th e  p ro to n  d o n o r a n d  a c c e p to r  w ere  a ffec ted  

d iffe re n tly  -- th e  d o n o r  w a s  d e s ta b iliz e d  a n d  th e  a c c e p to r  w a s  

stab ilized . B oth  e n v iro n m en ts  stab ilized  th e  p ro to n  a s  i t  w as  m oved 

to w a rd s  th e  a ccep to r, b u t  on ly  th e  a lp h a  he lix  e n v iro n m e n t low ered  

th e  b a r r ie r  a n d  in c re a se d  th e  d riv ing  en erg y  for p ro to n  t r a n s fe r  (see 

top  of T able 3-6). As sh o w n  in  F igure  3-5A  a n d  in  th e  b o tto m  o f T able 

3 -6 , i t  w a s  th e  la rge  d estab iliza tio n  of th e  p ro to n  d o n o r (i.e. IMID) a s  

th e  p ro to n  w a s  m oved th a t  k e p t th e  p ro to n  o n  th e  im idazole  w h en  th e  

effects o f th e  fu ll p ro te in  w ere in c lu d ed .

T he co llection  of a lp h a  he lices  a n d  th e  fu ll p ro te in  s t ru c tu re  h a d  

n e t  c h a rg es  of -6  a n d  -16 , respectively . In  so lu tio n  th e ir  e le c tro s ta tic
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e ffe c ts  w o u ld  h a v e  b e e n  a t te n u a te d  a s  d is c u s s e d  in  T h e o re tic a l  

A pproach . To exp lo re  th e  c h an g e s  in  th e  q u a lita tiv e  r e s u l ts  d e sc rib e d  

ab o v e  b y  s u c h  a t te n u a t io n ,  th e  s u r fa c e  c h a rg e s  w e re  s c a le d  a s  

d e sc rib e d  in  T h eo re tica l A pproach . T able  3 -7  a n d  F ig u re s  3-6A  a n d  

3-6B  show  re s u lts  an a lo g o u s to  th e  o n es  in  T able 3 -6  a n d  F ig u re s  3-5A  

a n d  3 -5 B , b u t  c o m p u te d  w ith  th e  sc a le d  c h a rg e s . A gain  th e  QxQ 

en erg y  w a s  a  good a p p ro x im a tio n  to  th e  VxQ energy , a n d  th e  m a jo r  

e le c tro s ta tic  effect from  th e  p ro te in  en v iro n m en ts  w as o n  th e  s ta b ility  

o f th e  p ro to n  d o n o r  a n d  a cc ep to r . T he  m o s t  s ig n if ic a n t d iffe ren ce  

from  th e  re s u l ts  w ith  th e  u n se a le d  c h a rg e s  w a s  th e  destab iliza tion  of 

b o th  th e  p ro to n  a c c e p to r  a n d  th e  p ro to n  b y  th e  fu ll p ro te in  

e n v iro n m en t a s  th e  p ro to n  w as tra n s fe rre d  (See F igure  3-6A).

3 .4  DISCUSSION

T he cho ice  o f a c tin id in  a s  th e  p ro te in  th a t  w ou ld  allow  

th e  ex p lo ra tio n  of th e  e le c tro s ta tic  effects of th e  po lypep tide  s t ru c tu re  

o n  th e  p o te n tia l energy  curve  for a  m odel p ro to n  tra n s fe r  ev en t w as  

g u id e d  b y  th e  m a in  fe a tu re s  of th e  im id a zo liu m /p ro to n  a cc ep to r  

com plex  th a t  h a d  b e en  p rev iously  p ro p o sed  a s  a  re c e p to r  m odel 

for th e  a c tiv a tio n  m ec h an ism  a t  th e  5-H T /L SD  re c e p to r  (O sm an  e t 

a l., 1985; O sm a n  e t  a l., 1987). T h u s , th e  s im u la te d  p ro to n  tra n s fe r , 

from  th e  Im id azo liu m  m o ie ty  (Im H+) o n  H is 162 to  th e  th io l (SH) of 

C ys 25 , w a s  in  a  d irec tion  opposite  to  th a t  p o s tu la te d  for th e  fu n c tio n  

o f th io l p ro te a se s  (B aker a n d  D re n th , 1987), i.e ., from  C ys 2 5  (SH) to  

n e u t r a l  H is  162  (Im) to  fo rm  a  z w itte r io n  s ta te  ( S ' / I m H +). It
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c o rre sp o n d e d  to  a  s ta te  o f th e  enzym e a t  low  pH . A lthough  it  w a s  n o t 

p o ss ib le  to  co m p are  th e  p ro to n  tra n s fe r  en e rg y  cu rv e  for th e  q u a n tu m  

m o tif  c o n s id e re d  h e re  w ith  th e  o n e s  c o m p u te d  for th e  ac tiv e  s ite  of 

a c tin id in , th e  r e s u l ts  m ay  b e  co m p ared  to  th e  en erg y  cu rve  c o m p u ted  

fo r a n  a m m o n iu m /h y d ro g e n  su lf id e  co m p lex  re p o r te d  b y  S c h e in e r  

(S c h e in e r , 1984). In  th e  p o te n t ia l  e n e rg y  c u rv e  fo r th e  p ro to n  

t r a n s f e r  b e tw e e n  a m m o n iu m  a n d  h y d ro g e n  su lf id e  in  a  l in e a r ly  

h y d ro g e n  b o n d e d  co m p lex , S c h e in e r  fo u n d  th e  o p tim a l d is ta n c e  

b e tw een  N a n d  S to  b e  3 .3 5  A. T h is  d is ta n c e  w a s  s im ila r to  th e  3 .32  

A d i s t a n c e  b e tw e e n  t h e  N a n d  S a to m s  o f  t h e  

lm id a z o liu m /m e th a n e th io l com p lex  th a t  m odeled  th e  s id e  c h a in  

re s id u e s  of H is 162 a n d  C ys 2 5  in  ac tin id in . T he  c a lcu la te d  b a rr ie r  

for p ro to n  t ra n s fe r  w as 3 0  k c a l/m o l a n d  th e  d riv ing  energy  w a s  2 8 .3  

k c a l/m o l (S cheiner, 1984). T he  d ifferences b e tw een  th e s e  v a lu e s  a n d  

th e  o n e s  c o m p u te d  h e re  for th e  lm id a z o liu m /m e th a n e th io l  com plex  

(cf, 44 .1  k c a l /m o l a n d  4 0 .5  k c a l/m o l, respec tive ly , u s in g  th e  6 - 3 1G* 

b a s is  set) m ay  b e  a ttr ib u te d  to  th e  lac k  of fu ll geom etry  o p tim iza tio n  of 

th e  d o n o r  a n d  a c c e p to r  m o lecu les , th e  n o n lin e a r  o r ie n ta tio n  o f  th e  

h y d ro g en  b o n d  in  th e  com plex  ( i.e . < 1HND1-ND1-SG = 5 5 .5  degrees) 

a s  im p o sed  b y  th e  p ro te in  s tru c tu re ,  a n d  th e  d ifferen t p ro to n  affin ities 

o f th e  d o n o r  a n d  a c c e p to r  m o lecu les . T he  la t te r  fac to r w as ex p ec ted  

to  h a v e  a  m in im a l effect on  th e  c h a n g e s  in  th e  b a r r ie r  a n d  d riv ing  

en erg y  b e c a u se  th e  difference  in  p ro to n  a ffin ities  b e tw een  im idazo lium  

a n d  m e th a n e th io l  a n d  b e tw ee n  a m m o n ia  a n d  h y d ro g en  su lfid e  w a s  

ex p ec ted  to  b e  sim ila r.
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S tru c tu ra l  c o n s id e ra tio n s  hav e  b e e n  sh o w n  to  p lay  a  key  ro le  in

m odify ing  th e  b a r r ie r  a n d  d riv ing  en erg y  of p ro to n  tr a n s fe r  (S cheiner,

1986). T h e  lac k  o f op tim ized  s t r u c tu r e s  w o u ld  in c re a s e  th e  b a r r ie r

a n d  re d u c e  th e  d riv in g  en erg y  b e c a u se  th e  g e o m e trie s  o f th e  d o n o r

(i.e. im idazo lium ) a n d  th e  acc ep to r  (I.e. m e th an e th io l)  m o lecu le s  w ere

o p tim a l fo r th e  r e a c ta n ts ,  a s  o p posed  to  th e  p ro d u c ts  o f th e  p ro to n

tra n s fe r  (i.e. im idazo le  a n d  m e th a n e th io l ca tion ). A lth o u g h  S c h e in e r  

fo u n d  fo r th e  NH4+/ H 2S  com plex  th a t  fu ll g eo m etry  o p tim iza tio n  d id

n o t  s ig n if ic a n tly  a ffec t th e  p ro to n  t r a n s fe r  e n e rg y  c u rv e  c o m p u te d  

u s in g  th e  fro zen  m o le cu le  a p p ro x im a tio n  a t  fixed  in te rm o le c u la r  

d is ta n c e , p rev io u s  w ork  a n d  m y  ow n p re lim in a ry  c o m p u ta tio n s  hav e  

su g g e s te d  t h a t  th e  b a r r ie r  w ou ld  d e c re a se  a n d  th e  d riv in g  e n e rg y  

w o u ld  in c re a s e  b y  c a . 5  k c a l /m o l if th e  lm id a z o liu m /m e th a n e th io l  

c o m p lex  w ere  o p tim iz e d , b u t  c o n s tr a in e d  to  th e  in te rm o le c u la r  

o r ie n ta t io n  re q u ire d  b y  th e  p ro te in  (Topiol e t  a l., 1985 ; M ercie r, 

u n p u b lis h e d  re su lts ) . T h e  m ajo r c o n tr ib u tio n  to  th e  c h a n g e s  in  th e  

b a r r ie r  a n d  th e  d riv ing  en e rg y  w ere  d u e  to  th e  la rge  d ev ia tio n  from  

l in e a r i ty  in  th e  h y d ro g e n  b o n d  o f  th e  lm id a z o l iu m /m e th a n e th io l  

com plex . S u b s t i tu t io n  o f th e  im idazo lium  a n d  th e  m e th a n e th io l  by  

a m m o n ia  a n d  h y d ro g e n  su lf id e , re sp ec tiv e ly , w h ile  r e ta in in g  th e  

n o n lin e a r  o r ie n ta tio n  re s u lte d  in  la rg e r  b a r r ie r s  a n d  sm a lle r  d riv ing  

e n erg ies  th a n  th o se  c o m p u ted  b y  S ch e in e r, a s  d isc u sse d  in  c h a p te r  2 . 

T h e se  r e s u l t s  w ere  e x p la in e d  o n  th e  b a s is  o f th e  c h a rg e -d ip o le  

In te ra c tio n  m odel p ro p o se d  b y  S c h e in e r  fo r th e  s ta b ili ty  o f c a tio n ic  

h y d r o g e n  b o n d s  ( S c h e i n e r ,  1 9 8 6 ) .  B r i e f l y ,  t h e

im id a z o le /m e th a n e th io l c a tio n  form  of th e  com plex  (i.e. a t  p o in t  M2) 

w a s  h ig h e r  in  en erg y  in  th e  a n g u la r  fo rm  of th e  com plex  b e c a u se  th e
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ch arg e -d ip o le  in te ra c tio n  w a s  u n fav o ra b le  in  th is  o r ie n ta tio n . T h is  

in te r a c t io n  w a s  e s se n tia lly  th e  sa m e  fo r b o th  o r ie n ta t io n s  o f th e  

c o m p le x  w h e n  th e  p r o to n  l ie s  o n  th e  im id a z o le ,  i .e . ,  th e  

lm id a z o liu m /m e th a n e th io l  fo rm  of th e  co m p lex  a t  M l .  T h u s , th e  

d riv ing  energy  d e c re a se d  (M2-M1); th e  b a r r ie r  a lso  In c re a se d  b e c a u s e  

th e  g eo m e try  a t  th e  tra n s it io n  s ta te , TS. is  c lose  to  th e  M 2 g eo m etry  

a n d  TS-M 1 w ou ld  in c rease .

C o rre la tio n  energy  w as only  co m p u ted  a t  th e  m in im a l b a s is  s e t  

level d u e  to  th e  size o f th e  com plex . T he  e n e rg ie s  c o m p u te d  w ith  

c o r re la t io n  c o rre c tio n s  sh o w ed  a  t r e n d  p re v io u s ly  d e s c r ib e d  fo r 

c a tio n ic  h y d ro g en  b o n d e d  com plexes in  w h ic h  c o rre la t io n  e n e rg ie s  

w e re  c a lc u la te d  w ith  la rg e r  b a s is  s e ts  (S c h e in e r  e t  a l . ,  1983): 

c o rre la tio n  en erg y  re d u c e d  th e  b a rr ie r  for p ro to n  t r a n s fe r  from  e ith e r  

th e  p ro to n  a c c e p to r  o r  from  th e  d o n o r. R e p o r ts  in  th e  l i te ra tu re  

w o u ld  s u g g e s t  t h a t  g e o m e try  o p tim iz a tio n s  in c lu d in g  c o rre la t io n  

effects w ould  n o t b e  expected  to  m odify th e  q u a lita tiv e  fe a tu re s  o f th e  

o b se rv a tio n s  o b ta in e d  h e re  (Jo n sso n  e t  a l., 1976; K a r ls tro m  e t  a l., 

19 7 6 ).

B ecau se  one  goal of th is  s tu d y  is  to  g a in  in s ig h t in to  th e  p o ten tia l 

e le c tro s ta tic  effects o f p ro te in s  for w h ich  no  h ig h  re so lu tio n  s t ru c tu ra l  

d a ta  is  availab le  (su ch  a s  is  th e  case  w ith  th e  5 -H T /L S D  recep to r), th e  

e le c tro s ta tic  effects from  th e  po lypep tide  s t r u c tu r e  o f a c t in id in  w ere  

c o m p u te d  in  te rm s  o f th e  c o n tr ib u tio n s  - from  i t s  s e c o n d a ry  a n d  

te r t ia ry  s t r u c tu r e .  S u c h  e le m e n ts  o f p ro te in  s t r u c tu r e  h a v e  b e e n  

recogn ized  in  a ll th e  p ro te in s  for w h ich  s t r u c tu r a l  d a ta  a re  av a ilab le
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(R ich ard so n , 1981), a n d  re c e n t ev idence  su g g e s te d  th a t  th e y  a re  a lso  

p ro m in e n t  in  th e  s t r u c tu r e  o f m e m b ra n e  b o u n d  n e u ro t r a n s m it te r  

re c e p to rs  (G ren n in g lo h  e t  a l., 1987; K ob ilka  e t  a l., 1987; 

S chofie ld  e t  a l., 1987). In d eed , d u r in g  th e  c o u rs e  o f th is  w o rk  th e  

p r im a ry  s t r u c tu r e  o f sev e ra l s u b ty p e s  o f th e  s e ro to n in  re c e p to r  w ere  

d e te rm in e d  (F arg in  e t  a l., 1988; J u l iu s  e t  a l.,  1988; P r ic h e tt e t  a l., 

1 9 8 8 ; H a rtig , 1989), a n d  a n a ly s is  o f th e i r  p r im a ry  s e q u e n c e s  

su g g e s te d  th e  p re se n c e  o f se v en  tra n s m e m b ra n e  h e lice s , a  com m on  

m o tif  in  th e  n e u ro tra n s m it te r  re c e p to rs  t h a t  in te ra c t  w ith  G p ro te in s . 

I t  m u s t  b e  em p h a size d  th a t  th is  s tra te g y  fo cu ses  o n  th e  effects from  

th e  h ig h e r  o rd e r  s t ru c tu re  o f p ro te in s  (i.e. a lp h a  helices), a s  opposed  

to  th e  e ffec ts  from  specific  r e s id u e s  w ith in  a  local s t r u c tu r e  o f th e  

a c tiv e  g ro u p s  in  a n  enzym e (e. g. th e  o x y a n lo n  h o le  in  s e r in e  

p ro tea se s) . A s H w ang a n d  W arshe l hav e  d isc u sse d , th e se  local effects 

m a y  b e  o p tim iz e d  th ro u g h  s t ro n g  e v o lu tio n a ry  p r e s s u r e  fo r th e  

p a r t ic u la r  fu n c tio n  o f th e  enzym e, a n d  m ay  b e  tra n s fe ra b le  on ly  a c ro ss  

th o s e  m e m b e rs  o f  t h a t  fam ily  o f  p ro te in s  w ith  th e  s a m e  fu n c tio n  

(H w ang a n d  W arshe l, 1988).

R e su lts  o f th e  c a lc u la tio n s  p re se n te d  h e re  show  th a t  th e  p ro te in  

e n v iro n m e n t o f a c tin id in  d isc r im in a te d  b e tw een  th e  d iffe ren t c ritic a l 

p o in ts  in  th e  p ro to n  t r a n s fe r  e n e rg y  cu rv e . T h is  w a s  p a r t ic u la r ly  

s ig n if ic a n t  fo r th e  c o m p le x  s tu d ie d  h e re  b e c a u s e  i t  d o e s  n o t 

c o rre sp o n d  to  th e  com plex  su sp e c te d  to  ex is t in  th e  p ro te in  a t  n e u tra l  

pH  (B aker, 1980; B ro c ld e h u rs t e t a l., 1981; Polgar a n d  H alasz , 1982), 

a n d  a lso  b e c a u se  th e  re d is tr ib u tio n  of n e t  ch arg e  u p o n  p ro to n  tra n s fe r  

in  th is  sy s te m  re p re se n te d  a  c h a rg e  sh if t  (i.e from  [+ 0 ] to  [0 +] ) a s
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o p p o sed  to  th e  c h a rg e  s e p a ra tio n  p ro c e ss  (i.e. from  [0 0 ] to  (- +] ) 

t h a t  h a s  b e e n  c o n s id e re d  to  o c c u r  In  th e  c a ta ly tic  m e c h a n is m  of 

a c tin id in  (A ngelldes a n d  F ink , 1978). T he  e le c tro s ta tic  e ffects from  

th e  p ro te in  s t ru c tu re  o f a c tin id in  h in d e re d  th e  p ro to n  tra n s fe r . T h is  

effect in c lu d e d  th e  c o n tr ib u tio n  from  th e  s id e  c h a in  o f T rp  184 w h ich  

a s  exp la ined  In T heo re tica l A p proach  w a s  in te n d e d  to  m im ick  a  ligand  

in  th e  recep to r. T h u s , a  prio ri, th e  full p ro te in  s t ru c tu re  In c lu d in g  th e  

lig an d  m im icked  b y  th e  s ide  c h a in  o f T rp  184  w a s  ex p ec ted  to  a id  in  

th e  p ro to n  t r a n s fe r  if  th e  X -ray  s t r u c tu r e  o f  a c tin id in  w ere  a  good 

m odel for th e  e le c tro s ta tic  effects o f th e  5-H T /L SD  re c e p to r  s tru c tu re .  

C o m p u ta tio n s  a n a lo g o u s  to  th o se  lis ted  in  T able  3 -4  show ed  th a t  th e  

s ide  c h a in  T rp  184 m ad e  a  neglig ible c o n tr ib u tio n  to  th e  b a r r ie r  a n d  

d riv in g  en e rg y  (i.e. TS-M 1= 0 .4  k c a l/m o l;  M 2-M 1= 0 .5  k c a l /m o l  for 

th e  to ta l e le c tro s ta tic  in te rac tio n  energy). T h is  w a s  d u e  m o s t likely  to  

th e  d isc re p a n c y  b e tw een  th e  o r ie n ta tio n  o f th e  in d o le  g ro u p  in  T rp  

184 in  th e  p ro te in  (i.e. n e a rly  s ta c k in g  over th e  im idazo le  r in g  of H is 

162) a n d  th e  o rie n ta tio n  su g g ested  b y  O sm a n  e t  a l. to  be  re sp o n s ib le  

fo r lo w erin g  th e  b a r r ie r  fo r p ro to n  t r a n s fe r  (i.e. s ta c k in g  p e rfe c tly  

p a ra l le l  to  th e  im id azo le  a n d  m id p o in t  b e tw e e n  th e  d o n o r  a n d  

a cc ep to r  m olecu les; O sm a n  e t  a l., 1987). T herefo re , even  th o u g h  th e  

s ide  c h a in  o f T rp  184 w a s  Inc luded  in  th e  full p ro te in  c o m p u ta tio n s , 

th is  m o d e l e n v iro n m e n t w a s  n o t  a n a lo g o u s  to  th e  re c e p to r  w ith  a  

lig an d  b o u n d  in  a  form  cap ab le  o f ac tiv a tio n  (i.e. tr iggering  th e  p ro to n  

tra n s fe r) , a n d  u n d e rs ta n d a b ly  th e  e le c tro s ta tic  e ffec ts  from  th e  fu ll 

p ro te in  s t ru c tu r e  o f a c tin id in  o p p o sed  th e  p ro to n  tra n s fe r . Indeed , 

th e  in c re a se  in  th e  b a rr ie r  a n d  d e c rea se  in  th e  d riv ing  en e rg y  b y  th e  

e le c tro s ta t ic  in te ra c t io n  b e tw ee n  th e  q u a n tu m  m o tif  a n d  th e  fu ll
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p ro te in  e n v iro n m e n t w a s  a  d e s ira b le  f e a tu re  b e c a u s e  th e  p ro to n  

t ra n s fe r  sh o u ld  b e  triggered  b y  c e r ta in  lig an d s, i.e. th e  ag o n is ts , w h en  

in  th e  p ro p e r  o r ie n ta t io n , a n d  n o t  b y  th e  s u r r o u n d in g  p ro te in  

en v iro n m en t. As sh o w n  in  a  su b s e q u e n t c h a p te r , c h a p te r  5, th e  p ro to n  

t r a n s fe r  b e tw ee n  H is 162  a n d  A sn  182 w a s  a ffec ted  b y  th e  lig an d  

m im ick  (Trp 184) a n d  o th e r  c o n g e n e rs  b e c a u s e  th e  re la tiv e  p o s itio n  

w as m ore favorable.

T he  d eco m p o sitio n  o f th e  e le c tro s ta tic  e ffec ts  from  th e  p ro te in  

s t r u c tu r e  in to  c o n tr ib u tio n s  from  th e  f ra g m e n ts  t h a t  c o m p o se  th e  

p ro te in  in d ic a te d  th a t  d iffe ren t g ro u p s  c o n tr ib u te d  d iffe ren tly  to  th e  

m o d u la tio n  of th e  p ro to n  tra n s fe r  energy  cu rve . I t  w a s  s ig n ifican t th a t  

th e  a lp h a  h e lices  a n d  th e  b e ta  s h e e ts  a id e d  th e  p ro to n  tra n s fe r , a n d  

th e ir  e ffects w a s  c o n s id e ra b ly  la rg e r  t h a n  th e  c o n tr ib u tio n  from  th e  

g ro u p s  in  th e  ac tive  s ite  w h ic h  o p p o se d  th e  t r a n s fe r .  T h u s , th e  

e le m e n ts  o f th e  p ro te in  s t r u c tu r e  w h ic h  w ere  n o t  in c lu d e d  in  th e  

d eco m p o sitio n  a re  p re s u m a b ly  re sp o n s ib le  fo r h in d e r in g  th e  p ro to n  

t r a n s fe r  w h e n  th e  fu ll p ro te in  e ffec ts  w a s  c o n s id e re d . T h is  f in d in g  

su g g e s te d  th a t  c o m p u ta tio n s  o f m o le c u la r  p ro c e s s e s  in  p ro te in s  in  

w h ic h  th e  e n v iro n m e n t w o u ld  b e  lim ited  o n ly  to  a  f ra c tio n  o f th e  

s t r u c tu r e  in  th e  p ro te in  m a y  n o t  re f le c t th e  e ffec ts  o f th e  e n tire  

p ro te in  s t ru c tu re  o n  th e  en erg e tics  o f a  re a c tio n  c o o rd in a te . D ifferent 

p a r ts  o f th e  p ro te in  m ay  c o u n te ra c t e a c h  o th e r 's  effects in  y ie ld ing  th e  

n e t  r e s u l t  o b se rv ed  w h e n  th e  e n tire  p ro te in  s t r u c tu r e  is  c o n s id e re d . 

C onsequen tly , th e  u s e  o f a  d is ta n c e  c r ite r io n , o ften  ap p lied  to  re d u c e  

th e  size o f c o m p u ta tio n s  a im ed  a t  e lu c id a tin g  th e  ro le  o f e le c tro s ta tic s  

in  th e  s t r u c tu r e  a n d  fu n c tio n  o f p ro te in s , m a y  n o t  b e  a d e q u a te .
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S im ila r ly , th e  s ig n if ic a n t  m o d u la to ry  e ffe c ts  fro m  th e  d if fe re n t 

e le m e n ts  o f th e  s t ru c tu re  o f p ro te in s  w ould  be  m isse d  in  c o m p u ta tio n s  

t h a t  on ly  c o n s id e r  a  s in g le  e le m e n t o f s t ru c tu re  o r  th e  e n tire  p ro te in  

s t ru c tu re  a lone . S u c h  m o d u la to ry  effects m ay  b e  o f s ig n ifican t v a lu e  in  

e ffo rts  to  d e s ig n  p ro te in s  w ith  specific  fu n c tio n . C o n se q u e n tly , th e  

a t t r ib u t io n  o f a  p a r t ic u la r  p h y sic o ch e m ic a l e ffec t o b se rv ed  in s id e  a  

p ro te in , s u c h  a s  a  sh if t in  pK a, to  a  sin g le  e le m e n t o f th e  p ro te in  

s t r u c tu r e  w ou ld  b e  in c o rre c t  u n le s s  a ll th e  c o n tr ib u tio n s  fro m  th e  

d iffe ren t e le m e n ts  in  th e  com plex  s t ru c tu re  o f th e  p ro te in  h a p p e n  to  

can ce l o u t.

