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R Y  AND PRACTICE 

The work descr ibed i n  t h i s  d i s s e r t a t i o n  encompasses t he  devel opment 

o f  a  package o f  computer programs t h a t  f a c i l i t a t e  t h e  l o c a t i o n  and 

c o r r e c t i o n  o f  e r r o r s  i n  a  s t r u c t u r a l  model o f  a  macromolecule. The 

appl i c a t i o n  o f  these programs t o  severa l  d i f f e r e n t  p r o t e i n  s t r u c t u r e s  i s  

a l s o  descr ibed.  

The computer programs were designed t o  be e f f i c i e n t ,  simple, and 

f l e x i b l e .  The i r  c o l l e c t i v e  f u n c t i o n  i s  t o  op t im i ze  t h e  agreement 

between t h e  expe r imen ta l l y  measured X-ray d i f f r a c t i o n  p a t t e r n  of a  

macromol ecu l  a r  c r y s t a l  and t h e  p r e d i c t e d  X-ray d i  f f  r a c t i  on p a t t e r n  based 

on a  model o f  t h a t  molecule. The programs are  s u f f i c i e n t l y  general t h a t  

they  may be used t o  r e f i n e  s t r u c t u r e s  o f  p ro te i ns ,  n u c l e i c  ac ids,  

carbohydrates, and 1  i pids .  

One a p p l i c a t i o n  o f  t h e  program package was t o  improve t h e  s t r u c t u r a l  

model o f  a  b a c t e r i  och l  orophy l  1  -a c o n t a i n i n g  p r o t e i n  f rom t h e  green 

pho tosyn the t i c  b a c t e r i  um Pros t  hecochl o r i  s  a e s t u a r i  i . The f i na l  model 



has a c r y s t a l  l o g r a p h i c  R- fac to r  o f  18.9% t o  1.98 r e s o l u t i o n  w i t h  good 

stereochemistry.  The procedure o f  re f inement  t oge the r  w i t h  examinat ion 

of t he  model on a computer graphics system a1 lowed small bu t  s i g n i f i c a n t  

dev ia t i ons  from p l a n a r i t y  i n  t h e  bac te r i och l  o r o p h y l l  -a r i n g  systems t o  

be detected. Fur ther ,  a  p r e d i c t i o n  o f  t he  amino a c i d  sequence, 

p r e v i o u s l y  unknown, cou ld  a l s o  be made. 

The programs were a l s o  used i n  t h e  de te rm ina t i on  of t h e  s t r u c t u r e s  

of i n h i b i t o r  complexes o f  t h e  endopeptidase thermo lys in .  The i n h i b i t o r s  

a re  pep t ide  analogs i n  which t h e  p lanar  pep t ide  l i n k a g e  i s  rep laced by a 

t e t r a h e d r a l  phosphonami de moiety. Th is  group i s  a  s t r u c t u r a l  analog f o r  

t he  presumed t e t r a h e d r a l  t r a n s i t i o n - s t a t e  i n te rmed ia te  produced du r i ng  

t h e  h y d r o l y s i s  o f  pep t i de  subst ra tes.  Re1 a ted  i n h i b i t o r s  d i f f e r  f rom 

each o t h e r  by d i f f e r e n t  combinat ions o f  chem 

phosphonamide group. The s t r u c t u r e s  o f  f o u r  

and t h r e e  were r e f i n e d  t o  a t  l e a s t  1.78 reso 

r e f i n e d  t o  2.38. From these s t r u c t u r e s  deta 

c a l  s u b s t i t u e n t s  near t h e  

compl exes were determined 

u t i o n  w h i l e  t he  f o u r t h  was 

1 ed knowledge o f  t h e  

t r a n s i t i o n  s t a t e  geometry can be i n f e r r e d  and t h e  chemical i n t e r a c t i o n s  

respons ib le  f o r  b i n d i n g  and c a t a l y s i s  can be i d e n t i f i e d .  It was found 

t h a t  chem ica l l y  s i m i l a r  i n h i b i t o r s  can, i n  some instances,  adopt ve ry  

d i f f e r e n t  modes o f  b i n d i n g  and t h a t  these d i f f e r e n c e s  i n  b i nd ing  

geometry a re  c o r r e l a t e d  w i t h  d i f f e r e n c e s  i n  t h e  k i n e t i c s  o f  b ind ing .  
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CHAPTER I 

INTRODUCTION 

To understand the mechanism o f  l i f e  on the  molecular l e v e l  one must 

know the  s t ruc tu res  and f l uc tua t i ons  o f  the molecules involved. L i f e  i s  

a  c o l l e c t i o n  o f  coupled chemical reac t ions  f a r  from equ i l ib r ium.  The 

p rope r t i es  o f  react ions and the  i n t e r r e l a t i o n s  between them are 

determined by the chemical nature and o r i e n t a t i o n  o f  the  groups on the  

surfaces o f  the molecules involved. 

We have not  y e t  reached the  p o i n t  where we can p r o f i t a b l y  

contemplate l i f e  i n  i t s  e n t i r e t y .  Therefore we d i v i d e  t h i s  task i n t o  a  

number o f  smal ler  problems. We attempt t o  understand the  mechanism of a  

p a r t i c u l a r  enzyme, the f o l d i n g  o f  a  p r o t e i n  molecule, o r  the chemistry 

o f  the  b ind ing  o f  two macromolecules. From these, more r e s t r i c t e d ,  

s tud ies  we hope t o  der ive  a  more general understanding o f  the e n t i r e  

problem o f  l i f e .  

I have decided t o  u t i l i z e  X-ray c rys ta l lography i n  the  s o l u t i o n  o f  

s p e c i f i c  b i o l o g i c a l  problems. X-ray c r y s t a l  1  ography i s  a  powerful tech-  

nique t h a t  can prov ide a  model f o r  t he  three-dimensional s t r u c t u r e  of a  

macromolecul e  o f  i n t e r e s t .  Such a  model f o r  a  p r o t e i n  molecule revea ls  

the  o v e r a l l  s t r u c t u r e  i n c l u d i n g  a l l  the  a-hel ices and 6-sheets. I n  

add i t i on ,  t he  model a l so  reveals the  s i t e s  where t h i s  molecule can have 

chemical i n t e r a c t i o n s  w i t h  o ther  molecules. Once a  model f o r  t he  



s t r u c t u r e  of a macromol ecul e has been constructed, c rys ta l  1 ographi c  

experiments can o f t e n  be performed t o  help understand b i o l o g i c a l  

funct ion.  

This t hes i s  describes the  development o f  a package o f  computer 

programs and, i n  add i t ion ,  the a p p l i c a t i o n  o f  t h a t  package t o  answer 

s p e c i f i c  quest ions concerning the  s t r u c t u r e  and func t i on  o f  two 

d i f f e r e n t  p r o t e i n  molecules. The programs are used t o  r e f i n e  an i n i  t i  a1 

crude model o f  a s t ruc ture .  They cont inuously  vary the  p o s i t i o n  and 

d isorder  parameters f o r  each atom i n  the  model i n  an attempt t o  maximize 

the  agreement between the observed X-ray d i f f r a c t i o n  pa t te rn  and t h e  

d i f f r a c t i o n  pa t te rn  t h a t  i s  p red ic ted  from the  model. The i n i t i a l  

design and some coding was performed by Dr. Lynn Ten Eyck. I completed 

the coding, made the programs independent o f  space group, increased the  

e f f i c i e n c y  and wrote the  complete documentation. I a lso  added new 

features, cor rec ted  many programming e r ro rs ,  and made the  package of 

s u f f i c i e n t  u t i l i t y  t h a t  it i s  now being used i n  several l a b o r a t o r i e s  

around the  world. The theory and implementation o f  these programs are 

discussed, respect ive ly ,  i n  Chapters I1  and I1 I. 

Chapter IV describes the  work I performed on the  bac ter ioch l  o ro-  

p h y l l  con ta in ing  pro te in .  A crude model f o r  t h i s  s t r u c t u r e  had been 

constructed prev ious ly  and h igh  r e s o l u t i o n  d i f f r a c t i o n  data c o l l  ec ted  by 

Dr. M.F. Schmid. A b e t t e r  model was des i rab le  because t h i s  p r o t e i n  i s  

one o f  t he  few b a c t e r i  ochl orophyl 1 -conta in ing  p ro te ins  t h a t  i s  no t  bound 

permanently t o  a membrane. With the  except ion o f  the recen t l y -  

determined s t r u c t u r e  o f  a photosynthet ic  reac t i on  center,  the  



bacter ioch lorophy l l  p ro te in  i s  the  on ly  known s t ruc tu re  o f  a 

chl  o rophy l l  -conta in ing pro te in .  We hoped t h a t  an accurate model fo r  t he  

s t ruc tu re  o f  t h i s  p r o t e i n  would suggest general ru les  f o r  t he  i n t e r a c -  

ti ons between b a c t e r i  ochl orophyl 1 groups, i n c l  ud i  ng t h e i  r chl o r i  n  r i ngs  

and t h e i r  phy to l  t a i l s ,  and the  i n t e r a c t i o n s  between the bac ter ioch loro-  

phyl 1 molecules and the surrounding pro te in .  This p r o j e c t  was compl i - 
cated by the  f a c t  t h a t  the  amino a c i d  sequence o f  the  p r o t e i n  was not  

known. This l ack  o f  knowledge added the  requirement t h a t  no t  only  the 

atoms o f  the  model had t o  be re f i ned  but  a l so  the  agreement between the  

model and the  data had t o  be checked o f t e n  t o  determine i f  the  sequence 

o f  the model was i nco r rec t .  This r e s t r i c t i o n  made the  refinement more 

d i f f i c u l t  but, on the  other  hand, when the  sequence i s  known we w i l l  

a lso  l ea rn  much concerning the  power and l i m i t a t i o n s  o f  the  c r y s t a l l o -  

graphic ref inement method. Apart from some p r e l  i m i  nary r e f i  nement by 

Dr. Schmid, t h e  h i  gh-resol u t i o n  ref inement and ana lys is  o f  the  

bac te r i och lo rophy l l  p r o t e i n  i s  my own work. 

Chapters V and V I  describe the  determinat ion and ref inement of 

complexes o f  i n h i b i t o r s  w i t h  the thermostable endopeptidase thermolys i  n. 

This p r o t e i n  i s  a z inc-conta in ing enzyme whose func t i on  i s  t o  cleave 

pept ide bonds i n  o ther  prote ins.  The c r y s t a l s  o f  the  p r o t e i n  d i f f r a c t  

X-rays very we l l  and the  three-dimensional s t r u c t u r e  o f  the  p r o t e i n  had 

been determined prev iously .  The a c t i v e  s i t e  i s  exposed t o  solvent ,  

a1 1 owing even re1 a t i v e l y  l a r g e  i n h i b i t o r  molecules t o  b ind  w i thout  

s t e r i c  i n t e r f e r e n c e  from neighboring molecules i n  the  c r y s t a l  . The 

i n h i b i t o r s  descr ibed here are pept ide phosphonamidates and, as such, are 



models f o r  t h e  presumed t r a n s i t i o n  s t a t e  du r i ng  c a t a l y s i s .  These 

compounds p rov ide  t h e  f i r s t  exper imental  evidence showing how the  P2 

res idue  o f  an extended subs t ra te  b inds t o  t h e  thermo lys in  a c t i v e  s i t e  

c l e f t .  Some i n h i b i t o r s  b i nd  t o  thermo lys in  i n  t h e  mode p red i c ted  f o r  an 

extended pep t ide  subs t ra te  bu t  one i n h i b i t o r  adopts a  d i f f e r e n t  

conformat ion. The s t r u c t u r a l  r e s u l t s  he1 p r a t i o n a l  i ze t h e  observed 

d i f f e r e n c e s  i n  t h e  k i n e t i c s  and s t r e n g t h  o f  b i n d i n g  o f  these i n h i b i t o r s .  

The ana l ys i s  o f  t he  thermo lys in  i n h i b i t o r s  was a j o i n t  p r o j e c t  i n v o l v i n g  

Drs. A. Monzingo, H. Holden, and myself .  I was pe rsona l l y  respons ib le  

f o r  t h e  h igh- reso l  u t i o n  re f inement  o f  most o f  t h e  thermo lys i  n : inh i  b i  t o r  

complexes. I n  add i t i on ,  I was e x t e n s i v e l y  i n v o l v e d  i n  t h e  data 

c o l l e c t i o n  and data process ing f o r  t h ree  o f  t h e  complexes. 

There i s ,  a t  t h e  present  t ime, a  g rea t  deal o f  i n t e r e s t  i n  t he  

design o f  drugs. Thermolysin i s  one o f  t he  few systems t h a t  a l l o w  t h e  

methods o f  drug design t o  be tested.  With t h i s  enzyme, one can examine 

t h e  known s t r u c t u r e  o f  t he  a c t i v e  s i t e ,  design a compound and p r e d i c t  

how s t r o n g l y  i t w i l l  b i nd  t o  t h e  enzyme. Through enzyme assays one can 

then measure t h e  s t r e n g t h  o f  b i n d i n g  and, through c r ys ta l l og raphy ,  

determine t h e  ac tua l  mode o f  b ind ing.  A comparison o f  t h e  p r e d i c t e d  

parameters w i t h  those observed w i l l  g i ve  a measure o f  t h e  r e l i a b i l i t y  o f  

t h e  methods used and c lues  as t o  how t o  improve t h e  method o f  drug 

des i  gn . 



CHAPTER I 1  

DIFFRACTION THEORY 

The technique o f  X-ray d i f f r a c t i o n  i n v o l v e s  d i r e c t i n g  a  beam o f  

X-rays through a  c r y s t a l  o f  some substance. The r e s u l t i n g  p a t t e r n  of 

X-rays can be understood as a  t r ans fo rma t i on  o f  t h e  e l e c t r o n  d e n s i t y  of 

t h e  c r y s t a l  . I n  t h i s  chapter  I w i l l  f i r s t  descr ibe  t he  r e l a t i o n s h i p  

between t he  e l e c t r o n  dens i t y  o f  t h e  c r y s t a l  and i t s  d i f f r a c t i o n  pa t te rn .  

Then I w i l l  d i scuss  t h e  f u n c t i o n  used t o  represen t  t h e  e l e c t r o n  d e n s i t y  

o f  t he  c r y s t a l  and how t o  d e r i v e  t he  d i f f r a c t i o n  p a t t e r n  from it. I 

w i l l  conclude w i t h  an overview o f  t he  methods used t o  generate a  model 

o f  t h e  macromolecule 's s t r uc tu re .  

When X-rays pass through a  c r y s t a l  a  d i f f r a c t i o n  p a t t e r n  i s  

observed. Th is  p a t t e r n  i s  a  c o l l e c t i o n  o f  d i s c r e t e  spots o f  v a r i a b l e  

i n t e n s i t y .  It has been found t h a t  t h e  spots  can be represented as an 

i n f i n i t e  a r r a y  o f  evenly  spaced p o i n t s  where each p o i n t  has a  va lue 

whose magnitude squared i s  equal t o  t h e  i n t e n s i t y  o f  t h e  d i f f r a c t i o n  

spot  (see Stout  & Jensen, 1968). The coord ina tes  used t o  index t h i s  

space are c a l l  ed h, k, and 1, and t oge the r  a re  usual l y  r e f e r r e d  t o  as 

t h e  vec to r  - s. The space i t s e l f  i s  c a l l e d  r e c i p r o c a l  space. Why t h i s  

space does n o t  c o n t a i n  t he  i n t e n s i t i e s  d i r e c t l y  w i l l  be made c l e a r  l a t e r  

i n  t h i s  chapter .  



Reciprocal  space i s  r e l a t e d  t o  t h e  e l e c t r o n  dens i t y  o f  t he  c r y s t a l  

by a  mathematical opera to r  c a l l e d  t h e  Fou r i e r  t rans fo rm (TC]). The 

opera t ion  performed by t he  Fou r i e r  t ransform i s  t o  change t o  t he  bas is  

s e t  o f  a  f u n c t i o n  from x, y, and z, t o  t he  i n f i n i t e  se t  of complex 

exponent i a1 s  g iven i n  (2.1). 

exp(2n i (hx + ky + I z ) )  ( 2 - 1 )  

These f u n c t i o n s  a re  no th ing  more than a  s e t  o f  s i n e  waves of v a r i a b l e  

f requencies determined by h, k, and 1. Therefore t h e  Fou r i e r  t ransform 

conver ts  a  s p a t i  a1 d i s t r i b u t i o n  t o  a  f requency d i s t r i b u t i o n .  I t s  most 

f a m i l i a r  use i s  t h e  conversion o f  t h e  compl icated waveform of sound 

i n t o  a  f requency spectrum. 

The F o u r i e r  t rans fo rm opera to r  has a  number o f  i n t e r e s t i n g  and 

use fu l  p rope r t i es .  F i r s t  o f  a l l  i t  i s  a  l i n e a r  operator .  Th is  means 

t h a t  t h e  opera to r  commutes w i t h  add i t i on .  The convo lu t i on  theorum says 

t h a t  t he  F o u r i e r  t r ans fo rm  o f  t h e  product  o f  two f u n c t i o n s  i s  t h e  

convo lu t i on  o f  t h e  Fou r i e r  t r ans fo rm  o f  each, and t h a t  t h e  Fou r i e r  

t rans fo rm o f  t h e  convo lu t i on  o f  two f u n c t i o n s  i s  t h e  product  of t h e i r  

t ransforms.  Gaussians have p a r t i c u l a r l y  s imple Fou r i e r  t ransforms.  

These r u l e s  a r e  shown i n  equat ions (2.2), (2.3), (2.4), and (2.5). 



A f u n c t i o n  t h a t  i s  use fu l  and a l so  has a  s imple Fou r i e r  t rans fo rm 

i s  t he  D i rac  6 f u n c t i o n  ( 6 ( r ) ) .  - This  f u n c t i o n  i s  def ined i n  equat ion 

(2.6) and some o f  i t s  p r o p e r t i e s  a re  g iven i n  (2.7), (2.8), and (2.9). 

Because i t changes t h e  o r i g i n  o f  any f u n c t i o n  w i t h  which it i s  convu- 

l u t e d  (2.9), t h e  Dr iac  6 f u n c t i o n  i s  very use fu l  f o r  s h i f t i n g  f unc t i ons  

t h a t  are de f i ned  w i t h  one o r i g i n  bu t  need t o  be used w i t h  another 

o r i g i n .  

A l a t t i c e  i s  a  r epea t i ng  a r ray  o f  6  f u n c t i o n s  and w i l l  be 

represented as A ( r ) .  - A p a r t i c u l a r  l a t t i c e  i s  descr ibed  by t h e  d is tances  

between 6 f u n c t i o n s  i n  t h e  t h ree  d i r e c t i o n s  o f  space, and t he  angles 

between ne ighbor ing  6 func t ions .  These parameters are c a l l  ed 1  a t t i  ce 

constants.  One f a c t  has y e t  t o  be s ta ted :  t h e  Fou r i e r  t ransform of a  

l a t t i c e  i s  another l a t t i c e  whose l a t t i c e  cons tan ts  are d i f f e r e n t  from, 

b u t  r e l a t e d  t o ,  t h e  l a t t i c e  constants  o f  t h e  source f unc t i on .  

The E lec t ron  Dens i ty  Model 

A c r y s t a l  i s  composed o f  a  co l  1  e c t i o n  o f  molecules ca l  l e d  a  u n i t  

c e l l  t h a t  i s  repeated by t r a n s l a t i o n  t o  f i l l  a l l  o f  space. Each 



molecule i s  composed o f  atoms. Normal l y  t he  e l e c t r o n  dens i t y  o f  t he  

atoms i s  represented as a  f unc t i on ,  w i t h  spher ica l  symmetry, which 

depends on t h e  elemental type o f  t h e  atom. The parameters used t o  

descr ibe t h e  e l e c t r o n  dens i t y  o f  an atom are t h e  p o s i t i o n  of t h e  cen te r  

o f  t he  atom, t h e  " temperature f a c t o r " ,  which i s '  a  measure of t he  mot ion 

of t he  atom, and t h e  " f r a c t i o n a l  occupancy" o f  t h e  atom. The 

temperature f a c t o r  i s  used t o  model v i b r a t i o n  about t he  cen te r  of t he  

e l e c t r o n  cloud, w h i l e  t h e  occupancy i s  used t o  model s t a t i c  d iso rder .  

The e l e c t r o n  d e n s i t y  f o r  an atom i s  c a l c u l a t e d  us ing  equat ion (2.10). 

where f i  (s )  = A exp(-Bs2/4) + C exp(-Ds2/4) + E - 

O i  i s  t he  f r a c t i o n a l  occupancy f o r  atom i, - x i  i s  t h e  p o s i t i o n  vec to r  o f  

t he  cen te r  of t h e  atom, and Bi i s  t h e  temperature f ac to r .  The second 

p a r t  o f  t he  convo lu t i on  de f ines  t h e  e l e c t r o n  d e n s i t y  of t h e  atom i f  i t  

was l o c a t e d  a t  t h e  o r i g i n  o f  t h e  coord ina te  system. This  f u n c t i o n  i s  

convoluted w i t h  a  6 f u n c t i o n  t o  move i t t o  t h e  proper  l o c a t i o n  i n  t h e  

u n i t  c e l l .  

fi ( s )  - i s  c a l l e d  t h e  s c a t t e r i n g  f a c t o r  f o r  t h e  atom. It i s  t h e  

F o u r i e r  t r ans fo rm  o f  t he  e l e c t r o n  d e n s i t y  o f  a  s t a t i o n a r y  atom of t h e  

same elemental  t ype  as atom i . To d e f i n e  f i  ( s )  a  quantum mechanical - 
c a l c u l a t i o n  i s  performed t o  determine t h e  wave f u n c t i o n s  which descr ibe  

t h e  atom. Then t h e  dens i t y  c a l c u l a t e d  from those wave func t ions  i s  

s p h e r i c a l l y  averaged and an e l e c t r o n  d e n s i t y  p r o f i l e  i s  produced and 

Four ie r - t rans fo rmed t o  o b t a i n  t h e  s c a t t e r i n g  o f  t h e  atoms as a  f u n c t i o n  



o f  s c a t t e r i  ng angle ( I n t e r n a t i o n a l  Tab1 es f o r  X-ray Crys ta l  1  ography , 

Vol . I V Y  1974). The values can be approximated by t he  sum of two 

gaussians and a  constant  (Forsy th  & Wells, 1979). One se t  o f  constants  

has been determined f o r  each element, and usual l y  a  d i f f e r e n t  s e t  i s  

c a l c u l a t e d  f o r  each o x i d a t i o n  s t a t e  o f  t he  var ious  metal ions. 

The e l e c t r o n  d e n s i t y  f o r  t h e  atom when a t  t h e  o r i g i n  i s  def ined i n  

terms o f  i t s  Fou r i e r  t rans fo rm and, t he re fo re ,  an i nve rse  Fou r i e r  t r a n s -  

form has entered t h e  Equation (2.10). This i s  done because t h e  

temperature f a c t o r  parameter ( B i )  i s  p a r t i c u l a r l y  easy t o  d e f i n e  i n  

r e c i p r o c a l  space. The i nve rse  Fou r i e r  t r ans fo rm  behaves i n  t h e  same 

manner as t h e  r e g u l a r  t rans fo rm and can, i n  general ,  be c a l c u l a t e d  us ing  

o n l y  forward t rans fo rms (Equat ion 2.11). 