T h e  com plex  in te ra c tio n  b e tw ee n  th e  p ro te in  e n v iro n m e n t a n d  

th e  q u a n tu m  m o tif  w a s  f u r th e r  d e m o n s tr a te d  b y  s tu d y in g  th e  

in te ra c t io n  b e tw e e n  th e  g ro u p s  of th e  q u a n tu m  m o tif  a n d  th e i r  

e n v iro n m en t. T h e  c h a n g e s  in  th e  p o te n tia l en erg y  cu rv e  for p ro to n  

tr a n s fe r  w h e n  th e  e le c tro s ta tic  effects o f th e  p o lypep tide  e n v iro n m en t 

w a s  c o n s id e re d , re su lte d  from  o p p o site  e ffects o n  th e  s ta b iliz a tio n  o f 

n o t on ly  th e  p ro to n , b u t  a lso  i ts  a cc ep to r  a n d  d o n o r m o lecu les  a s  th e  

p ro to n  w as m oved. T h is  im plied  t h a t  th e  m o d u la to ry  e ffect from  th e  

p ro te in  o rig in a te d  from  i ts  e le c tro s ta tic  in te ra c tio n  w ith  th e  c h a rg e  

d i s t r ib u t io n  o f  th e  d o n o r  a n d  a c c e p to r  m o le c u le s  a s  i t  w a s  

re d is tr ib u te d  b y  th e  m ov ing  p ro to n  a n d  n o t  b y  th e  field  from  th e  

p ro te in  b e c a u se  th e  po lariza tion  of th e  q u a n tu m  m o tif by  th e  la t te r  w as 

sm all. C onsequen tly , c o m p u ta tio n a l sch em es  th a t  a tte m p t to  develop 

m e c h a n is t ic  h y p o th e s is  fo r enzym e c a ta ly s is  o r  re c e p to r  a c tiv a tio n  

e v en ts  in  w h ich  p ro to n  t r a n s fe r s  o c c u r  n e e d  to  go b ey o n d  th e  m ere  

d e s c r ip t io n  o f  t h e  e l e c t r o s t a t i c  p o te n t i a l  f ro m  t h e  p r o te in
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e n v iro n m e n t along  th e  re a c tio n  co o rd in a te  p a th  (Lavery e t  a l., 1983). 

M oreover, i t  su g g e s te d  t h a t  e le c tro s ta tic  e ffec ts  d e sc r ib e d  h e re  m a y  

h av e  b e e n  m isse d  In m o lecu la r m ec h an ic s  o r  d y nam ic  s im u la tio n s  th a t  

u s e d  p o te n t ia l  f u n c t io n s  t h a t  d id  n o t  in c o r p o ra te  th e  c h a rg e  

r e d is tr ib u t io n  a s s o c ia te d  w ith  th e  p ro to n  t r a n s f e r  in  a  h y d ro g e n  

b o n d e d  c o m p lex . T h u s ,  q u a n tu m  m e c h a n ic a l  s im u la t io n s  o r 

m o d ifica tio n  to  th e  p o te n tia l  fu n c tio n s  a re  n e c e s s a ry  to  s tu d y  th e  

m o d u la to ry  ro le  o f th e  p ro te in  e le c tro s ta tic  e n v iro n m e n t on , a t  le a s t, 

p ro to n  tra n s fe r  reac tio n s , a n d  possib ly  ch em ica l ca ta ly sis .

T h e  b rea k d o w n  of th e  e le c tro s ta tic  en erg y  in to  p e r tu rb e d  (IND 

B a n d  POL QM) a n d  u n p e r tu rb e d  (I.e. VxQ a n d  FxM) c o n tr ib u tio n s  

sh o w ed  th a t  th e  n a tu re  o f th e  e le c tro s ta tic  in te ra c tio n  b e tw ee n  th e  

q u a n tu m  m o tif  a n d  th e  d iffe re n t f ra g m e n ts  o f th e  p ro te in  v a rie d  

a m o n g  th e  frag m e n ts . W ork b y  H olm es e t  a l. (H olm es e t  a l., 1985) 

sh o w e d  t h a t  th e  p o la r iz a tio n  e n e rg y  w a s  n o n n e g llg ib le  b e tw e e n  

hyd rogen  b o n d ed  g roups. H is 162 w as hydrogen  b o n d ed  to  C ys 2 5  a n d  

A sp  182 . T h e  fo rm er in te ra c t io n  w a s  in c lu d e d  in  th e  q u a n tu m  

m e c h a n ic a l d e sc rip tio n  o f th e  g ro u p s . T he la t te r  w a s  in c lu d e d  in  th e  

se m ic la ss ic a l sc h em e  b y  th e  c la ss ic a l re p re se n ta tio n  of A sp 182, a n d  

h e n c e  w a s  a p p ro p r ia te ly  d e sc r ib e d  b e c a u s e  th e  h y d ro g e n  b o n d  is  

la rg e ly  e le c tro s ta tic  in  n a tu re . N ev erth e less , th e  p o la r iz a tio n  o f th e  

q u a n tu m  m o tif  b y  th e  p ro te in  w a s  sm all. A s sh o w n  in  th e  p rev io u s  

c h a p te r , in c lu s io n  o f p o la riza tio n  fu n c tio n s  w ou ld  n o t  b e  expec ted  to  

c h a n g e  th is  r e s u l t .  S u c h  r e s u l t  m ay  b e  e x p la in e d  b y  th e  sm a ll  

p o la rizab illty  o f  ca tio n ic  sy s te m s  like  th e  lm id a z o liu m /m e th a n e th io l  

com plex. In  c o n tra s t, th e  po lariza tion  of th e  active  s ite  g ro u p s  w a s  th e
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m a jo r  c o m p o n e n t o f i ts  e le c tro s ta t ic  In te ra c tio n  w ith  th e  q u a n tu m  

m otif. P o la riza tio n  c o n tr ib u tio n s  w ere  a lso  n o n n eg lig ib le  fo r th e  b e ta  

s h e e ts .  C u rre n tly , th e  e le c tro s ta tic  p ro p e r tie s  in h e re n t  in  th e  b e ta  

s h e e t  s t r u c tu r e  a re  n o t  c le a r  (van  D u ijn e n , e t  a l., 1985) a n d  th e  

im p o r ta n c e  o f t h i s  s t r u c t u r a l  m o ti f  in  t h e  s t r u c t u r e  o f 

n e u ro tra n s m it te r  re c e p to rs  is  n o t  k n o w n . T h e  s c a rc e  d a ta  from  th e  

a n a ly s is  o f th e  se q u en c e  o f a  few re c e p to rs  a n d  th e  k n o w n  s t ru c tu re  of 

m e m b ra n e -b o u n d  p ro te in s  do  n o t  s u g g e s t  m a jo r  ro le s  fo r th e s e  

e le m e n ts  o f  te r t ia ry  s t r u c tu r e .  In  c o n tr a s t ,  a lp h a  h e lic e s  p la y  a  

p r o m in e n t  ro le , a n d  th e i r  e le c t r o s ta t ic  p r o p e r t i e s  h a v e  b e e n  

c o n s id e re d  (Hoi e t  a l., 1978). T he  u n p e r tu r b e d  in te ra c t io n  en e rg y  

w as th e  m a jo r c o m p o n e n t to  th e  e le c tro s ta tic  in te ra c tio n  b e tw een  th e  

lm id a z o liu m /m e th a n e th io l com plex  a n d  th e  a lp h a  h e lice s . A  s im ila r  

co n c lu sio n  app lied  to  th e  in te ra c tio n  w ith  th e  full p ro te in . T h u s , b o th  

th e  p e r tu rb e d  a n d  u n p e r tu rb e d  c o n tr ib u t io n s  to  th e  e le c tro s ta t ic  

energy  of in te ra c tio n  b e tw een  th e  p ro te in  a n d  th e  q u a n tu m  m o tif  w ere 

im p o r ta n t . A s W a rsh e l p o in te d  o u t. p ro te in  p o la r ity  m a y  n o t  be  

n e g le c te d  in  c o m p u ta t io n s  o f e le c t r o s ta t ic  e ffe c ts  in  p r o te in s  

(W arshel, 1987). A d e ta ile d  a n a ly s is  o f th e  e le c tro s ta tic  in te ra c tio n  

b e tw e e n  th e  a lp h a  h e lic e s  a n d  th e  im id a z o l iu m /  m e th a n e th io l  

com plex  is  th e  su b je c t o f th e  n e x t c h a p te r .
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TABLE 3 -1 . C o o rd in a tes  for th e  lm id a z o liu m /m e th a n e th io l com plex  a .

ATOM X Y Z

ND1 6 0 .0 2 1 2 3 .8 8 3 1 6 .0 7 9
CE1 6 0 .1 0 8 2 4 .2 3 2 1 7 .3 7 5
N E 2 5 8 .9 7 2 2 4 .8 7 7 1 7 .6 8 5
CG4 5 8 .7 8 9 2 4 .3 1 8 1 5 .5 3 8
CD2 5 8 .1 4 3 2 4 .9 3 6 1 6 .5 4 8
SG 6 0 .5 0 7 2 0 .6 0 5 1 6 .2 6 0
CB 6 0 .4 9 1 2 0 .7 1 7 1 8 .0 6 8
1HD1 6 0 .7 5 3 2 3 .3 7 3 1 5 .5 6 5
1H E1 6 0 .9 4 4 2 4 .0 2 9 1 8 .0 4 9
1H E 2 5 8 .7 5 1 2 5 .2 6 4 1 8 .6 1 4
1H G 4 5 8 .5 2 2 2 4 .1 3 6 1 4 .5 0 4
1HD2 5 7 .1 7 4 2 5 .4 1 7 1 6 .5 8 3
1HSG 5 9 .5 6 9 1 9 .6 6 7 1 6 .1 7 3
1HB 6 1 .2 0 9 2 1 .4 7 9 18 .3 7 1
3HB 6 0 .7 5 7 1 9 .7 7 0 1 8 .5 6 9

a In  a n g s tro m s  a n d  In th e  co o rd in a te  fram e of th e  PDB file 2ACT, 
a c tin id in .
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TABLE 3 -2 . P ro ton  tra n s fe r  energy: lm id a z o liu m /m e th a n e th io l 
com plex  in  iso la tio n  a .

PO IN T STO -3G 6 -3 1 G 6-31G * ST O -3G /M P3b

M l -2.1 -3 .3 - 1.6 -2 .0

T S 3 6 .9 52 .1 4 2 .5 2 4 .3
M 2 3 3 .5 5 1 .7 3 8 .9 22.1

T S -M 1 3 9 .0 5 5 .4 44 .1 2 6 .3
M 2-M 1 3 5 .6 5 5 .0 4 0 .5 24 .1

a E nergy  in  k c a l/m o l. Zero p o in t energy  is  th e  s u m  of iso la ted  STO-3G 
optim ized  im idazo lium  a n d  M ethaneth io l, its  geom etry  a s  d e sc rib ed  in  
T h eo re tica l A pproach . Im idazolium : -2 2 2 .4 3 9 3 0  h a r tre e s , STO-3G; 
-2 2 5 .0 9 8 3 0  h a r tre e s , 6-31G : -2 2 5 .1 8 9 0 5  h a r tre e s , 6-31G*; 
-2 2 2 .7 7 0 6 6  h a r tre e s , ST O -3G /M P3. M eth an e th io l: -4 3 2 .8 9 5 0 4  
h a r tre e s , STO-3G; -4 3 7 .6 4 4 2 2  h a r tre e s , 6 - 3 1G; -4 3 7 .6 9 9 2 3  h a r tre e s , 
6-31G*; -4 3 2 .9 9 4 9 8  h a r tre e s , ST O -3G /M P3. 
b F rom  q u a rtic  fit to  p o in ts  in  F igure  3 -2 . Q u a rtic  fit eq u a tio n :
2 0 4 6 .4 1 8  - 5 8 7 7 .6 0 5  X + 6 1 4 1 .3 6 8  X**2 - 2 7 6 6 .3 5 3  X**3 + 4 5 6 .3 8 9  
X**4.
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TABLE 3-3. Internal coordinates for 1HND and 1HSG a.

POINT BASIS 
S E T

R1 BETA1 TAU1 R 2 BETA2 TA U 2

M l STO -3G 1.03 50 .1 173 .2 1.33 1 2 3 .8 -1 6 .8
6 - 3 1G 1.00 5 1 .6 1 7 5 .0 1 .35 1 3 9 .4 -7 .4

T S STO -3G 1.63 5 .5 120 .9 1 .34 9 7 .8 -1 5 .6
6 -3 1 G 1.74 7.1 122.6 1.35 100.1 - 11.8

M 2 STO -3G 1.90 5 .5 120.8 1 .34 9 6 .1 -1 4 .3
6 -3 1 G 1.89 7 .2 1 2 2 .7 1.35 100.0 - 11.2

a In  a n g s tro m s  a n d  degrees. R1 a n d  R2 a re  th e  ND1- 1HD1 a n d  th e  
1HSG- SG  b o n d  len g th s, respectively . BETA1 a n d  BETA2 a re  th e  
1HD1- ND1- SG  a n d  th e  1HSG- SG- ND1 ang les, respectively . TAU1 
a n d  TAU2 a re  th e  1HD1- ND1- CG4- NE2 a n d  th e  1HSG- SG- N D 1- 
CG4 d ih ed ra l ang les, respectively .
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TABLE 3-4. Protein electrostatic effects a.

M l T S M 2 T S-M 1 M 2-M 1

ACTIVE
UNPT -6.8 -6 .5 -5 .9 0 .3 0 .9

(-1 1 .5 ) ( - 10 .6 ) (-9 .7 ) (0 .9 ) (1 .7 )
IND B -8 .7 -6 .3 -5 .5 2 .5 3 .2
TOTAL -1 5 .6 - 12.8 -1 1 .4 2.8 4.1

HX
UNPT -1 1 6 .4 -1 2 3 .5 -1 2 6 .2 -7 .1 -9 .9

(-1 1 0 .7 ) (-1 1 4 .0 ) (-1 1 5 .0 ) (-3 .3 ) (-4 .3 )
IND B -3 .6 -5 .3 -6 .4 -1 .7 -2.8

TOTAL-1 1 9 .9 -1 2 8 .8 -1 3 2 .6 -8 .9 -1 2 .7

BETA
UNPT -7 .7 -1 0 .7 - 11.0 -3 .0 -3 .3

(3 .5 ) (8 .9 ) (1 1 .0 ) (5 .3 ) (7 .5 )
IND B -6 .4 - 11.8 -1 4 .9 -5 .4 -8 .6
TOTAL -14 .1 -2 2 .5 -2 5 .9 -8 .5 - 11.8

FULL
UNPT b - 3 16.1 -3 0 4 .5 -2 9 9 .9 11.6 16 .2
IND B c -3 3 .4 -3 5 .7 -3 8 .7 -2 .3 -5 .3
TOTAL-3 4 9 .5 -3 4 0 .2 -3 3 8 .7 9 .3 10.8

a C o m p u ted  w ith  th e  STO-3G b a s is  se t. V a lues in  p a re n th e s is  a re  VxQ 
e n erg ies . E n erg y  in  k c a l/m o l. See T h eo re tica l A p p ro ach  for de fin ition  
o f en erg y  te rm s. 
b O nly  VxQ te rm  is  inc luded . 
c D ipole in te ra c tio n  te n s o r  is  neg lected .
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TABLE 3-5. Polarization of the quantum motif a.

M l T S M 2 T S-M 1 M 2-M 1

ACTIVE -0 .8 -0.8 -0 .9 0 .0 -0.1

HX -0 .2 -0.2 -0.2 0.0 0 .0

FULL -1 .9 -2 .6 -2 .4 -0 .7 -0 .5

a C om pu ted  w ith  th e  6 -3 1G b a s is  se t. E n ergy  in  k c a l/m o l.
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TABLE 3-6. Electrostatic QxQ energy a.

M l T S M 2 T S -M 1 M 2-M 1

HX -1 0 9 .3 -1 1 2 .9 -1 1 4 .0 -3 .6 -4 .7
(-1 1 0 .7 ) (-1 1 4 .0 ) (-1 1 5 .0 ) (-3 .3 ) (-4 .3 )

FULL -3 1 5 .3 -3 0 4 .6 -2 9 9 .7 10 .7 15 .6
(-3 1 6 .1 ) (-3 0 4 .5 ) (-2 9 9 .9 ) (1 1 .6 ) (1 6 .2 )

CONTRIBUTION FROM FRAGMENTS O F THE QUANTUM MOTIF b

T S M 2 AT POINT 2 .0

IMID c 4 7 6 9 7 3
HX METS d -4 2 -6 0 -6 3

PTN 6 -9 -1 4 -1 5

IM ID 1 40 2 0 2 2 1 4
FULL M E T S -1 0 7 -1 5 4 -1 6 2

PT N -21 -3 3 -3 5

a C om puted  w ith  th e  STO-3G b a s is  se t. E nergy  in  k c a l/m o l. V alues in  
p a re n th e s is  a re  VxQ energ ies.
b Zero p o in t is  a t  M l. For th e  h e lice s  (HX): IMID, -7 4  k c a l/m o l; METS, 
-3 8  k c a l/m o l; PTN 2 k c a l/m o l. F o r th e  full p ro te in  (FULL): IMID, -211 
k c a l/m o l; METS, -1 0 8  k c a l/m o l; PTN, 4  k c a l/m o l. 
c Im idazolium  
d M e th an e th io l 
e T he  p ro to n
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TABLE 3-7. Electrostatic QxQ energy after scaling a.

M l T S M 2 T S-M 1 M 2-M 1

HX -2 9 .3 -3 0 .7 -31 -1 .4  -1 .7
(-3 0 .0 ) (-3 1 .3 ) (-3 1 .6 ) (-1 .3 ) (-1 .6 )

FULL -1 4 .9 -0.6 5 .6 1 4 .3  2 0 .5
(-1 5 .4 ) (-0 .8 ) (4 .8 ) (1 4 .6 ) (2 0 .2 )

CONTRIBUTION FROM FRAGMENTS O F TH E QUANTUM MOTIF b

T S M 2 AT POINT 2

IMID c 12 18 19
HX METS -11 -1 6 -1 7

PTN -3 -4 -4

IM ID 6 9 9
FULL M E T S 6 8 9

PT N 2 3 4

a C om puted  w ith  th e  STO-3G b a s is  se t. E nergy  in  k c a l/m o l. V a lues in  
p a re n th e s is  a re  VxQ energ ies .
b Zero p o in t is  a t  M l. For th e  he lices  (HX): IMID, -1 9  k c a l/m o l; METS, 
-11  k c a l/m o l; PTN 0  k c a l/m o l.. F o r th e  full p ro te in  (FULL): IMID, -5 
k c a l/m o l; METS, -9  k c a l/m o l; PTN, 0  k c a l/m o l.
0 D escrip tio n  o f q u a n tu m  m o tif frag m en ts  a s  in  T able 3 -6 .



Figure  3 -1 . A lpha ca rb o n  c h a in  of ac tin id in . O nly  th e  s id e  c h a in s  

of se lec ted  re s id u e s  in  th e  active s ite  a re  show n: C ys 25 , H is 162, a n d  

A sn  182 in  yellow; a n d  T rp  184 in  red .
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F ig u re  3 -2 . P ro to n  t r a n s fe r  e n e rg y  cu rv e  fo r th e  Im id a zo liu m / 

m e th a n e th io l  co m p lex  in  th e  a b s e n c e  o f  p ro te in  e ffec ts . C irc le : 

H artree-F o ck  energy  u s in g  th e  STO -3G  b a s is  se t. S q u are : H artree-F o ck  

p lu s  M P3 en erg y , s a m e  b a s is  s e t  Z ero  e n e rg y  is  th e  s u m  o f th e  

iso la ted  im idazo lium  a n d  m e th a n e th io l m o lecu les; see  T ab le  3 -2 .

4 0

-10
1.0 1.2 1.4 1.6 1.8 2.0 2.2

ND1-1HD1, A
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F ig u re  3 -3 . G eo m etry  an d  p ro to n  p a th  in  th e  p ro to n  tra n s fe r  

b e tw e e n  im id a z o liu m  a n d  m e th a n e th io l .  O r ie n ta t io n  a s  in  th e  

c o o rd in a te s  o f T able  3 -1 .
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F ig u re  3 -4 . P ro to n  t ra n s fe r  en e rg y  c u rv e  for th e  im id a z o liu m / 

m e th a n e th io l com plex  in  th e  a b se n c e  a n d  p re se n c e  o f p ro te in  effects. 

C ircle: H a rtree -F o ck  energy  u s in g  th e  STO -3G  b a s is  se t. Z ero energy  

is  th e  s u m  o f th e  iso la te d  im idazo lium  a n d  m e th a n e th io l m o lecu les; 

see  T able  3 -2 . S q u a re : H artree-F ock  p lu s  QxQ energy . QxQ en erg y  is  

n o rm alized  to  p o in t M l is  zero . QxQ e n e rg y  a t  p o in t  M l is  -3 1 5 .3  

k c a l/m o l.

%

6 0

5 0 -

4 0 -
Oa 3 0 -

73 20 -  

O
1 0 -

o -

-1 0
1.0 1.2 1.4 1.6 1.8 2 .0  2 .2

ND1-1HD1, A
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F ig u re  3 -5 . E le c tro s ta t ic  e n e rg y  o f  in te r a c t io n  b e tw e e n  th e  

g ro u p s  o f th e  q u a n tu m  m o tif  a n d  g ro u p s  o f  th e  p ro te in  s t r u c tu r e  of 

ac tin id in . A, F u ll p ro te in  s tru c tu re . B, H elices A1-A6. S q u a re s , energy  

fo r im idazo le; tr ia n g le , en erg y  for m e th a n e th io l; c irc le , en erg y  fo r th e  

p ro to n . Zero energy  is  a t  p ro to n  p o sitio n  1 .03  A (i.e. M l); se e  T able

3 -6 . E n erg y  in  k c a l/m o l.

3 0 0

£  1 0 0 -

x  2 0 0 ;

□cmSjocxDoooo
A

- 100-

-200
1.0 1.2 1.4 1.6 1.8 2.0 2.2

ND1 -  1HD1

3 0 0
B

- 100 -

- 2 0 0  l 111 1 * i ■ ■ i ■ * i ' '  i ■ ■
1.0 1.2 1.4 1.6 1.8 2.0 2.2 

ND1 --1HD1
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F ig u re  3 -6 . E le c tro s ta tic  e n e rg y  o f in te r a c t io n  b e tw e e n  th e  

g ro u p s  o f th e  q u a n tu m  m o tif  a n d  g ro u p s  o f  th e  p ro te in  s t r u c tu r e  of 

a c t in id in  u s in g  th e  s c a le d  c h a rg e s  a s  d e s c r ib e d  in  T h e o re tic a l  

A pproach . D eta ils  a s  in  F igu re  3 -5  a n d  T ab le  3-7 .

1.0 1.2 1.4 1.6 1.8 2.0 2.2
N D l -  1HD1

2 0 -

o ■

o

0 -
n
a

- 1 0 -

- 2 0 -

Dcn22?0<coooo

! ■  I  |  I  I  |  I "  I  |  I  I  |  I  I  |  ■ I  ' f ' f f

1.0 1.2 1.4 1.6 1.8 2.0 2.2 
ND1-1HD1
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CHAPTER 4

ELECTROSTATIC EFFECTS FROM THE ALPHA HELICES 

(from M ercier e t  a l., 1988b)

4 .1  INTRODUCTION

In  th e  p rev io u s  c h a p te r  th e  e le c tro s ta tic  e ffec ts  o f th e  p ro te in  

s t ru c tu re  of a c tln ld in  o n  th e  p ro to n  tra n s fe r  b e tw een  th e  H is 162 a n d  

C ys 2 5  re s id u e s  In  th e  active  s ite  w ere  c o m p u te d  a n d  an a ly zed  In 

te rm s  of c o n tr ib u tio n s  from  c o n s titu tiv e  e le m e n ts  o f th e  s t r u c tu r e  of 

th e  enzym e. A lp h a  h e lice s  c o n ta in  sp e c ia l e le c tro s ta t ic  p ro p e r t ie s  

(Hoi e t  a l.. 1978) d e te rm in e d  b y  th e ir  s t r u c tu r e  (i.e. th e  a lp h a  he lix  

d ipole). T h e se  s t r u c tu r e s  h a v e  b e e n  p o s tu la te d  to  e x is t  in  m a n y  

m e m b ra n e -b o u n d  rec ep to rs , in c lu d in g  th e  5-H T re c e p to rs  (F arg in  e t 

a l., 1988; J u l iu s  e t  a l., 1988; P rich e tt e t  a l., 1988; H artig , 1989). T h u s, 

th e y  deserve  sp ec ia l a tte n tio n . In  th is  c h a p te r  I re p o r t on  th e  effects 

o f th e  s ix  h e lices  in  th e  s t ru c tu r e  o f a c tin id in  a n d  o n  th e ir  p u ta tiv e  

ro le  in  m o d u la tin g  th e  a c tio n s  of a  ligand  in  th e  re c e p to r  a c tiv a tio n  

p ro c e ss .
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4 .2  THEORETICAL APPROACH

4.2.1 PROTEIN AND QUANTUM MOTIF STRUCTURES

T h e  p r o te in  c o o rd in a te s  o f a c t in id in  (E .C . 3 .4 .2 2 .1 4 )  w ere  

o b ta in e d  from  th e  PDB (file 2ACT) a n d  m odified  a s  d e sc rib e d  in  th e  

p rev io u s  c h a p te r . S im ilarly , th e  q u a n tu m  m o tif w as  c o n s tru c te d  from  

im id a z o liu m  a n d  m e th a n e th io l  a s  d is c u s s e d  in  th e  T h e o re tic a l  

A pproach  sec tio n  of c h a p te r  3.

4.2 .2  PROTON TRANSFER ENERGY CURVE IN THE ABSENCE OF 

ACTINIDIN

T he en e rg y  cu rve  for p ro to n  tr a n s fe r  b e tw een  im id azo liu m  a n d  

m e th a n e th io l  w a s  c o m p u te d  a s  d e sc r ib e d  in  th e  p re v io u s  c h a p te r . 

T h ese  c o m p u ta tio n s  w ere  lim ited  to  th e  LCAO-M O-SCF H artree -F o ck  

level o f a p p ro x im a tio n  a n d  th e  STO-3G b a s is  s e t  (H ehre e t  a l., 1970; 

H e h re  e t  a l., 1969) a s  im p le m e n te d  in  th e  G a u s s ia n  8 2  sy s te m  of 

p ro g ra m s  (B ink ley  e t  a l.,  1982). A s sh o w n  a lre a d y  in  p re v io u s  

c h a p te r s ,  q u a lita tiv e  r e s u l ts  a n d  In fe re n ce s  from  th e  c o m p u ta tio n s  

re m a in  u n c h a n g e d  b y  im p ro v e m e n ts  in  th e  c o m p u ta tio n a l m odel or 

th e  b a s i s  s e t .  A b a s is  s e t  d e p e n d e n c e  o f th e  r e s u l t s  w a s  n o t  

com p le te ly  u n e x p e c te d  b e c a u se  th e  p ro to n  t r a n s fe r  en erg y  cu rv e  in  

th e  a b se n c e  o f th e  p ro te in  w ould  d e p en d  o n  th e  d ifference in  a b so lu te  

a c id itie s  b e tw ee n  th e  d o n o r  a n d  a c c e p to r  m o lecu le s  involved in  th e  

ca tio n ic  h y d ro g en  b o n d . H ie  m in im a l b a s is  s e t  re p ro d u c e s  th e
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d ifference  in  e x p e rim e n ta l a b so lu te  a c id itie s  o n ly  w ith in  3  k c a l/m o l 

(see T able  6 .7 4  in  H ehre  e t a l.. 1986).

T he  re a c tio n  c o o rd in a te  for th e  energy  c u rv e  fo r th e  t ra n s fe r  of 

th e  (1HD1) p ro to n  c o n s is te d  o f th e  N D 1--1H D 1 d is ta n c e . T he 

c r i t ic a l  p o in ts  ( i.e .. th e  m in im u m  n e a r  N D 1, te rm e d  M l, th e  

t r a n s it io n  s ta te , te rm e d  TS, a n d  th e  m in im u m  n e a r  SG, te rm ed  M2) 

w ere  c a lc u la te d  b y  fu ll o p tim iza tio n  o f th e  in te rn a l  c o o rd in a te s  of 

1HD1 a n d  1HSG; all o th e r  in te rn a l co o rd in a te s  rem a in e d  fixed.

4,2 .3  COMPUTATIONS WITH THE QUANTUM MOTIF EMBEDDED IN 

ACTINIDIN

A s d e sc rib e d  in  p rev io u s  c h a p te rs , th e  e ffect o f th e  e n tire  

p ro te in  s t r u c tu r e  (the  "full p ro te in  en v iro n m en t" ; FULL) w as 

c o n s id e re d  b y  u s in g  a ll th e  a to m s  in  th e  p ro te in  e x ce p t th o se  

b e lo n g in g  to  H is 162 a n d  C ys 25 . H ydrogen  a to m s  w ere  tre a te d  

exp licitly  a s  g e n e ra te d  b y  th e  p ro g ram  HYDRO from  M. Levitt. To 

c o n s id e r  th e  e ffe c ts  o f th e  a lp h a  h e lic e s , s e v e n  s u b s e t s  o f 

c o o rd in a te s  w ere  a lso  g e n e ra te d  from  th e  FULL se t. O ne s e t  (HX) 

c o n s is te d  of th e  a to m s  be long ing  to  a ll th e  a lp h a  h e lice s  a s  d escribed  

in  th e  PDB file (i.e. h e lices  A l to  A6). T he rem a in in g  s ix  s e ts  (A l, A2, 

A3, A4, A5, a n d  A6 ) c o n ta in e d  th e  in d iv id u a l h e lic e s  A l to  A6 , 

respectively . (See F igu re  4-1 .) To th e  a to m s in  th e s e  s t ru c tu re s  p o in t 

c h a rg es  w ere a ss ig n e d  a s  d esc rib ed  in  th e  p rev io u s c h a p te r .
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T he e le c tro s ta tic  effects from  th e  above e n v iro n m e n ts  o n  th e  

p ro to n  tra n s fe r  p ro c e ss  w ere co m p u ted  from  th e  in te ra c tio n  of th e  

p o in t  c h a rg e s  w ith  th e  p ro to n  t ra n s fe r  m odel (M ercier e t  a l.,  1988a; 

M ercier e t  a l., 1988b). T h is  u n p e rtu rb e d  in te ra c tio n  w a s  sh o w n  in  th e  

l a s t  c h a p te r  to  b e  th e  m a jo r  c o m p o n e n t  in  th e  e le c t r o s ta t ic  

in te ra c tio n  b e tw een  th e  a lp h a  h e lices  a n d  th e  q u a n tu m  m o tif  (i.e. th e  

im id a z o liu m /m e th a n e th io l com plex). M oreover, th is  in te ra c tio n  te rm  

w a s  th e  o n ly  s tr ic t ly  ad d itiv e  te rm  in  th e  e le c tro s ta t ic  in te ra c t io n  

b e tw een  th e s e  g ro u p s  (i.e. th e  in te ra c tio n  w ith  th e  s e t  HX will e q u a l 

th e  s u m  of th e  in te rac tio n  w ith  th e  ind iv idua l he lices  in  s e ts  A l  to  A6 ). 

A dd itiv ity  in  th e  en e rg y  te rm  c o m p u te d  fo r th e  in te ra c tio n  b e tw een  

frag m e n ts  o f th e  en v iro n m en t w ith  th e  q u a n tu m  m o tif w ould  m ak e  th e  

r e s u l ts  e a s ie r  to  genera lize  from  th e  te s t  sy s te m  s u c h  a s  a c tin id in  to  

th e  sy s tem  of in te re s t  su c h  a s  th e  5-H T /L SD  recep to r.

T h e  a c c u ra te  re p re s e n ta t io n  o f th e  e le c tro s ta tic  p ro p e r t ie s  o f 

th e  q u a n tu m  m o tif  is  g iven  b y  th e  e le c tro s ta tic  p o te n tia l, V(Rj), 

c a lc u la te d  from  th e  w a v e fu n c tio n  (W einste in  e t  a l . ,  1 9 8 1 a). T h e  

e le c tro s ta tic  in te ra c tio n  en erg y  (ES) w ith  th e  p ro te in  en v iro n m en t 

is  c a lcu la ted  from  th e  su m  of p ro d u c ts

® = l v ( / ? ;) x  a,

w h e re  Qj is  th e  p o in t  c h a rg e  o f a n  a to m  from  th e  

e n v iro n m en t p ositioned  a t  Rj. A u se fu l ap p ro x im a tio n  to  th is  energy  

is  o b ta in ed  b y  u s in g  n e t  c h a rg es  from  a  M ulliken  P o p u la tio n  a n a ly s is
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to  r e p re s e n t  th e  c h a rg e  d is t r ib u t io n  o f  th e  q u a n tu m  m o tif  

(W einstein  e t  a l., 1981a). In  th is  ap p ro x im atio n , h e re b y  re fe rred  to  a s  

th e  "QxQ" energy, th e  e le c tro sta tic  in te ra c tio n  energy  is  g iven  by

^  Q *  Q,
® = S i'•<|H -  R/l

w here  Q i is  th e  n e t  charge  on  a n  a to m  in  th e  q u a n tu m  m otif, a n d  Qj is 

th e  p o in t  c h a rg e  re p re s e n tin g  a n  a to m  of th e  e n v iro n m e n t. T h is  

a p p ro x im atio n  to  E S  w as show n  to  be  very  a c c u ra te  for th e  ca lcu la tio n s  

w ith  a c t in id in  a n d  th e  im id a z o l iu m /m e th a n e th io l  c o m p le x  (See 

c h a p te r  3 , se c tio n  3 .3 .3).

4 .2 .3  CONSIDERATION OF THE SOLVENT SCREENING EFFECTS

F o r re a s o n s  d e sc r ib e d  in  c h a p te r  3  so lv e n t s c re e n in g  effec ts  

w ere exp lo red  b y  red u c in g  th e  n e t  c h a rg e  in  a to m s  th a t  w ere  so lv en t 

a c c e ss ib le . T h e  m e th o d  em ployed  h e re  w a s  a s  d e s c r ib e d  in  th e  

p rev io u s c h a p te r .

4 .3  RESULTS

4 .3 .1  ISOLATED QUANTUM MOTIF

R e s u l ts  fro m  c o m p u ta t io n s  in  th e  a b s e n c e  o f  th e  p ro te in  

e n v iro n m en t w ere  ex tensively  d isc u sse d  in  th e  p rev io u s  c h a p te r . F o r 

conven ience , th e y  a re  b riefly  su m m a riz e d  h e re . T h e  p ro to n  t r a n s fe r
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in  th e  im id a z o liu m /m e th a n e th io l  com p lex  (i.e., th e  q u a n tu m  m otif) 

c o m p u ted  in  th e  a b se n c e  o f th e  p ro te in  e n v iro n m en t sh o w ed  a  s ta b le  

com plex  w ith  th e  p ro to n  o n  th e  im idazole  s id e . T he  p o te n tia l  energy  

c u rv e  (sh o w n  in  F ig u re  3 -2 ) d isp la y e d  th e  d o u b le  w ell c h a ra c te r  

typ ica l o f a  hyd rogen  b o n d ed  sy s te m  w ith  c ritic a l p o in ts  loca ted  a t  

N D 1- - 1H D 1 d is ta n c e s  of 1 .03  A for th e  firs t m in im u m  (M l), 1 .63 A for 

th e  t r a n s i t io n  s ta te  (TS), a n d  1 .9 0  A for th e  m in im u m  o n  th e  

m e th a n e th io l  s id e  (M2). As sh o w n  in  T ab le  3 -2 , th e  b a r r ie r  for 

p ro to n  tra n s fe r  from  th e  im idazole s ide  (TS-M1) w a s  3 9 .0  k c a l/m o l, 

a n d  from  th e  m e th an e th io l s ide  it w a s  3 .4  k c a l/m o l (TS-M2).

4.3 .2  THE INTERACTION WITH THE PROTEIN ENVIRONMENT

T ab le  4 -1  sh o w s th e  e ffec ts  o f th e  e le c tro s ta t ic  in te ra c t io n  

b e tw e e n  a c t in id in  a n d  th e  im id a z o l iu m /m e th a n e th io l  c o m p le x  

c o m p u te d  a t  th e  c ritic a l p o in ts  of th e  c u rv e  in  F ig u re  3 -2 . T he 

c o n tr ib u tio n s  o f th e  e n tire  p ro te in  (FULL), o f th e  co llec tio n  o f 

h e lice s  (HX), a n d  of th e  la rg e s t helix , A l, a re  given in  th e  co lu m n s of 

T ab le  4 -1 . H elix  A l h a s  b e e n  im p lica ted  in  th e  ca ta ly tic  ac tiv ity  of 

th e  su lfh y d ry l p ro te in a se s  (van D u ijn en  e t a l., 1980; v a n  D u ijn en  e t 

a l., 1979; T ho le  a n d  v a n  D u ijn en , 1983), a n d  i ts  e le c tro s ta t ic  

p ro p e r tie s  hav e  b e e n  co n sid ered  (Hoi e t a l., 1978; v a n  D u ijn e n  a n d  

T hole , 1982). T he  q u a n tu m  m o tif in te ra c te d  favo rab ly  w ith  th e  

full p ro te in , in d e p e n d e n t o f th e  p ro to n  p o sitio n  a s  se e n  in  T able  4-1 

u n d e r  th e  h e ad in g  "FULL".
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T able  4 -2  su m m arize s  th e  c h an g e s  in  th e  b a rr ie r  (i.e. TS-M 1 a n d  

TS-M 2) a n d  d riv ing  en erg y  (i.e. M2-M1) in d u c e d  b y  th e  e le c tro s ta tic  

e ffects o f th e  p ro te in . T he full p ro te in  s tab ilized  th e  com plex  a t  M l 

m o re  th a n  a t  TS, a n d  a t  T S  m ore  th a n  a t  M 2. T h is  re s u lte d  in  a n  

in c re a se  in  th e  b a r r ie r  for p ro to n  t ra n s fe r  from  th e  im id azo liu m  sid e  

b y  10 .7  k ca l/m o l; i t  a lso  e lim ina ted  th e  do u b le  w ell c h a ra c te r  o f F igure

3 -2  b y  ra is in g  th e  M2 p o in t over th e  T S  p o in t b y  4 .9  k c a l/m o l.

T h e  in te r a c t io n  o f  th e  A l h e lix  w ith  th e  c o m p le x  w a s  

u n fav o rab le  (Table 4-1), reg a rd le ss  of th e  p o sitio n  of th e  p ro to n . T h is 

w a s  n o t  su rp r is in g  b e c a u se  th e  H is 1 6 2 /C y s  2 5  com plex  w a s  positively  

ch a rg ed  a n d  lay  n e x t to  th e  am in o  te rm in u s  of A l  w h ich  c a rr ied  

th e  positive  en d  of th e  a lp h a  helix  dipole (Hoi e t  a l., 1978). T he 

A l he lix  h a d  a  s ig n ifican t effect on  th e  p ro to n  tra n s fe r: for th e  

b a r r ie r  to  t r a n s fe r  from  th e  Im idazole s id e  th is  c o rre sp o n d e d  to  a n  

in c re a se  of 7 .0  k c a l/m o l; for th e  b a r r ie r  from  th e  m e th a n e th io l s ide  

th e  d e c rea se  w as 2 .8  k c a l/m o l (see T able  4-2).

N otably, th e  effects o f h e lices A2 to  A6  w ere  o p p o site  in  s ig n  to  

th o se  from  A l .  (See T ab le  4-1 co lu m n  h e a d in g  "HX".) U nlike A l 

a lone, th e  collection  of he lices  A l to  A6  in te ra c te d  favorab ly  w ith  th e  

q u a n tu m  m otif. M ore s ig n ifican t w a s  th e  effect o f th e  h e lice s  o n  th e  

b a r r ie r s  to  p ro to n  t r a n s f e r  (T able 4 -2 ). T h e  te r t ia r y  s t r u c tu r e  

co m p o sed  o f th e  a lp h a  h e lic e s  A l to  A6  c o n tr ib u te d  to  r e ta in  th e  

p ro to n  n e a r  th e  m e th a n e th io l ,  b y  re d u c in g  th e  b a r r ie r  from  th e  

im idazo le  s id e  b y  3 .6  k c a l/m o l a n d  in c re a s in g  th e  b a r r ie r  from  th e



9 3

m e th a n e th io l  s id e  b y  1.1 k c a l /m o l ,  c o m p a re d  to  th e  r e s u l t s  in  

vacuum .

To u n d e rs ta n d  th e  so u rc e  o f th e  d ifference  in  th e  e le c tro s ta tic  

effects o f he lices A2 to  A6  com pared  to  th o se  o f A l , th e  QxQ sch em e  

w a s  u se d  to  ev a lu a te  th e  ind iv idua l c o n tr ib u tio n  o f e a c h  helix . F igu re

4-2A  sh o w s th e  in te ra c tio n  en erg y  b e tw e e n  th e  q u a n tu m  m o tif  a n d  

e a c h  one  of th e  he lices. H elices A l a n d  A6  d id  n o t  in te ra c t  favorab ly  

w ith  th e  positive ly  c h a rg ed  com plex , w h e re a s  h e lix  A2 d id . T he 

c h a n g e s  in  b a rr ie rs  a n d  d riv ing  energy  d u e  to  th e  e le c tro s ta tic  effects 

from  th e  a lp h a  h e lices a re  sh o w n  in  F igu re  4-3A. H elices A l a n d  A2 

m ad e  la rge , b u t  o p p o site  c o n tr ib u tio n s  to  th e  b a r r ie r  from  b o th  th e  

im idazole  a n d  m e th an e th io l sides: A l b y  in c re a s in g  th e  b a r r ie r  from  

th e  M l s id e  b y  7 .0  k c a l/m o l a n d  re d u c in g  th e  b a r r ie r  from  th e  M2 

side  b y  2 .8  k c a l/m o l, a n d  A2 b y  d e c rea s in g  th e  f irs t  b a rr ie r  b y  5 .9  

k c a l/m o l a n d  in c re as in g  th e  second  b y  2 .3  k c a l/m o l.

H elices A2 to  A5 h a d  a  n e t  negative  c h a rg e  p ro d u c e d  b y  th e  

c h a rg ed  g ro u p s  iden tified  in  th e  foo tno te  o f  F ig u re  4-2A . W ith in  th e  

QxQ sch em e , it w as  p o ss ib le  to  s e p a ra te  th e  effect o f th e  n e t  c h a rg es  

o n  c e r ta in  re s id u e s  from  th a t  o f th e  to ta l  c h a rg e  d is tr ib u tio n  in  th e  

h e lic a l s t r u c tu r e s .  A fter e x c lu d in g  th e  c h a rg e d  g ro u p s , th e  h e lix  

d ipole sh o u ld  b e  th e  lead in g  te rm  in  a  m u ltip o le  e x p a n s io n  of 

th e  rem a in in g  ch arg e  d is tr ib u tio n . T h is  se p a ra tio n  m ad e  i t  p o ss ib le  to  

id en tify  th e  p a r t  o f th e  e le c tro s ta tic  in te ra c tio n  a t t r ib u ta b le  to  th e  

sp e c ia l p ro p e r ty  (the  d ipo le  m om en t) o f  th i s  e le m e n t o f se c o n d a ry  

s tru c tu re , i.e ., th e  he lix  d ipole. T he c o n tr ib u tio n  from  th e  ch a rg ed
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g ro u p s  to  th e  e le c tro s ta tic  in te ra c tio n  en erg y  b e tw ee n  th e  q u a n tu m  

m o tif a n d  th e  h e lice s  is  sh o w n  in  F igu re  4 -2B . N otably, m o s t o f th e  

e le c tro s ta tic  in te ra c tio n  energy  b e tw een  th e  q u a n tu m  m o tif a n d  th e  

h e lice s  A2 to  A5 cam e  from  th e  ch a rg ed  re s id u e s , a n d  n o t  from  th e  

he lix  d ipole. (C om pare F ig u res  4-2A  a n d  4-2B .) A s im ila r co n c lu sio n  

a p p lie s  to  th e  d riv ing  e n e rg ies  fo r p ro to n  tr a n s fe r  a s  sh o w n  b y  th e  

s im ila ritie s  b e tw een  F igu res  4-3A  a n d  4-3B .

T he re s u l ts  show n  in  F igure  4-2C  c o rre sp o n d  to  th e  c o n trib u tio n  

fro m  th e  a lp h a  h e lix  d ip o le  (i.e. n o t  in c lu d in g  th e  n e t  c h a rg e d  

re s id u e s )  to  th e  in te ra c tio n  b e tw ee n  th e  h e lic e s  a n d  th e  q u a n tu m  

m otif. A s ex p ec ted  from  th e  fu ll h e lix  r e s u l ts ,  h e lic e s  A l a n d  A6 

w h ich  hav e  n o  n e t  ch arg e , h a d  r a th e r  s ig n ifican t positive  e n erg ies  of 

in te ra c t io n  w ith  th e  q u a n tu m  m o tif  (F igure  4-2C ). A n In te re s tin g  

r e s u l t  w a s  th e  positive  energy  of in te ra c tio n  o b ta in e d  w ith  th e  dipole 

o f he lix  A3, b e c a u se  th e  n e t  c h a rg es  in  th is  he lix  (i.e. th e  co n trib u tio n  

from  th e  p rim a ry  sequence) h a d  a n  op p o site  effect. (C om pare F ig u re s

4-2B  a n d  4-2C.) T he n e t  effect from  he lix  A3 re su lte d  from  th e  s u m  of 

th e  e le c tro s ta tic  p ro p e r tie s  a r is in g  from  i ts  s e c o n d a ry  a n d  p r im a ry  

s t ru c tu re .  A s sh o w n  below , sc a lin g  of th e  c h a rg e s  e m p h a size d  th e  

d iffe rence  b e tw ee n  th e  c o n tr ib u tio n  fro m  th e  h e lix  d ipo le  a n d  th e  

ch arg ed  g ro u p s.

F ig u re  4-3C  sh o w s th e  c o n tr ib u tio n  from  th e  h e lix  d ip o les  to  

th e  c h a n g e s  in  th e  b a rr ie rs  a n d  driv ing  energy  fo r th e  p ro to n  tran s fe r . 

A m ong he lix  d ipo les. A l m ad e  th e  la rg e s t c o n tr ib u tio n  w ith  a n  effect 

th a t  w as 5 -1 0  tim e s  la rg e r  th a n  th a t  from  a n y  o th e r  he lix  dipole. T he
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a lp h a  h e lix  d ipo le  In  A l ,  th e  la rg e s t he lix  in  a c tin id in , h a d  a  dipole 

m o m e n t o f 21 .1  D ebye c o m p u ted  from  th e  p o in t c h a rg e  m odel. T he 

n e t  effect from  h e lix  A3 re su lte d  from  th e  su m  of th e  p ro p e rtie s  from  

i ts  se co n d a ry  a n d  p rim a ry  s tru c tu re s . (C om pare F ig u re s  4 -3C  to  4-3B , 

a n d  th e se  to  F igu re  4 -3 A ) H ie  dipole c o n tr ib u tio n s  from  A3 a n d  A6 

to  th e  en erg y  b a rr ie rs  n e a rly  cance led  e a c h  o th e r, w h ile  th e  effect of 

th e  rem a in in g  he lices  w as negligible. In  c o n tra s t  to  th e  effects from  

th e  d ip o le s , h e lic e s  A2 to  A5 w h ic h  h a d  a  n e t  n e g a tiv e  c h a rg e  

d o m in a te d  th e  e le c tro s ta t ic  e ffe c ts  o n  th e  b a r r ie r s  a n d  d r iv in g  

e n e rg ie s  of th e  p ro to n  tr a n s fe r  w h e n  th e  co llec tion  o f a lp h a  h e lice s  

w as  ta k e n  a s  a  g ro u p . T h is  w a s  d u e  to  th e  s tro n g  effects o f th e  

ch a rg ed  re s id u e s  in  th e se  helices.

4.3.3 EFFECTS OF REDUCING THE SURFACE CHARGE

T able  4-1  sh o w s th e  re s u lts  o f th e  c o m p u ta tio n s  a fte r  sca lin g  th e  

su rfa c e  ch a rg es  a s  d escribed  above. As expec ted , th e  sc a lin g  red u c ed  

s ig n ifican tly  (i.e. b y  ap p ro x im ate ly  3 0 0  k c a l/m o l)  th e  QxQ en erg y  fo r 

th e  in te ra c tio n  b e tw een  th e  q u a n tu m  m o tif  co m p lex  a n d  th e  FULL 

p ro te in  e n v iro n m e n t. H ow ever, th e  e n e rg y  d iffe ren c e s  re s p o n s ib le  

fo r c h a n g e s  in  th e  b a r r ie r s  fo r p ro to n  t r a n s f e r  w ere  m u c h  le s s  

sen sitiv e  to  sca lin g  of th e  su rface  ch arg es . T ab le  4 -2  sh o w s th a t  th e  

v a lu e s  w ere  q u ite  c lose  to  th e  r e s u l ts  from  th e  u n m o d ified  c h a rg e s  

sh o w n  in  th e  sa m e  tab le : th e  b a r r ie r  from  th e  Im idazo le  (i.e. M l 

p o in t)  in c re a s e d  b y  1 4 .3  k c a l /m o l ,  a n d  th e  b a r r i e r  fro m  th e  

m e th a n e th io l side  (i.e. M2 poin t) d e c rea se d  b y  6 .2  k c a l/m o l.
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W ith  th e  m o d ified  c h a rg e s ,  th e  A l  h e lix  s t i l l  in te r a c te d  

u n fav o rab ly  w ith  th e  q u a n tu m  m o tif a t  a ll th re e  c ritic a l p o in ts . T h is  

in te ra c tio n  w as r a th e r  large, ran g in g  from  17.1 k c a l/m o l a t  M l to  2 7 .7  

k c a l/m o l a t  M2. A dding th e  c o n tr ib u tio n  o f  th e  o th e r  h e lices , th e  

in te ra c tio n  w ith  th e  q u a n tu m  m o tif  b e c a m e  fav o rab le  a t  a ll c ritic a l 

p o in ts . A t M l, T ab le  4-1  sh o w s a  s ta b iliz a tio n  b y  2 9 .3  k c a l/m o l;  

p o s itio n  TS w a s  s ta b iliz e d  b y  3 0 .7  k c a l/m o l, a n d  a t  M 2 b y  3 1 .0  

k c a l/m o l. T h u s , th e  in te ra c tio n  w ith  h e lic e s  A2 to  A6  c o m p e n sa te d  

for th e  u n fav o rab le  in te ra c tio n  b e tw een  th e  com plex  a n d  th e  A l  helix , 

th e  sa m e  re s u lt  a s  d esc rib ed  above for th e  unm odified  c h a rg es .