I n  Equat ion (2.10) severa l  approximat ions a r e  be ing made. The 

f i r s t  i s  t h a t  t h e  e f f e c t  o f  t he  mot ion o f  t h e  atom can be modeled by a  

Gaussian f a c t o r .  Th is  has been shown t o  be t r u e  f o r  t he  case of 

i s o t r o p i c ,  harmonic v i b r a t i o n  (see Stout  & Jensen, 1968). It i s  no t  

n e c e s s a r i l y  t r u e  f o r  a l l  o f  t he  r e a l  e f f e c t s  t h a t  temperature f ac to r s  

a t tempt  t o  account f o r  i n  p r o t e i n  c r y s t a l  . Equat ion (2.10) i s  used 

because i t  i s  accura te  f o r  v i b r a t i o n s  o f  small ampl i tude, and Gaussians 

have s imple F o u r i e r  t ransforms.  The form of t h e  s c a t t e r i n g  f a c t o r  

assumes t h a t  a l l  atoms a re  s p h e r i c a l l y  symmetric and t h a t  t he  shape of 

t h e  e l e c t r o n  d e n s i t y  i s  n o t  a f f e c t e d  by t h e  chemical s t a t e  of t h e  atom. 

Equat ion (2.10) r equ i res  f i v e  parameters f o r  each atom. One 

u s u a l l y  does n o t  have enough d i f f r a c t i o n  data t o  determine t h a t  many 



parameters when working w i t h  macromol ecu l  es. Therefore i t  i s  customary 

t o  ho ld  t h e  f r a c t i o n a l  occupancies f i x e d  a t  f u l l  occupancy. If t h e  

c r y s t a l  does no t  d i f f r a c t  beyond a  r e s o l u t i o n  o f  2.58 t h e r e  norma l l y  a re  

no t  enough data t o  determine even t h e  f o u r  remaining parameters. I n  

such cases groups o f  atoms are requ i red  t o  have t h e  same value f o r  t h e i r  

temperature f a c t o r s  and, i n  t h e  l i m i t i n g  case, a l l  t h e  atoms are f o r ced  

t o  have t h e  same temperature f a c t o r .  I f  even fewer data are a v a i l a b l e  

r e s t r i c t i o n s  would have t o  be made t o  t h e  freedom o f  t h e  p o s i t i o n a l  

parameters. 

The e l e c t r o n  dens i t y  f o r  t h e  e n t i  r e  u n i t  c e l l  i s  model led as t h e  

sum o f  t h e  e l e c t r o n  dens i t y  o f  a l l  t he  atoms i n  t h e  u n i t  c e l l  (2.12). 

Usua l l y  t he  macromolecule grows i n  a  c r y s t a l  form t h a t  has some 

symmetry w i t h i n  t h e  u n i t  c e l l .  These symmetry opera to rs  a l l o w  t h e  

e n t i r e  con ten ts  o f  t h e  u n i t  c e l l  t o  be descr ibed  complete ly  by d e f i n i n g  

t h e  parameters f o r  o n l y  a  subset ( t h e  "asymmetric u n i t " )  o f  t h e  t o t a l  

number o f  atoms. 

To generate t h e  e l e c t r o n  d e n s i t y  f o r  t h e  e n t i r e  c r y s t a l  f rom t h e  

e l e c t r o n  d e n s i t y  o f  t he  u n i t  c e l l  we must represen t  mathemat ica l l y  t h e  

d u p l i c a t i o n ,  t r a n s l a t i o n ,  and a d d i t i o n  o f  t he  u n i t  c e l l s .  These 

opera t ions  can best  be represented as convo lu t i on  of t h e  u n i t  c e l l  w i t h  

a  l a t t i c e .  To generate t h e  e n t i r e  c r y s t a l  f rom a  s i n g l e  u n i t  c e l l  o f  

dens i t y ,  we r e q u i r e  a  l a t t i c e  w i t h  a  6 f u n c t i o n  a t  t h e  o r i g i n  o f  each 

u n i t  c e l l  i n  t h e  c r y s t a l .  Th is  l a t t i c e  i s  c a l l e d  t h e  " rea l  l a t t i c e "  and 



i t s  l a t t i c e  constants  are c a l l e d  t h e  c e l l  constants.  The convo lu t i on  o f  

t he  l a t t i c e  o f  6 ' s  w i t h  t h e  u n i t  c e l l  d e n s i t y  i s  the  f u n c t i o n  f o r  t h e  

e l e c t r o n  d e n s i t y  f o r  t h e  e n t i  r e  c r y s t a l  (2.13). 

The D i f f r a c t i o n  P a t t e r n  

As s t a t e d  e a r l i e r  t he  d i f f r a c t i o n  p a t t e r n  i s  r e l a t e d  t o  t he  Fou r i e r  

t rans fo rm o f  t h e  e l e c t r o n  dens i t y  o f  t he  c r y s t a l .  We now have a  

f u n c t i o n  which descr ibes t h i s  e l e c t r o n  d e n s i t y  and because we have 

c a r e f u l l y  chosen our f unc t i on ,  we can a n a l y t i c a l l y  c a l c u l a t e  t he  F o u r i e r  

t rans fo rm o f  t h i s  f u n c t i o n  (2.14). 

atoms 
F(s)  - = A ( s )  c O j e x p ( - ~ ~ s ~ / 4 ) f i  ( s ) e x p ( Z r i s - x i )  - - - - 

i 

Equat ion (2.14) i s  t h e  product  o f  a  l a t t i c e  and a  funct ion.  One of 

t h e  p r o p e r t i e s  o f  a  l a t t i c e  i s  t h a t  such a  p roduc t  i s  zero everywhere 

except where t h e  6 f u n c t i o n s  are non-zero. At those p o i n t s  t h e  p roduc t  

g ives t h e  va lue  which t h a t  p o i n t  would have i f  t h e r e  was no t  l a t t i c e  

f unc t i on .  I n  e f f e c t ,  t h e  product  i s  j u s t  t h e  second f u n c t i o n  sampled 

o n l y  a t  t h e  p o i n t s  o f  t h e  r e c i p r o c a l  l a t t i c e .  The u n i t s  o f  h, k,  and 1  

a re  chosen so t h a t  t h i s  s i t u a t i o n  occurs o n l y  f o r  i n t e g r a l  values o f  t h e  

coord inates.  For those p o i n t s  Equation (2.14) reduces t o  Equat ion 

(2.15) and a t  a l l  o t he r  p o i n t s  reduces t o  zero. 

atoms 
F(s )  - = c O jexp ( -B j s2 /4 ) f i  ( s ) e x p ( 2 a i ~ * x i )  - - - (2.15) 

i 



The d i s c r e t e  p o i n t s  o f  F(s) - , c a l l e d  t h e  " s t r u c t u r e  fac to rs " ,  are 

complex numbers. The i n t e n s i t i e s  o f  t h e  spots  i n  t he  d i f f r a c t i o n  

p a t t e r n  a re  p r o p o r t i o n a l  t o  t he  square o f  t h e  magnitude o f  t h e  

corresponding s t r u c t u r e  f a c t o r .  

E a r l v  Staaes o f  S t r u c t u r e  Determinat ion 

I n  t h e  p rev ious  sec t ions  o f  t h i s  chapter  a  method o f  c a l c u l a t i n g  

t he  s t r u c t u r e  f a c t o r s  from the  parameters o f  t h e  model f o r  t h e  

macromolecule has been developed. I n  t h e  e a r l y  stages of s t r u c t u r e  

de te rmina t ion  t h e r e  i s  no model f o r  t h e  macromolecule w i t h  which t o  

work. Knowi ng t h e  re1 a t i  onshi p  between r e c i  p roca l  space and r e a l  space, 

Equation (2.16) can be w r i t t e n .  

phase angle 

experiments 

angle, an e  

sample t h e  

has a  va lue 

The magnitude o f  F(s) - i s  determined from t h e  d i f f r a c t i o n  da ta  bu t  t h e  

cannot be d i r e c t l y  measured from the  data. I f  

performed which w i l l  p rov ide  an es t imate  o f  t h e  phase 

l e c t r o n  d e n s i t y  "map" can be ca l cu la ted .  Such a  map w i l l  

r e a l  space u n i t  c e l l  a t  d i s c r e t e  l o c a t i o n s .  Each l o c a t i o n  

rep resen t i ng  t h e  e l e c t r o n  d e n s i t y  a t  t h a t  po in t .  Such a  map 

can be examined by severa l  techniques and a  crude model f o r  t h e  

s t r u c t u r e  o f  t h e  molecule can be const ructed.  

Several methods a re  now a v a i l  a b l e  which can be used t o  d e r i v e  

est imates o f  t h e  phases o f  t he  s t r u c t u r e  f a c t o r s .  These methods i n c l u d e  

mu1 ti p l e  isomorphous rep1 acement ( M I R )  , anomal ous d ispers ion ,  



non-crysta l  1  ographic  symmetry averaging , and mo lecu la r  rep1 acement. 

Most of these methods use i n fo rma t i on  about t he  s t r u c t u r e  beyond t he  

d i f f r a c t i o n  p a t t e r n  o f  t h e  normal c r y s t a l  . The M I R  technique i nvo l ves  

t he  measurement o f  d i f f r a c t i o n  p a t t e r n  changes caused by t he  b i nd ing  of 

heavy metal atoms t o  t he  macromolecule. Molecular  replacement can be 

used i f  the  macromolecule i s  be1 ieved  t o  be s i m i l a r  t o  a  known 

s t r u c t u r e .  I f  t h i s  i s  t h e  case, phases can be c a l c u l a t e d  from t h e  known 

s t r u c t u r e  and used t o  c a l c u l a t e  an e l e c t r o n  d e n s i t y  map f o r  t h e  unknown 

s t r u c t u r e .  

L i t t l e  o f  my work has d e a l t  w i t h  p r o j e c t s  t h a t  have used these 

methods and I w i l l  no t  descr ibe  them i n  d e t a i l .  It i s  s u f f i c i e n t  t o  say 

t h a t  such methods e x i s t  and t h a t  a  crude model f o r  t h e  macromolecule can 

be const ructed.  However, a  need e x i s t s  t o  a d j u s t  t h e  parameters of t he  

crude model t o  achieve t h e  best  poss ib l e  agreement between t h e  

d i f f r a c t i o n  p a t t e r n  p r e d i c t e d  by t h e  model and t h e  p a t t e r n  a c t u a l l y  

observed. Much o f  my d i s s e r t a t i o n  i s  devoted t o  t h i s  problem. 

Macromolecul a r  S t r u c t u r e  Refinement 

Refinement i s  t h e  process whereby t h e  parameters o f  a  model are 

ad jus ted  t o  improve t h e  f i t  o f  t he  model t o  t h e  observed data. Th is  

usual 1 y  i n v o l  ves a l e a s t  -squares mi n im i  z a t i  on o f  a  r es i dua l  between t h e  

observed da ta  and t h e  va lues p r e d i c t e d  from t h e  model . 
Crys ta l  1  ographi  c  re f inement  became a  p a r t  o f  t h e  macromol ecu l  a r  

s t r u c t u r e  s o l u t i o n  methods about 10 years ago. At t h a t  t ime t r a d i t i o n a l  

c r y s t a l  1  ograph ic  re f inement  was f i r s t  a p p l i e d  t o  a  p r o t e i n  s t r u c t u r e  



(Watenpaugh -- e t  a1 . , 1973). It r a p i d l y  became c l e a r  t h a t ,  wh i l e  t h i s  

method worked w e l l  f o r  t h e  case o f  a  small p r o t e i n  which d i f f r a c t e d  t o  

h i gh  reso l  u t i  on, l e a s t  square mi n im i  z a t i  on aga ins t  c r y s t a l  1  ographi  c  data 

would no t  work when a p p l i e d  t o  t he  more t y p i c a l  case of a  l a r g e  p r o t e i n  

s t r u c t u r e  whose ou te r  d i f f r a c t i o n  l i m i t  l i e s  between 38 and 1.58. This 

problem seems t o  a r i s e  s imp ly  from a  l a c k  o f  s u f f i c i e n t  number of 

observat ions. 

A t y p i c a l  p r o t e i n  s t r u c t u r e  w i l l  have between 5,000 and 15,000 

parameters, t h r e e  p o s i t i o n a l  and an i s o t r o p i c  temperature f ac to r  f o r  

each atom. However, t h e r e  are gene ra l l y  o n l y  about 10,000 t o  40,000 

observed r e f l e c t i o n s  i n  t h e  data set.  The c r i t i c a l  parameter i s  t h e  

number o f  observa t ions  per  parameter. For p r o t e i n s  t h i s  number ranges 

from 2  t o  3, w h i l e  f o r  "smal l  molecules" t h e  number o f t e n  i s  as l a r g e  as 

10 t o  20. Therefore t h e  bas ic  problem w i t h  p r o t e i n  re f inement  i s  a  l a c k  

of observat ions.  

The most commonly used source o f  a d d i t i o n a l  i n f o r m a t i o n  about a  

p r o t e i n  s t r u c t u r e  i s  t h e  knowledge about t h e i r  s tereochemist ry .  The 

d is tances  between p a i r s  o f  atoms, t h e  angles between t r i p l e t s  of atoms, 

and t h e  c l o s e s t  non-bonded d is tances a1 1  owed between atoms are a1 1  we1 1  

known. The f a c t  t h a t  c e r t a i n  groups o f  atoms a re  arranged i n  planes can 

a1 so be used. Most o f  t h e  macromolecular re f inement  programs i n  use 

today i nco rpo ra te  t h i s  i n f o rma t i on  i n t o  t h e  re f inement  process 

(Hendrickson & Konnert, 1980; Jack & L e v i t t ,  1978). 

However, i t  has been found p r o f i t a b l e  t o  add even more in fo rmat ion ,  

if more i n f o r m a t i o n  i s  known. Co-refinement o f  X-ray and Neutron da ta  



f o r  t he  BPTI s t r u c t u r e  (Wlodawer -- e t  a1 ., 1984) has generated a  model 

whose phases can b r i n g  f o r t h  new i n f o r m a t i  on from d i f f e r e n c e  maps 

generated from t h e  X-ray data alone. Th is  r e s u l t  imp1 i e s  t h a t  X-ray 

refinement w i t h  stereochemical  r e s t r a i n t s  cannot e x t r a c t  a1 1  of the  

i n fo rma t i on  which l i e s  w i t h i n  t h e  X-ray data. Add i t i ona l  data, when 

p rope r l y  used, can e x t r a c t  a d d i t i o n a l  in fo rmat ion .  

The computer program which I developed, i n  con junc t i on  w i t h  

Dr. Ten Eyck, was designed t o  make t h e  i n c o r p o r a t i o n  o f  a d d i t i o n a l  data 

very  easy. It w i l l  modi fy  t he  parameters o f  a  model t o  improve i t s  

agreement w i t h  bo th  t h e  observed d i f f r a c t i o n  p a t t e r n  and t h e  p r i n c i p l e s  

o f  s tereochemist ry .  I n  add i t i on ,  t h e  package was designed so t h a t  

a d d i t i o n a l  programs, deal i ng w i t h  o t h e r  sources o f  i n f o r m a t i  on, coul  d  be 

added w i t hou t  any m o d i f i c a t i o n  o f  t h e  e x i s t i n g  programs. For example, a  

program has been w r i t t e n  which w i l l  a1 low the  i n c o r p o r a t i o n  o f  

i n f o rma t i on  f rom expe r imen ta l l y  determined phase angles. A f u l l  

d e s c r i p t i o n  o f  t h e  macromol ecu l  a r  re f inement  package w i l l  be t h e  sub jec t  

of t he  f o l  1  owing chapter.  



CHAPTER I11 

AN EFFICIENT GENERAL-PURPOSE LEAST-SQUARES REFINEMENT PROGRAM FOR 

MACROMOLECULAR STRUCTURES 

Abs t rac t  

A  package o f  programs has been developed f o r  e f f i c i e n t ,  r es t ra i ned ,  

l e a s t  squares re f inement  o f  macromol ecu l  a r  c r y s t a l  s t r uc tu res .  The 

package has been designed t o  be as f l e x i b l e  and general -purpose as 

poss ib le .  The process o f  re f inement  i s  d i v i d e d  i n t o  bas i c  u n i t s  and an 

independent computer program handles each task. Each f u n c t i o n a l  u n i t  

communicates w i t h  o the r  programs i n  t h e  package by way o f  f i l e s  of 

we1 1  -def ined format. To mod i fy  o r  rep lace  any program requ i res  t h a t  

user need o n l y  understand t h e  f u n c t i o n  o f  t h a t  p a r t i c u l a r  element. 

Stereochemical r e s t r a i n t s  a re  de f ined  i n  a  general  way t h a t  can be 

a t  oms 

i f i e d  

appl i e d  t o  p ro te i ns ,  n u c l e i  c  ac ids,  p r o s t h e t i c  groups, so l  ven t  

so on. Guide values f o r  bond l eng ths  and bond angles a re  spec 

s t r a i gh t f o rwa rd ,  d i  r e c t  manner. 

t h e  

and 

i n  a  

I n  o rder  t o  make t h e  package as e f f i c i e n t  as poss ib le ,  t he  f a s t  

Fou r i e r  t r ans fo rm  a1 g o r i  thm i s  used f o r  a1 1  t h e  c r y s t a l  1  ographic  

t rans fo rmat ions .  To high1 i gh t  p o t e n t i a l  e r r o r s  i n  t h e  r e f i n e d  s t r u c t u r e  

t h e  user  can l i s t  those atoms t h a t  have t h e  worst  bond l eng ths  and 

angles, o r  have t h e  l a r g e s t  p o s i t i o n a l ,  temperature f a c t o r  o r  occupancy 

g rad ien ts .  It i s  a l s o  p o s s i b l e  t o  check t h a t  p r o t e i n  and so l ven t  atoms 



do n o t  s t e r i c a l  l y  c l ash  w i t h  symmetry-re1 a ted  neighbors. Appl i c a t i o n s  

o f  the  program package t o  a  b a c t e r i  och l  orophy l  1  - con ta in i ng  p ro te i n ,  

t he rmo lys i n - i nh i  b i  t o r  complexes and mutants o f  bacter iophage T4 

lysozymes a re  descr ibed. 

I n t r o d u c t i o n  

There a re  a  number o f  p o t e n t i a l  d i f f i c u l t i e s  w i t h  t h e  re f inement  of 

macromol ecul  a r  s t r u c t u r e s  i n c l u d i n g  t h e  un favorab le  r a t i o  of observa- 

t i o n s  t o  parameters, t h e  magnitude o f  t h e  computat ional  requ i  rements, 

and d e f i c i e n c i e s  i n  t h e  s t a r t i n g  model ranging from small e r r o r s  i n  t he  

coord inates t o  gross e r r o r s  a r i s i n g  from m i s i n t e r p r e t a t i o n  of t h e  

e l e c t r o n  dens i t y  map. These d i f f i c u l t i e s  have l e d  t o  t h e  development of 

d i f f e r e n t  re f inement  s t r a t e g i e s ,  each o f  which has i t s  own advantages 

and disadvantages (e.g. see Diamond, 1971; Watenpaugh -- e t  al., 1973; 

Freer  -- e t  a1 . , 1975; Sussman -- e t  a1 . , 1977; Jack & L e v i t t  , 1978; Konnert & 

Hendrickson, 1980; Agarwal , 1978; Jones & L i  1  jas ,  1984). I n  o rder  t o  

inc rease  t he  number o f  observa t ions  i t  i s  usual t o  i n c l u d e  know1 edge of 

t h e  stereochemi s t r y  o f  t h e  p r o t e i n .  Bond d is tances,  bond angles, 

p l a n a r i t y  and l i m i t s  on t h e  approach d is tances  o f  non-bonded atoms can 

a l l  be spec i f i ed .  It can a1 so be p r o f i t a b l e  t o  i n c o r p o r a t e  a d d i t i o n a l  

i n f o rma t i on ,  as i n  t h e  co-ref inement o f  bov ine panc rea t i c  t r y p s i n  

i n h i b i t o r  w i t h  X-ray and neu t ron  data (Wl odawer & Hendri ckson, 1982). 

If o the r  data a re  a v a i l a b l e ,  such as, f o r  example, independent phase 

i n f o r m a t i  on from isomorphous r e p l  acement o r  anomalous s c a t t e r i n g  , o r  

phase i n f o r m a t i o n  from mo lecu la r  r e p l  acement, i t  migh t  be des i  r a b l  e 

t o  i n c l  ude t h i s  i n f o r m a t i o n  as we1 1. 



The package o f  programs descr ibed uses t he  p r i n c i p l e  of r e s t r a i n e d  

least -squares ref inement.  The package i s  designed t o  be as 

general -purpose as poss ib le .  Stereochemi s t r y ,  f o r  example, i s  def ined 

i n  a  general way t h a t  can be a p p l i e d  t o  p ro te i ns ,  n u c l e i c  acids,  

p r o s t h e t i c  groups, so l ven t  atoms and so on. Also t h e  package has been 

made as e f f i c i e n t  as poss ib l e  by us ing  t h e  f a s t  Fou r i e r  t r ans fo rm  

a l g o r i t h m  t o  c a r r y  ou t  a1 1  t h e  c r y s t a l  l o g r a p h i c  t ransformat ions.  

One l i m i t a t i o n  o f  many re f inement  programs i s  t h e i r  i n f l e x i b i l i t y ;  

p o r t i o n s  cannot be rep laced nor  new func t i ons  added w i t h o u t  ex tens ive  

m o d i f i c a t i o n  o f  t he  e x i s t i n g  code. This l i m i t s  t h e  a b i l i t y  o f  t he  user 

t o  experiment w i t h  d i f f e r e n t  re f inement  s t r a teg ies .  I n  o rde r  t o  modify 

t h e  re f inement  program one must understand the da ta  s t r u c t u r e  and 

a1 g o r i  thms o f  t h e  e n t i  r e  program. The ref inement  package descr ibed  here 

was designed t o  avo id  t h i s  l i m i t a t i o n .  The process o f  ref inement i s  

broken down i n t o  bas i c  u n i t s  and an independent computer program handles 

each task. Each f u n c t i o n a l  u n i t  communicates w i t h  t h e  o t h e r  programs i n  

t h e  package by way o f  f i l e s  o f  we l l  de f i ned  format. To modify o r  

rep lace  any program o n l y  r equ i res  t h a t  t h e  user  understand t h e  f unc t i on  

o f  t h a t  program, t h e  r e s t  o f  t h e  programs w i l l  f u n c t i o n  as before. I n  

t h i s  manner c a l c u l a t i o n s  which can be op t im ized  by space group s p e c i f i c  

a1 g o r i  thms (such as f a s t  F o u r i e r  t rans fo rms)  can be c a l  c u l  a t e d  

d i f f e r e n t l y  f o r  d i f f e r e n t  c r y s t a l  s t r u c t u r e s  by a  s imp le  s u b s t i t u t i o n  of 

t h e  app rop r i a te  program. 



Features and Orsani z a t i  on 

The package o f  computer programs was designed t o  meet f i v e  major 

o b j e c t i v e s  which wi 11 be b r i e f l y  discussed be1 ow. 

( i )  It should be p o s s i b l e  t o  rep lace  e x i s t i n g  f u n c t i o n s  o r  add new 

f u n c t i o n s  w i t hou t  mod i f y i ng  e x i s t i n g  code. 

( i i  ) The programs should have a  common mechanism f o r  reading data. 

( i  i i ) It should be easy t o  d e f i n e  s tandard geometry f o r  new and 

unusual chemical groups. 

( i v )  It should be p o s s i b l e  t o  cons t ra i n  s p e c i f i e d  groups of atoms 

t o  behave as r i g i d  bodies o r  t o  be he ld  cons tan t  du r i ng  refinement. 

(v )  The program should p rov ide  t o o l s  t o  a i d  t h e  user  i n  t he  

d e t e c t i o n  o f  e r r o r s  i n  t he  model t h a t  a re  beyond t h e  a b i l i t y  of t h e  

re f inement  package t o  co r rec t .  

Overa l l  Organizat ion 

The need t o  p a r t i t i o n  a  re f inement  program i n t o  independent, 

f u n c t i o n a l  u n i t s  was mentioned i n  t h e  i n t r o d u c t i o n  and has shaped t h e  

o v e r a l l  organi  z a t i o n  and s t r u c t u r e  o f  t h e  package. The d i f f e r e n t  

f u n c t i o n s  t h a t  are min imized i n  t h e  re f inement  a re  t r e a t e d  as separate 

" terms" where each term i s  de f i ned  on t h e  bas i s  o f  t h e  c a l c u l a t i o n s  

r e q u i r e d  t o  eva lua te  t h e  term and i t s  g rad ien t .  Most commonly, two 

terms a re  i n c l  uded : a  c r y s t a l  1  ographic  term and a  stereochemi c a l  term. 

The programs requ i red  t o  c a l c u l a t e  a  term and i t s  g r a d i e n t  a re  

c o l l  e c t i v e l y  r e f e r r e d  t o  as a  "modul e". The o v e r a l l  r e f i  nement package 



c o n s i s t s  of the  c o n t r o l  program p lus  a  v a r i a b l e  number of modules. The 

c o n t r o l  program combines t h e  i n f o r m a t i o n  presented by a1 1  t h e  modules t o  

determine t h e  d i r e c t i o n  i n  which t o  s h i f t  t h e  parameters o f  t h e  model, 

and, even tua l l y ,  t o  determine t h e  magnitude o f  t he  s h i f t .  This program 

"knows" no th ing  about s p e c i f i c s  o f  t h e  terms t h a t  a re  handled by t he  

var ious  rnodul es. The stereochemi c a l  module i s  imp1 emented as a  s i n g l e  

program. Because i t  i n v o l  ves severa l  Fou r i e r  t ransforms, t h e  

c r y s t a l  l o g r a p h i c  module i s  broken up i n t o  f i v e  d i f f e r e n t  programs. This  

f r a c t i o n a t i o n  a l l ows  app rop r i a te  space-group-spec i f ic  f a s t  F o u r i e r  

t rans fo rm (FFT) programs t o  be used f o r  d i f f e r e n t  p r o j e c t s .  

Data I npu t  and Data Trans fe r  

Because of t h e  number and independence o f  t h e  programs i n  t h e  

package i t  i s  very  d e s i r a b l e  t h a t  t h e  i n p u t  format  f o r  a l l  programs be 

t h e  same. Al though some data f i l e s  a re  c rea ted  by t he  computer and 

o the rs  by t he  user, t h e  s t y l e  o f  i n p u t  has been designed w i t h  emphasis 

on t h e  b e n e f i t  o f  t he  user. A l l  i n p u t  i s  token based. The i n p u t  i s  

read i n  f ree- format ,  each token be ing  separated from t h e  n e x t  by a  

d e l i m i t e r  such as a  space o r  a  comma (see Fig. 1, Fig. 2, and Table 1 

f o r  examples). The f i r s t  token on t h e  card  i s  t h e  keyword. Keywords 

f a l l  i n t o  two c lasses :  da ta  keywords and command keywords. The o rder  

of data cards i s  unimportant.  When a  command card  i s  encountered, t h e  

requ i red  ope ra t i on  i s  performed on whatever data has been read t o  t h a t  

po in t .  I npu t  and ou tpu t  i s  handled by a s e t  o f  l i b r a r y  r o u t i n e s  which 

per form t h e  bas i c  opera t ions  o f  read ing  i n  cards, sepa ra t i ng  tokens, and 

b u i  1 d i n g  numbers f rom p a r t i  cu1 a r  tokens. 



<Atom card> . -- . -- 
<Atom keyword) <Atom type> <Atom parameters> 

<Atom name> <Residue name> <Chain name> 

<Chain card> : == 
CHAIN <Chain name> <Chain type> 

{<Chai n name>" 1 "(Residue name> <Li nkage type>} 

<Residue card> : == 
RESIDUE <Chain type>" I '<Residue name> <Residue type) 

{(Residue name> <Linkage type>} 

<Geometry card> : == 
GEOMETRY <Clus te r  type> (Res t ra i n t  type> <Standard va lue> 

<Val ue ' s s i  gma> <Atom name> {<Atom name>) 

Where : 

<Atom keyword> : == ATOM 1 ATOMC 1 ATOMG 

(Cluster  type> :== <Residue type> 1 (Linkage type> 

<Res t ra i n t  type> :== BOND ANGLE TORSION I 
TRIGONAL I PLANE 1 CHIRAL 

The nomenclature i s  : 

<name> i s  a word o r  number 
A I  means A o r  B 
{ A )  means A i s  repeated 0 o r  more t imes 

1 means t h a t  t h e  1 i s  t o  be taken 1 i t e r a l  l y  

FIGURE 1. The D e f i n i t i o n  o f  t h e  General Data Cards 

These a re  t h e  d e f i n i t i o n s  f o r  t h e  cards used t o  d e f i n e  t h e  standard 
geometry f o r  a mo lecu la r  model. Each coord ina ted  card  con ta ins  t h e  
atom's  name as w e l l  as t h e  names o f  t h e  res idue  and cha in  i n  which i t  
res ides.  Each cha in  must have i t s  t ype  de f i ned  on a CHAIN card. The 
sequence and c o n n e c t i v i t y  o f  t h a t  t ype  o f  cha in  must be d e f i n e d  on 
severa l  RESIDUE cards and t h e  r e s t r a i n t s  assoc ia ted  w i t h  each res idue  
t y p e  and 1 inkage t ype  a re  de f i ned  on GEOMETRY cards. 



A re1 a ted  o b j e c t i v e  was t o  a1 low t h e  c o n s t i t u e n t  programs t o  be 

easy t o  w r i t e  and understand. Sets o f  common rou t i nes  have been placed 

i n  l i b r a r i e s  t h a t  a re  used by most o f  t h e  programs. These l i b r a r i e s  

c o n t a i n  r ou t i nes  t h a t  process data cards and b u i l d  t he  i n t e r n a l  data 

s t r uc tu res .  A1 so t h e r e  are o the r  r o u t i n e s  t h a t  l o c a t e  requ i  r ed  

i n fo rma t i on  w i t h i n  t h e  data s t r u c t u r e .  By no t  having t o  r e w r i t e  these 

r o u t i n e s  one can implement a  new program i n  a  very  sho r t  t ime  and, by 

hav ing a  common i n t e r n a l  s t r u c t u r e ,  t h e  e x i s t i n g  programs can be 

understood more e a s i l y .  On t h e  o t h e r  hand, a l though these l i b r a r y  

r o u t i n e s  are a v a i l  able,  they  do no t  have t o  be used when one wishes t o  

add a  new program t o  t h e  re f inement  package. 

Geometry Def i n i  t i  on 

Because one o f t e n  needs t o  i n c l u d e  unusual i n h i b i t o r s  o r  co fac to rs  

i n  t h e  ref inement,  i t i s  very  d e s i r a b l e  t h a t  t h e  d e f i n i t i o n  of geometry 

should be general . Often, t he  s t r u c t u r e s  o f  these small molecules have 

n o t  been determi ned and t h e i  r " i dea l  " geometry must be cons t ruc ted  from 

f ragments whose s t r u c t u r e s  a re  known. I n  t h e  present  package, s tandard 

geometry i s  de f i ned  by b reak ing  t h e  s t r u c t u r a l  model i n t o  components, 

such as amino ac ids  o r  nuc leo t i des  o r  co fac to rs .  The geometry 

r e s t r a i n t s  a re  then de f i ned  i n  a  general  way f o r  each component and f o r  

t h e  l i nkages  between components. 

There are two ways i n  which stereochemical  i n f o r m a t i o n  can be 

i nco rpo ra ted  i n t o  t h e  re f inement  process; t h e  i n f o r m a t i o n  can be added 

as a d d i t i o n a l  observa t ions  ( r e s t r a i n t s )  ( c f .  Hermans & McQueen, 1974; 



Konnert & Hendrickson, 1980) o r  t h e  model can be parameter ized 

(cons t ra ined)  i n  such a  way t h a t  t h e  s tereochemist ry  i s  always " i d e a l "  

( c f .  Diamond, 1966; Warme -- e t  a1 ., 1972). Al though t he  use o f  con- 

s t r a i n t s  r a t h e r  than r e s t r a i n t s  does r e s u l t  i n  a  more f avo rab le  r a t i o  of 

observa t ions  t o  parameters, we have chosen t he  l a t t e r  approach. There 

a re  severa l  reasons f o r  t h i s ,  t h e  f i r s t  be ing t h a t  a  r e s t r a i n e d  model i s  

p h y s i c a l l y  more r e a l i s t i c  than  a  cons t ra ined  one, as c o n s t r a i n t s  a re  

u s u a l l y  implemented (e.g. see Ten Eyck -- e t  a1 ., 1976). A second reason 

i s  t h a t  d i f f e r e n t  types o f  r e s t r a i n t  can be i n d i v i d u a l l y  weighted. This 

a l l ows  t h e  user t o  pu t  a  sma l l e r  we igh t  on geometr ic r e s t r a i n t s  f o r  

which t he  " i d e a l "  values are uncer ta in .  Another reason i s  t h a t  t h e  

s i g n i f i c a n c e  o f  dev ia t i ons  from i d e a l  i t y  can be eva lua ted  by c a l c u l a t i n g  

t h e  s tandard d e v i a t i o n  o f  a l l  t h e  observat ions w i t h i n  t h e  same c lass  o f  

r e s t r a i n t .  At t h e  same t ime  t h e  l i b r a r y  o f  s tandard values can be 

t e s t e d  f o r  accuracy. I f  t h e r e  i s  an e r r o r ,  then t h e r e  w i l l  be a  sys te -  

m a t i c  d i f f e r e n c e  between t h e  l i b r a r y  va lue and t h e  va lue  ob ta ined  from 

t h e  r e f i n e d  model . (The "stereochemi s t r y "  program i n  t h e  r e f i  nement 

package w i l l  per form bo th  t he  above tes ts . )  F i n a l l y ,  t h e  use o f  

r e s t r a i n t s  a l lows  t h e  stereochemical  i n f o r m a t i o n  t o  be i nco rpo ra ted  i n t o  

t h e  ref inement i n  a  manner f o r m a l l y  s i m i l a r  t o  t he  i n c o r p o r a t i o n  of t he  

c r y s t a l  1  ographi  c  observa t ions  (see be1 ow). Th is  a1 1  ows simp1 e r  and more 

e f f i c i e n t  code. 

R i  g i  d  Body Ref i nement 

It i s  o f t e n  d e s i r a b l e  t o  have t h e  o p t i o n  o f  h o l d i n g  p o r t i o n s  o f  t h e  

s t r u c t u r e  f i x e d ,  o r  c o n s t r a i n i n g  a  group t o  move as a  r i g i d  body (e.g. 



see (Sussmann -- e t  a1 . , 1977). Because these op t ions  do no t  depend on t h e  

na tu re  o f  t he  f unc t i on  be ing  minimized they  have been implemented i n  t h e  

c o n t r o l  program. 

The c o n t r o l  program a1 so a1 lows one t o  l i m i t  t h e  range of values 

t h a t  t he  temperature f ac to r s  and occupancies can assume and, i n  

a d d i t i o n ,  t o  cons t ra i n  a  group o f  atoms t o  have t h e  same temperature 

f a c t o r  o r  occupancy (e.g. t o  a l l o w  f o r  p a r t i a l  occupancy by an 

i n h i b i t o r ) .  

De tec t ion  o f  E r ro r s  i n  t h e  Model 

F i n a l l y ,  i n  o rder  t o  h i g h l i g h t  p o t e n t i a l  e r r o r s  i n  t h e  c u r r e n t  

model o f  t he  s t r u c t u r e ,  each module can l i s t  those atoms t h a t  most 

s e r i o u s l y  v i o l  a t e  t he  r e s t r a i n t s  o f  t h e  re f inement .  The s te reochemis t ry  

module l i s t s ,  f o r  each c l ass  o f  geometr ica l  r e s t r a i n t ,  t h e  worst  

d isc repanc ies  between t h e  model and t he  " i dea l  " va l  ues. Simi 1  a r l y  , t h e  

c r y s t a l l o g r a p h i c  module can l i s t  those atoms w i t h  t h e  l a r g e s t  

p o s i t i o n a l  , temperature f a c t o r  o r  occupancy g rad ien t .  Experience has 

shown t h a t  these l i s t s  a re  p a r t i c u l a r l y  h e l p f u l  i n  p o i n t i n g  ou t  areas of 

t h e  model t h a t  a re  l i k e l y  t o  be i n  e r r o r  and may need t o  be co r rec ted  by 

manual adjustment o f  t h e  model. 

Theore t i  c a l  Backaround 

Our goal i s  t o  min imize a s u i t a b l e  f u n c t i o n  o f  t h e  observa t ions  i n  

terms o f  a  s t r u c t u r a l  model s p e c i f i e d  by v a r i a b l e s  such as coord inates,  

thermal  f a c t o r s  and occupancies. The f u n c t i o n  used i n  l e a s t  squares 



re f inement  i s  

where Qo(j)  i s  t h e  exper imental  va lue  f o r  observat ion j, Qc(j ,p) - i s  a 

corresponding va lue c a l c u l a t e d  from t h e  s t r u c t u r a l  model, - p, and W(j) i s  

t h e  des i red  we igh t ing  f unc t i on .  The sum i n  Equation (3.1) i s  over a l l  

observat ions,  bu t  can be separated i n t o  d i f f e r e n t  terms based, f o r  

example, on t h e  c r y s t a l  1  ographic  observat ions - s and t h e  stereochemi ca l  

observat ions b (Equat ion 3.2) (see Appendix B f o r  a d d i t i o n a l  d e t a i  1  s )  . 

More terms cou ld  be added i f  o t h e r  c lasses o f  observa t ion  were 

ava i l ab le .  The g rad ien t  o f  M can a l s o  be separated i n t o  s i m i l a r  terms. 

Th is  means t h a t  t h e  c a l c u l a t i o n s  f o r  t h e  c r y s t a l  l o g r a p h i c  te rm can be 

kep t  complete ly  separate from ca l  c u l  a t i  ons f o r  t h e  o the r  terms. 

The computat ional  problem i s  t o  determine a s e t  o f  parameters which 

minimizes M. There e x i s t  f u n c t i o n  m in im iza t i on  methods which use no 

d e r i v a t i v e s ,  which use o n l y  f i  r s t - d e r i v a t i v e s ,  and which use second- 

d e r i v a t i v e s ,  i n  o rder  o f  i n c r e a s i n g  power o f  convergence and i n c r e a s i n g  

computat ional  cost .  I n  t h e  p resen t  case t h e r e  a r e  severa l  reasons f o r  

us i ng  f i  r s t - d e r i v a t i  ve methods. 

( i  ) The rad ius  o f  convergence o f  f i  r s t - d e r i v a t i v e  methods 

i s  l a r g e r  than  t h a t  o f  second-der iva t i ve  methods, and i n  these  

problems one o f t e n  s t a r t s  f a r  f rom t h e  minimum. 



( i i  ) The computat ional  c o s t  o f  f i  r s t - d e r i v a t i v e  methods 

i s  p ropo r t i ona l  t o  N ( t he  number of parameters) i ns tead  of N2. 

For l a r g e  N t h i s  i s  very  impor tant .  

( i  i i ) Implementat ion o f  parameter c o n s t r a i n t s  f o r  ho ld i ng  

va r i ab les  constant,  o r  f o r  requ i  r i n g  v a r i  ab l  es t o  behave as 

r i g i d  groups, i s  p a r t i c u l a r l y  simp1 e  f o r  f i  r s t - d e r i  v a t i  ve 

methods. Formulate t h e  new parameters as 1  i n e a r  combinat ions 

o f  t he  o ld ,  and e d i t  t h e  l i s t  o f  d e r i v a t i v e s .  

F i  r s t - d e r i  v a t i  ve methods a1 1  use t h e  same general s t r a tegy ,  namely, 

c a l c u l a t i o n  of t h e  s h i f t  d i r e c t i o n  f o l l owed  by a  l i n e  search f o r  a  

minimum i n  t he  chosen d i r e c t i o n .  The present  package uses t h e  conjugate 

g rad ien t  method (F le t che r  & Reeves, 1964). I n  t h i s  procedure t h e  

changes i n  t he  g rad ien t  vec to r  f rom c y c l e  t o  c y c l e  a re  used t o  

approximate t h e  second d e r i v a t i v e  w i t hou t  a c t u a l l y  hav ing t o  compute 

t h i s  quan t i t y .  

By us ing  t h e  method o f  Agarwal (1978) t h e  amount o f  computer t ime 

r e q u i r e d  t o  c a l c u l a t e  t h e  g r a d i e n t  o f  t h e  c r y s t a l  l o g r a p h i c  t e rm  i s  o n l y  

s l i g h t l y  longer  than t he  c a l c u l a t i o n  o f  an FFT o f  t h e  s t r u c t u r e .  The 

t i m e  t o  c a l c u l a t e  t he  g r a d i e n t  o f  t h e  stereochemical  te rm i s ,  i n  

comparison, m in iscu le .  The stereochemical  and c r y s t a l  1  ograph ic  

g r a d i e n t s  are combined w i t h  t h e  s h i f t  vec to r  o f  t h e  p rev ious  c y c l e  t o  

g i v e  t h e  d i r e c t i o n  (but  n o t  t h e  magnitude) o f  t h e  s h i f t  f o r  each 

parameter. The search a long t h e  s h i f t  vec to r  f o r  t h e  optimum s h i f t  

magnitude requ i res  a t  l e a s t  t h r e e  c a l c u l a t i o n s  o f  M, i .e. t h r e e  FFT's 

p l u s  some a d d i t i o n a l  ca l  c u l  a t i  ons . Thus t h e  o v e r a l l  computer t i m e  



r equ i red  f o r  a  s i n g l e  c y c l e  o f  re f inement  i s  approx imate ly  four  t imes 

t h a t  r equ i red  f o r  one FFT. It i s  apparent t h a t  space group s p e c i f i c  

FFT's can s u b s t a n t i a l l y  reduce t h e  requ i red  computer t ime per  cyc le .  

Inc luded i n  t he  re f inement  package i s  a  program ( t o  be descr ibed  

elsewhere) t h a t  w i l l  c a l c u l a t e  space group s p e c i f i c  FFT's f o r  most 

non-centrosymmetric space groups. 

C rys ta l  1  ographi  c  Term 

The f unc t i on  t h a t  we have chosen t o  min imize i s  

where Fo and Fc a re  t h e  observed and c a l c u l a t e d  s t r u c t u r e  f ac to r s  and k  

i s  a  sca le  f a c t o r .  Note t h a t  no exponent ia l  f a c t o r  i s  a p p l i e d  t o  t h e  

FCis. Th is  w i l l  f o r c e  t he  thermal f a c t o r s  o f  t he  i n d i v i d u a l  atoms t o  

i n c l  ude any " o v e r a l l  " m i  smatch between t h e  observed and ca l  c u l  a ted  data 

sets .  

At t he  beg inn ing  o f  each c y c l e  o f  re f inement  t h e  sca le  f a c t o r  k i s  

ermined by min imi  z i n g  

r e  s  = s ine/h and FC(s) - i s  t r e a t e d  as a constant .  Eql u a t i o n  (3.4) 

i nc l udes  an o v e r a l l  thermal f a c t o r  B, which i s  necessary t o  a l l o w  f o r  an 

i n i t i a l  o v e r a l l  d iscrepancy between t h e  Fols and Fcls. A l though bo th  k 

and B a re  t r e a t e d  as v a r i a b l e s  i n  t h e  m in im iza t i on  o f  Equat ion (3.4), 



o n l y  k  i s  s u b s t i t u t e d  i n  Equat ion (3.3). As t h e  re f inement  proceeds, 

t h e  discrepancy represented by B i s  absorbed w i t h i n  t he  thermal f ac to r s  

o f  t h e  i n d i v i d u a l  atoms and, d u r i n g  successive cyc les,  r a p i d l y  

approaches zero. 

Each module o f  the  re f inement  package i s  ab le  t o  c a l c u l a t e  bo th  t h e  

va lue and t he  g rad ien t  o f  i t s  term. For t h e  c r y s t a l l o g r a p h i c  term the  

s t r u c t u r e  f ac to r s  a re  c a l c u l a t e d  by a  space group s p e c i f i c  FFT 

(Ten Eyck, 1977). The g rad ien t s  a re  c a l c u l a t e d  by a  mod i f i ed  ve rs i on  o f  

t h e  procedure out1 i ned  by Agarwal (1978). This mod i f i ed  ve rs i on  was 

dev ised  by A. L i f c h i t z  (see Isaacs, 1982) and i s  descr ibed  i n  d e t a i l  i n  

Appendix A. I n  o u t l i n e ,  t he  procedure i s  as fo l lows .  An (Fo-Fc) map i s  

c a l c u l a t e d  f o r  t h e  molecular  volume. For each parameter i n  t h e  model a  

convol  u t i  on, eval  uated a t  t he  atomi c  p o s i t i o n ,  i s  c a l c u l a t e d  between 

t h i s  map and t h e  d e r i v a t i v e  o f  t h e  c a l c u l a t e d  atomic e l e c t r o n  dens i t y  

f u n c t i o n  f o r  t he  atom invo lved.  Because t h e  ex ten t  o f  each atom's 

e l e c t r o n  c loud  i s  smal l ,  t h e  c a l c u l a t i o n  o f  t h i s  convo lu t i on  i s  rap id .  

Usua l l y  t h e  c a l c u l a t i o n  o f  t h e  convo lu t ions  takes about a  q u a r t e r  of t h e  

t i m e  requ i red  t o  c a l c u l a t e  t h e  d i f f e r e n c e  map. 

Stereochemi c a l  Term 

The major  goal i n  t h e  implementat ion o f  t h i s  p a r t  o f  t h e  package 

was t o  make i t  as easy as p o s s i b l e  f o r  t h e  user t o  s p e c i f y  " i d e a l "  bond 

l eng ths  and angles. Stereochemical r e s t r a i n t s  a re  u s u a l l y  i n t r oduced  

e i t h e r  as energy terms (e.g. see Jack & L e v i t t ,  1978) o r  by express ing 

a l l  types o f  stereochemical  r e s t r a i n t s  as d is tances  (e.g. see Ten Eyck 



e t  al., 1976; Dodson e t  al., 1976; Konnert & Hendrickson, 1980). There -- -- 
are  drawbacks t o  bo th  such approaches. I n  t h e  f i r s t  case i t may be 

d i  f f i c u l  t t o  o b t a i  n re1 i ab le  energy parameters, especi a1 1 y f o r  novel 

chemical groups. Also t he  i n t r o d u c t i o n  o f  an i napp rop r i a te  energy term 

migh t  mask i n t e r e s t i n g  and unexpected f ea tu res  of t he  s t r uc tu re .  On t h e  

o t h e r  hand, if one at tempts t o  d e f i n e  s tandard geometry i n  terms of 

i n t e r a t o m i c  d is tances,  then such d is tances  must be determined i n d i r e c t l y  

f rom a known example w i t h  i d e a l  geometry. There a re  obvious d i f f i -  

c u l t i e s  i f  no known s t r u c t u r e  e x i s t s  f o r  t h e  chemical group i n  quest ion. 