T he  effect of sca lin g  th e  su rfa c e  c h a rg es  in  th e  A l h e lix  o r  in  th e  

co llec tion  of h e lices  A l to  A6 , o n  th e  b a rr ie rs  is  sh o w n  in  T ab le  4 -2 . 

As describ ed  for th e  unm odified  ch arg es , th e  A l he lix  s till favored  th e  

p ro to n  n e a r  th e  Im idazole b y  s tab iliz in g  th e  com plex  a t  M l over TS, 

a n d  TS over M2. T h u s , th e  b a rr ie r  in c re a se d  o n  th e  im idazo le  s ide  by  

7 .6  k c a l /m o l  a n d  d e c re a s e d  from  th e  m e th a n e th io l  s id e  b y  3 .0  

k c a l/m o l.

A s w ith  th e  u n se a le d  m odel, h e lic e s  A l  a n d  A6  h a d  

positive  in te ra c tio n s  w ith  th e  q u a n tu m  m o tif a f te r  sc a lin g  th e  su rfa c e  

c h a rg e s  (F igure 4-4A). T h e  negative  en erg y  of in te ra c tio n  o f A2 to  A4 

w a s  re sp o n sib le  fo r th e  overall negative  in te ra c tio n  o f  th e  co llection  of 

h e lices A l to  A6  w ith  th e  q u a n tu m  m o tif w h en  sc a lin g  w a s  in tro d u c ed . 

T he  la rg e s t c o n tr ib u tio n  cam e  from  th e  c h a rg ed  g ro u p s  in  h e lices  A2 

to  A4, a s  observed  a lso  w ith  th e  u n m od ified  c h a rg e s  (See F igu re  4- 

4B). H ow ever, a f te r  sc a lin g , h e lix  A 5 h a d  a  p o s itiv e  e n e rg y  o f
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in te rac tio n  w ith  th e  q u a n tu m  m otif o f app rox im ate ly  3  k c a l/m o l for 

a ll th re e  c ritic a l p o in ts  (F igure 4-4A). T h is  w a s  d iffe re n t from  th e  

u n se a le d  case . B ecau se  th is  in te rac tio n  w a s  sm a ll c o m p ared  to  th a t  of 

o th e r  h e lices , a n d  r a th e r  c o n s ta n t  a c ro ss  th e  p ro to n  p o s itio n s , he lix  

A 5 w o u ld  s t i l l  n o t  b e  e x p e c te d  to  h a v e  a  s ig n if ic a n t  ro le  in  

m o d u la tin g  th e  p ro to n  tra n s fe r , a  re s u l t  c o n s is te n t w ith  th e  u n se a le d  

m odel. T he  m o s t s tr ik in g  d ifference  b e tw een  th e  c o m p u ta tio n s  

w ith  th e  m o d ified  a n d  u n m o d if ie d  c h a rg e s  w a s  in  th e  re la tiv e  

c o n tr ib u tio n  from  th e  a lp h a  he lix  d ipo les. A s sh o w n  in  F ig u re  4-4C , 

th e  c o n tr ib u tio n  from  th e  he lix  d ip o les  in c re a s e d  w h e n  c o m p u te d  

w ith  th e  m odified  p o in t ch a rg es . T h is  w a s  expec ted  b e c a u se  m o s t of 

th e  c h a rg e d  g ro u p s , a ll o f w h ic h  c a r ry  n e g a tiv e  c h a rg e , w e re  

p re fe ren tia lly  loca ted  on  th e  so lven t access ib le  su rfa c e  o f ac tin id in , 

a n d  w ere a tte n u a te d .

T h e  re d u c t io n  o f th e  s u r fa c e  c h a rg e s  d id  n o t  c h a n g e  th e  

q u a lita tiv e  tre n d  observed  for th e  u n sc re e n e d  he lices. (See F ig u re s  4- 

5A to  4-5C .) H elix A l w as still found  to  have  th e  la rg e s t co n trib u tio n , 

a n d  c h a rg e d  s id e  c h a in s  in  A2 to  A5 w ere  re sp o n s ib le  fo r th e  to ta l  

effect o f th e  co llec tion  of h e lice s  (w ith th e  excep tion  of A3) o n  th e  

b a rr ie r . T he  d ipole of he lix  A3 h a d  a n  opposite  effect o n  th e  b a rr ie rs  

for p ro to n  tra n s fe r  from  th a t  c o m p u ted  from  i ts  c h a rg ed  s id e  c h a in s : 

th e  h e lix  d ip o le  in c re a s e d  th e  b a r r ie r  from  th e  M l s id e  b y  2 .3  

k c a l/m o l a n d  d e c rea se d  i t  from  th e  M2 side  b y  0 .9  k c a l/m o l, w hile  

i ts  ch a rg ed  g ro u p s. A sp 72 a n d  A sp 80 , d ec rea sed  th e  f irs t  b a rr ie r  

by  3 .0  k c a l/m o l a n d  Increased  th e  second  b a rr ie r  b y  1.2 k c a l/m o l 

(C om pare F ig u re s  4-5A  a n d  4-5B). T h u s , th e  effect o f he lix  A3 o n  th e
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b a rr ie rs  fo r p ro to n  tra n s fe r  m ay  b e  re p ro d u c e d  on ly  w h e n  th e  effects 

o f i ts  ch a rg ed  g ro u p s  (I.e. p rim a ry  sequence) a n d  i ts  h e lix  d ipo le  (i.e. 

se c o n d a ry  s tru c tu re )  a re  ta k e n  to g e th er, a n d  n o t  j u s t  b y  co n s id e rin g  

th e  s tro n g  in te ra c tio n  from  th e  ch a rg ed  g ro u p s. T he  sc a lin g  of th e  

su rfa c e  c h a rg e s  em p h asized  th e  he lix  d ipole a t  th e  ex p en se  o f th e  

ch a rg ed  g roups.

4 .4  DISCUSSION

R e su lts  from  th e  p rev io u s c h a p te r  show ed  th a t  th e  e le m e n ts  of 

th e  h igh ly  com plex  s t ru c tu re  of p ro te in s  ach ieve  th e ir  effect th ro u g h  

d iffe ren t c o n tr ib u tio n s  to  th e  en e rg e tic s  o f p ro to n  tr a n s fe r  o c c u rr in g  

in sid e  a n  active s ite  pocket. T h is h o ld s  tru e  even  if  on ly  th e  collection  

o f a lp h a  he lices  is  considered . T h u s , h e lix  A l c o n tr ib u te d  to  a n  

In c re ase  in  th e  to ta l energy  of th e  sy s tem  w ith  th e  m o v em en t o f th e  

p ro to n  to w ard s  C ys 25 , th u s  forcing th e  p ro to n  to  re m a in  o n  th e  H is 

162 s id e  o f th e  com plex, a n  effect q u a lita tiv e ly  c o n s is te n t  w ith  th e  

effect from  th e  fu ll p ro te in  s tru c tu re . In  c o n tra s t ,  th e  c h a rg e d  

g ro u p s  in  h e lices  A2 a n d  A3 h a d  th e  o p p o site  effect even  a fte r  th e  

ch a rg e  from  th e  a to m s  lo ca ted  o n  th e  p ro te in  su rfa c e  w a s  re d u c e d . 

T h e  d e ta iled  a n a ly s is  o f th e  e le c tro s ta tic  e ffect o f th e  a lp h a  h e lice s  

revealed  th e  com plex  in te rp la y  b e tw een  th e  e le c tro s ta tic  p ro p e r tie s  of 

th e  e lem en ts  in  th e  se co n d a ry  s tru c tu re  a n d  th e  p r im a ry  s tru c tu re  

g ro u p s  th a t  com pose  them . H elices A2 to  A5 hav e  c h a rg ed  g ro u p s  

a s  p a r t  o f th e ir  p rim a ry  s t ru c tu re  th a t  a d d  to  a  n e t  neg a tiv e  ch a rg e , 

a n d  th e se  in fluence  th e  p ro to n  tra n s fe r  en erg y  m ore  s tro n g ly  th a n
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th e  a lp h a  h e lix  d ipo les. T h is find ing  d e m o n s tra te d  t h a t  it  w ou ld  

b e  in a p p ro p ria te  to  th in k  o f he lica l s t ru c tu re s  a s  c o n tr ib u tin g  on ly  

d ipo le  m o m e n ts  to  th e  e le c tro s ta tic  p ro p e r tie s  o f  th e  p ro te in  if  th e  

h e lice s  c o n ta in  c h a rg ed  g ro u p s . T h is  co m p o s ite  e ffect w ou ld  h o ld  

even if th e  su rfa c e  c h a rg e s  w ere  a tte n u a te d .

H elix  A 3 offered  a n  ev en  m o re  in te r e s t in g  ex am p le  o f th e  

in te rp la y  b e tw ee n  c h a rg e d  g ro u p s  a n d  th e  a lp h a  h e lix  d ipo le  in  th e  

m o d u la tio n  of th e  p ro to n  t ra n s fe r  p ro ce ss . T he  effect from  i ts  he lica l 

s t ru c tu re  w as n o t rep ro d u c ed  b y  its  ch a rg ed  g ro u p s  a fte r  sca lin g  of th e  

su rfa c e  ch a rg es , b e c a u se  th e s e  g ro u p s  h a d  a n  effect o n  th e  p ro to n  

tra n s fe r  energy  cu rv e  opposite  to  th e  one  from  th e  a lp h a  h e lix  d ipole. 

As sh o w n  recen tly  (G ilson e t  a l., 1985), a n d  c o n s is te n t w ith  r e s u lts  

in  c la s s ic a l  e le c tro s ta t ic s  (E d sa ll a n d  W ym an, 1959 ; L o rra in  a n d  

C o rso n , 1970), th e  e le c tro s ta tic  p o te n tia l from  c h a rg ed  g ro u p s  w ould  

b e  re d u c e d  m o re  t h a n  t h a t  from  th e  h e lix  d ip o le  b y  th e  so lv e n t 

d ie lec tric  a n d  co u n te rio n s . T h u s , u p o n  red u c in g  th e  su rfa c e  ch arg es , 

th e  e ffec t o f  th e  h e lix  d ip o le  w o u ld  c o m p e te  fa v o ra b ly  w ith  th e  

ch arg ed  g ro u p s  a n d  on ly  th e ir  c o m b in a tio n  w ou ld  a c c o u n t for th e  

effect observed  w ith  th e  w hole  he lica l s tru c tu re .

A n o tew o rth y  c o n se q u e n c e  o f th e  r e s u l ts  p re s e n te d  h e re  is  th e  

su g g e s tio n  th a t  c h a n g e s  in  th e  c h a rg e d  g ro u p s  o f a  p ro te in  w ou ld  

p ro d u ce  n o t on ly  th e  a lte ra tio n  of e le c tro s ta tic  p ro p e rtie s  expected  

from  th e  c h a n g e  in  p r im a ry  s tru c tu re ,  b u t  a lso  u n e x p e c te d  o n e s  

p ro d u c e d  b y  th e  u n m a s k in g  o f th e  e le c tro s ta tic  p ro p e r tie s  o f 

e lem en ts  o f th e  se co n d a ry  s tru c tu re . F o r exam ple , in  he lix  A3, th e



100

effect from  th e  a lp h a  he lix  w ould  be  in  th e  o p p o site  d irec tio n  if  th e  

c h a rg ed  g ro u p s  in  th is  he lix  w ere  rem oved . In  a d d itio n , th e  

e lim in a tio n  o f th e  c h a rg e d  g ro u p s  in  h e lic e s  A2 to  A 5 w o u ld  

e m p h a s iz e  th e  effect o f th e  h e lix  A l d ipo le . T h e se  c o n s id e ra tio n s  

a s s u m e  th a t  th e  overall p ro te in  s t ru c tu r e  is  u n c h a n g e d  b y  th e  

m u ta t io n s  t h a t  e lim in a te  th e  c h a n g e s . T h a t  s u c h  m u ta t io n s  a re  

p o ssib le  h a s  b e en  sh o w n  recen tly  (Wells e t a l., 1987).

A c tin id in  m o d u la te d  th e  p ro to n  t r a n s f e r  p ro p o s e d  fo r th e  

ac tiv a tio n  m e c h a n ism  o f one  of th e  5-HT re c e p to rs  (O sm an  e t  a l., 

1985; O sm a n  e t  a l., 1987). T h ro u g h  th e ir  e le c tro s ta tic  p ro p e rtie s  

d iffe ren t e le m e n ts  o f i ts  s t ru c tu re ,  s u c h  a s  th e  h e lice s  in  a c tin id in , 

m a d e  d iffe ren t c o n tr ib u tio n s  to  th is  effect. M oreover, th e  p ro to n  

d o n o r a n d  acc ep to r  m o lecu les in  th e  com plex  (i.e. th e  s id e  c h a in s  of 

H is 162 a n d  C ys 25) re sp o n d e d  d ifferen tly  to  th e  e le c tro s ta tic  effect 

from  th e  p ro te in  e n v iro n m en t a s  d isc u sse d  in  c h a p te r  3 . S u c h  a  

m ec h an ism  for m o d u la tio n  o f th e  p ro to n  tra n s fe r  (i.e. m o d u la tio n  

o f th e  e n e rg ie s  b y  e le c tro s ta tic  effects o n  th e  d o n o r  a n d  a c c e p to r  

fragm en ts) h a s  b e en  p ro p o sed  a s  th e  ac tio n  of th e  a g o n is t a t  a  5-HT 

re c e p to r  (O sm an  e t  a l., 1985; O sm an  e t a l., 1987), a n d  th e  effect o f 

th e  p ro te in  m ay  follow th e  sam e  p a tte rn . S u c h  d e ta ils  o f m e c h a n ism s  

c a n  b e  rev ea led  o n ly  b y  q u a n tu m  m e c h a n ic a l d e s c r ip tio n s  o f th e  

c a ta ly tic  g ro u p s  o r  g ro u p s  involved in  rec ep to r  a c tiv a tio n  b e c a u se  th e  

e lec tro n ic  p ro p e r tie s  a n d , h e n ce , th e  e le c tro s ta tic  p ro p e r tie s  o f 

th e  d o n o r  a n d  a c c e p to r  f ra g m e n ts  c h a n g e  u p o n  p ro to n  tr a n s fe r .  

H ow ever, to  com plete  th e  p ic tu re  th e  c o m p u ta tio n s  m u s t  in c lu d e  n o t 

on ly  a  d e sc r ip tio n  of th e  e le c tro s ta tic  p ro p e r tie s  o f th e  s u r ro u n d in g
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po lypep tide  s t ru c tu re  a n d  th e  so lven t, b u t  a lso  th e  s te r lc  effects from  

th e  p ro te in . T h ese  effects w ould  have  im p o r ta n t  c o n se q u e n c e s  o n  th e  

fin a l o r ie n ta tio n  th a t  th e  lig an d  m a y  ach ieve  in  th e  b in d in g  p o ck e t, 

a n d  h e n c e  in d irec tly  m o d u la te  th e  e le c tro s ta tic  effects from  th e  ligand  

o n  th e  a c tiv a tio n  p ro c e ss . T h ese  is s u e s  a re  a d d re s s e d  in  th e  n e x t 

c h a p te r .
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TABLE 4-1. Effects of the protein structure: QxQ energy a.

PO IN T FULLb HXb A lb

M l -3 1 5 .3 -1 0 9 .3 9 .4
T S -3 0 4 .6 -1 1 2 .9 1 6 .4
M 2 -2 9 9 .7 -1 1 4 .0 19 .2

AFTER SCALING

M l -1 4 .9 -2 9 .3 17.1
T S -0.6 -3 0 .7 2 4 .7
M 2 5 .6 -3 1 .0 2 7 .7

a E nergy  In  k c a l/m o l. E le c tro s ta tic  energy  of in te ra c tio n  b e tw een  th e  
im id a z o liu m /m e th a n e th io l com plex  a n d  ac tin id in . c o m p u ted  w ith  th e  
STO-3G b a s is  se t. S im ilar c o m p u ta tio n s  a fte r  in tro d u c in g  sca lin g  a s  
d esc rib ed  in  th e  te x t a re  rep o rte d  in  th e  low er p a r t . P ro ton  p o s itio n s  
co rre sp o n d  to  th e  c ritica l p o in ts  a s  defined  in  th e  tex t. QxQ re fe rs  to 
th e  co m p u ta tio n a l sch em e  a s  defined  in  th e  tex t.
i .

T he frag m en ts  o f th e  p ro te in  defined  a s  follows: FULL- full p ro te in  a s  
defined  in  th e  tex t; HX- collection  of a lp h a  h e lices  A l to  A6 ; A l-  he lix  
A l.  T o ta l c h a rg es  o f p ro te in  frag m en ts  a re  a s  follows: u n se a le d  full 
p ro te in  -16 .0 ; sca led  fu ll p ro te in  -0 . 1; u n se a le d  a lp h a  h e lices  -8 .0 ; 
sca led  a lp h a  he lices  -3 .2 ; u n se a le d  A l he lix  0 .0 ; sca led  A l h e lix  0 .6 .
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TABLE 4 -2 . E le c tro s ta tic  effects from  th e  p ro te in  s t ru c tu re  o n  th e  
b a rr ie rs  a n d  driv ing  en erg ies  a .

PO IN T FULL HX A l

T S -M 1 10 .7 -3 .6 7 .0
T S -M 2 -4 .9 1.1 -2 .6

M 2-M 1 15.6 -4 .7 9 .8

AFTER SCALING

T S-M 1 14 .3 -1 .4 7 .6
T S -M 2 -6.2 0 .3 -3 .0
M 2-M 1 2 0 .5 -1 .7 10.6

a P ro te in  effects o n  th e  b a rr ie rs  a n d  driv ing  en erg ies  co m p u ted  from  
re s u lts  in  T able 4 -1 . P o in ts  o f c a lcu la tio n s  a n d  p ro te in  s tru c tu re  
frag m e n ts  a re  defined  in  T able  4 -1 . E nergy  in  k c a l/m o l.



1 0 4

F ig u re  4 -1 . A lp h a  c a rb o n  c h a in  o f  a c t in id in  w ith  h e lic e s  a n d  

active  s ite  co lo r coded . Active s ite  sh o w n  a s  in  F ig u re  3 -1 . in c lu d in g  

G in  19 in  red . A lpha  h e lice s  a re  co lo r coded: A l ,  red ; A2, cyan ; A3, 

b r ig h t g reen ; A4, o range; A5. m agen ta ; A6 , d a rk  g reen .
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F ig u re  4 -2 . QxQ e le c tro s ta tic  In te ra c tio n  e n e rg y  b e tw e e n  th e  

Im idazolium  /m e th a n e th io l com plex  a n d  th e  a lp h a  h e lice s  in  a c tin id in . 

B lack , a t  p o in t M l; vertica l s tr ip e s , a t  p o in t TS; a n d  h o rizo n ta l s tr ip e s , 

a t  p o in t M2. A: F u ll he lices. B: S ide  c h a in s  o f c h a rg e d  g ro u p s  in  th e  

he lices  w ith  a  n e t  charge . C: T he  he lix  d ipole c o n tr ib u tio n , i.e. like  A, 

b u t  n o t in c lu d in g  th e  side  c h a in s  in c lu d ed  in  B. E n erg y  in  k c a l/m o l.
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F ig u re  4 -3 . T he  c h a n g e s  In  th e  b a r r ie r s  a n d  d riv in g  en erg y  for 

th e  p ro to n  t r a n s f e r  o f F ig u re  3 -2  b y  th e  e le c tro s ta t ic  in te ra c t io n  

en erg ies  g iven  in  F ig u re  4 -2 . B lack . TS-M 1; v e rtic a l s tr ip e s . M 2-M 1. 

T h e  d iffe ren ce  c o rre sp o n d s  to  TS-M 2. A, B, a n d  C a s  d e fin ed  in  

F igu re  4 -2 . E nergy  in  k c a l/m o l.
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F ig u re  4 -4 . Q xQ  (sca led ) e le c t r o s ta t ic  in te r a c t io n  e n e rg y  

b e tw een  th e  im id a z o liu m /m e th a n e th io l com plex  a n d  th e  a lp h a  h e lices  

in  a c tin id in . P o in t c h a rg e s  a re  sca led  a s  d e sc rib e d  in  th e  T h eo re tica l 

A pproach . D etails in  F igure  4-2 .
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F ig u re  4 -5 . T he  c h a n g e s  in  th e  b a r r ie r s  a n d  d riv ing  e n e rg y  for 

th e  p ro to n  t r a n s fe r  o f F ig u re  3 -2  b y  th e  e le c tro s ta t ic  in te ra c t io n  

en erg ies  in  F igu re  4-4 . D eta ils  in  F igu re  4-3 .
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CHAPTER 5

CONSTRAINTS FROM TH E RECEPTOR-MACROMOLECULE ON THE

ACTIVATION MECHANISM

5 .1  INTRODUCTION

T he e n v iro n m e n t from  th e  rec ep to r-m ac ro m o le cu le  is  expec ted  

to  in tro d u c e  e le c tro s ta tic  a n d  s te r ic  effects in  th e  p ro c e ss  o f lig an d  

rec o g n itio n  a n d  re c e p to r  ac tiv a tio n . T he  e le c tro s ta tic  e ffects o n  th e  

a c tiv a tio n  p ro c e s s  w ere  exp lo red  in  p re v io u s  c h a p te r s .  B riefly, th e  

p ro te in  e n v iro n m e n t o f a c tin id in  w a s  ab le  to  m o d u la te  th e  p ro to n  

t r a n s f e r  b e tw e e n  H is 162 a n d  C ys 2 5  th ro u g h  th e  e le c tro s ta t ic  

in te r a c t io n  of th e  p ro te in  w ith  th e  p ro to n  d o n o r  a n d  a c c e p to r  

m o lecu les  a s  o p p o sed  to  th e  in te ra c tio n  b e tw een  p ro te in  a n d  p ro to n . 

T h e  la t te r  m e c h a n ism  for m o d u la tin g  th e  p ro to n  t r a n s fe r  h a s  a lso  

b e e n  d e sc r ib e d  fo r th e  m o d u la tio n  o f  th e  PTM b y  th e  e n d o g e n o u s  

lig an d  5-H T (O sm an  e t  a l., 1987). M oreover, th e  effect from  th e  full 

p ro te in  s t ru c tu r e  w a s  th e  r e s u l t  of o p p o site  e le c tro s ta tic  effects from  

th e  v a r io u s  e le m e n ts  o f th e  p r im a ry  a n d  se c o n d a ry  s t r u c tu r e .  A 

n o te w o rth y  p o in t w a s  t h a t  th e  fu ll p ro te in  s t r u c tu r e  d id  n o t  favo r 

p ro to n  tra n s fe r . S u c h  b eh av io r is  expected  from  a  su ita b le  m o d e l for  

th e  e n v iro n m en t o f th e  recep to r-m acro m o lecu le  b e c a u se  th e  la t te r  is 

n o t  active  in  th e  a b se n c e  of th e  ligand . T h u s , th e  w ork  su g g e s ts  th a t
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th e  l ig a n d  in it ia te s  th e  a c tiv a tio n  p ro c e s s  b y  o v e rco m in g  th e  e le c ­

t r o s ta t ic  b a r r ie r  Im p o se d  b y  th e  re c e p to r -m a c ro m o le c u le  o n  th e  

p ro to n  t ra n s fe r  p ro c e ss  th a t  le a d s  to  re c e p to r  ac tiv a tio n .