The method used i n  t h i s  package i s  t o  i n c l u d e  stereochemical  

r e s t r a i n t s  as "observat ions"  bu t  t o  s p e c i f y  such r e s t r a i n t s  i n  a form 

t h a t  i s  most convenient  f o r  t h e  user, i.e. as bond lengths,  bond angles 

and so on. There a re  s i x  c lasses  o f  stereochemical  i n f o r m a t i o n  w i t h  

which t he  s t r u c t u r a l  model can be r e s t r a i n e d :  bond lengths,  bond 

angles, t o r s i o n  angles, t r i g o n a l  p l a n a r i t y ,  general p l a n a r i t y  and 

con tac t s  between non-bonded atoms. (Chi r a l  i t y  i s  moni tored b u t  no t  

r e s t r a i n e d  because t h e  c h i r a l i t y  f u n c t i o n  i s  d iscon t inuous  and has no 

d e r i v a t i v e s .  ) Because t h e  program deal s d i  r e c t l y  w i t h  t h e  

stereochemical  i n f o r m a t i  on, some of t he  d e r i v a t i v e s  a re  d i f f i c u l t  t o  

de r i ve ,  and, f o r  t h e  p l a n a r i t y  r e s t r a i n t s ,  c e r t a i n  assumptions were used 

t o  s i m p l i f y  t h e  c a l c u l a t i o n .  The d e r i v a t i o n s  of t h e  g rad ien t s  f o r  t h e  

stereochemical  term a re  g iven  i n  Appendix B. 

To apply  t h e  stereochemical  r e s t r a i n t s  t h e  con ten ts  of t h e  

asymmetric u n i t  a re  broken up i n t o  d i f f e r e n t  h i e r a r c h i c a l  u n i t s .  Each 

u n i t  can be broken up i n t o  smal l  subgroups o f  atoms i n  whatever manner 



i s  app rop r i a te  f o r  t he  problem a t  hand. For example, cons ider  t h e  

c r y s t a l  s t r u c t u r e  o f  c r o  repressor  (Anderson -- e t  a1 . , 1981). The asymme- 

t r i c  u n i t  cons i s t s  o f  f o u r  chem ica l l y  i d e n t i c a l  po lypept ides,  each w i t h  

66 amino ac ids.  The f i r s t  h i e r a r c h i c a l  u n i t  i s  de f ined  by CHAIN cards. 

I n  t h i s  example we spec i f y  t h a t  t h e r e  a re  f o u r  chains, named 0, A, B and 

C, each cha in  be ing o f  t ype  "CRO" (see Fig.  2 f o r  r ep resen ta t i ve  data 

cards) .  The makeup o f  a "CRO" cha in  i s  then de f i ned  by RESIDUE cards. 

A s e r i e s  o f  such cards i s  used t o  d e f i n e  t he  sequence o f  u n i t s  i n  t h e  

cha in  ( i n  t h i s  case, amino a c i d  res idues)  and t h e  types of l i n kages  

between successive u n i t s  ( i n  t h i s  case pep t ide  bonds). I n  t h i s  example, 

t h e  u n i t s  o f  t he  chain a re  named GLY, ALA, THR,.. . , etc., and t h e  

l i nkages  PEPTIDE, SS,. .., etc .  The geometr ic r e s t r a i n t s  assoc ia ted  w i t h  

each u n i t  o r  l i n k a g e  type  a re  de f i ned  w i t h  GEOMETRY cards (Fig.  2). 

Each r e s t r a i n t  (bond leng th ,  bond angle, t o r s i o n  angle, p lane ...) i s  

s p e c i f i e d  i n  a s t r a i g h t f o r w a r d  manner. There i s  no p a r t i c u l a r  o rder  i n  

which these cards must be g iven  and they  can be arranged i n t o  d i f f e r e n t  

f i l e s  i n  any des i r ed  manner. 

The enumeration o f  a l l  t h e  stereochemical  r e s t r a i n t s  i n  t h i s  manner 

may seem t o  be t ime  consuming, b u t  most o f  t he  f i l e s ,  once created,  can 

be t r a n s f e r r e d  f rom one a p p l i c a t i o n  t o  another. Also i t  i s  easy t o  

i n s p e c t  and a l t e r  t he  i d e a l  va lues o f  t he  r e s t r a i n t s  s i nce  t hey  appear 

i n  t h e  program i n  t h e  same form as i n  everyday usage. Table 1 g ives  t h e  

l i b r a r y  o f  " i d e a l "  s te reochemis t ry  t h a t  has been adopted i n  t h i s  

1 aboratory .  The i n d i v i d u a l  va l  ues come from severa l  sources i n c l  ud ing  

Bowen -- e t  a1 . (1958) and V i  j ayan  (1976). 



F i r s t  i n  t h e  example comes t h e  CHAIN cards which d e f i n e  t h a t  a1 1 
f o u r  chains:  0, A, B, and C are  o f  t ype  CRO. Next come t h e  cards (no t  
a l l  o f  which a re  shown) which d e f i n e  t he  meaning o f  t ype  CRO. A type  i s  
g iven  f o r  each amino a c i d  i n  CRO along w i t h  t h e  t a r g e t s  and types  of any 
1 i nkages between t h i s  res idue  and o t h e r  residues. Di su l  f i de bonds a re  
de f i ned  i n  t h e  same manner as pep t ide  bonds. Next t h e  res idue  types and 
1 inkage types a re  de f i ned  by supp ly ing  t h e  r e s t r a i n t s  assoc ia ted  w i t h  
each. I n  t h e  example o n l y  t h e  d e f i n i t i o n s  o f  meth ion ine and t h e  l i n k a g e  
f o r  a  pep t ide  bond a re  shown. The r e s t r a i n t s  f o r  a  l i n k a g e  o f t e n  
i n v o l v e  atoms o f  bo th  o f  t h e  i nvo l ved  residues. The atoms o f  these two 
c lasses must be d i s t i ngu i shed .  Th is  i s  done by p u t t i n g  a minus s ign  i n  
f r o n t  o f  the  atom name f o r  atoms from t h e  amino a c i d  mentioned f i r s t  on 
t h e  RESIDUE card  and a p l us  i g n  i n  t h e  name o f  t h e  t a r g e t  amino ac id .  

There i s  an unusual f e a t u r e  i n  t h e  d e f i n i t i o n  o f  t h e  s tandard 
values f o r  t o r s i o n  angles. The thousand's d i g i t  o f  t h e  s tandard va lue 
i n  t h e  number o f  e q u a l l y  spaced minima i n  t h e  f unc t i on .  The t h r e e  l e a s t  
s i g n i f i c a n t  d i g i t s ,  a long w i t h  t h e  s ign,  form t h e  l o c a t i o n  ( i n  degrees) 
o f  one o f  t he  minima. The l o c a t i o n s  o f  t h e  o the r  minima can be deduced 
f rom t h i s  i n fo rma t i on .  



CHAIN 0 CRO 
CHAIN A CRO 
CHAIN B CRO 
CHAIN C CRO 

GEOMETRY MET 
GEOMETRY MET 
GEOMETRY MET 
GEOMETRY MET 
GEOMETRY MET 
GEOMETRY MET 
GEOMETRY MET 
GEOMETRY MET 
GEOMETRY MET 
GEOMETRY MET 
GEOMETRY MET 
GEOMETRY MET 
GEOMETRY MET 

GEOMETRY PEPTIDE 
GEOMETRY PEPTIDE 
GEOMETRY PEPTIDE 
GEOMETRY PEPTIDE 
GEOMETRY PEPTIDE 
GEOMETRY PEPTIDE 
GEOMETRY PEPTIDE 
GEOMETRY PEPTIDE 
GEOMETRY PEPTIDE 
GEOMETRY PEPTIDE 
GEOMETRY PEPTIDE 
GEOMETRY PEPTIDE 
GEOMETRY PEPTIDE 

RESIDUE 
RESIDUE 
RESIDUE 
RESIDUE 
RESIDUE 

CRO 
CRO 
CRO 
CRO 
CRO 

BOND 
BOND 
BOND 
BOND 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
TORS 
TORS 
TORS 
CHIRAL 

BOND 
BOND 
BOND 
BOND 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
PLANE 
TORS 
TORS 
TORS 

1 M E T  2 PEPTIDE 
2 GLU 3 PEPTIDE 
3 G L N  4 P E P T I D E  
4 ARG 5 PEPTIDE 
5 I L E  6 PEPTIDE 

CAY CB 
CB, CG 
CG, SD 
SD, CE 
N, CA, CB 
C, CA, CB 
CA, CB, CG 
CB; CG; SD 
CG, SD, CE 
N, CA, CB, CG 
CA, CB, CG, SD 
CB, CG, SD, CE 
CA, N, CB, C 

FIGURE 2. A S t r u c t u r e  D e f i n i t i o n  E x a m p l e  



TABLE 1 

Geometry R e s t r a i n t  L i  b r a r y  

This t a b l e  l i s t s  t h e  geometry r e s t r a i n t  l i b r a r y  used when r e f i n i n g  
a p r o t e i n  s t r uc tu re .  It i s  l i s t e d  e x a c t l y  i n  t h e  form read by t h e  
programs o f  t he  package (except one card  has been broken i n t o  two l i n e s  
t o  fit t h e  page). The o rde r  o f  t h e  cards i s  unimportant.  However, they  
have been c l u s t e r e d  such t h a t  a1 1 r e s t r a i n t s  f o r  a  p a r t i c u l a r  u n i t  a re  
nex t  t o  each other .  The f i r s t  s e t  o f  r e s t r a i n t s  d e f i n e  t h e  geometry of 
a  pep t i de  bond. To make t h e  d e f i n i t i o n  o f  t h e  twenty  i n d i v i d u a l  amino 
ac ids  eas ie r ,  the  r e s t r a i n t s  common t o  a l l  amino ac ids  a re  i nc l uded  i n  
t h e  pep t i de  bond d e f i n i t i o n .  The second group o f  r e s t r a i n t s  (CTERM) 
de f i nes  t h e  r e s t r a i n t s  f o r  t h e  C-terminus o f  a  pep t ide  chain. The nex t  
group (BREAK) de f ines  t h e  geometry o f  an a r b i t r a r y  break i n  t h e  main 
cha in  o f  t he  pept ide. Th is  i s  used i n  those cases where t h e  e l e c t r o n  
d e n s i t y  i s  so weak t h a t  t h e  pep t ide  model cannot be cont inued. BREAK i s  
d e f i n e d  as a l i n k a g e  so t h a t  i t  can be used regard less  o f  t h e  amino a c i d  
t ype  of t h e  l a s t  res idue  be fo re  t h e  break i n  t h e  model. SS de f i nes  t h e  
geometry o f  a  d i l s u l f i d e  bond. Then f o l l o w s  t h e  d e f i n i t i o n  o f  t h e  
r e s t r a i n t s  i n  t he  s i de  chains o f  t h e  amino acids.  

The format  o f  t h e  cards i s  descr ibed  i n  F igure  2. The values used 
i n  t h e  r e s t r a i n t s  were p r i m a r i l y  de r i ved  from "The Handbook of 
B iochemis t ry  and Mol ecu l  a r  Bi 01 ogy" (CRC Press, 1976). Because t h i s  
method o f  d e f i n i n g  r e s t r a i n t s  i s  very  easy t o  use, t h e  s tandard va lues 
can be changed very  q u i c k l y  when b e t t e r  va l  ues become avai  1  ab l  e. 
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TABLE 1. G e o m e t r y  R e s t r a i n t  L i b r a r y  

GEOMETRY PEPTIDE 
GEOMETRY PEPTIDE 
GEOMETRY PEPTIDE 
GEOMETRY PEPTIDE 
GEOMETRY PEPTIDE 
GEOMETRY PEPTIDE 
GEOMETRY PEPTIDE 
GEOMETRY PEPTIDE 
GEOMETRY PEPTIDE 
GEOMETRY PEPTIDE 
GEOMETRY PEPTIDE 
GEOMETRY PEPTIDE 
GEOMETRY PEPTIDE 
GEOMETRY CTERM 
GEOMETRY CTERM 
GEOMETRY CTERM 
GEOMETRY CTERM 
GEOMETRY CTERM 
GEOMETRY CTERM 
GEOMETRY CTERM 
GEOMETRY CTERM 
GEOMETRY BREAK 
GEOMETRY BREAK 
GEOMETRY BREAK 
GEOMETRY BREAK 
GEOMETRY BREAK 
GEOMETRY SS 
GEOMETRY SS 
GEOMETRY SS 
GEOMETRY SS 
GEOMETRY ALA 
GEOMETRY ALA 
GEOMETRY ALA 
GEOMETRY ALA 
GEOMETRY SER 
GEOMETRY SER 
GEOMETRY SER 
GEOMETRY SER 
GEOMETRY SER 
GEOMETRY SER 
GEOMETRY SER 
GEOMETRY CYS 
GEOMETRY CYS 
GEOMETRY CYS 
GEOMETRY CYS 
GEOMETRY CYS 
GEOMETRY CYS 

BOND 
BOND 
BOND 
BOND 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
PLANE 
TORS 
TORS 
TORS 
BOND 
BOND 
BOND 
BOND 
ANGLE 
ANGLE 
ANGLE 
TRIG  
BOND 
BOND 
BOND 
ANGLE 
ANGLE 
BOND 
ANGLE 
ANGLE 
TORS 
BOND 
ANGLE 
ANGLE 
CHIRAL 
BOND 
BOND 
ANGLE 
ANGLE 
ANGLE 
TORS 
CHIRAL 
BOND 
BOND 
ANGLE 
ANGLE 
ANGLE 
TORS 

N, CA 
CAY C 
C, +W 
c, 0 
N, CA, C 
CAY Cy 0 
CA, C, +N 
0, C, +N 
C y  +Ny +CA 
C, CAY 0, +N, +CA 
N, CA, C, +N 
CAY C y  +Ny +CA 
C, +N, +CAY +C 
N, CA 
CA, C 
c, 0 
C, +OH 
CAY C y  0 
CA, C, +OH 
Ny CAY C 
C, CAY 0, +OH 
N, CA 
CA, C 
c, 0 
CAY C, 0 
N, CAY C 
SGy +SG 
CB, SG, +SG 
+CB, +SG, SG 
CB, SG, +SG, +CB 
CAY CB 
N y  CAY CB 
C, CA, CB 
CAY Ny CB, C 
CAY CB 
CB, OG 
N, CA, CB 
C, CA, CB 
CA, CB, OG 
N y  CA, CB, OG 
CA, N y  CBy C 
CA, CB 
CB, SG 
N, CAY CB 
C, CAY CB 
CAY CBy SG 
N, CAY CB, SG 



T A B L E  1. (cont inued) 

GEOMETRY CYS 
GEOMETRY MET 
GEOMETRY MET 
GEOMETRY MET 
GEOMETRY MET 
GEOMETRY MET 
GEOMETRY MET 
GEOMETRY MET 
GEOMETRY MET 
GEOMETRY MET 
GEOMETRY MET 
GEOMETRY MET 
GEOMETRY MET 
GEOMETRY MET 
GEOMETRY L Y S  
GEOMETRY L Y S  
GEOMETRY L Y S  
GEOMETRY L Y S  
GEOMETRY L Y S  
GEOMETRY L Y S  
GEOMETRY L Y S  
GEOMETRY L Y S  
GEOMETRY L Y S  
GEOMETRY L Y S  
GEOMETRY L Y S  
GEOMETRY L Y S  
GEOMETRY L Y S  
GEOMETRY L Y S  
GEOMETRY L Y S  
GEOMETRY L Y S  
GEOMETRY VAL 
GEOMETRY VAL 
GEOMETRY VAL 
GEOMETRY VAL 
GEOMETRY VAL 
GEOMETRY VAL 
GEOMETRY VAL 
GEOMETRY VAL 
GEOMETRY VAL 
GEOMETRY VAL 
GEOMETRY THR 
GEOMETRY THR 
GEOMETRY THR 
GEOMETRY THR 
GEOMETRY THR 
GEOMETRY THR 
GEOMETRY THR 

CH I R A L  
BOND 
BOND 
BOND 
BOND 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
TORS 
TORS 
TORS 
C H I  R A L  
BOND 
BOND 
BOND 
BOND 
BOND 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
TORS 
TORS 
TORS 
TORS 
C H I R A L  
BOND 
BOND 
BOND 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
TORS 
C H I R A L  
BOND 
BOND 
BOND 
ANGLE 
ANGLE 
ANGLE 
ANGLE 

CA, N, CB, C 
CA, CB 
CB, CG 
CG, SD 
SD, CE 
N, CA, CB 
C, CA, CB 
CA, CB, CG 
CB, CG, SD 
CG, SD, CE 
N, CA, CB, CG 
CA, CB, CG, SD 
CB, CG, SD, CE 
CA, N, CB, C 
CA, CB 
CB, CG 
CG, CD 
CD, CE 
CE, NZ 
N, CA, CB 
C, CA, CB 
CA, CB, CG 
CB; CGJ CD 
CG, CD, CE 
CD, CE, NZ 
N, CA, CB, CG 
CA, CB, CG, CD 
CB, CG, CD, CE 
CG, CD, CE, NZ 
CA, N, CB, C 
CA, CB 
CB, C G 1  
CB, CG2 
N, CA, CB 
C, CA, CB 
CA, CB, C G 1  
CA, CB, CG2 
CG1, CB, CG2 
N, CA, CB, C G 1  
CA, N, CB, C 
CA, CB 
CB, OG1 
CB, CG2 
N, CA, CB 
C, CA, CB 
CA, CB, OG1 
CA, CB, CG2 



TABLE 1. (cont inued) 

GEOMETRY THR 
GEOMETRY THR 
GEOMETRY THR 
GEOMETRY THR 
GEOMETRY I L E  
GEOMETRY I L E  
GEOMETRY I L E  
GEOMETRY I L E  
GEOMETRY I L E  
GEOMETRY I L E  
GEOMETRY I L E  
GEOMETRY I L E  
GEOMETRY I L E  
GEOMETRY I L E  
GEOMETRY I L E  
GEOMETRY I L E  
GEOMETRY I L E  
GEOMETRY I L E  
GEOMETRY L E U  
GEOMETRY L E U  
GEOMETRY L E U  
GEOMETRY L E U  
GEOMETRY L E U  
GEOMETRY L E U  
GEOMETRY L E U  
GEOMETRY L E U  
GEOMETRY LEU 
GEOMETRY L E U  
GEOMETRY L E U  
GEOMETRY L E U  
GEOMETRY L E U  
GEOMETRY ASP 
GEOMETRY ASP 
GEOMETRY ASP 
GEOMETRY ASP 
GEOMETRY ASP 
GEOMETRY ASP 
GEOMETRY ASP 
GEOMETRY ASP 
GEOMETRY ASP 
GEOMETRY ASP 
GEOMETRY ASP 
GEOMETRY ASP 
GEOMETRY ASP 
GEOMETRY ASP 
GEOMETRY ASN 
GEOMETRY ASN 

ANGLE 
TORS 
C H I R A L  
C H I R A L  
BOND 
BOND 
BOND 
BOND 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
TORS 
TORS 
C H I  R A L  
C H I  R A L  
BOND 
BOND 
BOND 
BOND 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
TORS 
TORS 
C H I  R A L  
BOND 
BOND 
BOND 
BOND 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
T R I G  
TORS 
TORS 
C H I  R A L  
BOND 
BOND 

OG1, CB, CG2 
N, CA, CB, OG1 
CA, N, CB, C 
CB, CA, CG2, OG1 
CA, CB 
CB, C G 1  
CG1, C D 1  
CB, CG2 
N, CA, CB 
C, CA, CB 
C A Y  CB, CG2 
CAI CB, C G 1  
CG1, CB, CG2 
CB, CG1, C D 1  
N,-CA, CB, CGI 
CA, CB, CG1, C D 1  
C A Y  N, CB, C 
CB, CA, CG2, C G 1  
CA, CB 
CB, CG 
CG, C D 1  
CG, CD2 
N, CA, CB 
C, CA, CB 
CA, CB, CG 
CB, CG, C D 1  
CB, CG, C D 2  
CD1y CGy C D 2  
N, CA, CB, CG 
CA, CB, CG, C D 1  
CA, N, CB, C 
C A Y  CB 
CB, CG 
CG, O D 1  
CG, OD2 
N, CA, CB 
C, CA, CB 
CA, CBy CG 
CB, CG, O D 1  
CB, CGy OD2 
OD1, CG, OD2 
CG, CB, OD1, OD2 
N, CA, CB, CG 
CA, CB, CG, OD1 
CA, N, CB, C 
CA, CB 
CB, CG 



TABLE 1. (cont i  nued) 

GEOMETRY ASN 
GEOMETRY ASN 
GEOMETRY ASN 
GEOMETRY ASN 
GEOMETRY ASN 
GEOMETRY ASN 
GEOMETRY ASN 
GEOMETRY ASN 
GEOMETRY ASN 
GEOMETRY ASN 
GEOMETRY ASN 
GEOMETRY ASN 
GEOMETRY GLU 
GEOMETRY GLU 
GEOMETRY GLU 
GEOMETRY GLU 
GEOMETRY GLU 
GEOMETRY GLU 
GEOMETRY GLU 
GEOMETRY GLU 
GEOMETRY GLU 
GEOMETRY GLU 
GEOMETRY GLU 
GEOMETRY GLU 
GEOMETRY GLU 
GEOMETRY GLU 
GEOMETRY GLU 
GEOMETRY GLU 
GEOMETRY GLU 
GEOMETRY GLN 
GEOMETRY GLN 
GEOMETRY GLN 
GEOMETRY GLN 
GEOMETRY GLN 
GEOMETRY GLN 
GEOMETRY GLN 
GEOMETRY GLN 
GEOMETRY GLN 
GEOMETRY GLN 
GEOMETRY GLN 
GEOMETRY GLN 
GEOMETRY GLN 
GEOMETRY GLN 
GEOMETRY GLN 
GEOMETRY GLN 
GEOMETRY GLN 
GEOMETRY ARG 

BOND 
BOND 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
T R I G  
TORS 
TORS 
C H I  RAL  
BOND 
BOND 
BOND 
BOND 
BOND 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
T R I G  
TORS 
TORS 
TORS 
C H I  R A L  
BOND 
BOND 
BOND 
BOND 
BOND 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
T R I G  
TORS 
TORS 
TORS 
C H I  R A L  
BOND 