To a d d re s s  th e  ro le  o f s te r ic  c o n s t r a in ts  fro m  th e  re c e p to r-  

m acrom olecu le  o n  th e  p ro to n  tra n s fe r  p ro c e ss  th a t  in it ia te s  ac tiv a tio n , 

th is  s tu d y  u s e d  th e  h y d ro g en  b o n d e d  co m p lex  b e tw ee n  His 162 and  

A sn  182  in  ac tin id ln . In th e  c ry s ta l s t ru c tu re  th e s e  g ro u p s  a re  n e a r  

T rp  1 8 4  w h ic h  h a s  i t s  in d o le  s id e  c h a in  in  a lm o s t  s ta c k in g  

co n fo rm a tio n  over th e  r in g  of H is 162. T h is  a r ra n g e m e n t o f g ro u p s  

w a s  s im ila r  to  th e  o n e  su g g e s te d  to  r e p r e s e n t  th e  lig a n d  in  th e  

p ro ce ss  o f ac tiv a tio n  (O sm an  e t al., 1987). By rep lac in g  th e  s id e  c h a in  

o f T rp  184  w ith  deriva tives of indo le  w h ich  a re  k n o w n  lig a n d s  a t  th e  

5 -H T /L S D  rec ep to r , i t  h a s  b e en  po ss ib le  to  in tro d u c e  th e  c o n s tra in ts  

from  th e  s te r ic  e ffects from  th e  p ro te in  in  th e  p ro c e s s  o f id en tify ing  

o r ie n ta tio n s  o f th e  lig an d s  su ita b le  for triggering  p ro to n  tra n s fe r . T he 

H is  1 6 2 /C y s  2 5  c o m p lex  u s e d  in  p re v io u s  w o rk  re g a rd in g  th e  

e le c tro s ta tic  effects o f th e  p ro te in  s t ru c tu re  o n  th e  a c tiv a tio n  p ro c e ss  

is  too  fa r  from  th e  indo le  o f T rp  184 to  b e  affected  b y  lig a n d s  a t  th is  

p o sitio n . T herefo re , i t  w as n o t u se fu l to  s tu d y  th e  effects from  s te ric  

c o n s tra in ts . T h u s , th e  w ork  o n  e le c tro s ta tic  effects from  th e  p ro te in  

s t ru c tu r e  on  a  p ro to n  t ra n s fe r  p ro c e ss  w a s  ex ten d ed  b y  s tu d y in g  th e  

p ro to n  t ra n s fe r  b e tw een  H is 162 a n d  A sn  182 in  th e  sa m e  m a n n e r  a s  

d e sc rib ed  in  th e  p rev ious c h a p te rs  for th e  H is 1 6 2 /C y s  2 5  com plex.
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5 .2  THEORETICAL APPROACH

5.2.1 PROTEIN STRUCTURE

T he th re e  d im en sio n a l c o o rd in a te s  o f a c tin id in  (E.C. 3 .4 .2 2 .1 4 ) 

w ere  th o s e  u s e d  in  th e  w o rk  re p o r te d  in  p re v io u s  c h a p te r s .  F o r 

d e ta ils  re fe r to  th e  T h eo re tica l A p p ro ach  se c tio n  o f  c h a p te r  3 . T h e  

p o s itio n  o f th e  h y d ro g en  o n  Cys 25 , n o t  re q u ire d  in  o u r  p re v io u s  

s tu d ie s  in  w h ich  Cys 2 5  w a s  th e  p ro to n  accep to r, w a s  o b ta in e d  from  

q u a n tu m  m ech an ica l c o m p u ta tio n s . T he 1HSG d eg rees  o f freedom  in  

th e  im id a z o liu m /m e th a n e th io l com plex  of c h a p te r  3  w ere  op tim ized . 

T h is  w a s  acco m p lish ed  b y  a n  o p tim iza tio n  o f th e  H a rtre e -F o c k  SC F 

w avefunction  u s in g  th e  G a u ss ia n  82  sy s tem  of p ro g ra m s a n d  th e  STO- 

3G  b a s is  s e t  a s  Im plem ented  in  th e  p rogram .

5.2 .2  CONSTRUCTION OF THE QUANTUM MOTIF AND PROTON 

TRANSFER CURVES

T he p ro to n  tra n s fe r  be tw een  H is 162 a n d  A sn  182 w a s  m odeled  

b y  a  m o d ifica tio n  o f a  sc h em e  p rev io u s ly  d e sc r ib e d  b y  u s  fo r th e  

c o m p u ta tio n  of p ro to n  tra n s fe r  energy  c u rv e s  (Topiol e t  a l., 1985). In  

th is  sch em e  th e  p ro to n  accep to r a n d  d o n o r m o lecu le s  w ere  op tim ized  

in d e p e n d e n tly  in  th e i r  p ro to n a te d  a n d  u n p r o to n a te d  fo rm s  th e n  

o rie n te d  a s  th e  s id e  c h a in s  o f H is 162 a n d  A sn  182  a n d , th e  p ro to n  

t r a n s fe r  en erg y  cu rv e  w a s  g e n e ra te d  b y  c o m p u ta t io n s  in  w h ic h  th e
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d o n o r  a n d  a c c e p to r  m o le c u le s  re m a in e d  fixed  w h ile  th e  p ro to n  

m o v ed . In  th e  c o m p u ta t io n s  th e  s id e  c h a in  o f  H is  162  w a s  

re p re se n te d  b y  im idazole  (or im ldazo lium ) a n d  th e  s id e  c h a in  of A sn  

182  b y  fo rm a m id in lu m  (or fo rm am ide). T h is  co m p lex  w a s  lab e le d  

IM ID /FO R . T h e  ln te rm o le c u la r  o r ie n ta tio n  o f  th e  h y d ro g en  b o n d ed  

sp e c ie s  w a s  m a in ta in e d  a s  in  th e  p ro te in  s t ru c tu re .  B e c a u se  th e  

p ro to n a tio n  o f fo rm am ide  o r fo rm am id in lu m  co u ld  b e  in  a  d irec tio n  

t h a t  is  co lin ea r e ith e r  w ith  th e  C-O b o n d  (i.e. l in e a r  form) o r  w ith  th e  

d ire c tio n  o f th e  lo n e  p a ir  (i.e. b e n t  form ), th re e  p o ss ib le  com plexes 

w ere  s tu d ie d : im ld a z o liu m / fo rm am id e , im id a z o le / fo rm am id in lu m  

(ben t), a n d  im id a z o le /  fo rm am id in lu m  (linear). S c h e ln e r  a n d  co ­

w o rk e rs  h av e  sh o w n  th a t  th e  p ro to n  t r a n s fe r  b e tw een  th e  carb o n y l 

oxygen a to m  of fo rm a ld eh y d e  a n d  H30 + w a s  v e ry  se n s itiv e  to  th e

o rien ta tio n  of th e  hydrogen  bond , i.e., a long  th e  C-O  a x is  o r  a long  th e  

lo n e  p a ir  o f th e  c a rb o n y l oxygen a to m  (S c h e in e r a n d  H ille n b ran d , 

1985). T h e ir  w o rk  show ed  th a t  th e  o rie n ta tio n  o f th e  hyd ro g en  b o n d  

cou ld  d ic ta te  if  th e  p ro d u c ts  o f th e  p ro to n  tra n s fe r  w ould  yield a  b e n t 

o r  l in e a r  s t ru c tu r e  for th e  ca tio n ic  form  of a ld eh y d e . T h u s , in  th is  

c h a p te r  b o th  s t ru c tu re s  for th e  p ro to n a ted  form  o f fo rm am id in lu m  a re  

c o n s id e re d .

P ro to n  t r a n s fe r  c u rv e s  w ere  c o m p u te d  fo r e a c h  o f th e  th re e  

com plexes (IM ID+/FOR, IM ID /FO R +(linear). IM ID /FO R+(bent)) follow­

in g  th e  sc h e m e  d e sc rib e d  e a r lie r  (Topiol e t  a l., 1985). B u t, i t  w a s  

m odified  to  in c lu d e  fu ll op tim iza tion  of th e  a n g u la r  deg rees of freedom  

of th e  p ro to n  a n d  of th e  d is ta n c e  of th e  p ro to n  from  th e  d o n o r w ith in  

th e  c o n s t r a in t  o f  fixed d o n o r  a n d  a c c e p to r  g e o m e trie s . A n g u la r
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d eg rees o f freedom  w ere  op tim ized  b e c a u se  th e  p ro to n  p a th  w a s  n o t  

k n o w n  a  p rio ri. A n a c c u ra te  p ro to n  t r a n s f e r  e n e rg y  c u rv e  w a s  

c o n s tru c te d  b y  c o m b in in g  th e  lo w e st e n e rg y  p o in ts  in  th e  c u rv e s  

c o m p u te d  u s in g  th e  th re e  g eo m e trie s  (See F ig u re  5-1). T h e  c ritic a l 

p o in ts  w h e re  co m p u ted  b y  ad d in g  th e  d o n o r-to -p ro to n  d is ta n c e  to  th e  

op tim ized  v a riab le s . C ritical p o in t M l c o rre sp o n d e d  to  th e  p ro to n  on  

H is 162 a n d  w a s  g e n e ra te d  u s in g  th e  IM ID /F O R  com plex . C ritica l 

p o in t M2 c o rre sp o n d e d  to  th e  p ro to n  on  A sn  182 a n d  w a s  g e n e ra te d  

b y  u s in g  th e  IM ID /FO R + (bent) com plex . Two p o te n tia l  t r a n s it io n  

s t a t e  g e o m e tr ie s  w e re  g e n e r a te d .  O n e  c o r r e s p o n d in g  to  th e  

IM ID /FO R + (bent) com plex  (i.e. th e  T SP po in t) a n d  a n o th e r  to  th e  

IM ID /FO R + (linear) com plex  (i.e. th e  TSL p o in t); th e  im ld a z o liu m / 

fo rm am id e  s t ru c tu r e  d id  n o t  h av e  a  t r a n s it io n  s ta te  for th e  p ro to n  

tra n s fe r  w ith  th e  b a s is  s e ts  u se d  in  o u r  s tu d ie s . T he seco n d  m in im u m  

g e n e ra te d  from  th e  IM ID /FO R+ (linear) w a s  c lea rly  h ig h e r  in  en erg y  

th a n  th e  one  g en e ra ted  b y  th e  b e n t form . T h u s , i t  w a s  d is re g a rd ed  a s  

a  p o ss ib le  M2 p o in t in  th e  p ro to n  tra n s fe r  energy  curve. F o r th e  STO- 

3G  b a s is  s e t  th e  TSL p o in t w a s  low er th a n  th e  T SP  p o in t, b u t  ex ­

te n s io n  to  th e  6 - 3 1G b a s is  s e t  red u c ed  th is  d ifference.

All c o m p u ta tio n s  w ere  d o n e  u s in g  th e  GAUSSIAN 8 2  sy s te m  of 

p ro g ra m s  (B inkley e t  a l., 1982) a n d  i ts  d e fa u lt o p tim iza tio n  o p tio n s . 

T he  STO -3G , 6 - 3 1G, a n d  6 -3 1G* b a s is  s e ts  a s  im p le m e n te d  in  th e  

s y s te m  w ere  u s e d  in  th e  c o m p u ta tio n s . In  th e  c o m p u ta t io n  of 

t r a n s i t io n  s ta te s  th e  c o n s tr a in t  o f o n e  n e g a tiv e  e ig e n v a lu e  in  th e  

H e ss ia n  m a tr ix  w a s  in c lu d ed  in  th e  op tim ization .
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5 .2 .3  GEOMETRIES OF UGANDS AND THEIR COMPLEXES WITH THE 

QUANTUM MOTIF

Indo le  w as th e  b a s ic  n u c le u s  o f th e  lig a n d s  u se d  in  th is  s tu d y . 

T he  g eo m etry  o f indo le  w a s  g e n e ra te d  from  th e  s id e  c h a in  o f T rp  184 

in  th e  s t ru c tu r e  o f a c tln id in . T h is  s t r u c tu r e  w a s  v e ry  s im ila r  to  a n  

ST O -3G  o p tim ized  in d o le  a n d  d id  n o t  d iffer s ig n if ic a n tly  from  th e  

F a lk e n b e rg  a v e ra g e d  g e o m e try  u s e d  in  p re v io u s  w o rk  from  th is  

la b o ra to ry  (O sm an  e t a l., 1987; W einste in  e t  a l., 1976). T he  hydroxy  

d e r iv a tiv e s  o f  in d o le  w e re  g e n e r a te d  fro m  th e  c o r r e s p o n d in g  

try p ta m in e  d e riv a tiv e s  re p o rte d  in  p re v io u s  w o rk  (W einste in  e t  a l., 

1976). T he  F a lk en b e rg  averaged  s t ru c tu r e  fo r in d o le  w a s  u s e d  a s  a  

te m p la te  to  w h ic h  th e  h y d roxy  g ro u p  w a s  a d d e d  to  th e  a p p ro p r ia te  

c a rb o n  a tom . T h e  hyd ro x y  h y d ro g en  w a s  a lw ays in  th e  p la n e  of th e  

m olecu le . E x cep t fo r th e  5-O H  derivative, i t  w a s  a lw ays trans  to  th e  

N1 n i t r o g e n  d u e  to  c o n s id e r a t io n s  f ro m  m o d e l in g  th e  5- 

h y d ro x y tiy p tam in e  reco g n itio n  p a t te rn  d esc rib ed  e a r lie r  (W einstein  e t 

a l . ,  1 9 76 ; W e in s te in  e t  a l.,  1981b). F o r th e  5-O H  d e riv a tiv e , th e  

h y d ro g e n  w a s  c is  to  th e  N1 n i tro g e n . T h e  s t r u c tu r e  o f  th e  

m e th y len ed io x y  d e riv a tiv e s  of in d o le  h a d  b e e n  re p o r te d  in  p rev io u s  

s tu d ie s  (Reggio e t  a l., 1981). A gain, th e  indo le  te m p la te  w a s  re ta in e d  

a n d  th e  m ethy lened ioxy  g ro u p  a t  s ta n d a rd  b o n d  len g th  a n d  ang les  w as  

ad d ed  in  th e  a p p ro p ria te  position .

T h e  in d o le  d e r iv a tiv e s  w ere  o r ie n te d  w ith  r e s p e c t  to  th e  

q u a n tu m  m o tifs  b y  su p e rp o s itio n  o f  th e  in d o le  r in g  o n to  th e  r in g  of 

T rp  184 in  a c tin id in . F ig u re  3-1 sh o w s th e  o r ie n ta tio n  o f th is  g ro u p
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w ith  re sp e c t to  th e  s id e  c h a in s  of H is 162. C ys 25 , a n d  A sn  182. T he 

indo le  w a s  c lo se s t to  th e  NE2 n itro g en  in  H is 162 a n d  th e  OD1 oxygen 

o f A sn  182, a n d  lay  in  a  p la n e  s lig h tly  t il te d  from  th e  p la n e  o f th e  

im ldazo lium  rin g  of H is 162 a t  a  d is tan c e  o f  ro u g h ly  4 -5  A.

5.2 .4  COMPUTATION OF ELECTROSTATIC INTERACTIONS

T h e  en e rg e tic  s ta b iliz a tio n  o f th e  IM ID /F O R  co m p lex es in s id e  

th e  p ro te in  a n d  th e  in te ra c t io n  b e tw e e n  th e s e  co m p lex es w ith  th e  

lig a n d s  w ere  co m p u ted  u s in g  th e  ite ra tiv e  sc h em e  d e sc rib e d  in  d e ta il 

in  c h a p te r  2  w h ic h  w ere  ap p lied  to  c o m p u ta tio n s  u s in g  a c tin id in  in  

c h a p te r  3. T h e  re a d e r  is  re fe rred  to  th e se  c h a p te rs  fo r d e ta ils .

T he  e le c tro s ta tic  c o m p u ta tio n s  w ere  lim ited  to  th e  f ir s t  s te p  in  

th e  i te ra tio n s  b e c a u se  p rev io u s w ork  a n d  c o m p u ta tio n s  in d ic a te d  th a t  

th e  p o la riza tio n  o f th e  q u a n tu m  m o tif w a s  le s s  th a n  0 .5  k c a l/m o l (see 

r e s u l ts  in  c h a p te r s  2  a n d  3). T h u s , th e  f ir s t  s te p  in  th e  ite ra tiv e  

sch em e  w a s  a  good ap p ro x im atio n  to  th e  converged so lu tio n .

T h e  p o in t c h a rg e s  a n d  a to m ic  p o la rizab ilitle s  n e c e s sa ry  for th e  

re p re se n ta tio n  o f th e  c la ss ica l m o tifs  w ere  th e  sa m e  u s e d  in  th e  w ork  

d e sc rib e d  in  c h a p te r  3 . Specific c o m p u ta tio n s  w ith  th e  M eh ler-P au l 

b a s is  s e t  (M ehler a n d  P au l, 1979) w ere  n e c e s s a ry  to  g e n e ra te  th e  

d ipo le  co n se rv in g  p o in t c h a rg e s  for th e  lig an d s . T h ese  c o m p u ta tio n s  

w ere  d o n e  u s in g  a  v ers io n  o f th e  p ro g ram  HONDO th a t  w a s  m odified  

w ith  th is  o p tio n . T h e  a to m ic  p o la r lz a b llitie s  fo r th e  a to m s  in  th e  

l ig a n d s  w ere  ta k e n  from  th e  sa m e  l ib ra ry  o f p o la riza b ilitie s  u s e d  in
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c h a p te r  3 . T he fields a n d  p o te n tia ls  g e n e ra te d  b y  th e  q u a n tu m  m o tif 

w e re  c o m p u te d  from  a n  H a rtre e -F o c k  S C F  w a v e fu n c tio n  c o m p u te d  

u s in g  th e  STO -3G  b a s is  s e t  a n d  th e  p ro p e rly  p a ck a g e  from  GAUSSIAN 

8 2  (B inkley e t a l.. 1982). W ork d e sc rib e d  In  e a r lie r  c h a p te r s  show ed  

t h a t  t h i s  b a s i s  s e t  w a s  a d e q u a te  fo r  th e  c o m p u ta t io n  o f  th e  

e le c tro s ta tic  in te ra c tio n  u s in g  th e  ite ra tiv e  sc h em e  d esc rib ed  above.

T h e  e ffect o f  th e  e n tire  p ro te in  s t r u c tu r e  (th e  "fu ll p ro te in  

en v iro n m en t" ; FULL) w a s  c o n s id e re d  b y  u s in g  a ll th e  a to m s  in  th e  

p ro te in  ex cep t th o se  belong ing  to  H is 162 a n d  A sn  182. To c o n s id e r  

th e  e ffec ts  o f se le c te d  e le m e n ts  o f  th e  s t r u c tu r e ,  th re e  s u b s e ts  of 

c o o rd in a te s  w ere  a lso  g e n era te d . O ne s e t  (HX) c o n s is te d  o f th e  a to m s  

b e long ing  to  th e  a lp h a  he lices  a s  d e sc rib ed  In  th e  FDB file (I.e. he lices 

A l to  A6). A n o th e r s e t  (BETA) co n ta in e d  th e  a to m s  o f th e  b e ta  sh e e t 

s t ru c tu re s  in  th e  p ro te in , in c lu d in g  th e  s h e e ts  B1 a n d  B 2 Iden tified  in  

th e  PDB file. T he th ird  s e t  (ACTIVE) co n ta in e d  on ly  th e  a to m s  o f th e  

re s id u e s  T rp  184, C ys 25 , a n d  G in  19, w h ich , to g e th e r  w ith  H is 

162 a n d  A sn  182, fo rm ed th e  ac tiv e  s ite  o f a c tln id in  (B aker, 1980; 

B ro c k le h u rs t et. a l., 1981).

5.2 .5  SOLVENT EFFECTS

T h e  effect o f th e  so lv en t s u r ro u n d in g  th e  p ro te in  s t r u c tu r e  w a s  

e s t im a te d  a s  d o n e  in  c h a p te r  3  b y  c o m p u tin g  th e  e le c tro s ta t ic  

in te ra c tio n  energy  u s in g  a  m odified s e t  o f  p o in t c h a rg e s  for th e  m a c ro ­

m olecu le . In  th is  m odified  se t, th e  a to m s  exposed  to  th e  so lv en t h a d  

th e i r  c h a rg e  sca led  dow n b y  a  c o n s ta n t  v a lu e  o f 1 .35 . B e c a u se  th e
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m a jo r c o n tr ib u tio n  to  th e  e lec tro sta tic  in te ra c tio n  en erg y  (see R esu lts) 

w a s  from  th e  VxQ energy  te rm  in  UNPT, c o m p u ta tio n s  w ith  th e  s e t  of 

sc a le d  p o in t  c h a rg e s  w a s  lim ited  to  th is  en e rg y  te rm . No a tte m p ts  

w ere  m a d e  to  exp lo re  p o la riza tio n  effects w ith  th e s e  n ew  s e t  o f p o in t 

c h a rg e s  s in c e  th e  th ree -b o d y  effects involved in  th e  p o la riza tio n  o f th e  

so lv en t, p ro te in  m a trix , a n d  th e  q u a n tu m  m o tif  w ou ld  b e  too  com plex  

to  be  e s tim a te d  b y  u s in g  th e  sca led  charge  ap p rox im ation .

5.2 .6  SPATIAL CONSTRAINTS ON THE ORIENTATION OF THE 

LIGANDS

In  a n  effo rt to  o rie n t th e  d ru g  m o lecu les  a ro u n d  th e  IM ID /FO R  

a n d  IM ID /M ET (i.e. im id a zo liu m /m e th an e th io l)  com plexes to  optim ize 

th e i r  e ffe c t o n  th e  p ro to n  t r a n s f e r  e n e rg y  c u rv e s , th e  s p a t ia l  

c o n s tr a in ts  in tro d u c e d  b y  th e  p ro te in  s t r u c tu r e  o f a c tln id in  o n  th e  

indo le  g ro u p  o f T rp  184 w ere exp lored  u s in g  th e  CHARMM p ack ag e  of 

p ro g ra m s  (B ro o k s e t  a l . ,  1983) a s  im p le m e n te d  in  th e  QUANTA 

sy s te m  o f  p ro g ra m s  (POLYGEN C o rp ., 1988). U s in g  th e  d e fa u lt  

p o te n tia l  fu n c tio n  a n d  p a ra m e te r  file in  CHARMM, th e  se lf  en erg y  of 

a c tln id in  w a s  co m p u ted  a s  a  fu n c tio n  of ro ta tin g  th e  indo le  o f T rp  184 

a ro u n d  th e  C a  — CP (TAU 1) a n d  Cp — Cy fTAU 2) b o n d s  in  2 0  degree 

s te p s . T h e  r e s u l ts  y ielded  a  p re lim in a ry  s c a n  o f th e  p o te n tia l su rface . 

F o r v a lu e s  o f TAU 1 g re a te r  th a n  -2 0  d eg rees  th e  en erg y  su rfa c e  w a s  

o v e r se v e ra l h u n d re d  to  th o u s a n d s  o f k ilo c a lo rle s  h ig h e r  in  en erg y  

th a n  th e  c ry s ta l s t ru c tu re  geom etry  (d a ta  n o t show n). F o r th is  re a so n  

a  seco n d  m ore  d e ta iled  sc a n  w ith  s te p  size o f 5  d eg rees  w a s  lim ited  to
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-1 8 0  < TAU 1 < -2 0  a n d  -1 8 0  < TAU 2  < 180; th e  re s u l ts  a re  sh o w n  In 

F ig u re  5 -2  w h e re  th e y  w ere  p lo tte d  in  iso e n e rg e tic  c o n to u rs  a s  a  

fu n c tio n  o f th e  a n g le s , a n d  w ith  th e  e n e rg y  fo r th e  c ry s ta l  s t ru c tu r e  

geom etry  a s  th e  zero  p o in t o f energy. A lth o u g h  It d id  n o t  r e p re s e n t  a  

t ru e  m e a s u re  o f th e  in te ra c tio n  of th e  in d o le  g ro u p  w ith  th e  p ro te in  

s t ru c tu r e  d u e  to  th e  n a tu re  o f th e  p o te n tia l fu n c tio n s  a n d  th e  n eg lec t 

o f s t r u c tu r a l  a d ju s tm e n t  of th e  p ro te in  m acro m o lecu le , th is  a p p ro a c h  

gave a  q u a lita tiv e  e s t im a te  o f th e  freed o m  o f m o v em en t a ro u n d  th e  

reg ion  of th e  s id e  c h a in  o f T rp  184 in  th e  c a ta ly tic  s ite  o f a c tln id in , 

A dd itiona l a n a ly s is  o f th e  sp a tia l  c o n s tra in ts  in tro d u c e d  b y  th e  p ro te in  

s t r u c tu r e  o n  th e  p o ss ib le  o r ie n ta tio n s  fo r th e  lig a n d  m o le cu le s  w as 

d one  u s in g  th e  m o lecu la r g rap h ic s  p ack ag e  ava ilab le  th ro u g h  QUANTA 

a n d  i ts  d e fau lt p a ra m e te rs  for v a n  d e r  W aal rad ii.

5 .3  RESULTS

5.3.1 THE PROTON TRANSFER

5 .3 .1 .1  IM ID /FO R  C om plex in  th e  a b se n c e  of th e  p ro te in  o r  lig an d s

F ig u re  3-1  sh o w s th e  o rien ta tio n  o f th e  Indole  from  T rp  184 a n d  

th e  im ld a zo liu m / fo rm am ide  in  th e  IM ID /FO R  com plex , a n d  F ig u re  5- 

1 sh o w s th a t  p ro to n  t r a n s fe r  en e rg y  c u rv e  for th e  IM ID /FO R  sy s tem  

c o m p u te d  w ith  th e  STO -3G  b a s is  s e t  a s  d e sc r ib e d  in  th e  T h eo re tica l 

A p p ro ach  sec tio n . T h e  d o u b le  w ell c h a ra c te r  o f th e  cu rv e  w a s  typ ica l
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fo r p ro to n  t r a n s f e r  b e tw e e n  h y d ro g e n  b o n d e d  s y s te m s  (S c h e in e r, 

1985). T ab le  5-1  l is ts  th e  s ta b iliz a tio n  en erg y  o f  th e  c ritic a l p o in ts , 

b a r r ie r s ,  a n d  d riv in g  e n e rg y  fo r p ro to n  t r a n s fe r  in  th e  IM ID /F O R  

sy s te m . T h e  co m p lex  w a s  s ta b le  a t  th e  M l p o in t w ith  a  s ta b ili ty  of

19 .2  k c a l /m o l  c o m p u te d  w ith  th e  6-31G * b a s is  s e t  a n d  th e  6 - 3 1G 

geom etry . W ith  th e  sa m e  b a s is  s e t  th e  b a r r ie r  for p ro to n  t ra n s fe r  w as  

2 6 .8  k c a l/m o l w h e n  th e  TSL tra n s it io n  s ta te  s t ru c tu re  w a s  co n sid ered  

a n d  2 8 .5  k c a l/m o l w h e n  c o m p u ted  a t  th e  T SP t r a n s it io n  s ta te  p o in t. 