CG, OD1 
CG, ND2 
N, CA, CB 
C, C A Y  CB 
CA, CB, CG 
CB, CG, OD1 
CB, CG, ND2 
OD1, CG, ND2 
CG, CG, OD1, ND2 
N, CA, CB, CG 
CA, CB, CG, OD1 
C A Y  N, CB, C 
C A Y  CB 
CB, CG 
CG, CD 
CD, O E l  
CD, OE2 
N, CA, CB 
C, C A Y  CB 
CA, CB, CG 
CB, CG, CD 
CG, CD, O E l  
CG, CD, OE2 
O E l ,  CD, OE2 
CD, CG, O E l ,  OE2  

cA, CB, CG, CD 
CB, CG, CD, O E l  
C A Y  N, CB, C 
CA, CB 
CB, CG 
CG, CD 
CD, O E l  
CD, N E 2  
N, CA, CB 
C, CA, CB 
CA, CB, CG 
CB, CG, CD 
CG, CD, O E l  
CG, CD, NE2  
O E l ,  CD, NE2  
CD, CG, O E l ,  N E 2  
N, C A Y  CB, CG 
CA, CB, CG, CD 
CB, CG, CD, O E l  
CA, N, CB, C 
CA, CB 



TABLE 1. (cont inued) 

GEOMETRY ARG 
GEOMETRY ARG 
GEOMETRY ARG 
GEOMETRY ARG 
GEOMETRY ARG 
GEOMETRY ARG 
GEOMETRY ARG 
GEOMETRY ARG 
GEOMETRY ARG 
GEOMETRY ARG 
GEOMETRY ARG 
GEOMETRY ARG 
GEOMETRY ARG 
GEOMETRY ARG 
GEOMETRY ARG 
GEOMETRY ARG 
GEOMETRY ARG 
GEOMETRY ARG 
GEOMETRY ARG 
GEOMETRY ARG 
GEOMETRY ARG 
GEOMETRY ARG 
GEOMETRY PRO 
GEOMETRY PRO 
GEOMETRY PRO 
GEOMETRY PRO 
GEOMETRY PRO 
GEOMETRY PRO 
GEOMETRY PRO 
GEOMETRY PRO 
GEOMETRY PRO 
GEOMETRY PRO 
GEOMETRY PRO 
GEOMETRY H I S  
GEOMETRY H I S  
GEOMETRY H I S  
GEOMETRY H I S  
GEOMETRY H I S  
GEOMETRY H I S  
GEOMETRY H I S  
GEOMETRY H I S  
GEOMETRY H I S  
GEOMETRY H I S  
GEOMETRY H I S  
GEOMETRY H I S  
GEOMETRY H I S  
GEOMETRY H I S  

BOND 1 .524  
BOND 1 . 5 2 4  
BOND 1 .46  
BOND 1.33 
BOND 1.33 
BOND 1 .33  
ANGLE 1 1 2  
ANGLE 111 
ANGLE 113 
ANGLE 1 1 3  
ANGLE 1 1 3  
ANGLE 1 2 4  
ANGLE 1 2 2  
ANGLE 119 
ANGLE 119 
PLANE 5 
TORS 3 0 6 0  
TORS 3 0 6 0  
TORS 3 0 6 0  
TORS 4000 
TORS 2 0 0 0  
CH IRAL  1 
BOND 1 .53  
BOND 1 .52  
BOND 1.52 
BOND 1 .49  
ANGLE 110 
ANGLE 110 
ANGLE 110 
ANGLE 110 
ANGLE 110 
ANGLE 116 
CHIRAL  1 
BOND 1 . 5 4  
BOND 1 .495  
BOND 1 .385  
BOND 1 .327  
BOND 1 .331  
BOND 1 .376  
BOND 1 .360  
ANGLE 1 1 2  
ANGLE 111 
ANGLE 113 
ANGLE 130 .2  
ANGLE 121 .5  
ANGLE 107.7  

CB, CG 
CG, CD 
CD, NE 
NE, CZ 
CZ, NH1 
CZ, NH2 
N, CA, CB 
C, CA, CB 
CA, CB, CG 
CB, CG, CD 
CG, CD, NE 
CD, NE, CZ 
NE, CZ, NH1 
NE, CZ, NH2 
NH1, CZ, NH2 
CD, NE, CZ, NH1, NH2 
N, CA, CB, CG 
CA, CB, CG, CD 
CB, CG, CD, NE 
CG, CD, NE, CZ 
CD, NE, CZ, NH1 
CA, N, CB, C 
CA, CB 
CB, CG 
CG, CD 
CD, N 
N, CA, CB 
C, CA, CB 
CA, CB, CG 
CB, CG, CD 
CG, CD, N 
CD, N, CA - - 
CA, N, CB, C 
CA, CB 
CB, CG 
CG, ND1 
ND1, C E 1  
CE1, NE2 
NE2, CD2 
CG, CD2 
N, CA, CB 
C, CA, CB 
CA, CB, CG 
CB, CG, CD2 
CB, CG, ND1 
ND1, CG, CD2 

ANGLE 106 .5  3 C G , - N D ~ ;  C E ~  



TABLE 1. (continued) 

GEOMETRY H I S  
GEOMETRY H I S  
GEOMETRY H I S  
GEOMETRY H I S  
GEOMETRY H I S  
GEOMETRY H I S  
GEOMETRY H I S  
GEOMETRY PHE 
GEOMETRY PHE 
GEOMETRY PHE 
GEOMETRY PHE 
GEOMETRY PHE 
GEOMETRY PHE 
GEOMETRY PHE 
GEOMETRY PHE 
GEOMETRY PHE 
GEOMETRY PHE 
GEOMETRY PHE 
GEOMETRY PHE 
GEOMETRY PHE 
GEOMETRY PHE 
GEOMETRY PHE 
GEOMETRY PHE 
GEOMETRY PHE 
GEOMETRY PHE 
GEOMETRY PHE 
GEOMETRY PHE 
GEOMETRY PHE 
GEOMETRY PHE 
GEOMETRY PHE 
GEOMETRY TYR 
GEOMETRY TYR 
GEOMETRY TYR 
GEOMETRY TYR 
GEOMETRY TYR 
GEOMETRY TYR 
GEOMETRY TYR 
GEOMETRY TYR 
GEOMETRY TYR 
GEOMETRY TYR 
GEOMETRY TYR 
GEOMETRY TYR 
GEOMETRY TYR 
GEOMETRY TYR 
GEOMETRY TYR 
GEOMETRY TYR 
GEOMETRY TYR 

ANGLE 
ANGLE 
ANGLE 
PLANE 
TORS 
TORS 
CHIRAL  
BOND 
BOND 
BOND 
BOND 
BOND 
BOND 
BOND 
BOND 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
PLANE 
TORS 
TORS 
C H I  RAL 
BOND 
BOND 
BOND 
BOND 
BOND 
BOND 
BOND 
BOND 
BOND 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 

CG, CD2, NE2 
CB, CG, ND1, CE1, CD2, NE2 
N, CA, CB, CG 
CA, CB, CG, N D I  
CA, N, CR, C 
CA, CB 
CB, CG 
CG, CD1  
CG, CD2 
CD1, CE1  
CD2, CE2  
CZ, C E 1  
CZ, CE2  
N, CA, CB 
C, CA, CB 
CA, CB, CG 
CB, CG, CD1  
CB, CG, CD2 
C D ~ ,  CG, CD2 
CE1, CZ, CE2 
CG, CD1, CE1  
CG, CD2, CE2 
CZ, CE1, CD1 
CZ, CE2, CD2 
CB,CG,CDl,CEl,CZ,CE2,CD2 
N, CA, CB, CG 
CA, CB, CG, CD1 
CA, N, CB, C 
CA, CB 
CB, CG 
CG, C D 1  
CG, CD2 
CD1, C E 1  
CD2, CE2 
CZ, C E 1  
CZ, CE2  
CZ, OH 
N, CA, CB 
C, CA, CB 
CA, CB, CG 
CB, CG, CD1  
CB, CG, CD2 
CD1, CG, CD2 
CE1, CZ, CE2 
CG, CD1, C E 1  



TABLE 1. (cont inued) 

GEOMETRY TYR 
GEOMETRY TYR 
GEOMETRY TYR 
GEOMETRY TYR 
GEOMETRY TYR 
GEOMETRY TYR 
GEOMETRY TYR 
GEOMETRY TYR 
GEOMETRY TYR 
GEOMETRY TRP 
GEOMETRY TRP 
GEOMETRY TRP 
GEOMETRY TRP 
GEOMETRY TRP 
GEOMETRY TRP 
GEOMETRY TRP 
GEOMETRY TRP 
GEOMETRY TRP 
GEOMETRY TRP 
GEOMETRY TRP 
GEOMETRY TRP 
GEOMETRY TRP 
GEOMETRY TRP 
GEOMETRY TRP 
GEOMETRY TRP 
GEOMETRY TRP 
GEOMETRY TRP 
GEOMETRY TRP 
GEOMETRY TRP 
GEOMETRY TRP 
GEOMETRY TRP 
GEOMETRY TRP 
GEOMETRY TRP 
GEOMETRY TRP 
GEOMETRY TRP 
GEOMETRY TRP 
GEOMETRY TRP 
GEOMETRY TRP 
GEOMETRY TRP 
GEOMETRY TRP 

GEOMETRY TRP 
GEOMETRY TRP 

ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
PLANE 
TORS 
TORS 
C H I  R A L  
BOND 
BOND 
BOND 
BOND 
BOND 
BOND 
BOND 
BOND 
BOND 
BOND 
BOND 
BOND 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
ANGLE 
PLANE 

TORS 
TORS 

CG, CD2, C E 2  
CZ, CE1, C D 1  
CZ, CE2, CD2 
CE1, CZ, OH 
CE2, CZ, OH 
CB,CG,CD1,CE1,CZSCE2,CD2,OH 
N, CA, CB, CG 
CA, CB, CG, C D 1  
CA, N, CB, C 
CA, CB 
CB, CG 
CG, C D 1  
CD1, N E 1  
NE1, C E 2  
CE2, C Z 2  
CZ2,  C H 2  
CH2, C Z 3  
CZ3, C E 3  
CD2, C E 3  
CG, C D 2  
CD2, C E 2  
N, CA, CB 
C, CA, CB 
CA, CB, CG 
CB, CG, C D 1  
CB, CG, CD2 
C D ~ ,  CG, C D 1  
CG, CD1, N E 1  
CD1, NE1, C E 2  
NE1, CE2, CD2 
CG, CD2, C E 2  
CE2, CD2, C E 3  
CD2, CE2, C Z 2  
CE2, CZ2, CH2 
CZ2,  CH2, C Z 3  
CE3, CZ3, C H 2  
CD2, CE3, C Z 3  
CG, CD2, C E 3  
NE1, CE2, C Z 2  
CB,CG,CDl,NEl,CD2,CE2,CZ2, 

CH2, CE3, C Z 3  
N, CA, CB, CG 
CA, CB, CG, CD2 

GEOMETRY TRP CHIRAL 1 1 CA, N,-CB,-c 



I n t e r a c t i o n s  between non-bonded atoms cannot be de f i ned  i n  t h e  

manner descr ibed above because one does no t  know i n  advance which atoms 

may approach each other.  Close con tac ts  a re  d iscovered by generat ing a 

1 i s t  o f  a l l  p a i r s  o f  atoms which a re  c l o s e r  t o  each o ther  than spec i f i ed  

va l  ues and d i s c a r d i n g  from c o n s i d e r a t i  on any pa i  r s  which a re  bonded, o r  

a re  i nvo l ved  i n  a  1-3 o r  1-4 type contacts .  The 1-3 and 1-4 contacts  

a re  b e t t e r  d e a l t  w i t h  as bond angle and t o r s i o n  angles. The standard 

va lue f o r  t h e  c l o s e s t  d i s t ance  a l lowed be fo re  an a c t i o n  i s  taken i s  

de f i ned  i n  terms o f  t h e  elemental  t ype  o f  t h e  two atoms. This  method of 

d e f i n i t i o n  a1 lows a c l o s e r  approach between atoms which have t h e  

p o t e n t i a l  o f  forming a hydrogen bond, o r  a  s a l t  b r i dge  than t h e  d is tance  

a l lowed f o r  atoms i n  van der Waal s  con tac t .  The program w i l l  prevent  

non-bonded atoms f rom moving t o o  c l ose  t oge the r  b u t  no a t t r a c t i v e  fo rce  

i s  app l i ed  t o  atoms t h a t  a re  beyond t h e  s p e c i f i e d  approach d is tance.  

One novel f e a t u r e  o f  t h e  program i s  t he  a b i l i t y  t o  avo id  s t e r i c  

c lashes between adjacent  molecules i n  t h e  c r y s t a l  . By spec i f y i ng  t h e  

app rop r i a te  symmetry opera to rs  t h e  1 i s t  o f  p o t e n t i a l  non-bonded con tac ts  

can be extended t o  i n c l  ude molecules t h a t  surround t h e  reference 

s t r u c t u r e .  Th is  procedure i s  p a r t i c u l  a r l y  use fu l  i n  avo id i ng  

"dupl  i cate"  o r  "over1 appi  ng" so1 ven t  atoms. 

The program t h a t  implements t h e  s te reochemis t ry  module has a number 

o f  a d d i t i o n a l  fea tu res .  It can l i s t  t h e  worst  d isc repanc ies  i n  t h e  

model f o r  each t ype  o f  geometry r e s t r a i n t  and p r o v i d e  o v e r a l l  s t a t i s t i c s  

f o r  each c lass.  A1 so i t  can produce a tab1 e which compares t h e  " i dea l  " 

va lue  o f  each r e s t r a i n t  w i t h  t h e  average va lue  i n  t h e  p resen t  model. 



This t a b l e  i s  usefu l  when look ing  f o r  p o t e n t i a l  e r r o r s  i n  the  geometry 

1 i brary. 

The Control  Program 

ove 

The con t ro l  

r a l  1 d i  r e c t i  o 

program has two major func t ions :  (1) t o  determine the  

in o f  s h i f t  f o r  each parameter, and (2)  t o  determine the  

optimum magnitude ( f r a c t i o n  o f  the  s h i f t )  t o  be app l ied  along the  s h i f t  

vector. 

I n  an i n i t i a l  cyc le  o f  refinement, t he  o v e r a l l  gradient  i s  obtained 

by combining the  con t r i bu t i ons  from the  c r y s t a l  1 ographic, stereochemical 

and any other  terms and the  d i r e c t i o n  o f  s h i f t  i s  obtained by the  method 

o f  steepest descent. For second and subsequent cyc les o f  ref inement one 

can combine the  o v e r a l l  gradient  w i t h  the  d i r e c t i o n  o f  s h i f t  used i n  the  

previous cyc le  and determine the  new s h i f t  d i r e c t i o n  by the  conjugate 

grad ien t  technique. The cont ro l  program a1 so determines the opt imal 

s h i f t  magnitude by searching along the  s h i f t  d i r e c t i o n  as described 

prev iously .  

A number o f  opt ions e x i s t  f o r  modi fy ing the  s h i f t  vector  before the  

s h i f t  i s  appl ied. One can combine a l l  o r  p a r t  o f  t he  s t r u c t u r e  i n t o  

u n i t s  w i t h i n  which a l l  the  atoms are t r e a t e d  i d e n t i c a l l y  (e.g. see Fig. 

3) .  If the atoms w i t h i n  an amino ac id  are combined, the  temperature 

f a c t o r  s h i f t  app l i ed  t o  each atom w i l l  be the  average o f  the  i n d i v i d u a l  

s h i f t s .  Pos i t i ona l  parameters can be t r e a t e d  as though the  group were a 

r i g i d  body. This i s  done by f i t t i n g  an o v e r a l l  r o t a t i o n  and t r a n s l a t i o n  

t o  the  i n d i v i d u a l  s h i f t s  o f  the  atoms by a l e a s t  squares f i t t i n g  



COMBINE XYZ 360 - 361 
COMBINE XYZ 362 - 363 
COMBINE XYZ 364 - 365 
COMBINE XYZ 366 - 367 
COMBINE XYZ 368 - 369 
COMBINE XYZ 370 - 371 
COMBINE XYZ 372 - 373 

FIX OCC 1 - COOH 
FIX OCC SOL1 
FIX OCC Z1NC:ZINC 
FIX OCC CAL1:CAL 
FIX OCC CAL2:CAL 
FIX OCC CAL3:CAL 
FIX OCC CAL4:CAL 
COMBINE OCC INHIBITOR 
FIX B 
FIX XYZ 

FIGURE 3. Several Examples o f  Parameter E d i t i n g  Cards 

Figure 3a shows the  cards requ i red  t o  command the  con t ro l  program 
. t o  t r e a t  the  seven Bacter iochl  o rophy l l  a  molecul es as seven r i g i d  
bodies. Each molecule contains two residues: t he  r i n g  and the  phytol  
t a i l .  The f i r s t  card i s  read as "combine the  p o s i t i o n a l  parameter for  
a1 1 residues between res idue 360 and res idue 361. The operat ion "a1 1 
residues between" i s  defined as t a k i n g  the  f i r s t  res idue and then 
marching down the  l i nkage  d e f i n i t i o n s  from the  RESIDUE cards tak ing  a l l  
residues found u n t i l  t he  l a s t  res idue i s  found. 

F igure 3b shows the  cards requ i red  t o  r e f i n e  a s i n g l e  occupancy 
parameter f o r  an i n h i b i t o r  o f  the  p r o t e i n  Thermolysin. The f i r s t  card 
f i x e s  the  occupancy o f  a1 1 o f  the  p r o t e i n  atoms. COOH i s  t he  res idue 
name used i n  t h i s  p r o j e c t  f o r  the  ex t ra  oxygen a t  t he  C terminus. The 
next card f i x e s  the  occupancy o f  a1 1 o f  t he  sol  vent atoms. They are 
defined i n  a s i n g l e  res idue t o  make operat ions such as t h i s  simple. 
Then the  occupancies f o r  t he  z inc  atom and the  f o u r  ca lc ium atoms are 
f i xed .  F i n a l l y  t he  occupancy parameters f o r  t he  i n h i b i t o r ,  presumed t o  
be def ined as a s i n g l e  residue c a l l e d  INHIBITOR, are  combined. The l a s t  
two cards s imply s t a t e  t h a t  t he  p o s i t i o n a l  and thermal parameters f o r  
a l l  parameters i n  t he  model should be he ld  constant.  



procedure. This process g ives an exact s o l u t i o n  i n  one cyc le  o f  

min imizat ion.  It i s  a l so  poss ib le  t o  p lace upper and lower l i m i t s  on 

t h e  values o f  the  thermal f ac to rs  and t h e  occupancies. 

Appl i c a t i  ons 

The package o f  programs has been i n  p roduc t ive  use (wh i le  being 

developed) f o r  f o u r  years. It has been app l i ed  t o  a  number o f  d i f f e r e n t  

ref inement tasks i n  t h i s  l abo ra to ry  and elsewhere. I n  t h i s  sec t ion  we 

b r i e f l y  review some o f  t he  app l i ca t ions .  

Bac ter i  ochl o rophy l l  - a Pro te in  

The f i r s t  ex tens ive  use o f  t he  package was i n  t he  ref inement of t h e  

b a c t e r i  ochl orophyl 1  - a p r o t e i  n  (Bchl p r o t e i  n) from t h e  photosynthet i  c  

bacter ium prosthecochl o r i s  aes taur i  i . This molecule, molecular weight 

150,000 dal tons, cons i s t s  o f  t h ree  i d e n t i c a l  subuni ts  r e l a t e d  by a  

3 - fo ld  ax i s  o f  symmetry. Each o f  t h e  subuni ts  cons i s t s  o f  a  po lypept ide  

chain o f  approximately 350 amino ac ids t h a t  encloses seven bac te r i o -  

ch lo rophy l l  - a molecules (Fenna & Matthews, 1975; Matthews -- e t  a1 . , 1979). 

During the  course o f  t he  ref inement t he  amino a c i d  sequence of t h e  

p r o t e i n  was no t  known, bu t  i s  now e s s e n t i a l l y  complete (R.E. Fenna, 

persona1 communication). 

There were several  f a c t o r s  t h a t  l e d  t o  t h e  adopt ion o f  t he  present  

ref inement package. The f i r s t  was the  s i z e  o f  t h e  computational 

problem. As summarized i n  Table 2, t h e  asymmetric u n i t  conta ins 3086 

atoms and the re  are 44,000 r e f l e c t i o n s  t o  1.98 reso lu t i on .  I n  add i t i on ,  
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TABLE 2. Representat ive Refinements o f  Macromol e c u l a r  S t ruc tu res  

Bchl T  4  
p r o t e i n  Thermol y s i  n  (a )  Thermol y s i  n  (b)  lysozyme (C P ro te i n  

Space group 

Ce l l  dimensions 

Number o f  atoms 

Resol u t i o n  (A) 

Number o f  
r e f 1  e c t i o n s  

F ina l  R-val ue 

Dev ia t ions  f rom 
i d e a l  va l  ues : 

Bond leng ths  ( A )  
Bond angles 

Time per  c y c l e  
(CPU hours) 

( a ) ~ h e r m o l y s i  n  :phosphoramidon i n h i b i t o r  complex (Tronrud -- e t  a1 . , 1986). 

(b)~ornpl  ex o f  thermol y s i  n  w i t h  c a r b o b e n z o x y - ~ l y ~ ( O ~ ) - ~ - ~ e u - ~ - ~ e u  (Hol den 
e t  a1 ., i n  p repa ra t i on ) .  -- 

( C ) ~ a c t e r i o p h a g e  T4 lysozyme mutant Thr 157 + G l  u  (unpubl i shed  r e s u l t s  
o f  T. Alber,  K. Wilson, B.W.M e t  al.). -- 



the  space group (P63) precludes f u l l  use o f  the c r y s t a l  lograph ic  

symmetry t o  reduce the  s i z e  o f  the FFT ca lcu la t ions .  Experience w i t h  

other  p ro jec ts  i n  the  l abo ra to ry  suggested t h a t  the  Hendrickson 

refinement program (Hendri ckson & Konnert , 1980) would requi  r e  about 48 

hrs o f  c.p.u. t ime per ref inement cyc le  on our VAX 11/780 (subsequent 

improvements t o  the  Hendrickson program have s u b s t a n t i a l l y  improved i t s  

computational e f f i c i e n c y ) .  We had a1 so had experience i n  the  labora tory  

w i t h  EREF (Jack & L e v i t t ,  1978). This program i s  s u b s t a n t i a l l y  faster ,  

on a per cyc le  basis, than the  Hendrickson program. A disadvantage of 

us ing EREF f o r  the  ref inement o f  the  Bchl p r o t e i n  arose from the  

presence o f  the Bchl r ings .  Because o f  the d i v e r s i t y  o f  bond lengths 

and bond angles i n  the  seven bac ter ioch lorophy l ls ,  as we l l  as 

u n c e r t a i n t i e s  i n  t h e i r  energet ics,  the  d e f i n i t i o n  o f  standard geometry 

f o r  use by EREF appeared t o  be q u i t e  d i f f i c u l t .  

As discussed prev iously ,  the  d e f i n i t i o n  o f  standard geometry i n  the  

present ref inement package i s  very f l e x i b l e ,  and r e a d i l y  adaptable t o  

"unusual" s i t ua t i ons .  I n  p a r t i c u l a r ,  i n  the  present s i t u a t i o n ,  it was 

not  necessary t o  fo rce  a1 1 the  conjugated atoms i n  the  Bchl r i n g s  t o  l i e  

i n  a s i n g l e  plane. Rather, we d i v ided  the  conjugated atoms i n t o  appro- 

p r i a t e  sets o f  over lapping sub-planes (see Chapter IV). This method o f  

r e s t r a i  n t  maintained 1 ocal p l  anar i  t y  , but  a1 1 owed 1 arger  scale 

deformations. This procedure l e d  t o  the  f i n d i n g  t h a t  the  seven Bchls 

exhi b i t  two d i s t i n c t  c lasses o f  bending, one o f  which i s  a l so  observed 

i n  the  s t r u c t u r e  o f  e thy l  c h l o r o p h i l l  i d e  - a (see Chapter IV). An 

i napprop r ia te  a p p l i c a t i o n  o f  r e s t r a i n t s  t o  the  Bchl r i n g s  could we l l  

have masked t h i s  small but  s i g n i f i c a n t  e f f e c t .  