T h e  d riv in g  en erg y  (i.e. M 2-M 1) w a s  2 2 .0  k c a l/m o l. T ab le  5-1  a lso  

sh o w s th e  b a s is  s e t  d ep en d e n ce  for th e s e  c o m p u ta tio n s . T he STO-3G 

b a s is  s e t  o v e re s tim a ted  th e  s ta b ility  o f th e  IM ID /F O R  co m p lex  w h e n  

th e  p ro to n  m oves to  fo rm am ide  w hile  r e s u l ts  o b ta in ed  w ith  th e  6 - 3 1G 

b a s is  s e t  w ere  in  re a so n a b le  a g re e m e n t w ith  th e  6 - 3 1G* re s u l ts .  In  

c o m p a riso n  to  th e  c o m p u ta tio n s  w ith  th e  6 - 3 1G* o r 6 - 3 1G b a s is  s e ts , 

th e  m in im a l b a s is  s e t  u n d e re s t im a te d  th e  b a r r ie r  fo r p ro to n  tr a n s fe r  

a n d  o v eres tim a ted  th e  d riv ing  energy  (i.e. le s s  nega tive  M 2-M 1).

5 .3 .1 .2  P ro te in  e le c tro s ta tic  effects o n  th e  p ro to n  tra n s fe r

T ab le  5 -2  sh o w s th e  e le c tro s ta tic  en erg y  o f in te ra c tio n  b e tw een  

fra g m e n ts  o f th e  s t ru c tu re  o f a c tln id in  a n d  th e  IM ID /FO R  com plex  a t  

th e  c r it ic a l  p o in ts  o f  th e  p ro to n  t r a n s f e r  en e rg y  c u rv e . T h e  fu ll 

p ro te in  s t r u c tu r e  In te ra c te d  favorab ly  w ith  th e  com plex  a t  a ll c ritic a l 

p o in ts  a n d  th e  s ta b iliza tio n  overcam e th e  d e s tab iliz a tio n  c a lc u la te d  in  

v a c u u m  for th e  com plex  w ith  th e  p ro to n  n e a r  fo rm am ide. A s po in ted  

o u t  a lso  fo r th e  H is 1 6 2 /  C ys 2 5  com plex, th e  e le m e n ts  o f th e  p ro te in  

s t r u c tu r e  c o n s id e re d  h e re  h a d  d iffe ren t c o n tr ib u tio n s  to  th is  effect.
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T h e  g ro u p s  in  th e  ac tiv e  s ite  s tab ilized  th e  com plex  b y  le s s  th a n  2 

k c a l/m o l w hile  th e  co llection  o f a lp h a  h e lice s  A l to  A 6 m a d e  a  m a jo r 

c o n tr ib u tio n  to  th e  s ta b iliz a tio n  o f th e  com plex . T h e  e ffect from  th e  

b e ta  s h e e t  s t r u c tu r e s  w a s  s ig n if ic an t b e c a u s e  a t  th e  M 2 p o in t  th e se  

s t r u c tu r e s  d es ta b ilized  th e  com plex  b y  0 .7  k c a l/m o l. T h ese  effects 

w e re  m e d ia te d  th ro u g h  a  c o m b in a tio n  o f  th e  u n p e r tu r b e d  a n d  

p o la r iz a tio n  e n e rg ie s  o f in te ra c tio n  (UNFT a n d  IND B. respective ly ). 

F o r th e  fu ll p ro te in  s t ru c tu r e  a n d  th e  co llec tion  o f a lp h a  h e lice s  th e  

p o la r iz a tio n  en e rg y  w a s  a  sm a ll c o m p o n e n t o f  th e  to ta l  in te ra c tio n  

energy . F o r th e  g ro u p s  in  th e  active s ite  a n d  th e  b e ta  s h e e t  s t ru c tu re  

th e  p o la r iz a tio n  e n e rg y  w a s  a  m a jo r  c o m p o n e n t o f  th e  fav o rab le  

in te ra c tio n  b e tw een  th e se  g ro u p s  a n d  th e  IM ID /FO R  com plex .

T ab le  5 -3  sh o w s th e  effect from  th e  p ro te in  on  th e  b a r r ie r  a n d  

d r iv in g  e n e rg y  fo r  p r o to n  t r a n s f e r  b e tw e e n  im ld a z o liu m  a n d  

fo rm am ide . B e ca u se  th e  d ifference b e tw een  th e  TSL a n d  T S P  fo rm s 

o f th e  IM ID /F O R  co m p lex  w as neg lig ib le  (e. g. T ab le  5-2) o n ly  th e  

r e s u l ts  fo r TSL a re  l is te d . T h e  fu ll p ro te in  s t r u c tu r e  in c re a s e d  th e  

b a r r ie r  a n d  re d u c e d  th e  d riv ing  en erg y  b y  a p p ro x im ate ly  3  k c a l/m o l. 

T he  g ro u p s  in  th e  active  s ite  h a d  neglig ible effects o n  th e  b a r r ie r  a n d  

d riv ing  en erg y  (i.e. ap p ro x im ate ly  < 0 .5  k ca l/m o l). t h u s  th e y  h a d  little  

effect in  m o d u la tin g  th e  p ro to n  tra n s fe r . T he  a lp h a  h e lice s  a id ed  th e  

t r a n s fe r  o f th e  p ro to n  b y  re d u c in g  th e  b a r r ie r  a n d  in c re a s in g  th e  

d riv ing  energy , b u t  th e ir  effect w a s  a lso  v e ry  sm a ll. T he  b e ta  sh e e ts  

h a d  a  s ig n if ic a n t in f lu e n c e  o n  m o d u la tin g  th e  in  v a c u u m  p ro to n  

t r a n s fe r  e n e rg y  c u rv e . T h is  e le m e n t o f s u p e rs e c o n d a ry  s t r u c tu r e  

in c re a se d  th e  b a rr ie r  for p ro to n  tra n s fe r  b y  5 .5  k c a l/m o l. T he  driv ing
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en erg y  w a s  d e c re a se d  b y  9 .7  k c a l/m o l. I t  is  n o tew o rth y  th a t  m o s t of 

th e s e  effects w ere  d u e  to  th e  u n p e r tu rb e d  In te ra c tio n  energy; th e  only  

e x ce p tio n  w a s  th e  p o la riza tio n  c o n tr ib u tio n  from  th e  g ro u p s  in  th e  

a c tiv e  s ite . T h e  la t t e r  w ere  th e  c lo s e s t  g ro u p s  to  th e  IM ID /F O R  

com plex, a n d  th e  re s u lt  w a s  rea so n ab le .

A s d e s c r ib e d  in  T h e o re t ic a l  A p p ro a c h , I e s t im a te d  th e  

c o n s e q u e n c e  o f  so lv e n t s c re e n in g  o n  th e  c a lc u la te d  e ffec t o f th e  

p ro te in  o n  th e  p ro to n  tra n s fe r  cu rve . T ab le  5 -4  co m p ares  th e  b a rr ie rs  

(TSL-M 1) a n d  d r iv in g  e n e rg ie s  (M 2-M 1) e s t im a te d  f ro m  th e  

c o m p u ta tio n  o f VxQ e n e rg ie s  u s in g  sc a le d  c h a rg e s  a n d  n o n -sc a le d  

c h a rg e s  a s  d e sc rib e d  in  T h eo re tica l A p p ro ach . A s ex p ec ted  w ith  th e  

m o d ified  c h a rg e s , th e  e le c tro s ta t ic  in te r a c t io n  b e tw e e n  th e  FULL 

p fo te in  s t ru c tu re  a n d  th e  IM ID /FO R  w a s  red u c ed . S im ila r re d u c tio n s  

w ere  n o t  ex p ec ted  w ith  frag m e n ts  o f th e  p ro te in  b e c a u se  th e  sc a lin g  

fa c to r  w as c o n s tru c te d  b y  c o n s id e r in g  th e  fu ll s e t  o f  c h a rg e s . In  

m o d u la tin g  th e  a c tiv a tio n  p ro c e ss  i t  w as  th e  b a rr ie r  (i.e. TS1-M1) a n d  

d riv ing  en erg y  (i.e. M 2-M I) w h ich  w ere  th e  re le v an t te rm s . S ca ling  of 

th e  c h a rg e s  in tro d u c e d  n o  c h a n g e s  o n  th e s e  te rm s  su g g e s tin g  th a t  

a d d itio n  of so lv en t effects w ou ld  n o t m ak e  q u a lita tiv e  c h a n g e s  in  th e  

r e s u l ts  d e sc rib e d  above. M oreover, for th e  fl s h e e ts  e lim in a tin g  th e  

c h a rg e d  g ro u p s  d id  n o t  m ak e  s ig n if ic an t c h a n g e s  to  th e  effect from  

th e s e  s t ru c tu re s  to  b a rr ie r  a n d  d riv ing  energy.
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5.3 .2  THE EFFECTS OF THE UGANDS ON THE PROTON TRANSFER 

ENERGY

5 .3 .2 .1  S p a tia l c o n s tra in ts  im posed  b y  th e  p ro te in  s t ru c tu re

B e c a u se  o f th e ir  a g o n is tic  ac tiv ity  a t  th e  5 -H T /L S D  re c e p to r  

try p ta m in e  d e riv a tiv es  a s  re p re se n te d  b y  th e ir  m o d el s t r u c tu r e s  (e.g. 

h y d ro x y  a n d  m e th y le n e d io x y  in d o le s )  w e re  e x p e c te d  to  h a v e  

m o d u la to ry  e ffec ts  o n  a n y  p ro to n  t r a n s fe r  p ro c e s s  re s p o n s ib le  fo r 

a c tiv a tio n  o f th e  rec ep to r. H ow ever, b o th  b in d in g  o f lig a n d s  to  th e  

p ro to n  t r a n s fe r  com p lex , a n d  th e  e le c tro n ic  e ffect o f c o m p lex a tio n  

w ere  sh o w n  to  b e  d e p e n d e n t o n  th e  m u tu a l  o r ie n ta tio n  of th e  lig an d  

a n d  th e  com plex  (O sm an  e t  a l., 1987). T he  s te r ic  c o n s tra in ts  im posed  

b y  th e  p ro te in  s t r u c tu r e  w o u ld  a ffec t th e  m e a s u re d  a ffin ity  o f th e  

lig an d s. F igu re  5 -2  show s a  c o n to u r  p lo t of th e  energy  o f ac tln id in  a s  a  

fu n c tio n  o f  th e  o r ie n ta tio n  o f th e  in d o le  in  T rp  184. In  th e  c ry s ta l 

s t r u c tu r e  th e  in d o le  in  T rp  184 w a s  in  n e a r ly  s ta c k in g  c o n fo rm a tio n  

over th e  h y d ro g en  b o n d  b e tw een  H is 162 a n d  A sn  184, a n  o rien ta tio n  

s im ila r  to  th e  o n e  sh o w n  to  be  im p o r ta n t  in  m o d u la tin g  th e  p ro to n  

tr a n s fe r  re sp o n s ib le  for a c tiv a tio n  o f th e  5 -H T /L S D  re c e p to r  (O sm an  

e t. a l., 1987). T h e  c a lc u la tio n s  show ed  th e  o r ie n ta tio n  in  th e  c ry s ta l 

s t r u c tu r e  to  b e  th e  m o s t favo rab le  o n e  b e c a u se  a ll o th e r  reg io n s  lay  

h ig h e r in  energy . O nly  tw o sm a ll w indow s ex is ted  b e tw een  x(C a — C(3) 

o f -5 0  to  -1 8 0  d eg rees  a n d  x(C0 -- Cy) o f  -1 8 0  to  -2 0  a n d  180 to  2 0  

d e g re es  w ith  en e rg ie s  w ith in  5 0  k c a l/m o l from  th e  c ry s ta l s t ru c tu re .  

T h e  s tro n g  sp a tia l  c o n s tra in ts  im p o sed  b y  th e  p ro te in  s t r u c tu r e  w as 

ev id en t in  F ig u re  5 -3  w h ich  show ed  a  5 -hydroxy indo le  m o lecu le  o ri­
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e n te d  a s  th e  Indo le  in  T rp  184 a n d  w ith  th e  s u r r o u n d in g  p ro te in  

s tru c tu re . T he  su rfa ce  su rro u n d in g  th e  m olecu le  a t  a  d is ta n c e  e q u a l to  

th e  v a n  d e r  W aal ra d ii o f  th e  a to m s  is  sh o w n  a s  a  d o t su rface . S m all 

d isp la c e m e n ts  from  th e  o rig in a l c ry s ta l s t r u c tu r e  o r ie n ta tio n  y ie lded  

p o o r  s te r ic  c o n ta c ts  a s  ev id en ced  b y  th e  o v e rlap  b e tw e e n  th e  d o t 

su rfaces.

5 .3 .2 .2  E le c tro s ta tic  effects o n  th e  p ro to n  t ra n s fe r

G iven th e  s tro n g  s p a tia l  c o n s tra in ts  in tro d u c e d  b y  th is  m odel 

p ro te in  s tru c tu re , th e  e le c tro s ta tic  effects o f th e  lig an d s  on  th e  p ro to n  

tr a n s fe r  in  th e  IM ID /F O R  com plex  w ere  s tu d ie d  w ith  th e  l ig a n d s  in  

th e  o rie n ta tio n  of th e  in d o le  g ro u p  o f  re s id u e  T rp  184. T h is  w a s  do n e  

a s  a n  exp lo ra tion  of th e  ab ility  o f su c h  lig a n d s  to  m o d u la te  th e  p ro to n  

tra n s fe r  even  in  th e  a b se n c e  o f a n  o p tim a l o rie n ta tio n  w ith  re s p e c t to  

th e  h y d ro g en  b o n d e d  com plex  re sp o n s ib le  fo r a c tiv a tio n . T ab le  5-5  

sh o w s th e  c a lc u la te d  e le c tro s ta tic  in te ra c tio n  b e tw een  th e  IM ID /FO R  

co m p lex  a t  e a c h  o n e  of th e  c r itic a l p o in ts  fo r th e  v a r io u s  in d o le  

derivatives, a n d  th e  effect o f th e se  lig a n d s  o n  th e  b a r r ie r  a n d  driv ing  

e n e rg y  fo r p ro to n  tra n s fe r . N otab ly , th e  in te ra c t io n  o f a ll  l ig a n d s  

re d u c e d  th e  b a r r ie r  a n d  in c re a sed  th e  d riv ing  energy , b u t  to  d ifferen t 

e x te n ts  t h u s  giving r is e  to  a  d e fin ite  r a n k  o rd e r  in  w h ic h  5-H T  w a s  

ca lcu la ted  to  have  th e  g re a te s t  effect.
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5 .4  DISCUSSION

T h e  re s u l ts  from  th is  w o rk  i llu s tra te d  th e  tw o m a jo r  effects of 

p ro te in  s t r u c tu r e  o n  th e  m e c h a n is m  o f lig a n d  re c o g n itio n  a t  th e  

recep to r, a n d  o n  th e  p ro c e ss  o f triggering  a  re sp o n se  to  b in d in g . O ne 

w a s  th e  r e s u l t  o f s te r ic  c o n s tra in ts  im p o sed  b y  th e  p ro te in  s tru c tu re . 

T h e  o th e r  w a s  th e  e le c tro s ta t ic  e ffec t o f th e  s t r u c tu r e  o n  th e  

ac tiv a tio n  m ec h an ism  — in  th is  c a se  a  p ro p o sed  p ro to n  tra n s fe r .

T he p ro to n  t ra n s fe r  b e tw een  H is 162 a n d  A sn  182 w as affected 

b y  th e  e le c tro s ta tic  effects from  a c tin ld in  in  a  m a n n e r  s im ila r  to  th a t  

d isc u sse d  for th e  H is 1 6 2 /C y s  2 5  sy s te m  (See c h a p te rs  3  a n d  4.). In  

b o th  s y s te m s  th e  p ro to n  t r a n s f e r  w a s  h in d e re d  b y  th e  p ro te in  

s t r u c tu r e .  T h is  to ta l  e ffec t w a s  co m p o sed  o f se v e ra l, so m e tim e s  

o p p o s i te  c o n tr ib u t io n s  f ro m  d if fe re n t  e le m e n ts  o f  th e  p ro te in  

s t ru c tu re . F o r ex am p les, th e  effects o f v a r io u s  h e lice s , a n d  th e  o p ­

p o s ite  n a tu r e  o f  th e  effect o f a ll h e lices  c o m p ared  to  th e  effect o f th e  

r e s t  o f th e  s t r u c tu r e .  A  n o tew o rth y  d iffe rence  b e tw e e n  th e  w ay  in  

w h ic h  th e  tw o  p ro to n  t r a n s fe r  sy s te m s  a re  a ffec ted  w a s  th e  la rg e  

effect th e  b e ta  sh e e t  s t ru c tu re  h a d  o n  th e  p ro to n  t ra n s fe r  b e tw een  H is 

162 a n d  A sn  182. F o r th e  H is 1 6 2 /C y s  2 5  sy s te m  th e  a lp h a  he lices  

h a d  a  m o re  s ig n if ic a n t ro le  in  m o d u la t in g  th e  p ro to n  t r a n s fe r .  

U n fo rtu n a te ly , th e  e x te n t to  w h ic h  b e ta  s h e e ts  m a y  b e  p ro m in e n t in  

th e  s t r u c tu r e  o f n e u ro t r a n s m it te r  re c e p to rs  is  p re s e n tly  u n k n o w n . 

T h e  g e n e ra l  e le c t ro s ta t ic  p ro p e r t ie s  a r is in g  fro m  th e  s e c o n d a ry
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s t r u c tu r e  o f  b e ta  s h e e ts  re m a in s  u n c le a r  (van  D u ijn e n  e t  a l., 1985). 

T he  n a tu re  of th e  e le c tro s ta tic  In te ra c tio n  en erg y  w ith  th e  p ro te in  w as 

a lso  s im ila r  fo r b o th  com plexes. W hen  a  n e t  c h a rg e  w a s  p re s e n t  a s  

w a s  th e  c a se  w ith  th e  a lp h a  h e lices  a n d  th e  fu ll p ro te in  s tru c tu re , th e  

UNPT en erg y  te rm  m a d e  th e  g re a te s t  c o n tr ib u tio n  to  th e  en erg y  d u e  

to  th e  V xQ  energy . F o r  th e  in te ra c tio n  w ith  g ro u p s  la c k in g  a  n e t  

c h a rg e  a s  w a s  th e  c a se  w ith  th e  b e ta  s h e e ts  a n d  th e  ac tive  s ite , th e  

p o la r iz a tio n  en erg y  w a s  o f s im ila r  m a g n itu d e  to  th e  UNPT te rm . T h e  

e le c t r o s t a t i c  c o n t r ib u t io n  to  th e  b a r r i e r  a n d  d r iv in g  e n e rg y  

re sp o n s ib le  for m o d u la tio n  o f th e  p ro to n  tra n s fe r  c am e  p rim arily  from  

th e  UNPT te rm  in  b o th  sy s tem s.

In  th e  s im u la tio n  o f 5-H T in te ra c tin g  w ith  th e  p ro to n  t ra n s fe r  

m o d el in  v a c u u m  (O sm an  e t  a l., 1987), fu ll freedom  w a s  a llow ed in  

id en tify in g  th e  o p tim a l o r ie n ta tio n  fo r 5-H T to  in te ra c t  w ith  th e  im i- 

d azo llu m  m olecu le  in  a  p la n e  p a ra lle l to  th e  p la n e  o f th e  im ldazo lium  

m o le cu le . T h is  free d o m  m a d e  p o s s ib le  th e  id e n tif ic a tio n  o f  th e  

o p tim a l o rien ta tio n  th a t  w a s  likely to  be  b u ilt  in to  a  re c e p to r  s tru c tu re  

i f  th is  w ere  th e  reco g n itio n  p ro ce ss . B u t it  w a s  n o t  ex p ec ted  to  ex is t 

in  th e  m a c ro m o le c u la r  re c e p to r  m odel d u e  to  s te r ic  e ffects from  th e  

p ro te in  s t r u c tu r e .  In d ee d , th e  s im u la t io n s  a n d  m o le c u la r  g ra p h ic s  

a n a ly s is  o f th e  a re a  su r ro u n d in g  th e  in d o le  o f T rp  184  in d ic a te d  th a t  

th e  p a c k in g  w ith in  th e  p ro te in  w a s  tig h t, a n d  th e re  w a s  little  room  for 

m o d ify in g  th e  o r ie n ta t io n  o f th is  g ro u p  w ith in  th e  ac tiv e  s i te  o f 

a c t ln id in  from  th e  o rig in a l c ry s ta l  s t r u c tu r e  o r ie n ta t io n . T h e se  

c o n s tra in ts  h in d e re d  th e  ab ility  to  optim ize th e  indo le  o f T rp  184  over 

e ith e r  th e  H is 1 6 2 /C y s  2 5  com plex  s tu d ie d  befo re  o r th e  H is 1 6 2 /A sn
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182 com plex  s tu d ie d  h e re . T h u s , i t  w a s  n o t p o ss ib le  to  m ax im ize  th e  

effects from  Indole  o r  i ts  co n g en ers  o n  th e  b a r r ie r  a n d  d riv ing  energy  

fo r p ro to n  tra n s fe r . B e ca u se  th e  c ry s ta l s t ru c tu r e  o r ie n ta tio n  fo r th e  

indo le  o f T ip  184 w a s  c lose  to  th e  op tim al o r ie n ta tio n  su g g e s te d  from  

th e  s im u la tio n s  in  v acu u m , a n d  th e  m o lecu la r m e c h a n ic s  c o m p u ta tio n s  

a n d  g ra p h ic s  a n a ly s is  su g g e s te d  little  freedom  o f m o v em en t fo r th is  

g roup , it  is  rea so n a b le  to  a ssu m e  th a t  th e  c ry s ta l s t ru c tu re  o rie n ta tio n  

fo r  th e  in d o le  r e p r e s e n ts  i t s  p re f e r r e d  o r ie n ta t io n  w ith in  th e  

c o n s tra in ts  o f th e  su rro u n d in g  p ro te in  s tru c tu re .

T h e  p r e s e n t  f in d in g s  c o n c e rn in g  th e  e le c t r o s ta t ic  e ffe c t of 

c o n g e n e rs  o f  5 -h y d ro x y in d o le  ( re p re s e n tin g  5-H T) o n  th e  p ro to n  

t r a n s fe r  b e tw ee n  H is  162 a n d  A sn 182 e x te n d ed  th e  c o n c lu s io n s  on  

th e  e le c tro s ta tic  effects th a t  th e  recep to r-m ac ro m o lecu le  i ts e lf  h a s  o n  

th e  a c tiv a tio n  o f th e  5 -H T /L S D  re c e p to r . T h e  H is  1 6 2 /A s n  182 

co m p lex  w a s  c h o se n  h e re  b e c a u s e  th e  p ro to n  d o n o r  a n d  a c c e p to r  

m o ie ties in  th is  com plex  w ere c lo ser to  th e  indo le  o f T rp  184. T h u s , 

th e  p ro to n  tra n s fe r  energy  curve  w a s  d irec tly  affected  b y  th e  p re sen c e  

o f th e  indole  a s  o rien ted  in  th e  c ry s ta l s t ru c tu re . T h e  m o d e ls  for all 

th e  c o n g e n e ric  d ru g s , w h e n  o r ie n te d  a s  th e  in d o le  o f T rp  184, 

low ered  th e  b a r r ie r  for p ro to n  t r a n s fe r  a n d  In c re a s e d  th e  d riv in g  

en erg y  fo r th e  p ro ce ss . T h ese  c h a n g e s  in  th e  p ro to n  t r a n s fe r  energy  

cu rve  w ere  expec ted  for lig an d s w ith  ag o n is t ac tiv ity  s u c h  a s  th e  5-H T 

c o n g e n e rs  s tu d ie d  h e re . T h e  e ffects o n  th e  b a r r ie r s  a n d  d riv in g  

en erg y  w ere  o f  th e  sa m e  m ag n itu d e , b u t  in  th e  o p p o site  d irec tio n  a s  

th o se  a lre ad y  d esc rib ed  for th e  p ro te in  s t ru c tu re  (com pare  T a b le s  5 -3  

a n d  5-5). T h u s , w hile  th e  p ro te in  s t ru c tu r e  in h ib ite d  a c tiv a tio n  b y
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h in d e r in g  th e  p ro to n  tr a n s fe r ,  th e  d r u g s  lo w ered  th e  b a r r ie r  a n d

in c r e a s e d  th e  d r iv in g  e n e rg y  fo r  t r a n s f e r  h e n c e  c o n tr ib u t in g  to

a c tiv a tio n . T h e se  e ffects follow  a  sp ec ific  r a n k  o rd e r  a s  sh o w n  in

T ab le  5 -5  w ith  5HIN D (5 -hydroxy indo le) h a v in g  th e  g re a te s t  effect.

S u c h  re s u l ts  w ere  n o t o b ta in ed  b y  u s in g  a n  o p tim iza tio n  o f th e  lig an d s

a ro u n d  th e  H is 1 6 2 /A sn  182, b u t  b y  c h o o s in g  a n  o r ie n ta tio n  th a t

a p p e a re d  op tim al w ith in  th e  s te r ic  c o n s tra in ts  in  ac tln id in . T h u s , th is

h e u r is t ic  m o d e llin g  s u g g e s ts  t h a t  th e  re c e p to r-m a c ro m o le c u le  m ay

h av e  a  s tru c tu re  th a t  selects for a n  o rie n ta tio n  of lig a n d s  w ith  agon istic

a c tiv ity  t h a t  o p tim izes  th e  in te ra c tio n  e n e rg y  a n d  low ers th e  b a rr ie r

fo r th e  p ro to n  t r a n s fe r  so  a s  to  tr ig g e r  re c e p to r  a c tiv a tio n . T h is

se le c tio n  w o u ld  r e s u l t  from  s te r ic  c o n s t r a in ts  t h a t  fin e  tu n e  th e

In te ra c tio n  b e tw een  lig an d s  a n d  th e  rec ep to r. In  th is  c o n te x t, i t  m ay

b e  n o tew o rth y  th a t  re c e n t QSAR w ork  b y  T ay lo r a n d  co -w o rk ers  h a s

id e n tif ie d  th e  m o le c u la r  v o lu m e  of te tr a h y d ro p y r id y lin d o le s  a s  a

s ig n if ic an t p a ra m e te r  in  th e  n o n lin e a r  re g re ss io n  m odel t h a t  p re d ic ts  

pK j’s  a t  th e  5-H T la  re c e p to r  (Taylor e t a l.. 1988).

T h e  s t ru c tu re -a c tlv i ty  s tu d ie s  o f  l ig a n d s  a t  n e u ro t r a n s m it te r  

re c e p to rs  hav e  em p h asized  a n  a n a ly s is  o f th o se  s t ru c tu ra l  fe a tu re s  th a t  

a r e  re le v a n t fo r b in d in g  a n d  b io log ica l ac tiv ity . A ctiv ity  h a s  b e e n  

a d d re ss e d  p rim arily  a s  a n  a ll o r  n o n e  fe a tu re , b u t  re c e p to r  th e o ry  a n d  

e x p e r im e n ta l  e v id e n ce  h a s  in d ic a te d  t h a t  th e r e  i s  a  s p e c tru m  of 

b in d in g  a ff in itie s  a n d  b io lo g ica l a c tiv i t ie s  a s  r e p r e s e n te d  b y  th e  

m a x im u m  effect a n d  p o te n c y  o f a n  a g o n is t  (K enak in , 1987). T he 

in trin s ic  efficacy  (x) o f a  lig an d  h a s  b e e n  a  m e a su re  o f th e  biological 

a c tiv ity  o f a  d ru g  w h ic h  w a s  d e p e n d e n t  o n ly  o n  p ro p e r t ie s  o f th e
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l ig a n d  (K enak ln , 1987). H en ce . I t  w a s  d iffe re n t fro m  th e  b in d in g  

a ff in ity  w h ic h  d e p e n d e d  o n  b o th  th e  l ig a n d  a n d  i t s  b in d in g  s ite . 

W ith in  th e  T e rn a ry  C om plex T h eo ry  o f B lack  a n d  Lefif (K enakln , 1987). 

th e  In tr in s ic  efficacy d e p en d e d  o n  th e  e q u ilib riu m  c o n s ta n t  (KE) for

th e  b in d in g  o f th e  d ru g -re c e p to r  com p lex  w ith  th e  e ffec to r p ro te in  to  

fo rm  a  te rn a ry  com plex  w h o se  c o n c e n tra tio n  w a s  p ro p o r tio n a l to  th e  

s t im u lu s  re sp o n s ib le  fo r th e  p h a rm aco lo g ic  re s p o n se . B e c a u se  th e  

p ro to n  tr a n s fe r  d e sc rib e d  h e re  w a s  p o s tu la te d  to  g e n e ra te  a n  active  

form  of th e  re c e p to r  cap ab le  of b in d in g  th e  effector a n d  g e n e ra tin g  a  

r e s p o n se , th e  d riv in g  e n e rg ie s  l is te d  in  T ab le  5 -5  s h o u ld  c o rre la te  

w ith  th e  in tr in s ic  efficacies o f th e  d ru g s  u n d e r  c o n d itio n s  in  w h ic h  

th e  r a te  o f fo rm atio n  of th e  te rn a ry  com plex  is  fa s t. O th e rw ise , th e  

in tr in s ic  efficacy sh o u ld  c o rre la te  w ith  th e  b a r r ie r  fo r p ro to n  tr a n s fe r  

(TS-M1). T h e  in tr in s ic  efficacy for a ll th e  try p ta m in e  d e riv a tiv e s  h a s  

n o t  b e e n  re p o r te d , b u t  i t  is  o f s ig n if ic a n c e  t h a t  5 -c a rb o x y a m ld o  

try p ta m in e , m odeled  h e re  b y  5CIND, is  a  p a r tia l  a g o n is t a t  th e  5-H T la  

r e c e p to r  (S h e n k e r  e t  a l . ,  1 9 8 5 ; S h e n k e r  e t  a l . ,  1 9 8 7 ), th e  

p h a rm aco lo g ica lly  c o rre c t n a m e  for th e  5 -H T /L S D  re c e p to r , w h e re a s

5-H T is  a  fu ll a g o n is t. T h is  o b se rv a tio n  is  in  a g re e m e n t w ith  th e  r a n k  

o rd e r  in  T ab le  5 -5  for e ith e r  th e  b a rr ie r  o r  d riv ing  en erg y  effects.

T he  a n a ly s is  p re se n te d  h e re  for th e  in te rp la y  b e tw e e n  th e  s te r ic  

a n d  th e  e le c tro s ta tic  effects from  th e  re c e p to r  m ac ro m o lecu le  o n  th e  

in te r a c t io n  o f  th e  l ig a n d s  w ith  th e  e le m e n ts  o f  th e  a c t iv a t io n  

m e c h a n is m , r e p r e s e n te d  th e  f i r s t  a t t e m p t  to  a d d r e s s  th e  

p h y sico ch em ica l b a s is  o f th e  in tr in s ic  efficacy o f l ig a n d s  in  te rm s  of 

p ro p e r t ie s  g e n e ra te d  b y  th e ir  m o le c u la r  s t r u c tu r e .  T h e  w o rk  h a s
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sh o w n  ho w  th e  in tr in s ic  efficacy o f a  lig an d  a t  th e  5 -H T /L S D  re c e p to r  

d e p e n d s  o n  i t s  e le c tro s ta tic  p ro p e r t ie s  a n d  o n  i t s  s te r ic  f it  in  th e  

r e c e p to r  s i te .  T h e  s im u la t io n s  h a v e  sh o w n  t h a t  th e  e le c tro s ta t ic  

p r o p e r t ie s  w o u ld  b e  re s p o n s ib le  fo r  lo w e rin g  th e  b a r r i e r  a n d  

in c re a s in g  th e  d riv in g  e n e rg y  fo r p ro to n  t r a n s f e r  a n d  th e  s te r ic  

p ro p e r t ie s  w o u ld  b e  re s p o n s ib le  fo r th e  p ro p e r  o r ie n ta t io n  o f  th e  

lig a n d  w ith in  th e  b in d in g  s ite . W ith o u t th e  p ro p e r  o r ie n ta tio n , a  

lig an d  w ith  a n  e le c tro s ta tic  p o te n tia l th a t  m im ics  t h a t  o f 5-H T w ould  

b e  u n lik e ly  to  tr ig g e r th e  p ro to n  t ra n s fe r  t h a t  a c tiv a te s  th e  rec ep to r. 

T h u s , a  p o te n t fu ll ag o n is t a t  th e  5-H T /L SD  rec ep to r  w ou ld  hav e  th re e  

p ro p ertie s : 1) a n  e le c tro s ta tic  o rien ta tio n  v ec to r topo logically  o rien ted  

w ith  r e s p e c t  to  i ts  eq u iv a le n t o f th e  a m in e  g ro u p  in  th e  e th y lam in e  

s ide  c h a in  o f 5-H T (see C h a p te r  1 for de ta ils) so  th a t  t ig h t b in d in g  is 

ach ieved , 2) s te r ic  p ro p e rtie s  th a t  w ill e n a b le  i ts  e le c tro s ta tic  field  to  

b e  in  th e  p ro p e r  o r ie n ta tio n  to  trig g e r a c tiv a tio n  once  i t  b in d s  to  th e  

reco g n itio n  s ite , a n d  3) a n  e le c tro s ta tic  field c ap a b le  o f  tr ig g e rin g  a  

p ro to n  t ra n s fe r  in  a  h y d ro g en  b o n d e d  sy s te m  s u c h  a s  th e  o n e  o f th e  

PTM. T h e  p ro p e r tie s  o f  a n ta g o n is ts  em erge  from  th is  d e fin itio n  a s  

co m p o u n d s  th a t  w ould  fail to  hav e  e ith e r  th e  s te r ic  a n d /o r  th e  p ro to n  

t r a n s fe r  tr ig g e rin g  p ro p e rtie s , b u t  t h a t  w o u ld  m a in ta in  th e  specific  

b in d in g  p ro p e rtie s .

M o st Im p o rta n tly , th e  s tu d ie s  p ro v id ed  fo r th e  f i r s t  t im e  a  

sp e c ific  m e c h a n is t ic  h y p o th e s is , a t  th e  m o le c u la r  leve l, fo r th e  

p ro p e rtie s  o f p a r t ia l  a g o n is ts . T h u s , p a r t ia l  a g o n is ts  a re  rev ea led  a s  

c o m p o u n d s  in  w h ic h  th e  c o m b in a tio n  o f  sp e c if ic  s te r ic  a n d / o r  

e le c tro s ta tic  re q u ire m e n ts  defined  b y  th e  m odel a re  n o t  su ff ic ie n t to
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a ffe c t th e  d riv in g  e n e rg y  (or th e  b a r r ie r  — se e  above) fo r p ro to n  

tra n s fe r . F u lly  co m p a tib le  w ith  th e  o p e ra tio n a l d e fin itio n  in  m o d e m  

r e c e p to r  th e o ry  (see  B la c k  a n d  Leff, 1 9 8 3 ), t h e s e  m o le c u la r  

m e c h a n ism s  p rov ide  th e  f irs t  de fin ition  o f p h a rm aco lo g ica l efficacy a t  

th e  d isc re te  m o lecu la r level.
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TABLE 5-1 . F o rm am id e /im d azo liu m  com plex  in  v a cu u m .

STABILIZATION ENERGY a

BASIS SET M l T SL T S P M 2

STO -3G -2 0 .2 -3 .3 0 .0 -8 .5
6 - 3 1G -2 0 .8 6 .5 7 .0 4 .0
6 -3 1 G * //

6 -3 1G -1 9 .2 7 .6 9 .3 2 .8

BARRIERS AND DRIVING ENERGY

STO-3G 6 - 3 1G 6 -3 1 G V /6 -3 1 G

TSL-M 1 16 .9 2 7 .4 2 6 .8
T SP -M 1 2 0 .2 2 7 .8 2 8 .5
M 2-M 1 11 .7 2 4 .8 2 2 .0

a E nergy  v a lu es  In  k c a l/m o l. Zero p o in t energy  is  th e  s u m  o f 
iso la ted  a n d  optim ized  im ldazolium  a n d  form am ide. F o r 
STO-3G, im ldazo lium  energy  is  -2 2 2 .4 3 9 5 6  a .u . a n d  form am ide 
energy  is  -1 6 6 .6 8 8 2 2  a .u .. F o r 6 -3 1G, im ldazo lium  energy  is  
-2 2 5 .1 0 3 4 5  a .u . a n d  form am ide energy  is  -1 6 8 .8 5 5 0 7  a .u .. F o r
6-31G*, im ldazo lium  energy  is  -2 2 5 .1 9 5 8 0  a .u . a n d  fo rm am ide 
energy  is  -1 6 8 .9 2 9 3 8  a .u ..
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TABLE 5-2. Protein electrostatic effects a.

MX T SL T S P M 2

FULL PROTEIN
UNPT D -3 0 6 .3 -3 0 2 .7 -3 0 3 .6 -2 9 9 .7
IND B c -3 0 .2 -2 9 .9 -3 0 .2 -3 3 .5
TOTAL -3 3 6 .5 -3 3 2 .6 -3 3 3 .8 -3 3 3 .2

a c t i v e  SITE FRAGMENT 
U N P T  5 .0  4 .0 4 .0 3 .0

(0 .1 ) (-0 .1 ) (-0 .1 ) (-0 .4 )
IND B -6 .0 -4 .8 -4 .8 -4 .6
TOTAL -1 .0 -0 .8 -0 .8 -1 .6

ALL HELICES
U N P T  -1 0 8 .7 -1 1 0 .3 -1 0 9 .9 -1 1 1 .4

(-1 0 8 .2 ) (-1 1 0 .4 ) (-1 0 9 .9 ) (-1 1 2 .0 )
IND B -6 .1 -5 .1 -5 .2 -4 .7
TOTAL -1 1 4 .8 -1 1 5 .4 -1 1 5 .2 -1 1 6 .1

ALL BETA SH EETS
U N P T  -3 .7 1.2 0 .8 5 .4

(5 .9 ) (10 .3 ) (9 .9 ) (1 4 .1 )
IND B -5 .3 -4 .7 -4 .6 -4 .7
TOTAL -9 .0 -3 .5 -3 .8 0 .7

a  C o m p u ted  w ith  th e  STO-3G b a s is  se t. V a lues in  p a re n th e s is  a re  
VxQ en erg ies . E n erg y  in  k c a l/m o l. See T h eo re tica l A p p ro ach  for 
de fin itio n  o f en e rg y  te rm s, 
k  O nly  VxQ te rm  is  inc luded . 
c  D ipole in te ra c tio n  te n s o r  is  neg lec ted .
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TABLE 5-3. Protein electrostatic effects: barrier and driving
energy a .

M l-T S L M 2-M 1

FULL PROTEIN
UNPT b 3 .6 6 .6
IND B c 0 .3 -3 .3
TOTAL 3 .9 3 .3

ACTIVE SITE FRAGMENTS
U N P T -1 .0 -2 .0

(-0 .2 ) (-0 .5 )
IND B 1.2 1.4
TOTAL 0 .2 -0 .6

ALL HELICES
U N PT -1 .6 -2 .7

(-2 .2 ) (-3 .8 )
IND B 1.0 1.4
TOTAL -0 .6 -1 .3

ALL BETA SH EETS
U N P T 4 .9 9.1

(4 .4 ) (8 .2 )
IND B 0 .6 0 .6
TOTAL 5.5 9 .7

a  C o m p u ted  w ith  th e  STO-3G b a s is  se t. V alues in  p a re n th e s is  a re  
VxQ e n erg ies . E n ergy  in  k c a l/m o l. See T heo re tica l A p p ro ach  for 
d e fin itio n  o f en erg y  te rm s . 
b  O nly  VxQ te rm  is  included . 
c D ipole in te ra c tio n  te n s o r  is  neg lec ted .



134

TABLE 5-4. Protein electrostatic effects: solvent effects a.

PO IN T FULL HX ACTIVE BETA k

M l -3 0 6 .3 -1 0 8 .2 0.1 5 .9  (-8.3)
T SL -3 0 2 .7 -1 1 0 .4 -0.1 10 .3  (-5.0)
T S P -3 0 3 .6 -1 0 9 .9 -0.1 9 .9  (-5.1)
M 2 -2 9 9 .7 - 112.0 -0 .4 14.1 (-2.0)

TSL-M 1 3 .6 -2.2 -0.2 4 .4  (3.3)
M 2-M 1 6 .6 -3 .8 -0 .5 8 .9  (6.3)

AFTER SCALING

M l -5 .6 -2 6 .2 -4.1 2 8 .9  (8.0)
T SL -3 .2 -2 8 .2 -4 .9 3 3 .5  (11.3)
T S P -4.1 -2 7 .8 -4 .8 3 3 .0  (11.1)
M 2 -1 .3 -2 9 .7 -5 .6 3 7 .4  (14.2)

TSL-M 1 2 .4 -2.0 -0.8 4 .6  (3.3)
M 2-M 1 4 .3 -3 .5 -1 .5 8 .5  (6.2)

a F rom  VxQ energy  co m p u ta tio n s  u s in g  th e  STO-3G b a s is  s e t  a s  
d e sc rib e d  in  T h eo re tica l A pproach . E n ergy  in  k c a l/m o l.

V a lu es in  p a re n th e s is  co rre sp o n d  to  c o m p u ta tio n s  w ith  th e  
s id e  c h a in s  of c h a rg ed  g ro u p s  excluded: A sp 6 , G lu  172, A sp 
176, Lys 181, Arg 195, A rg 198. H is 162 is  never in c lu d ed  
b e c a u se  i t  is  p a r t  o f th e  q u a n tu m  m otif.
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TABLE 5 -5 . E le c tro s ta tic  in te rac tio n : lig a n d s  v s. form  am ide  
/im id a z o liu m  com plex  a .

LIGAND M l T SL M 2
U N P T IN D B  U N P T IND B U N P T IND B

FHIND 2 .5 -2 .3 0.2 -2.1 - 1.6 -2 .5
INDOL 0 .7 -2 .2 -1 .5 -2.0 -3 .2 -2 .4
4H IN D 2.2 -2 .3 0.2 -2.1 - 1.1 -2 .5
45M D X 3 .2 -2 .4 1.6 -2 .3 0 .4 -2.8
56M D X 2 .7 -2 .5 1.2 -2 .3 0 .0 -2 .7
5CIND 3 .5 -2 .5 2.1 -2 .3 1.1 -2.8
6 HIND 1.0 -2 .3 -0 .4 -2.1 -1 .4 -2 .5
7H IN D -1 .7 -2 .4 -2.6 -2.1 -3 .5 -2 .5

TSL-M1 b M2-M 1 b

5H IN D -2 .3 -4 .1
INDOL -2.2 -3 .9
4H IN D -2 .0 -3 .3
45M D X - 1.6 -2.8
56M DX -1 .5 -2 .8

5CIND -1 .4 -2 .4
6 HIND -1 .4 -2 .4
7H IN D -0 .9 - 1.8

a E n ergy  in  k c a l/m o l. 5HIND: 5-hydroxyindole . INDOL: indole. 
4HIND: 4 -hydroxy lndo le . 45MDOX: 4 ,5 -m ethy lened ioxy indo le . 
56MDOX: 5 ,6 -m ethy lened ioxy indo le . 5CIND: 5 -carboxy- 
am ido indo le . 6HIND: 6 -hydroxyindole . 7HIND: 7 -hydroxyindole .
u  ___

V a lu es  on ly  fo r UNPT in te ra c tio n  energy.
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F ig u re  5 -1 . P ro to n  t r a n s f e r  e n e rg y  c u rv e  fo r  th e  IM ID /F O R  

co m p le x  c o m p u te d  u s in g  th e  ST O -3G  b a s is  s e t  a s  d e s c r ib e d  In  

m e th o d s .

o
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15
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0

-5 i  1 1  ■ ■ i  i  ■ ■ I I
1.0 1.2 1.4 1.6 1.8 2.0 2.2 
NE2 -  1HE2, A



F ig u re  5 -2 . C o n to u r  p lo t o f th e  se lf  e n e rg y  o f  a c tin ld ln  a s  a  

fu n c tio n  o f th e  d ih e d ra l a n g le s  N—C o —C p—Cy a n d  C a —C p—Cy— C 52. 

Zero o f  energy  is  -5 3 6 3 .4 8  k c a l/m o l.



F ig u re  5 -3 . 5 -hyd roxy indo le  o r ie n te d  a s  th e  s id e  c h a in  o f T rp  

184 a n d  su rro u n d in g  g ro u p s  in  ac tin id ln : v a n  d e r  W aal su rfa c e  sh o w n  

a s  colored  d o ts . 5 -hydroxyindole  co lored  yellow .
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CHAPTER 6

CONCLUSION

A dvances in  b io ch em istry  a n d  m o lecu la r biology h av e  o p en ed  th e  

d o o r  fo r  e v a lu a t in g  th e  s t r u c t u r e - f u n c t i o n  r e l a t i o n s h i p  o f 

n e u ro t r a n s m it te r  re c e p to rs  (L ester, 1988; H a rtlg , 1989). T he  n ew  

in fo rm a tio n  c o m p le m e n ts  th e  s tru c tu re -a c tlv i ty  s tu d ie s  t h a t  a re  th e  

s u b je c t  o f t r a d i t io n a l  p h a rm a c o lo g ic a l r e s e a r c h  (K en ak in , 1987). 

U n fo rtu n a te ly , th e  la c k  of d e ta ile d  a to m ic  s t r u c tu r e s  fo r m e m b ra n e  

b o u n d  n e u r o t r a n s m i t te r  re c e p to r s  l im its  th e  sc o p e  o f  s t r u c tu r e -  

fu n c tio n  a n d  s tru c tu re -a c tlv ity  in v e s tig a tio n s . T h is  th e s is  p re s e n te d  

a n  a p p ro a c h  to  s tru c tu re - fu n c t io n  re la tio n s h ip  re s e a rc h  d e s ig n e d  to  

c irc u m v e n t t h i s  l im ita t io n . T h is  n e w  a p p r o a c h  r e s u l te d  from  

iden tify ing  a  p ro te in  w ith  kn o w n  th re e  d im e n sio n a l s t ru c tu re  (i.e. th e  

e n zy m e  a c t in id in )  a s  a  p o ly p e p tid e  w ith  s t r u c t u r a l  e le m e n ts  

reco g n ized  b y  p re v io u s  r e s e a r c h  to  b e  re le v a n t  in  th e  b in d in g  o f 

lig a n d s  a n d  a c tiv a tio n  o f  th e  5-H T /L S D  rec ep to rs . W ith  a c tin id in  a s  a  

m o d e l for  t h e  e n v ir o n m e n t  of th e  rec ep to r, th e  e le c t r o s t a t i c  a n d  

s t e r lc  effects t h a t  th e  re c e p to r  s t ru c tu r e  m a y  h a v e  on  th e  p ro c e ss  of 

a c t i v a t i o n  w ere  exp lo red  fo r th e  f ir s t  tim e . T h e  r e s u l ts  from  th e  

s tu d ie s  u s in g  a c tin id in  w ere  e x p re ssed  a s  c o n tr ib u tio n s  from  e le m e n ts  

in  th e  s e c o n d a ry  a n d  te r t ia ry  s t r u c tu r e  o f th e  p ro te in  (e.g. a lp h a  

h e lice s). T h e se  s t r u c tu r a l  e le m e n ts  w e re  k n o w n  to  e x is t  in  o th e r
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sy s te m s , in c lu d in g  th e  m e m b ra n e  b o u n d  p ro te in s , th e  p ro te in  s u b s e t  

th a t  in c lu d e s  n e u ro tra n s m it te r  re c e p to rs  (R ichardson , 1981; A llen e t  

a l . ,  1 9 8 7 ; H a rtlg , 1989). T h is  d e c o m p o s itio n  s c h e m e  a n d  th e  

a s s u m p tio n  th a t  effects g e n e ra te d  b y  a  s t r u c tu r a l  e le m e n t w ou ld  be  

in h e re n t  to  i ts  s t ru c tu re  fo rm ed  th e  b a s is  fo r g en era liz in g  th e  r e s u l ts  

from  th e  s t r u c tu r e  o f a c tin id in  to  th e  u n k n o w n  s t r u c tu r e  o f  th e  5- 

H T /L S D  re c e p to r . T h u s , th i s  a p p ro a c h  to  th e  s tru c tu re - fu n c t io n  

re la t io n s h ip  o f n e u ro t r a n s m it te r  re c e p to rs  a im ed  a t  e x p lo rin g  th e  

lo n g -ran g e  effects from  la rg e  e le m e n ts  o f th e  p ro te in  s t ru c tu re .  T h is  

w o rk  d id  n o t  ex p lo re  th e  lo ca l in te r a c t io n s  (i.e. o x y a n io n  hole) 

d e sc r ib e d  b y  H w ang  a n d  W arsh e l t h a t  m a y  b e  s u b je c te d  to  s tro n g  

e v o lu t io n a r y  p r e s s u r e s  a n d  t h a t  m a y  g e n e r a te  f a m il ie s  o f 

m acro m o lecu les  (Hw ang a n d  W arshel, 1988).