I n  the  i n i t i a l  ref inement o f  the  Bchl p ro te in ,  t he  refinement 

package used a n a l y t i c a l  summations t o  c a l c u l a t e  the  gradient  o f  the  

c r y s t a l  lograph ic  term. With t h i s  method, each cyc le  o f  refinement 

requ i red  8 hours o f  CPU t ime on our VAX 11/780. The present vers ion o f  

t he  program requ i res  2.5 hrs f o r  the same problem. 

The general s t ra tegy  o f  refinement t h a t  we have adopted f o r  the  

Bchl and other  p ro te ins  i s  t o  f i r s t  r e f i n e  f o r  several cyc les w i t h  weak 

weights on geometry, then t o  run a few cyc les o f  temperature f a c t o r  

refinement, then t o  res to re  the  model t o  good stereochemistry by 

r e f i n i n g  f o r  several cyc les  w i t h  s t rong weights and t o  f i n i s h  w i t h  

several add i t i ona l  cyc les o f  thermal f a c t o r  r e f i  nement . A t  t h i s  stage 

the  r e s u l t i n g  d i f fe rence e lec t ron  dens i ty  maps and "2Fo - FC" maps are 

inspected on the graphics system i n  the  usual way. Po ten t i a l  problem 

areas are h igh l i gh ted  by inspect ing  the l i s t s  o f  worst bond lengths, 

bond angles, departures from p lana r i t y ,  thermal f a c t o r s  and 1 argest  

d e r i v a t i v e s  o f  the  c r y s t a l l o g r a p h i c  term. I n  t h e  case o f  the  Bchl 

p r o t e i n  it was a lso  necessary t o  consider poss ib le  e r r o r s  i n  the  assumed 

amino ac id  sequence. I n  t h i s  instance, the  cyc les o f  ref inement 

fo l lowed by inspect ion  o f  t he  model were repeated seven times t o  achieve 

the  f i n a l  r e f i n e d  s t r u c t u r e  and "X-ray" amino a c i d  sequence. The 

o v e r a l l  ref inement s t a t i s t i c s  are summarized i n  Table 2. 

Thermolys in - Inh ib i to r  Complexes 

The ref inement package has been used ex tens i ve l y  t o  study a number 

of complexes o f - i n h i b i t o r s  w i t h  the  thermostable endopeptidase 



thermolys in (e.g. see Holmes -- e t  a1 ., 1983; see a lso  Chapters 5  and 6). 

I n  d i f f e r e n t  instances, t he  r e s o l u t i o n  ranged from 2.38 t o  1.68. 

Because o f  t he  hexagonal space group and the  s i ze  o f  t he  problem 

(Tab1 e  2) , cal cu l  a t i o n  o f  s t r u c t u r e  f a c t o r s  and c r y s t a l  1  ographic 

de r i va t i ves  by convent ional methods i s  t ime consuming. (Refinement of 

t he  na t i ve  s t r u c t u r e  a t  1.68 r e s o l u t i o n  by the method o f  Hendrickson and 

Konnert (1980) requi red 21 CPU hours per cyc le  (Holmes & Matthews, 

1982) .) The present program package requ i res  0.7 t o  1.5 hours per  

cycle, depending on the  reso lu t ion .  The a b i l  i t y  o f  the present program 

package t o  spec i fy  t he  geometry o f  chemical ly  unusual i n h i b i t o r s  i s  an 

advantage. I n  add i t ion ,  it i s  a lso  poss ib le  t o  de f ine  appropr ia te  

stereochemistry f o r  i n h i b i t o r s  t h a t  are cova len t l y  bonded t o  the  enzyme 

(e.g . see Holmes -- e t  a1 . , 1983). 

The refinement o f  an i n h i b i t o r  complex normal ly  requ i res  10-30 

cyc les  o f  refinement. L i t t l e  manual i n t e r v e n t i o n  i s  requi red  because 

thermolys in normal ly  does not  change i t s  conformation very much when 

i n h i b i t o r s  are bound. It i s ,  o f  course, always necessary t o  moni tor  the  

c o n f i g u r a t i o n  o f  the  i n h i b i t o r  dur ing  ref inement and t o  check f o r  

changes i n  sol vent s t r u c t u r e  concomitant w i t h  i n h i  b i t o r  binding. 

Bacteriophage T4 Mutant Structures 

As p a r t  o f  a  program t o  determine the  r o l e s  o f  i n d i v i d u a l  amino 

ac ids  i n  s t a b i l i z i n g  p r o t e i n  s t ruc tures ,  t he  s t ruc tu res  o f  a  se r ies  of 

mutant T4 phage lysozymes have been determined (e.g. see G r i t t e r  -- e t  a1 , 

1983; A1 ber  -- e t  a1 . , 1986). The ref inement o f  each mutant (unpubl i shed 



r e s u l t s )  i s ,  i n  p r i n c i p l e ,  very s i m i l a r  t o  t h e  re f inement  of an 

enzyme-inhi b i  t o r  complex. One s t a r t s  w i t h  t h e  r e f i n e d  s t r u c t u r e  o f  t h e  

n a t i v e  p r o t e i n ,  l o c a l l y  mod i f i ed  t o  correspond t o  t h e  s t r u c t u r e  of t h e  

mutant. I n  t h e  e a r l y  stages o f  t h e  re f inement ,  t he  stereochemical  

r e s t r a i n t s  a re  kept  weak, t o  a l l o w  t h e  s t a r t i n g  model t o  r e l a x  t o  

conform t o  t h e  d i f f r a c t i o n  data observed f o r  t h e  mutant s t r uc tu re .  When 

t h e r e  appears t o  be no systemat ic  s h i f t s  i n  t h e  coord inates from one 

ref inement  c y c l e  t o  t he  next,  t h e  stereochemical  r e s t r a i n t s  are 

s t rengthened i n  o rder  t h e  enforce t h e  " i d e a l  " geometry. Some 

rep resen ta t i ve  re f inement  s t a t i s t i c s  a re  summarized i n  Tab1 e 2. 

Experience w i t h  r e f  i n i  ng these mutant s t r u c t u r e s  a t  r eso l  u t i  ons i n  t h e  

range 1.9-1.78 suggests t h a t  t h e  re f inement  procedure i s  capable o f  

s u c c e s s f u l l y  moving bo th  main-chain and s ide-cha in  atoms through 

d is tances  o f  1.08. 



CHAPTER I V  

STRUCTURE AND X-RAY AMINO A C I D  SEQUENCE OF A BACTERIOCHLOROPHYLL 

a-PROTEIN FROM PROSTHECOCHLORIS AESTUARII - 
REFINED AT 1.98 RESOLUTION 

Abstract  

The s t r u c t u r e  o f  the  water-sol ubl  e bac ter ioch l  o rophy l l  a -pro te in  - 
(Bchl p ro te in )  from the  green photosynthet ic  b a c t e r i  um Prosthecochl o r i  s 

aes tuar i  i has been r e f i n e d  a t  1.98 r e s o l u t i o n  t o  a c r y s t a l  1 ographic 

res idual  o f  18.9%. The refinement was c a r r i e d  out  w i thout  knowledge of 

the amino a c i d  sequence and has l e d  t o  an "X-ray sequence". The s t ruc -  

t u r e  cons is ts  o f  seven Bchl molecules enclosed w i t h i n  a p r o t e i n  "bag" 

and the ref inement supports the  general conformation of the  molecule 

described p rev ious l y  (Matthews e t  a1 . , 1979). The ref inement a1 so -- 
supports the  prev ious suggestion t h a t  t he  l igands t o  the seven Bchl 

magnesiums are, respect ive ly ,  f i v e  h i s t i d i n e s ,  a carbonyl oxygen from 

the  polypept ide backbone o f  the  p ro te in ,  and a bound water molecule. 

The conformations o f  the  seven Bchl head groups are described i n  

de ta i  1. I n  two cases the  magnesi urn atoms are approximately 0.488 

"below" the  plane o f  t he  conjugated macrocycle wh i l e  i n  t he  o ther  f i v e  

cases the metals are, on average, 0.488 "above" the  plane. The acety l  

r i n g  subs t i  t uen ts  are more-or-less cop1 anar w i t h  the  d i  hydrophorbi n 

macrocycle, cons i s ten t  w i t h  a resonance Raman study (Lutz e t  a1 . , 1982). -- 



The conjugated atoms i n  each o f  t he  seven macrocycles have s i g n i f i c a n t  

departures from s t r i c t  p l a n a r i t y .  These dev ia t ions  are simi 1  a r  for  

Bchls 1, 2 and 3 ("Class I " )  and are a l so  s i m i l a r  f o r  Bchls 4, 5, 6 and 

7  ("Class 11"). Ethy l  ch lorophi  11 i d e  (Strouse, 1974) a1 so belongs t o  

Class 11. The out-of-plane deformations f o r  t he  Class I and Class I 1  

bac te r i och lo rophy l l  s  appear t o  correspond t o  two d i s t i n c t  modes of 

bending o r  curvature o f  t he  d i  hydrophorbi n  macrocycl e. 

I n t roduc t i on  

The l i g h t - g a t h e r i n g  apparatus o f  t he  green photosynthet ic  bac te r i a  

cons is ts  o f  th ree  ch lo rophy l l  -conta in ing e n t i t i e s .  F i r s t ,  there  are the  

"chl  o rophy l l  bodies" which res ide  beneath the  cytoplasmic membrane. 

These incorpora te  95% o f  the  t o t a l  ch lo rophy l l  o f  t he  organism and 

c o n s t i t u t e  the  p r i n c i p a l  l i g h t - g a t h e r i  ng pigment. Second, there  i s  the  

"bac ter i  ochl orophyl 1  - a-prote in"  , which inc ludes most o f  the  remai n i  ng 

chi orophy l l  , and res ides between the  ch l  orophyl 1  bodies and the  cy to-  

plasmic membrane. Thi rd, t he re  are the  reac t i on  centers. The bac te r i o -  

ch lo rophy l l  - a-pro te in  i s  thought t o  t ransmi t  e x c i t a t i o n  energy t o  a  

specia l  p a i r  o f  ch lo rophy l l  molecules i n  t he  reac t i on  center  where the  

f i r s t  s tep i n  energy t ransduct ion,  namely a  charge separat ion occurs. 

The bac te r i och l  o rophy l l  - a-pro te in  o f  Prosthecochl o r i  s  aes tuar i  i 

(Bchl -p ro te in ) ,  f i  r s t  is01 ated and c r y s t a l  1  i zed by J. 01 son (1971, 

1978), has been sub jec t  t o  c r y s t a l  1  ographic analys is ,  and the  s t r u c t u r e  

determined t o  a  nominal r e s o l u t i o n  o f  2.88 (Fenna & Matthews, 1975; 

Matthews -- e t  a1 . , 1979). The molecule, molecular weight 150,000 dal tons, 



cons is ts  o f  th ree  i d e n t i c a l  subunits r e l a t e d  by 120" r o t a t i o n s  about a  

3 - fo ld  ax is  o f  symmetry. I n  each subuni t  the polypept ide backbone forms 

a  large,  t w i s t e d  $-sheet o f  16 strands t h a t  forms the "outs ide"  o f  the  

p r o t e i n  molecule ( i  .e. the  p a r t  exposed t o  sol vent) ,  and encloses a  

cen t ra l  core o f  7 bac ter ioch lorophy l l  - a molecules (Fig. 4). The 

a v a i l a b l e  evidence suggests t h a t  t he  t r i m e r i c  s t r u c t u r e  seen i n  the  

c r y s t a l s  occurs i n  v i v o  and i s  no t  an a r t i f a c t  o f  c r y s t a l l i z a t i o n .  -- 
Several d i f f e r e n t  aspects o f  t h i s  s t r u c t u r e  are o f  i n t e r e s t .  The 

i n t e r a c t i o n s  between the  phy ty l  chains o f  the bac ter ioch l  o rophy l l  - a 

molecules and the amino a c i d  s ide chains prov ide a  good model fo r  1  i p i d -  

p r o t e i  n  i n te rac t i ons .  A1 so, the  packing o f  t he  bac ter ioch l  o rophy l l  - a 

molecules g ives i n s i g h t  i n t o  o ther  p r o t e i  n-chl o rophy l l  i n te rac t i ons .  I n  

p a r t i c u l a r ,  i t w i l l  be o f  i n t e r e s t  t o  compare the  ch lo rophy l l  - 
chl  orophyl 1  and ch l  orophyl 1  -p ro te in  i n t e r a c t i o n s  i n  the  Bchl -p ro te in  

w i t h  the  recen t l y  determined s t r u c t u r e  o f  t he  reac t i on  center  from 

Rhodopseudomonas v i  r i  d i  s  (Dei senhofer e t  a1 . , 1984). Theoret ica l  -- 
c a l c u l a t i o n s  o f  the  absorpt ion and c i r c u l a r  d ichro ism spectra o f  t he  

bac te r i och lo rophy l l  core o f  t h i s  p r o t e i n  have been attempted but the  

agreement between the  observed and ca l cu la ted  spectra i s  poor (Per1 s t e i n  

& Heminger, 1978). 

I n  t h i s  paper we descr ibe the  ref inement o f  t he  Bchl -p ro te in  

s t r u c t u r e  a t  a  reso lu t i on  o f  1.98. The ref inement was c a r r i e d  out 

w i thout  knowledge o f  the amino a c i d  sequence and has l e d  t o  an "X-ray 

sequence". The "X-ray sequence" a t  an in te rmed ia te  stage o f  refinement 

has been repor ted by Schmid -- e t  a l .  (1983). I n  t h i s  paper we repo r t  t h e  



FIGURE 4. Alpha-carbon Backbone o f  a Bchl-Protein Monomer 

S imp l i f i ed  view o f  one subunit  o f  the  Bchl -protein, viewed from the  
center  o f  the t r imer,  w i th  the th ree- fo l  d ax is  hor izonta l  . For c l a r i t y  
the phyty l  chains and other bacter ioch lorophy l l  r i n g  subst i tuents have 
been omitted. The numbering o f  the amino ac id  sequence corresponds t o  
t h a t  used i n  the t e x t  although i t  should be noted t ha t  there are 
uncer ta in t ies  i n  the exact number o f  residues a t  the N- and C-termini 
and a t  the "gaps" i n  the e lec t ron dens i ty  between residues 51-57, 
164-169 and 205-208, marked i n  the f i g u r e  by broken connections. (Af ter  
Fenna -- e t  a1 . , 1977.) 



X-ray sequence and describe those aspects o f  t he  s t r u c t u r e  t h a t  do not 

depend c r i t i c a l l y  on the  co r rec t  i d e n t i f i c a t i o n  o f  i nd i v idua l  amino 

acids, i.e. t he  backbone conformation and the con f i gu ra t i on  of t he  

bac te r i  ochl orophyl 1  s. 

Methods 

Data Col 1  e c t i  on 

Crysta ls  o f  t he  bac ter ioch lorophy l l  - a p r o t e i n  have space group P63 

w i t h  c e l l  dimensions - a = - b = 111.98, - c = 98.68 (Olson -- e t  a1 . , 1969; 

Matthews -- e t  a1 . , 1979). I n  the  i n i t i a l  X-ray analys is ,  precession 

photography was used t o  ob ta in  an e lec t ron  dens i ty  map a t  2.88 

reso lu t ion .  This r e s o l u t i o n  i s  e s s e n t i a l l y  the  h ighest  t h a t  could be 

achieved us ing convent ional precession photographs, a  l i m i t a t i o n  t h a t  

can be a t t r i b u t e d  i n  p a r t  t o  the  re1 a t i v e l y  l a r g e  vol ume o f  the  u n i t  

c e l l  (1.08 x 10683) and i n  p a r t  t o  t he  h igh  (70%) solvent  content of the  

c rys ta l s .  By us ing osci  11 a t i o n  photography and monochromatic r a d i a t i o n  

(Schmi d  -- e t  a1 . , 1981) i t  has been poss ib le  t o  extend the  resol  u t i  on of 

the  data t o  1.98. A t o t a l  o f  9  c r y s t a l s  was used t o  ob ta in  76 

osci  11 a t i  on photographs. These were processed us ing  a  program based on 

t h a t  o f  Rossmann (1979). A t o t a l  o f  126,000 r e f l e c t i o n s  were measured 

and reduced t o  a  unique set  o f  46,700 i n t e n s i t i e s .  The average 

agreement between symmetry-re1 ated i n t e n s i t i e s  on the  same f i l m  was 4.6% 

and the  o v e r a l l  agreement between r e f 1  e c t i  ons measured on d i f f e r e n t  

f i l m s  was 11.6%. (The l a t t e r  value i s  much h igher  than the  former i n  

p a r t  because the  r e f l e c t i o n s  come from d i f f e r e n t  c r y s t a l s  i n  d i f f e r e n t  



or ien ta t i ons ,  but  a lso  because the  number o f  measurements per r e f l e c t i o n  

i s  la rger . )  For the  15,000 r e f l e c t i o n s  common t o  t h e  precession and 

o s c i l l a t i o n  data sets the  agreement was 9.8%. 

S t a r t i n g  Coordinates 

A model o f  the  s t r u c t u r e  was b u i l t  i n  an o p t i c a l  comparator 

(Richards, 1968; Colman -- e t  a1 . , 1972). Raw coordi nates were then 

obtained by p lac ing  markers i n  t he  e lec t ron  dens i ty  map t o  correspond 

w i t h  the  model and the  densi ty .  These coordinates were then adjusted t o  

have acceptable stereochemistry and were the  s t a r t i n g  p o i n t  f o r  the  

s t r u c t u r e  refinement. The i n i t i a l  c r y s t a l  1 ographic R-val ue was 44.2% 

f o r  data between 6.08 and 1.98 reso lu t ion .  

Ref i nement 

ined us ing a new, fas t ,  f l e x i b l e ,  r e s t r a  

package devel oped i n  col  1 aborat  i on w i t h  

The p r o t e i n  was r e f  

1 east -squares r e f  i nement 

i ned 

L.F. 

Ten Eyck (see Chapter 111). The program r e s t r a i n s  bond lengths and bond 

angles t o  be w i t h i n  acceptable l i m i t s .  A1 so, groups o f  atoms known t o  

be p lanar  (e.g. aromatic s ide chains, carboxyl , pept ide  and amide 

groups) are 1 i kewi se res t ra ined.  D i  stances between non-bonded atoms 

w i t h i n  t h e  p ro te in ,  between neighbor ing molecules i n  t he  c r y s t a l  and 

between p r o t e i n  and so lvent  atoms are r o u t i n e l y  checked and can be 

res t ra ined  i f  desired. 

Although i t  was expected t h a t  t he  22 conjugated atoms i n  each of 

the  d i  hydrophorbi n macrocycl es would be essent i  a1 l y  cop1 anar, i t  was 



s t i l l  necessary t o  a1 low f o r  t h e  p o s s i b i l i t y  t h a t  t h e  Bchl head-groups 

might  be d i s t o r t e d  i n  one way o r  another. Therefore i n s t e a d  o f  

c o n s t r a i n i n g  a l l  t h e  conjugated atoms t o  be near a  s i n g l e  plane, we 

d i v i d e d  up t he  atoms i n t o  se t s  o f  sma l le r  subplanes t h a t  had common 

over lapp ing  atoms bu t  were o therw ise  independent. This procedure 

ensured t h a t  p l a n a r i t y  was mainta ined l o c a l l y  bu t  a1 1 owed l a rge r - sca le  

dev ia t ions .  The subgroups o f  atoms were as f o l l o w s :  (ClC, CHC, C4B, 

C3B, CZB, ClB, CHB, C4A, NA, CIA, CHA, C4D), (CIA, CHA, C4D, CBD, C2D, 

ClD, CHD, C4C, NC, C l C ,  CHC, C4B), (NB, ClB, CZB, C3B, C4B), (ND, ClD, 

CZD, C3D, C4D) and (CAD, OBD, CBD, C3D). 

Because t h e  bac te r i och lo rophy1 l  - a p r o t e i n  was used as a t e s t  case 

f o r  development o f  t h e  re f inement  package t h e  re f inement  proceeded i n  a  

somewhat i r r e g u l  a r  manner. Also, i n  t h e  e a r l y  stages a graphics system 

was no t  a v a i l a b l e  and t h e  model was checked by d i r e c t  i n s p e c t i o n  of 

p l  o t t e d  con tour  maps. By these met hods t h e  c r y s t a l  1  ographi  c  r e s i  dual 

was reduced t o  about 23%. I n  t h e  l a t t e r  stages an MMS-X graphics system 

(Molnar -- e t  a1 ., 1976) runn ing  t h e  program FRODO (Jones, 1982) was used 

t o  f a c i l i t a t e  t h e  i n s p e c t i o n  of bo th  (2Fo - Fc) and (Fo - Fc) maps. 

A lso (2Fo - Fc) "omi t "  maps were c a l c u l a t e d  i n  which 10 amino ac ids  a t  a  

t i m e  were om i t t ed  from t h e  phase c a l c u l a t i o n  and t h e i r  d e n s i t y  checked 

f o r  cons is tency  w i t h  t h e  model . (Our exper ience was t h a t  such "omi t "  

maps a re  no t  obv ious l y  s u p e r i o r  t o  convent ional  d i f f e r e n c e  maps. ) We 

adopted t he  conse rva t i ve  po l  i c y  o f  d e l e t i n g  atoms from t h e  model r a t h e r  

than  hav ing them present  i n  doub t f u l  pos i t i ons .  Also we o n l y  a l lowed 

s i d e  chains t h a t  corresponded t o  t h e  s tandard amino ac ids.  Thermal 



f a c t o r s  were re f i ned  i n  cyc les independent o f  coord inate refinement. 

The presence o f  atoms w i t h  l a r g e  thermal f ac to rs  was taken as an 

i n d i c a t i o n  t h a t  t he  i d e n t i f i c a t i o n  o f  the  amino ac id  i n  quest ion should 

be changed. Solvent atoms w i t h  thermal f a c t o r s  greater  than 50A2 were 

del eted. 

As add i t i ona l  checks, the  ref inement program provides a l i s t  of t he  

worst occurrences o f  each type o f  stereochemistry i nc lud ing  bond 

1 engths , bond angles, t o r s i  on angles , inve r ted  ch i  r a l  centers and, i f  

desired, a l i s t  o f  the atoms w i t h  the  l a r g e s t  c rys ta l l og raph ic  

gradients.  These l i s t s  were r o u t i n e l y  used t o  check f o r  poss ib le  e r r o r s  

i n  t h e  model . 
A1 together ,  f i v e  rounds o f  manual model r e v i s i o n  and automated 

r e f  i nement were compl e ted  before convergence was achieved. The f i  na1 

R-value i s  18.9% t o  1.98 reso lu t ion .  I n  t h e  f i n a l  model the  bond 

lengths  and angles depart from t h e i r  i dea l  values by roo t  mean square 

values o f  0 .0a  and 3.2" respect ive ly .  The o v e r a l l  s h i f t s  i n  t he  

po lypept ide  backbone dur ing  ref inement are shown i n  Figure 5. The 

r e f i n e d  coordinates have been deposited i n  t he  Brookhaven Data Bank. 