T h e  e le c tro s ta t ic  e ffe c ts  from  a c t in id in  o n  th e  m o d e l fo r 

a c tiv a tio n  o f th e  5-H T /L SD  (i.e. th e  P ro ton  T ra n sfe r  Model) (O sm an  e t 

a l.,  1987) i l lu s t r a te d  th e  e ffec ts  t h a t  m a y  b e  e x p e c te d  fro m  th e  

r e c e p to r  s t r u c tu r e .  F ir s t , th e  p r o te in  s t r u c tu r e  th r o u g h  i ts  

e le c tro s ta t ic  e ffec ts  w a s  c ap a b le  o f d isc r im in a tin g  b e tw e e n  th e  H is 

1 6 2 /C y s  2 5  com plex  w ith  th e  p ro to n  on  th e  d o n o r side , i.e ., th e  no n - 

a c tiv a tin g  s ta te  v e r s u s  th e  p ro to n  o n  th e  a c c e p to r  s id e , i .e .,  th e  

a c tiv a tin g  s ta te . A s w ould  b e  expected  from  a n y  re a so n a b le  m odel for 

th e  e n v iro n m e n t o f th e  re c ep to r , th e  p ro te in  s t r u c tu r e  h in d e re d  th e  

p ro to n  tra n s fe r . O th e rw ise , th e  re c e p to r  w o u ld  b e  a c tiv a te d  in  th e  

a b se n c e  o f  a g o n is t  lig an d s . Second, th e s e  e le c tro s ta tic  e ffec ts  w ere  

th e  r e s u l t  o f  a  com plex  in te rp la y  b e tw een  c o n tr ib u tio n s  from  d ifferen t 

e le m e n ts  in  th e  p r im a ry , s e c o n d a ry , a n d  te r t ia ry  s t r u c tu r e .  F o r
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ex am p le , th e  co llec tio n  o f  a lp h a  h e lic e s  h e lp e d  th e  p ro to n  t r a n s fe r  

b e tw ee n  H is 162 a n d  C ys 2 5 , b u t  so m e  h e lice s  in d iv id u a lly  o p p o sed  

th e  p ro to n  tra n s fe r . T h e  co llec tion  o f  h e lice s  ( te r tia ry  s tru c tu re )  d id  

n o t  a ffect th e  p ro to n  tra n s fe r  In  th e  H is 1 6 2 /A sn  182 com plex. Third, 

th e  effects from  In d iv id u a l a lp h a  h e lice s  re s u lte d  from  a  co m b in a tio n  

o f th e  ion ized  g ro u p s  in  th e ir  p r im a ry  s t ru c tu re  a n d  th e  h e lix  m ac ro ­

d ipo le  g e n e ra te d  b y  i ts  se co n d a ry  s tru c tu re . A s sh o w n  c learly  b y  th e  

effects o f he lix  A3 o n  th e  p ro to n  tra n s fe r  b e tw een  H is 162 a n d  Cys 25 , 

th e  e le c tro s ta tic  c o n tr ib u tio n  from  th e  se c o n d a ry  s t r u c tu r e  (I.e. h e lix  

dipole) m ay  b e  o p p o s ite  to  th a t  from  th e  p rim a ry  s t ru c tu re  (I.e. ionized 

re s id u e s ) . T h e  so lv e n t e n v iro n m e n t h a d  p ro fo u n d  in f lu e n c e  o n  th e  

b a la n c e  b e tw e e n  th e s e  o p p o s ite  e ffe c ts ; th e re fo re , i t  w o u ld  b e  

expec ted  to  b e  im p o r ta n t to  th e  n e t  e le c tro s ta tic  effect from  th e  a lp h a  

h e lic e s  in  th e  re c e p to r  s t r u c tu r e .  F ourth , th e  e le c tro s ta t ic  e ffec ts  

fro m  th e  e le m e n ts  o f th e  p ro te in  s t r u c tu r e  r e s u l te d  fro m  b o th  

u n p e r tu rb e d  a n d  p o la r iz a tio n  in te ra c t io n s  w ith  th e  p ro to n  t r a n s fe r  

com plex . In  g en era l, p o la riza tio n  effects w ere  s ig n if ic an t even  w h e n  

th e  s t r u c tu r a l  e le m e n ts  w ere  d is ta n t  from  th e  PTM (e. g. b e ta  sh ee ts ). 

It w a s  on ly  w h en  severa l ionized g ro u p s  c o n tr ib u te d  to  a  n e t  ch arg e  (e. 

g. a lp h a  helices) t h a t  th e  u n p e r tu rb e d  in te ra c tio n  te rm  overw helm ed  

th e  e le c tro s ta tic  effects. Fifth, th e  effect o f th e  p ro te in  o n  th e  energy  

cu rv e  fo r p ro to n  tra n s fe r  w a s  n o t th e  r e s u l t  o f th e  e le c tro s ta tic  effects 

from  th e  p ro te in  o n  th e  p ro to n , b u t  o n  th e  d o n o r  a n d  a c c e p to r  

m o le c u le s  w h o se  e le c tro n  d is tr ib u t io n  c h a n g e d  a s  th e  p ro to n  w as 

t r a n s fe r r e d .  A s im ila r  in te r a c t io n  h a d  b e e n  d e s c r ib e d  fo r th e  

m o d u la tio n  of th e  PTM b y  lig an d s o f th e  rec ep to r  (O sm an  e t  a l., 1987). 

T h ese  re s u l ts  Im plied  t h a t  i t  w ou ld  n o t  b e  su ffic ien t to  exp lo re  on ly
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th e  p o te n tia l from  th e  m acrom olecu le  a long  th e  p a th  o f a  p ro to n  w h en  

s tu d y in g  b io ch em ica l re a c tio n s . T he  e lec tro n ic  re a r ra n g e m e n t o f th e  

d o n o r /a c c e p to r  com p lex  u p o n  p ro to n  t ra n s fe r  m u s t  b e  c o n sid e re d  a s  

c a n  b e  d o n e  In  a  q u a n tu m  m ech an ica l d e sc rip tio n  o f th e  p ro cess .

T he  p ro to n  t ra n s fe r  b e tw een  H is  162  a n d  A sn  182  w a s  u s e d  to  

exp lo re  s te r ic  e ffec ts  from  th e  p ro te in  s t r u c tu r e  o n  th e  a c tiv a tio n  

m e c h a n ism  a n d  to  e v a lu a te  th e  e ffects o f c o n g e n e rs  o f 5-H T o n  th e  

p ro to n  t r a n s fe r  m odel. T h u s , th e  f ir s t  d e sc r ip tio n  o f  th e  m o le cu la r  

b a s is  for th e  in trin sic  efficacy o f  a  d ru g  w a s  possib le . A n investiga tion  

of th e  s te r ic  h in d ra n c e  a ro u n d  th e  indo le  o f  T rp  184  rev ea led  m a jo r 

l im ita tio n s  to  d e v ia tio n s  in  th e  o r ie n ta t io n  o f th is  g ro u p  fro m  its  

c ry s ta l s t ru c tu r e  p o sitio n  w ith in  th e  active  s ite . N evertheless, indo le  

a n d  i ts  d e riv a tiv e s  in  th is  o r ie n ta tio n  low ered  th e  b a r r ie r  to  p ro to n  

t r a n s fe r  b e tw ee n  H is  162 a n d  A sn  182. T h e  c o n g e n e rs  sh o w ed  a  

d e fin ite  r a n k  o rd e r  fo r th is  effect. A r a n k  o rd e r  t h a t  a p p e a rs  to  

co rre la te  w ith  th e ir  in tr in s ic  efficacy. C o n seq u en tly , th e  s tro n g  s te r ic  

c o n s t r a in ts  fo u n d  w ith in  a c t in id in  s u g g e s te d  t h a t  th e  r e c e p to r  

s t r u c tu r e  m a y  se le c t fo r a n  o r ie n ta tio n  o f a g o n is t l ig a n d s  s u c h  th a t  

th e ir  e le c tro s ta tic  field is  p ro p e rly  o r ie n te d  to  g e n e ra te  th e  p ro to n  

t r a n s fe r  t h a t  w ou ld  in it ia te  a c tiv a tio n . A s a  co ro lla ry , co m p etitiv e  

a n ta g o n is ts  w o u ld  b e  e x p e c te d  to  m e e t th e  e le c tro s ta t ic  c r i te r ia  

n e c e ssa ry  for b in d in g  (W einstein e t  a l.. 1981). B u t th e y  w ould  lac k  th e  

s te r ic  p ro p e r t ie s  n e c e s s a ry  to  o r ie n t  th e i r  e le c tro s ta t ic  field  in  a  

p o s it io n  c a p a b le  o f  low ering  th e  b a r r ie r  fo r p ro to n  t r a n s fe r .  T he  

d e s ig n  o f  a n ta g o n is ts  c o u ld  b e  a ch iev ed  b y  e i th e r  e lim in a tin g  th e  

s te r ic  p ro p e r t ie s  m e t b y  a g o n is ts  o r  th e  e le c tro s ta t ic  p ro p e r t ie s  o f
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a g o n is ts  t h a t  a re  n e ed e d  to  a c tiv a te  b u t  n o t  b in d  th e  rec ep to r . I t  is  

n o tew o rth y  th a t  th e  w o rk  w ith  a c tin id in  e m p h a s iz e d  th e  im p o rta n c e  

o f s te r ic  c o n s t r a in ts  in  id e n tify in g  m o le c u la r  d e te r m in a n ts  o f 

re le v a n c e  to  r e c e p to r  a c tiv a tio n . A n e x p e r im e n ta l  t e s t  fo r th is  

h y p o th e s is  w ou ld  req u ire  fu r th e r  d ev e lo p m en ts  in  re c e p to r  th e o ry  a n d  

b io c h e m ic a l p h a rm a c o lo g y  b e c a u s e  i t  d e m a n d s  c la s s if ic a t io n  o f 

c o m p e tit iv e  a n ta g o n is t  b y  th e  p h y s ic o c h e m ic a l  o r ig in  o f  th e i r  

a n ta g o n is m  (i.e . s t e r ic  v s . e le c t r o s ta t i c ) .  U n d e r  th e  b e s t  

c ir c u m s ta n c e s ,  th e  d e ta ile d  s t r u c tu r e  o f  th e  r e c e p to r  w o u ld  b e  

a v a ilab le . S p e c tro sc o p ic  to o ls  g u id e d  b y  th e o re tic a l  m e th o d o lo g y  

w o u ld  th e n  b e  ap p lied  to  p ro b e  th e  in te ra c tio n  b e tw ee n  co m p etitiv e  

a n ta g o n is t  a n d  th e  recep to r.

T h e  a p p ro a c h  p re se n te d  in  th is  th e s is  to  th e  s tu d y  of s tru c tu re -  

fu n c t io n  r e la t io n s h ip s  in  n e u ro t r a n s m it te r  r e c e p to r s  y ie ld ed  n ew  

in fo rm a tio n  a n d  in s ig h t  r e g a rd in g  d r u g - r e c e p to r  I n te r a c t io n s .  

N evertheless, i t  is  im p o rta n t to  iden tify  i ts  lim ita tio n s .

F ir s t ,  th e  d e s c r ip t io n  o f  th e  s o lv e n t  is  in a d e q u a te .  T h e  

e n v iro n m en t s u r ro u n d in g  th e  recep to r-m ac ro m o lecu le  is  im p o r ta n t  to 

th e  fu n c tio n  o f th e  m ac ro m o lecu le . T h is  is  k n o w n  to  b e  t r u e  for 

so lu b le  enzym es (i.e. d e n a tu ra tio n  b y  th e  so lvent) a n d  m ay  b e  t ru e  of 

m e m b ra n e  b o u n d  enzym es a s  re c e n t re c o n s ti tu t io n  a n d  tra n s fe c tio n  

e x p e r im e n ts  s u g g e s t  (see  F ig. 9  in  F a lk e  a n d  K o sh la n d , 1987). 

In d eed , th e  m o d u la tio n  o f th e  e le c tro s ta tic  e ffects o f h e lix  A 3 b y  th e  

so lv e n t s u g g e s t  t h a t  th e  s a m e  m ig h t b e  t r u e  o f  n e u ro t r a n s m it te r  

re c e p to rs  if  th e  h e lice s  a re  ex p o sed  to  p o la r  e n v iro n m e n ts . S o lven t



144

e ffec ts  c a n n o t  b e  p ro p e rly  a d d re s s e d  b y  m o d e lin g  m e m b ra n e  b o u n d  

p ro te in s  w ith  so lu b le  o n e s  b e c a u se  th e  lip id  b ilay er e n v iro n m en t o f th e  

fo rm e r  is  a b s e n t  in  th e  la t te r .  T h u s , ev en  i f  th e  m e th o d o lo g ic a l 

p ro b le m s  o f  r e p re s e n tin g  so lv e n t e ffec ts  a r e  so lv ed  (Z a u h a r  a n d  

M organ . 1988; G ilson  e t  a l.. 1988). th e  in co rp o ra tio n  o f s u c h  m e th o d s  

in to  th e  h e u ris tic  a p p ro a c h  u se d  in  th is  th e s is  is  n o t  s tra ig h tfo rw ard .

S econd , th e  n e ed  to  decom pose  th e  effects o f th e  m odel p ro te in  

e n v iro n m e n t in to  c o n tr ib u tio n s  from  i ts  c o m p o n e n ts  im p o se s  severe  

c o n s t r a in ts  in  th e  c o m p u ta tio n a l m ethodo logy . T h o u g h  in  th e  la s t  

s e v e r a l  y e a r s  m a jo r  a d v a n c e s  in  th e o r e t ic a l  c h e m is t r y  (e.g . 

th e rm o d y n a m ic  p e r tu r b a t io n  m e th o d s , se e  M cC am m o n , 1 9 8 7  o r 

W a rsh e l e t  a l., 1988) h a v e  p e rm itte d  th e  c o m p u ta tio n  o f a c c u ra te  

d ifferences in  free  energy. T he  a p p lica tio n  of s u c h  m ethodo logy  to  th e  

h e u r i s t i c  a p p ro a c h  d e s c r ib e d  in  t h i s  th e s i s  w o u ld  h a v e  b e e n  

in a d e q u a te . T h e se  th e o re tic a l d ev e lo p m en ts  re ly  o n  th e  c o m p u ta tio n  

o f  co m p lex  in te ra c tio n s  w h ic h  a re  n o n a d d itiv e . T h u s , to  a s so c ia te  

specific  e le m e n ts  o f th e  p ro te in  s t ru c tu re  w ith  a  specific  c o n tr ib u tio n  

to  th e  in te ra c t io n  en e rg y  c o m p u te d  u s in g  th e  fu ll p ro te in  is  n o t  

s tra ig h tfo rw a rd . E v en  w h e n  s im p le  e le c tro s ta t ic  in te r a c t io n s  a re  

c o n s id e re d  n o n a d d itiv e  e ffec ts  a re  p re s e n t  s u c h  a s  th e  p o la riz a tio n  

energy . In  th is  th e s is , th e  p o la riza tio n  c o n tr ib u tio n  from  a n  e lem en t 

o f th e  p ro te in  s t ru c tu re  (e.g. a lp h a  helix) is  a rb itra r ily  defined  a s  th a t  

c o m p u te d  w h e n  th a t  e le m e n t w as  th e  o n ly  o n e  in te ra c tin g  w ith  th e  

q u a n tu m  m o tif  (for d e ta i ls ,  s e e  c h a p te r  3). I t  i s  c le a r  t h a t  

c o n tr ib u t io n s  fro m  th e  p o la r iz a tio n  o f  th e  s t r u c tu r a l  e le m e n t o f 

in te re s t  b y  o th e r  e le m e n ts  (e. g. b e ta  sh ee ts ) w h ich  a re  ex c lu d ed  from
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th e  c o m p u ta tio n  a re  n eg lec ted , th o u g h  s u c h  c o n tr ib u tio n  to  th e  to ta l  

en e rg y  com es from  th e  e lec tro n  d is tr ib u tio n  o f th e  s t ru c tu ra l  e lem en t 

o f In te re s t. T h u s , th e  s u m  o f  in d iv id u a l p o la riza tio n  te rm s  do n o t  ad d  

u p  to  th e  p o la riza tio n  in te ra c tio n  w ith  th e  fu ll p ro te in  s tru c tu re . T he 

n e e d  to  d e c o m p o se  n o n a d d it iv e  te r m s  in to  c o n tr ib u t io n s  from  

in d iv id u a l s t r u c tu r a l  e le m e n ts  t h a t  a d d  to  th e  fu ll p ro te in  e ffect is  

c r i t ic a l  in  th e  a p p lic a tio n  o f  th e  n ew  th e o re tic a l  m e th o d o lo g ie s  to  

s tru c tu re - fu n c tio n  s tu d ie s . I t is  on ly  th ro u g h  th eo re tic a l a n a ly s is  th a t  

s u c h  lim ita tio n  m ay  b e  overcom e.

T h ird , th e  a n a ly s is  o f s t r u c tu r e - f u n c t io n  r e la t io n s h ip s  in  

n e u ro tra n s m it te r  re c e p to rs  a s  p re se n te d  h e re  is  in a d e q u a te  to  iden tify  

th e  Is s u e s  o f local e le c tro s ta tic  in te ra c tio n s  s u c h  a s  th o se  re p re se n te d  

b y  th e  oxyan ion-ho le  o f se rin e  p ro te a se s  a n d  th e  s p e c if ic  s te r ic  effects 

from  re s id u e s  in  th e  b in d in g  s ite . T h is  lim ita tio n  m ay  be  a d d re sse d  b y  

u s in g  m o d e ls  t h a t  a re  a s  c lo se  to  th e  re c e p to r  a s  p o ss ib le . T he  

In fo rm a tio n  n e c e s s a ry  to  iden tify  s u c h  m o d e ls  w ou ld  com e from  th e  

m o le cu la r  biology o f n e u ro tra n s m itte r  rec ep to rs . F o r exam ple , d u r in g  

th e  c o u rse  o f th is  th e s is  th e  p r im a ry  s t ru c tu re  o f th e  5-H T la , 5-H T lc , 

a n d  5-HT2 re c e p to rs  w ere  iden tified  (for a  review , H artin g , 1989). All

th e s e  r e c e p to r s  b e lo n g  to  th e  s u p e r fa m ily  o f  n e u r o t r a n s m i t t e r

re c e p to rs  t h a t  in te r a c t  w ith  G p ro te in s .  C o m p a riso n  w ith  o th e r

re c e p to rs  o f th e  sa m e  fam ily  a n d  th e  g e n e ra tio n  o f m u ta n ts  o f th e

a d re n o re c e p to r s  p e rm it te d  th e  id e n tif ic a t io n  o f  a n  a m in o  a c id

s e q u e n c e  t h a t  m a y  b e  re le v a n t to  b i n d i n g  o f  th e  lig a n d s . T h is

se q u e n c e  c o n ta in s  a  co n serv ed  A sp  re s id u e  believed  to  in te ra c t  w ith  

th e  e th y lam ln e  s id e  c h a in  o f se ro to n in . M oreover, th e  5-HT2 a n d  5-
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H T lc  re c e p to rs  h av e  a  M et re s id u e  o n  th e  C s id e  o f th e  co nserved  A sp 

w hile  th e  5 -H T la  re c e p to r  h a s  a  T h r  o n  th e  N s id e  o f  th e  co n se rv ed

re s id u e . T h e se  r e s id u e s  a re  be lieved  to  im p a r t  sp e c if ic ity  to  th e  

reco g n itio n  of lig a n d s  b y  th e  re c e p to rs . S u c h  re s id u e s  m a y  a lso  b e  

re le v a n t to  re c e p to r  ac tiv a tio n . If th e y  a re  in  th e  b in d in g  s ite , th e y  

m ay  b e  re sp o n s ib le  for local e le c tro s ta tic  a n d  s te r ic  in te ra c tio n s . By 

in c o rp o ra tin g  th is  in fo rm a tio n  in to  fu tu re  m o d e ls  fo r th e  re c e p to r  

e n v iro n m en t, i t  m ay  be  p o ss ib le  to  have  a  m o re  a c c u ra te  d e sc r ip tio n  

t h a t  w ou ld  allow  th e  th e o re tic a l in v es tig a tio n  o f loca l effects p r io r  to  

th e  id e n t i f ic a t io n  o f th e  d e ta i le d  s t r u c t u r e  o f  th e  r e c e p to r .  

N e v e r th e le s s , a  posteriori f in d in g  h a s  b e e n  th e  p re s e n c e  o f a  H is  

re s id u e  u n iq u e  to  tra n s m e m b ra n e  h e lix  V  in  th e  se q u e n c e  for th e  5- 

H T la  rec ep to r  su b ty p e  a n d  p laced  b e tw een  a  A sn  a n d  a  Cys, th e  la t te r

s u rp r i s in g ly  lo c a te d  a t  th e  b e g in n in g  o f  a n  a lp h a  h e lix , th e  

t ra n s m e m b ra n e  h e lix  VI (W einstein , p e rso n a l c o m m u n ica tio n ). I t is  

a ls o  s ig n if ic a n t  t h a t  e x p e r im e n ts  w ith  c h im e r ic  r e c e p to r s  h a v e  

id en tified  th e  sa m e  tw o t ra n s m e m b ra n e  h e lic e s  a s  re le v a n t to  th e  

b in d in g  of th e  P2 re c e p to r  to  i ts  effector (K obilka e t  a l., 1988). 5 -H T la  

re c e p to r  b e lo n g s  to  th e  sa m e  fam ily  o f re c e p to rs  a s  th e  P2 r e c e p to r .

B o th  h a v e  seven  tra n s m e m b ra n e  h e lices  a n d  h av e  th e  G  p ro te in s  a s

effec to r sy s te m s . T h u s , i t  is  re a s o n a b le  to  a s s u m e  t h a t  a  p ro to n

tra n s fe r  b e tw een  g ro u p s  in  tra n s m e m b ra n e  h e lice s  V  a n d  VI m ay  be

re s p o n s ib le  fo r th e  b in d in g  o f  th e  r e c e p to r  to  i t s  e ffec to r. A s

d is c u s s e d  in  th e  l i te ra tu re  (P e ro u tk a , 1988), th e  5 -H T /L S D  re c e p to r  

c o rre sp o n d s  to  th e  5 -H T la  su b ty p e , a n d  th e  a r ra n g e m e n t o f i ts  A sn,

H is, a n d  C ys g ro u p s  is  s im ila r  to  th e  o n e  found  in  a c tin id in  a n d  u se d  

h e re  a s  a  p ro to n  tra n s fe r  m odel.
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F in a lly , l ig a n d  b in d in g  a n d  re c e p to r  a c tiv a tio n  a re  d y n a m ic  

p ro c e s s e s  in  a  co m p lex  e n v iro n m e n t (F a lke  a n d  K o sh la n d , 1987). 

T h e s e  d y n a m ic  e ffe c ts  a r e  r e le v a n t  to  th e  f u n c t io n  o f th e  

m ac ro m o le cu le s  (W arshel, 1984; B ro o k s a n d  K arp lu s , 1985; K a rp lu s  

a n d  M cC am m on, 1986; E lb e r  a n d  K arp lu s , 1987) a n d  a re  Ignored  in  

th e  h e u ris tic  a p p ro a c h  u se d  he re . It is  h a rd  to  env is ion  a n y  a p p ro a c h  

to  r e c e p to r  d y n a m ic s  t h a t  u s e s  m o d e l sy s te m s , s u c h  a s  so lu b le  

enzym es. Not on ly  a re  m o lecu la r m o tio n s th e  re s u l ts  o f m a n y  com plex  

n o n ad d itiv e  in te ra c tio n s , b u t  a lso  th e  effects from  th e  lipid b ilay er th a t  

s u r ro u n d s  th e  re c e p to r  o n  s u c h  m o tio n  is  poorly  u n d e rs to o d  a n d  h a rd  

to  in c lu d e  in  c o m p u ta t io n s  w ith  c u r r e n t  c o m p u te r  te c h n o lo g y . 

R ecep to r d y n am ics  w ill a d d re s s  s u c h  is s u e s  a s  co u p lin g  to  t r a n s d u c e r  

sy s te m s, b u t  i ts  th eo re tic a l a n a ly s is  m o s t likely  w ill h av e  to  w a it fo r th e  

e lu c id a tio n  o f th e  th re e  d im e n s io n a l s t r u c tu r e  o f th e  re c e p to rs  of 

In te re s t .

C u r r e n t  p h a rm a c o lo g ic a l r e s e a r c h  a d d re s s e s  th e  i s s u e s  o f 

s tru c tu re - fu n c t io n  re la tio n sh ip s  in  n e u ro t r a n s m it te r  re c e p to rs . T he 

l i te ra tu re  a lre a d y  d is c u s s e s  th e  im p a c t o f m o le c u la r  b io logy  in  th e  

d e s ig n  of n e w  th e ra p e u tic  a g e n ts  (Lester, 1988). O ne m a y  h o p e  th a t  

in  th e  fu tu r e  th e  sp ec ific  c h em ic a l s te p s  re s p o n s ib le  fo r re c e p to r  

fu n c tio n  w ill b e  d e te rm in ed , a s  h a s  b e e n  d one  for en zy m atic  c a ta ly sis . 

T h e  a p p lic a tio n  o f  so p h is t ic a te d  NMR m ethodo logy , n e w  te c h n iq u e s  

fo r th e  co llec tio n  o f t im e -d e p e n d e n t X -ray  d iffrac tio n  d a ta , a n d  th e  

g e n e ra tio n  o f c ry s ta ls  o f m e m b ra n e  b o u n d  p ro te in s  a re  n e ed e d  to  give 

th re e  d im e n sio n a l s t ru c tu re  to  th e  se q u en c e  d a ta  read ily  p ro d u c e d  b y
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m o le c u la r  b io lo g is ts . T h e  h e u r is t ic  a p p ro a c h  to  s tru c tu re - fu n c t io n  

re la tio n sh ip s  in  n e u ro tra n s m it te r  re c e p to rs  follow ed h e re  p ro v id es  a n  

in d ire c t  view  o f re c e p to r  fu n c tio n . U n til m e m b ra n e -b o u n d  re c e p to r  

s t r u c tu r e s  a re  rea d ily  d e te rm in e d , i t  w ill b e  n e c e s s a ry  to  u s e  m odels 

fo r th e  effects o f th e  p ro te in  e n v iro n m en t s u c h  a s  th e  u s e  o f a c tin id in  

in  th is  th e s is .  N e v e rth e le ss , ev en  a f te r  th e  th r e e  d im e n s io n a l  

s t r u c tu r e  o f th e  r e c e p to r s  a re  k n o w n , th e  h e u r i s t i c  a p p ro a c h  

d e m o n s tra te d  h e re  m ay  b e  e x ten d ed  to  th e  re c e p to rs  a s  a  pow erfu l 

a p p ro a c h  to  re s e a rc h  in  m o lecu la r pharm aco logy .
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