Resul ts  and Concl u s i  ons 

Amino Acid Sequence 

There are several d i f f i c u l t i e s  i n  at tempt ing t o  determine an amino 

a c i d  sequence from c r y s t a l l o g r a p h i c  data. I n  o ther  instances i t  has 

proved poss ib le  t o  c o r r e c t l y  i d e n t i f y  about 50-75% o f  the  amino ac ids by 

X-ray methods (e.g. see Matthews, 1977). Several p a i r s  o f  amino ac ids 



50 100 150 200 250 300 350 

Residue number 

FIGURE 5. Coordinate Sh i f t s  o f  the Backbone Atoms o f  the Bchl -Protei  
During Refinement 

The shows, f o r  each backbone atom (N, CA, C, O), t he  d i f fe rence  
between the pos i t i on  a t  the s t a r t  o f  refinement and i n  the f i n a l  model. 
Atoms t h a t  have undergone the l a rges t  s h i f t s  are numbered by t h e i r  
residue number. 



are  chemica l l y  d i f f e r e n t  b u t  i s o s t r u c t u r a l  , namely (Val , Thr) , (Gl u, 

Gln) and (Asp, Asn). Members o f  these p a i r s  a re  v i r t u a l l y  imposs ib le  t o  

d i f f e r e n t i a t e  i n  t h e  e l e c t r o n  d e n s i t y  map. I n  add i t i on ,  some amino a c i d  

s i de  chains, e s p e c i a l l y  on t h e  sur face  o f  t h e  p r o t e i n ,  are mobi le  and 

hard t o  i d e n t i f y .  I n  extreme cases t h e  backbone atoms a l s o  undergo 

1 arge "thermal " displacements and cannot be seen. Therefore we have 

g iven a conf idence r a t i n g ,  ranging from 1 t o  4, f o r  each amino a c i d  

i d e n t i f i c a t i o n  (Table 3). Very bad ly  determined res idues were g iven a 

r a t i n g  o f  "4". An amino a c i d  i n  t h i s  ca tegory  d i d  no t  f i t  t h e  e x i s t i n g  

e l e c t r o n  d e n s i t y  we l l ,  had ques t ionab le  s te reochemis t ry  and i t s  atoms 

u s u a l l y  had h i g h  B values. Thi r t y - s i x  amino ac ids  were determined t o  

belong i n  t h i s  category.  I f  a res idue  d i d  n o t  agree w i t h  t h e  e l e c t r o n  

d e n s i t y  bu t  t h e  disagreement was no t  so bad as t o  e l i m i n a t e  t h e  poss i -  

b i l  i t y  o f  t h e  i d e n t i t y  be ing c o r r e c t  i t  was r a t e d  as "3". F o r t y - e i g h t  

amino ac ids  f e l l  i n t o  t h i s  c lass.  I f  an amino a c i d  had some d isagree-  

ment w i t h  t h e  e l e c t r o n  dens i t y  bu t  was s t i l l  cons idered l i k e l y  t o  be 

c o r r e c t  i t  was r a t e d  "2". For ty- two amino ac ids  f i t  t h i s  d e s c r i p t i o n .  

The f i n a l  c l a s s  ( r a t i n g  "1") was reserved f o r  amino ac ids  t h a t  agreed 

w e l l  w i t h  a l l  t h e  c r i t e r i a .  Two hundred e igh teen  amino ac ids  were so 

c l a s s i f i e d .  

The sequence conf idence r a t i n g  scheme i s  unquest ionably  sub jec t i ve .  

I n  t h e  case o f  t h e  i s o s t r u c t u r a l  p a i r  Thr and Val, t h e  conf idence r a t i n g  

does no t  t ake  i n t o  account t h e  ambigu i ty  between these res idues.  1.e. 

i f  a res idue  appeared t o  be a good Val o r  Thr i t  was cons idered t o  be 

we1 1 determined even though t h e  two a1 t e r n a t i v e s  cou ld  n o t  be re1 i a b l y  



TABLE 3. "X-ray" h i n o  Ac id  Sequences 

1 10 2  0  
--- --- Val Ser Ala Asx Ser Ala Tyr Lys I l e  I l e  Leu Glx Gly Gly Ala Ser Ser Trp 

2 3 1 4 1 4 1 4 1 1 1 3 1 2 4 1 1 1  

2  1 3  0  40 
Gly Glx Val Ala Gly Ala Ala Ser Val Ser Val Pro Ala Ser I l e  Pro Leu Asx Pro Thr 

1 3 1 3 1 3 2 3 1 4 1 1 1 3 1 1 1 3 1 1  

4  1 50 6  0  
Asx Cys Ser I l e  Lys I l e  Asx Ala Ser Pro Ser --- --- --- --- --- Thr Val Lys Phe 

3 1 3 1 2 1 1 1 4 1 4  4 1 1 1  

61  70 80 
Thr Val Ala I l e  Ala Ser Thr I l e  Asx Ala Thr A1 a Asx Thr Leu Ser Val Ala Thr Ser 

4 1 3 1 4 1 1 3 1 3 1 2 1 2 3 4 1 4 2 3  

8 1 9 0  100 
I l e  Ala Asx Ser Ala Ala Ser Lys Arg I l e  Ala Thr Gly Ala Gly Ser Val Ala Val 
1 1  1 4 3 3 3 1 1 1 1 1 1 4 1 2 4 3 1  

101 11 0  120 
Gly Ser Phe Ala His  Ala Phe Ser Phe Met Gly Ser Thr Thr Asx Met Tyr Tyr Ser Gly 

1 4 1 3 1 1 2 1 2 3 1 2 1 1 1 4 1 1 4 4  

121 130 140 
Ser Ser Ala Thr Ala Arg Asx I l e  Pro Asx Pro I l e  Tyr Met Glx Gly Arg Glx Phe His  

4 4 1 1 2 1 1 1 1 1 1 1 1 3 1 1 1 1 1 1  

141 150 160 
Asx I l e  Asx Met Lys Val Pro Leu Asx Asx Gly Asx Leu Thr Ser Thr Trp Lys Gly  he 

1 1 1 1 1 1 1 1 3 2 3 2 1 1 4 1 1 3 1 2  rn 
0 



TABLE 3. ( c o n t i  nued) 

161 170 180 
Ser Ala Ala Ser --- --- --- --- Asx Phe Gly Asx Trp I l e  Arg Asx Phe Trp Phe I l e  

4 4 1 4  1 1 1 1 1 1 1 3 1 1 1 1  

181 190 200 
Gly Pro Ala Phe Ala Ala I l e  Asx Glx Gly Gly Glx Arg I l e  Ser Pro Val Thr Thr Asx 

1 1 1 1 1 1 1 1 3 1 1 1 1 1 1 1 3 1 2 1  

20 1 210 220 
Ser Ala Ser Thr Glx --- --- Gly Pro Asx Gly Thr Thr Arg Trp Ser Phe Ser His  Ala 

2 2 3 2 4  4 3 4 1 1 1 1 1 4 1 2 1 1  

221 230 240 
Gly Ser Gly Val Val Asx Ser I l e  Ser Arg Trp Thr Glx Leu Phe Pro Thr Ala Lys Leu 

1 1 1 2 1 1 4 1 2 1 1 1 1 1 1 1 2 4 1 1  

241 250 260 
Ser Lys Pro Ala Ala I l e  Glx Gly Gly Phe Ser Ser Asx Ser Ala Gly I l e  Ser Val Ala 

3 1 1 1 2 1 4 1 1 1 3 1 2 2 2 1 1 4 1 1  

Val Ala Gly Ser Leu Pro Gly Val Ser Lys Ser Ala Gly Gly Gly Asx Lys Lys I l e  Leu 
1 4 1 3 1 1 1 1 1 2 3 2 3 3 3 2 2 1 1  1 

281 290 300 
Asx His Pro Asx I l e  Pro Leu Thr His  His  Gly Met Thr Gly Lys Phe Asx Ser Phe Ser 

1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 3  

301 310 320 
Ser Asx Thr Ala Asx Lys I l e  Thr Leu Pro Lys Gly Tyr Ala I l e  Ser Tyr Ala Ala Pro 

3 1 1 3 2 1 1 1 1 1 3 1 1 2 2 3 1 1 1  1 





dist inguished.  I n  such cases an attempt was made t o  d i f f e r e n t i a t e  

between the  two a1 t e r n a t i  ves by cons idera t ion  o f  the l o c a l  envi ronment , 

but  t h i s  i s ,  a t  best, an i n d i  r e c t  assessment. As f a r  as poss ib le  we 

kept the  numbering o f  the  amino a c i d  sequence i n  r e g i s t e r  w i t h  t h a t  

i n f e r r e d  from the  o r i g i n a l  isomorphous rep1 acement e lec t ron  dens i ty  map. 

Therefore, no p a r t i c u l a r  s i g n i f i c a n c e  should be placed on the  exact 

numbering o f  residues i n  the "gaps" o r  a t  t he  amino terminus. For 

example, t he  X-ray sequence has a "gap" between residues 51 and 57 but 

t h i s  i s  not meant t o  imply t h a t  there  are thought t o  be e x a c t l y  5 

i n te rven ing  residues. A1 so the re  i s  no res idue corresponding t o  

sequence number 83. Compared t o  the  p re l im ina ry  X-ray amino a c i d  

sequence obtained from inspect ion  o f  the  isomorphous replacement 

e l e c t r o n  dens i ty  map (Matthews -- e t  a1 ., 1979), 179 amino ac ids remain the  

same and 165 were a1 t e r e d  dur ing  r e f i  nement. 

h i n o  Acid Composition 

The amino ac id  composit ion o f  t he  Bchl - a p r o t e i n  i s  known (Olson - e t  

a1 . , 1976) and i s  compared w i t h  t h e  amino a c i d  composi t i  on o f  the  X-ray - 
model i n  Table 4. The X-ray model conta ins 344 residues and i s  presumed 

t o  be miss ing several add i t i ona l  residues (e.g. a t  "gaps" i n  t he  

e l e c t r o n  dens i t y  and poss ib l y  a t  t he  ends o f  t he  polypept ide chain).  

Therefore the  amino ac id  composit ion determined chemical ly  and given i n  

Table 4 has been put  on a scale such t h a t  i t  corresponds t o  a t o t a l  

composi t i  on o f  360 r e s i  dues. 

Tab1 e 4 i nd i ca tes  t h a t  there  are too  few g lyc ines  i n  t h e  X-ray 

model . This i s  somewhat s u r p r i s i n g  s ince one tends t o  pu t  g l  y c i  nes i n  



TABLE 4. Amino Ac id Composition 

Amino Ac id Experimental (a)  X-ray Model Di screpancy 

G l  Y 

As x 

Val 

G l  x 

Se r 

I 1  e 

A1 a 

Le u 

Arg 

Pro 

LY s 

Phe 

Th r 

TY r 

Hi s 

T ~ P  

Met 

CY s 

Tota l  

( a ) ~ r o r n  01 son e t  a1 . (1976), sca led  so t h a t  t h e r e  a re  a t o t a l  of 360 
ami no a c i  d s p e r p o l  y p e p t i  de . 



reg ions o f  t h e  model t h a t  a re  p o o r l y  determined. It i s  poss ib l e  t h a t  

t he re  a re  a d d i t i o n a l  g lyc ines ,  n o t .  i nc luded  i n  t h e  model, t h a t  are i n  

f l e x i b l e  bend o r  te rmina l  regions. It i s  no t  s u r p r i s i n g  t h a t  t h e  model 

has t o o  many se r i nes  and a lan ines  s i nce  these cou ld  be sur face  res idues 

f o r  which t h e  d i s t a l  p a r t  o f  t he  s i de  cha in  i s  mob i le  and no t  seen i n  

t h e  e l e c t r o n  d e n s i t y  map. I n  p a r t i c u l a r ,  t h e  45 "ex t ra "  se r ines  and 

a lan ines  i n  t h e  model could we1 1 correspond t o  many o f  t h e  42 "missing" 

Asx's, G l x ' s  and Arg 's  which would be expected t o  be on t he  surface of 

t h e  mol ecu l  e  . 

Backbone Conformation 

The re f inement  supports t h e  o v e r a l l  con fo rmat i  on o f  t h e  p r o t e i n  

backbone repo r ted  p r e v i o u s l y  (e.g. see Figs. 5, 6, and 7 o f  Matthews e t  - 

a1 ., 1979). F i gu re  6 shows t h e  Ramachandran diagram f o r  t h e  backbone - 
dihed ra l  angl es. These angl es were no t  moni tored o r  manual l y  ad jus ted  

d u r i n g  t h e  re f inement  t o  conform t o  "acceptablei i  l i m i t s .  There a re  four  

non-gl y c i  ne res idues  t h a t  occur i n  reg ions where res idues w i t h  

beta-carbons a r e  n o t  norma l l y  expected. Residues 69 and 70 a re  t h e  

c e n t r a l  two res idues  i n  a  Type I' t u r n  (Venkatachalam, 1968). Amino 

a c i d  69 has been i d e n t i f i e d  w i t h  reasonable conf idence as Asx and w h i l e  

t h e  i d e n t i t y  o f  res idue  70 i s  no t  c l e a r  i t seems t o  be a t  l e a s t  as l a r g e  

as a lan ine .  The t u r n  i s  d i s t o r t e d  w i t h  t h e  carbonyl  oxygen of res idue  

68 accep t ing  t h e  b r i d g i n g  " t u r n "  hydrogen bond as we l l  as a second 

hydrogen bond f rom a water molecule as i s  o f t e n  assoc ia ted  w i t h  these 

h a i r p i n  bends (Rose e t  a1 ., 1983). Residue 327 i s  a l s o  an apparent -- 



PHI  

FIGURE 6. Ramachandran Diagram f o r  the  Bchl -Protein 

Presumed gl y c i  ne residues ind icated  by square symbol s and 
non-gl ycine residues by crosses. 



non -gl  y c i  ne res idue ( Asx) i n  

p o o r l y  de f ined  s t r e t c h  o f  ch 

a t u r n  (Type 11 ' ) .  

a i  n and t h e  conform 

Residue 119 i s  w i t h i n  a 

a t i o n a l  angles f o r  

res idues i n  t h i s  v i c i n i t y  a re  unre l  i a b l  e. 

I n  t h e  present  numbering scheme f o r  t h e  amino a c i d  sequence, 

res idues t h a t  form a -he l i ces  a re  121-128, 150-164, 169-179, 183-190, 

225-230, 230-234, 284-294 and 335-346. One o f  t h e  c h a r a c t e r i s t i c s  o f  

t h e  Bchl p r o t e i n  i s  t h e  l a r g e  number of res idues i n  extended 

conformat ions. These res idues  form two $-sheets, one o f  16 s t rands and 

t h e  o the r  o f  4 s t rands  (Matthews e t  a1 . , 1979). The $-sheet s t rands -- 
i n c l u d e  res idues 3-14, 20-29, 39-49, 57-68, 71-85, 88-101, 103-118, 

135-146, 191-205, 209-222, 244-253, 256-265, 268-272, 276-2803 299-309, 

314-319, 324-326, 328-333, and 352-356. (Residues a re  i nc l uded  i n  

a-he1 i c e s  and 6-sheets i f  they  c o n t r i b u t e  one o r  more hydrogen bonds t o  

t h e  secondary s t r u c t u r e  e l  ement . ) There i s  an extended s i  x - res idue  

segment (278-283) t h a t  begins w i t h i n  one o f  t h e  $-sheet s t rands and 

cont inues beyond i n  a conformat ion s im i  1 a r  t o  t h a t  o f  c o l l  agen (Soman & 

Ramakri shnan, 1983). 

I n  f o u r  ins tances  t h e  main cha in  forms "1-3" hydrogen bonds between 

t h e  carbonyl  oxygen o f  one pep t ide  and t he  n i t r o g e n  of t h e  succeeding 

p e p t i  de (e.g. see Ramachandran & Sasi sekharan, 1968; Baker & Hubbard, 

1984). Two examples a r e  shown i n  F igures 7(a) and 7(b). I n  a l l  cases 

t h e  Ramachandran angles f o r  t h e  a-carbon enclosed w i t h i n  t h e  H-bonded 

pep t ides  a re  i n  t h e  v i c i n i t y  o f  $ - -90°, j~ - 70' (Table 5). 



FIGURE 7. Two Examples o f  "1-3" Hydrogen Bonds Between Successive 
Peptide Groups 

(a)  The presumed sequence Val 29 - Ser 30 -Val 31. (b) The 
presumed sequence Pro 147 - Leu 148 - Asx 149. 



TABLE 5. "1-3" Hydrogen Bonds 

Residue $(O) IJ ( " )  d(B)  Angle (O) C-O***N 

30 (Ser) 

148 (Leu) 

179 (Phe) 

240 (Leu) 



Dynamics 

The apparent motion o f  the  polypept ide backbone as est imated from 

the  r e f i n e d  c rys ta l l og raph ic  thermal f a c t o r s  i s  shown i n  Figure 8. The 

th ree  places where there are "gaps" i n  t he  backbone ( i  .e. residues 52-56, 

165-168, and 206-207) are, as expected, regions o f  l a r g e  apparent thermal 

motion o r  disorder.  Often the  regions o f  h igh m o b i l i t y  are a t  the  ends 

o f  " h a i r p i n  loops" between successive @-strands, but  there  i s  a lso a case 

(near res idue 164) where one end o f  an a-he1 i x  i s  very mobile. This 

a - h e l i x  i s  a t  the  l e f t  edge o f  the  subuni t  shown i n  Figure 4. It l i e s  

against  the  surface o f  the  p r o t e i n  bu t  i s  l a r g e l y  exposed t o  solvent .  

The residues o f  the  p r o t e i n  t h a t  form l igands t o  the  magnesium 

atoms of the  bac te r i  ochl orophyl 1 s  tend t o  have re1 a t  i v e l y  low mobi 1 i t y  

(Fig. 8). This i s  presumably due t o  the  f a c t  t h a t  such residues are 

i n t e r n a l ,  and should not be taken t o  imply t h a t  the  i n t e r a c t i o n s  w i t h  

the  metals "anchor" the pro te in .  

The thermal f ac to rs  f o r  both the  bac te r i och lo rophy l l  head groups 

and the  phy ty l  chains are r e l a t i v e l y  low, showing t h a t  these atoms are 

as we l l  ordered as the i n t e r i o r  p r o t e i n  atoms. I n  p a r t i c u l a r ,  t he  

r e f  i nement conf i rms t h a t  t he  phy ty l  chai ns have we1 1 -def i ned 

conformations (Matthews e t  al., 1979; Matthews, 1982) and are no t  -- 
disordered as i n  a f l u i d  l i p i d  b i l a y e r .  

Bacter iochl  orophyl 1 a Conformations - 

The atom nomenclature used here f o r  the  bac te r i och lo rophy l l  - a 

molecules i s  i l l u s t r a t e d  i n  Figure 9. This scheme fo l lows the  



FIGURE 8. Apparent Thermal Motion o f  t h e  Backbone o f  t he  Bchl -P ro te in  

There are three breaks i n  t h e  chain a t  residues 52-56, 165-168 and 
206-207 where t h e  e lec t ron  dens i t y  i s  t oo  weak t o  fo l low.  Locat ions of 
a-he1 i c e s  are ind ica ted by open rec tang les  and 6-sheet strands by s i n g l e  
bars. The residues t h a t  are 1 i ganded t o  the  bac te r i  ochl orophyl 1 
magnesi urns are i ndi  cated. 



CBC 
CH3 I 

CAC 1 
CMC H CH2 

H 3 C 4  

FIGURE 9. Schematic Drawing o f  the Structure o f  Bacteriochl orophy l l  a - 
Showing the Scheme Used f o r  Atom I d e n t i f i c a t i o n  

It should be noted t ha t  the scheme i s  somewhat anomalous i n  t ha t  
atoms associated w i t h  Rings I, 11, 111, I V  o r  V have the l e t t e r  B, C, D, 
A or  D, respect ively as the l a s t  character i n  the atom name. We have 
changed t o  t h i s  scheme because it i s  the one used by the Brookhaven Data 
Bank. 



conventions used by the  Brookhaven Data Bank, and replaces the  

nomencl a tu re  used prev ious ly  (Fenna -- e t  a1 . , 1977; c f .  Strouse, 1974). 

There are seven bac ter ioch l  o rophy l l  - a molecules i n  the Bchl 

prote in.  This i s  a reasonable sample w i t h i n  which t o  compare var iab les  

such as the out-of-plane distances o f  the  magnesiums, the  pucker of 

r i n g s  I 1  and I V ,  poss ib le  deformations o f  t h e  c h l o r i n  r i n g s  and 

v a r i a b i l i t y  i n  t he  conformations o f  the  r i n g  subs t i tuents .  

I n  Figure 10 the  porphine head-groups o f  a l l  seven Bchls have been 

superimposed by a l e a s t  squares process (Kabsch, 1976). The f i g u r e  

gives an o v e r a l l  impression o f  the  v a r i a b i l i t y  i n  t he  respect ive  

conformations. One o f  t he  s t r i k i n g  features i s  t he  d i s t r i b u t i o n  of the 

magnesium pos i t ions .  I n  two cases (Bchls 3 and 7) t he  metal ions are 

"below" the  r i n g  plane whereas i n  t h e  o ther  f i v e  cases the  magnesiums 

are "above". There are no in te rmed ia te  states.  

Table 6 gives, f o r  each Bchl , the  distances o f  a l l  t he  magnesiums 

from the  planes w i t h  best least-squares f i t  t o  the  22 conjugated atoms. 

The t a b l e  i nd i ca tes  t h a t  the  magnesiums o f  Bchls 3 and 7 have a mean 

displacement o f  0.488 below the plane o f  the  r i n g  whereas the  other  f i v e  

magnesiums are, on average, 0.488 above. These d is tances agree 

reasonably we l l  w i t h  the  value o f  0.48 observed i n  t he  s t r u c t u r e  of 

e thy l  ch l  orophyl 1 i de - a (Strouse, 1974; Chow -- e t  a1 . , 1975; Kratky & 

Dunitz, 1975). 

The displacement o f  each o f  the  magnesiums i s  always toward the  

s ide  o f  the  r i n g  plane from which the  metal i s  l iganded t o  the  pro te in .  

(Each magnesi um i s  pentacoordinate. ) Therefore the  p r o t e i n  envi ronment 



FIGURE 10. Stereo Drawing Showing the Head-Groups o f  A l l  Seven Bchls 
Brought I n t o  the Same Or ienta t ion 

The " X ' s "  i nd i ca te  the pos i t ions o f  the magnesiums. 



TABLE 6. Magnesi urn :Ligand Distances and Magnesi urn Out-of -Plane 
Di stances 

Presumed 
Bchl Mg Ligand 

Mg-1 i gand Mg ou t  -o f  -pl  ane 
Dis tance (A) Dis tance (A) 

H is  105:NE2 2.2 

Sol vent  (SOL1: 14s) 2.0 

His  290:NE2 2.1 

His  282: NE2 2.1 

Leu 234:O (Backbone) 2.0 

His  140:NE2 2.2 

H i  s 289: ND1 2.1 



determines the d i  r e c t i o n  o f  the out-of  -pl ane magnesium displacement ; the  

displacement d i r e c t i o n  i s  not  an i n t r i n s i c  p roper ty  o f  the  

bac ter ioch l  o rophy l l  molecule i t s e l  f. 

The p r o t e i n  l igands f o r  the  two Bchls w i t h  t h e i r  magnesiums below 

the  r i n g  plane appear t o  be h i s t i d i n e s  al though one o f  these (Bchl 7) i s  

unique i n  t h a t  i t  i s  the  ND1 imidazole n i t rogen t h a t  binds t o  the  metal. 

For the other  f o u r  Bchl s  w i t h  presumed h i s t i d i n e  li gands the  magnesium 

i s  l iganded by n i t rogen  NE2. Table 6 l i s t s  the  presumed l igands fo r  

each o f  the Bchls together  w i t h  the  l i g a n d  distances. 

For the  Ring I acety l  subs t i tuent ,  t he  oxygen and the  methyl group 

are essent ia l  l y  equ iva len t  i n  the  X-ray refinement. Therefore these 

moiet ies have t o  be d i f f e r e n t i a t e d  i n d i  r e c t l y  from t h e i r  presumed 

i n t e r a c t i o n s  w i t h  the  pro te in .  These are summarized i n  Table 7. During 

refinement, the ace ty l  group was constra ined t o  be p lanar  but  was 

al lowed f ree  r o t a t i o n  about the  bond between C3B and CAB. Based on a 

resonance Raman study, Lutz -- e t  a l .  (1982) suggested t h a t  a t  l e a s t  four  

and poss ib ly  a l l  seven o f  the acety l  groups should be w i t h i n  18" of 

cop1 anar w i t h  the  conjugated r i n g  system. A1 1 owing f o r  experimental 

e r r o r ,  t h i s  i s  as observed (Table 7; Fig. l l ( a ) ) .  F ive o f  t he  acety l  

groups are w i t h i n  24" o f  cop lana r i t y  and the  greates t  departure (Bchl 5) 

i s  36". The t o r s i o n  angles (Table 7) f a l l  i n t o  two classes d i f f e r i n g  by 

approximately 180°. I n  two cases the  es te r  oxygen does not  make any 

apparent hydrogen bond t o  the p r o t e i n  and so cannot be d i s t i ngu i shed  

from the  methyl group. I n  such cases the  t o r s i o n  angle could be x o r  

X - 180". It i s  worth no t i ng  t h a t  Lutz -- e t  a1 . (1982) a l so  proposed from 



FIGURE 11. Newman Project ions I l l u s t r a t i n g  the  Torsion Angles of t he  
Ring Subst i tuents f o r  t he  7 Bchls 

I n  each case the  d i r e c t i o n  o f  view i s  from the subst i  t uen t  toward 
t h e  Bchl r ing .  (a) Ring I acety l  groups. The d i r e c t i o n  o f  view i s  
along the  bond CAB-C3B and the  1 ines  l abe led  1-7 i nd i ca te  the  planes of 
t he  acety l  groups o f  the  7 Bchls. I n  t h i s  f i g u r e  no attempt i s  made t o  
d i s t i n g u i s h  between the  acety l  oxygen (OBB) and the  acety l  methyl group 
(CBB) (c f .  Table 7). (b) Ring I 1  e t h y l  groups. The d i  r e c t i o n  of view 
i s  along the  bond CAC-C3C and the  numbers 1-7 ind ica te ,  f o r  t he  7 Bchls, 
t he  t o r s i o n  angles about t h i s  bond (cf .  Table 8). (c)  Ring V 
carbomethoxy groups. The view d i  r e c t i o n  i s  along the  CGD-CBD bond and 
the  numbers 1-7 i n d i c a t e  the  apparent t o r s i o n  angles (def ined by atom 
02D) f o r  the 7 Bchls f c f .  Table 9).  



TABLE 7. Con f i gu ra t i ons  o f  t he  Ring I Acety l  Groups 

Di hedra l  Atom H-bonded H-bonded 
Bac te r i  och l  orophy l  1 ~ n ~ l  e ( a )  t o  OBBW Distance ( A )  

171" Sol ven t  (SOL3: 410) 2.6 

-151" Ser 66:OG 2.8 

24" Tyr 9:OH 2.7 

176" o r  -4" - - - - 
144" o r  -36" -- - - 

174" Trp 176:NEl 3.0 

158" So1 ven t  (SOL1: 43s) 2.7 

( a ) ~ h e  d ihed ra l  angle i s  t h e  angle between t he  planes de f i ned  by 
(C2ByC3B,CAB) and (C3ByCAB,OBB) and i s  O0 when C2B and OBB are  - cis .  
The c a l c u l a t i o n  assumes t h a t  atoms OBB and CBB can be d i f f e r e n t i a t e d  
(see t e x t ) .  

( b ) ~ h e  i d e n t i f i c a t i o n  o f  these atoms i s  based o n l y  on t h e  X-ray r e s u l t s  
and should be regarded as very  t e n t a t i v e  pending c o n f i r m a t i o n  w i t h  
t h e  chemical l y  determi ned amino ac i  d sequence. 



t h e i r  Raman study t h a t  up t o  two o f  the acety l  carbonyls were f r e e  o f  

hydrogen bonding, i n  agreement w i t h  Table 7. The acety l  group w i t h  

g reates t  departure from cop lana r i t y  w i t h  the  c h l o r i n  system i s  no t  

hydrogen bonded but  has i t s  methyl group "wedged" between hydrophobic 

groups o f  the  pro te in .  These c lose contacts appear t o  prevent the  

acety l  group re1 a x i  ng t o  the  copl anar conf igura t ion .  

The t o r s i o n  angles f o r  t he  Ring I 1  e thy l  subs t i tuents  are l i s t e d  i n  

Table 8  and shown i n  Figure l l ( b ) .  The conformations are i n v a r i a b l y  

staggered w i t h  one value i n  t he  60' region, a  second i n  the  180" region 

bu t  a  s t rong preference f o r  t o r s i o n  angles near -60" ( f i v e  cases out  o f  

seven). 

I n  r e f i n i n g  the  Ring V carbomethoxy groups, atoms CBD, CGD, OD1 and 

OD2 were constra ined t o  l i e  i n  a  common plane but  f r e e  r o t a t i o n  was 

al lowed about the  CBD-CGD bond. Even though the  methyl group CED was 

no t  res t ra ined  t o  be coplanar w i t h  the remainder o f  the  carbomethoxy 

moiety, i t  does 1  i e  c lose t o  the  common plane i n  s i x  o f  t he  seven cases 

(Fig. 10). The except ion i s  Bchl 6 where the  methyl group appears t o  be 

he1 d away from copl anar by s t e r i c  i n te r fe rence  w i t h  neighbor ing p r o t e i n  

s ide  chains. The plane o f  the  carbomethoxy group i s ,  i n  a l l  cases, 

essen t i a l  l y  perpendicular  t o  t he  plane o f  the  conjugated ch l  o r i  n  r i n g  

system ( F i  g  . l l ( c  ) ; Tab1 e  9). I n  no case does the  es te r  oxygen 02D 

appear t o  accept a  hydrogen bond from the  pro te in .  (This  i s  a l so  the  

case f o r  the  es te r  oxygen 02A i n  each o f  the  phy ty l  chains.) 

I n  each o f  the seven Bchls the  keto oxygen (OBD) i s  e s s e n t i a l l y  

copl anar w i t h  the  remainder o f  t he  conjugated system (Table 11). F ive 



TABLE 8. Conf igurat ions o f  t h e  Ring I1 Ethyl Groups 

Bacter iochl  orophyl 1 Tors i  on Angle (a > 

( a ) ~ h e  t o r s i o n  angle i s  zero when C2C and CBC are - c i s .  



TABLE 9. Conf igura t ions  o f  t h e  Ring V Carbomethoxy Groups 

Dihedra l  Atom H-bonded H-bond 
Bac te r i och l  o r o p h y l l  ~ n ~ l  e (a )  t o  0 1 ~ ( b )  Dis tance ( A )  

118" - - -- 
124" -- - - 
-62" - - - - 
118" Sol ven t  (SOL1: 26s) 2.7 

-78" - - -- 
139" Thr 113:OGl 3.1 

( a ) ~ h e  d ihed ra l  angle i s  0" when CAD and 02D are  - c i s .  

(b) I d e n t i f i c a t i o n s  p r o v i s i o n a l  pending con f i rma t i on  w i t h  t h e  chem ica l l y  
determined amino ac id  sequence. 



o f  t he  keto oxygens appear t o  accept hydrogen bonds from the  p r o t e i n  o r  

a bound so l  vent molecule, wh i l e  two seem not  t o  be hydrogen bonded 

(Table 10). The resonance Raman spectra suggest t h a t  up t o  th ree  of t h e  

ke to  oxygens are f r e e  from hydrogen bonding (Lu tz  e t  al., 1982). -- 
Each Bchl head group i s  connected t o  i t s  phy ty l  t a i  1  v i a  a 

p rop ion i c  a c i d  l inkage.  The conformations o f  t h e  phy ty l  chains are a1 1 

d i f f e r e n t  and the  l i n k i n g  groups a l so  have va r i ed  conformations. As 

mentioned, none o f  the  l i n k i n g  oxygens 02A accept hydrogen bonds. Also 

i n  on l y  one case (Bchl 1) does oxygen 01A appear t o  make a hydrogen bond 

and t h i s  i s  t o  an atom i n  one o f  t he  symmetry-related monomers o f  t h e  

Bchl p r o t e i n  t r imer .  

There are a se r i es  o f  c lose  contacts  between the  oxygen-containing 

r i n g  subs t i t uen ts  o f  Bchls 2 and 7. I n  t h e  carbomethoxy group of Bchl 

7, oxygen 010 i s  3.08 from oxygen 02A i n  t h e  same Bchl . A t  t he  same 

t ime  t h e  o the r  oxygen (02D) i n  t he  carboxymethyl group o f  Bchl 7 i s  

3.08 from oxygen 02A i n  Bchl 2. None o f  these c lose  approaches are 

hydrogen bonds s ince no protons are i nvol  ved. 

Although the  22 atoms t h a t  c o n s t i t u t e  t h e  conjugated p a r t  o f  each 

o f  t h e  Bchl head-groups are e s s e n t i a l l y  coplanar (Table 11) i t  can be 

asked i f  the re  i s  any evidence f o r  systemat ic  d i s t o r t i o n s  away from 

p l a n a r i t y .  Such an ana l ys i s  i s  compl i cated because t h e  re1 a t i  v e l y  l a r g e  

u n c e r t a i n t y  i n  t he  coord inates o f  t he  conjugated atoms (ca - 0.158) cou ld  

we l l  mask small bu t  systematic departures from p l a n a r i t y .  Our f i r s t  

step, t he re fo re ,  was t o  see i f  the re  were systemat ic  departures from 

p l a n a r i t y  t h a t  were common t o  two or  more o f  t h e  Bchl s. 



TABLE 10. I n te rac t i ons  o f  the Ring V Keto Oxygens 

Bacter i  ochl o rophy l l  I n t e r a c t i n g  Atom (a) Distance ( A )  

Pepti de NH: I 1  e 1 3 2 ( ~ )  
Peptide NH:Tyr 133 (b) 

Peptide NH:Ser 34 
0G:Ser 34 

OH: Tyr 337 

Sol vent (SOL1: 41s) 

NH2:Arg 90 

( a ) ~ l l  i d e n t i f i c a t i o n s  t e n t a t i v e  pending c o n f i  rrnation w i t h  the  
cherni ca1 l y  determi ned ami no ac i  d sequence. 

(b)~yrnmetry-rel  a ted  mol ecul e. 



TABLE 11. Departures from P lana r i t y  o f  the Seven Bchl Head-Groups 

The en t r i es  g ive the  d is tance i n  Angstroms from the  best least-squares 
plane through the  2 2  atoms ( a s t e r i  sked) c o n s t i t u t i n g  the  conjugated p a r t  
o f  the d i  hydrophorbi n  macrocycl e  . 

MG 

C 1 A* 

C 2A 

C AA 

CBA 

C GA 

0 1A 

C 3A 

CM A 

C4A* 

N A* 

CHB* 

C l B *  

CZB* 

CMB 

C3B* 

CAB 

OBB 

CBB 

C4B* 

NB* 

CHC* 

C lC*  

C 2C 

CMC 

C 3C 

CAC 



TABLE 11. (cont inued) 

CB C 

C4C* 

NC* 

CHD* 

C l D *  

CZD* 

CMD 

C3D* 

CAD* 

OBD* 

CBD* 

C GD 

01D 

02D 

CED 

CHA 

C4D* 

ND* 0.01 -0.03 



Tab1 e  12 shows t h e  c o r r e l a t i o n  c o e f f i c i e n t s  between t h e  

ou t  -o f  -p l  ane d i  sp l  acements o f  t h e  22 conjugated atoms ca l  c u l  a ted  f o r  a1 1  

poss ib l e  p a i r s  o f  Bchl s. The s t r i k i n g  r e s u l t  i s  t h a t  some p a i r s  of 

Bchls (e.g. 2  and 3; 4  and 6; 5  and 6) have c o r r e l a t i o n  c o e f f i c i e n t s  

c l o s e  t o  u n i t y ,  i n d i c a t i n g  t h a t  t hey  depar t  from p lanar  i n  v i r t u a l l y  t h e  

same way. There a re  some ins tances  o f  nega t i ve  c o r r e l a t i o n  (e.g. 1 and 

4; 3  and 6)  i n d i c a t i n g  t h a t  these p a i r s  tend t o  depar t  f rom p l a n a r i t y  i n  

oppos i te  d i r e c t i o n s ,  bu t  these c o r r e l a t i o n s  are l e s s  s t r i k i n g  than t he  

p o s i t i v e  ones. Taken together ,  t h e  e n t r i e s  i n  Table 12 show c l e a r l y  

t h a t  Bchl s  1, 2  and 3  c o r r e l a t e  s t r o n g l y  w i t h  each o the r  and t he re fo re  

depar t  f rom p l a n a r i t y  i n  t h e  same way. We c a l l  t h i s  Class I. 

S i m i l a r l y ,  Bchls 4, 5, 6  and 7  form a  second d i s t i n c t ,  h i g h l y  c o r r e l a t e d  

s e t  (Class 11). There i s  l i t t l e  i f  any (perhaps s l i g h t l y  nega t i ve )  co r -  

r e l a t i o n  between t he  1, 2, 3  s e t  and t h e  4, 5, 6, 7 set .  As a  f u r t h e r  

t e s t  we have i nc l uded  i n  Table 12 t h e  c o r r e l a t i o n s  between Bchl s  1-7 and 

t h e  corresponding 22 atoms i n  t h e  s t r u c t u r e  o f  e t h y l c h l o r o p h y l l i d e  (Chow 

e t .  a1 . , 1975; Kratky & Dunitz,  1975). C lea r l y ,  t h e  non-p lanar i  t y  of - - 
e t h y l c h l o r o p h y l l i d e  corresponds t o  t h e  Bchl 4, 5, 6, 7 c l ass  and n o t  t o  

t h e  Bchl 1, 2, 3 c lass.  The h i g h  p o s i t i v e  c o r r e l a t i o n s  between t h e  

non -p lana r i t y  o f  e t h y l c h l o r o p h y l l i d e  and Bchls 4, 5  and 6, i n  

p a r t i c u l a r ,  con f i rm  t h a t  these d e v i a t i o n s  are p h y s i c a l l y  meaningful  . I n  

p a r t i c u l a r ,  t h e  dev ia t i ons  cannot be a t t r i b u t e d  t o  t h e  r e s t r a i n t s  t h a t  

were p laced on t h e  Bchl head-groups du r i ng  re f inement  s ince  no such 

r e s t r a i n t s  were a p p l i e d  t o  e t h y l  c h l  o r o p h y l l  i de .  

F i gu re  12 i l l u s t r a t e s  t h e  ou t -o f -p lane  d is tances  averaged over  t h e  

Class I and Class I 1  Bchl s. With t h e  excep t ion  o f  t h e  ke to  group, t h e  



TABLE 12. Co r re l a t i ons  Between Non-pl a n a r i t y  of t he  Conjugated Bchl 
Macrocycl es 

Class I Class I1 

Class I 

Class I1 

4 

5 

6 

7 

E.C. 

( a ) ~ . ~ .  i s  e t h y l c h l o r o p h i l l  i d e  ; coord ina tes  from Kratky & Duni t z  (1975). 



FIGURE 12. Schematic Drawing I 1  1 u s t r a t i  ng the  Out-of -P l  ane Distances of 
t he  Atoms i n  t h e  Conjugated Ch lor in  System 

The Bchls are i n  the  same alignment as i n  F igure 9 and t h e  numbers 
g i v e  t h e  out-of-plane d is tances i n  1/100ths o f  an angstrom un i t .  (a) 
Average distances f o r  conjugated atoms i n  Bchl s 1, 2 and 3. (b) Average 
d is tances f o r  conjugated atoms i n  Bchl s 4, 5, 6 and 7. 



Class I deformation appears t o  be, i n  l a r g e  par t ,  a bending o r  curvature 

of the  conjugated atoms about a l i n e  through atoms C1B and C1D. For t he  

Class I 1  Bchls the re  a1 so seems t o  be o v e r a l l  bending o r  curvature of 

t he  conjugated macrocycle, i n  t h i s  case through a l i n e  connecting atoms 

C4A and C4C. F igure 13 shows the  Class I and Class I 1  Bchls 

superimposed i n  stereo. 

Phytol Conformations 

The phy ty l  chains o f  the seven Bchls and t h e i r  i n t e r a c t i o n s  w i t h  

the  Bchl p r o t e i n  p rov ide  a model f o r  1 i p i  d -pro te i  n i n te rac t i ons .  

Inspect ion o f  t h e  phy to l  s and t h e i  r environments suggests the  f o l  1 owing 

general features (see Matthews, 1982 f o r  a more d e t a i l e d  d iscussion)  . 
L i p i d  Conformations Are We1 1 -Defined But I r r e g u l a r  

I n  con t ras t  t o  t he  f l u i d - l i k e  f l e x i b i l i t y  envisaged f o r  l i p i d s  i n  a 

b i l a y e r ,  the  phy ty l  chains i n  t he  Bchl p r o t e i n  occupy we l l -de f ined 

pos i t i ons  i n  space w i t h  thermal f a c t o r s  comparable t o  the  surrounding 

pro te in .  I n  some cases the hydrocarbon chains are q u i t e  extended but  

they are not  i n  i d e a l i z e d  a l l  - t rans  conformations. I n  t h i s  respect t he  

Bchl phy to ls  a l so  d i f f e r  markedly t o  c r y s t a l  s t ruc tu res  of i s o l a t e d  

l i p i d s  i n  which very regu lar  extended conformations are the  r u l e  

(Pascher, 1976; Pascher & Sondell, 1977; Pearson & Pascher, 1979). 

L i p i d  T a i l s  P re fe r  Para1 1 e l  I n t e r a c t i o n s  

I n  a membrane b i l a y e r ,  the amphipathic na ture  o f  membrane l i p i d s  

r e s u l t s  i n  t he  we1 1 -known b i  1 ayer s t r u c t u r e  w i t h  po la r  head-groups a t  



FIGURE 13. Superimposed Stereo Drawings of the "Class I" and "Class 11" 
Bchl Head Groups 

(a )  Bchl s 1, 2 and 3 (Class I). ( b )  Bchl s 4, 5, 6 and 7 (Class 
11). 



t h e  sur face  and non-polar t a i l s  below t h e  surface, i n t e r a c t i n g  w i t h  each 

o ther .  Because o f  these c o n s t r a i n t s  t h e  l i p i d  t a i l s  are f o r ced  t o  l i e  

more o r  l e s s  p a r a l l e l  w i t h  each other .  I n  t he  Bchl p r o t e i n ,  t h e  

c o n s t r a i n t s  on t he  phy to l  pack ing i s  very d i f f e r e n t  t o  t h a t  i n  a  

membrane b i  1  ayer, bu t  where t he  hydrocarbon t a i  1  s  do i n t e r a c t  they  

c l e a r l y  p r e f e r  t o  do so i n  a  p a r a l l e l  manner. There a re  seven cases 

where two phy t y l  cha ins from d i f f e r e n t  Bchls remain i n  con tac t  f o r  f i v e  

o r  more cont iguous carbon atoms and i n  s i x  o f  t h e  seven cases t h e  phy t y l  

cha ins run i n  t h e  same sense. The e s t e r  l i n k a g e  t o  t h e  c h l o r i n  

head-group g ives each phy to l  a  d i s t i n c t  p o l a r i t y ,  and, i n  add i t i on ,  t h e  

asymmetric cen te rs  a t  PC8 and PC13 a1 so imp l y  p o l a r i t y  w i t h i n  t he  phy t y l  

cha in  i t s e l f .  Perhaps t h i s  i nhe ren t  asymmetry f avo rs  pa ra l  1  e l  r a t h e r  

than  a n t i  pa ra l  1  e l  pack ing o f  t h e  hydrocarbon chai  ns. 

Bends Occur A t  S u b s t i t u t e d  P o s i t i o n s  

The i n d i v i d u a l  p h y t y l  cha ins have unique conformat ions and o f t e n  

make sharp bends. When such bends occur they  a re  i n v a r i a b l y  a t ,  o r  

ad jacen t  to ,  s u b s t i t u t e d  p o s i t i o n s  ( i n c l u d i n g  CAA and CBA, between t h e  

c h l o r i n  r i n g  and t he  phy to l  e s t e r  l i n kage ) .  Th is  i s  n o t  t o  suggest t h a t  

t h e  hydrocarbon chains a re  f u l l y  extended except a t  o r  near  s u b s t i t u t e d  

p o s i t i o n s .  Rather, t h e r e  a r e  l o c a l  depar tures f rom t h e  a l l - t r a n s  

conformat ion bu t  gross changes i n  d i r e c t i o n  occur a t  o r  near t he  s i t e s  

o f  s u b s t i t u t i o n .  



L i  p id -L i  p i  d  I n te rac t i ons  Do Not Dominate Over L i  p id -Pro te i  n I n te rac t i ons  

Although there  are extensive i n t e r a c t i o n s  between the  phy ty l  chains 

o f  neighboring Bchl s, these i n t e r a c t i o n s  do not  dominate over i n t e r a c -  

t i o n s  between the phy to ls  and the  surrounding pro te in .  Inspect ion of 

the  s t r u c t u r e  suggests t h a t  there  i s  roughly the  same contact area 

occupied i n  phyto l  -phytol  , phyto l  -chl o r i  n  and phyto l  -p ro te in  

i n te rac t i ons .  



CHAPTER V 

CRYSTALLOGRAPHIC STRUCTURAL ANALYSIS OF PHOSPHORAMIDATES AS INHIBITORS 

Ttl 

AND TRANSITION STATE ANALOGS OF THERMOLYSIN 

Abstract  

e mode o f  b ind ing  t o  thermolys in o f  the  unsubst i tu t  

phosphoramidate i n h i b i t o r  N-phosphoryl -L- leuci - nami de (P-Leu-NH2) has - 
been determi ned c r y s t a l  1 ographical  l y  and r e f i n e d  a t  h igh  resol  u t i o n  (R = 

17.9% t o  1.68 reso lu t i on ) .  The mode o f  b ind ing  o f  t he  n a t u r a l l y  

occur r ing  thermol y s i  n i n h i b i t o r  phosphorami don repor ted p rev ious l y  

(Weaver -- e t  a1 . , 1977) has a1 so been confirmed by c r y s t a l  1 ographi c 

ref inement (R = 17.4% t o  2.38 reso lu t i on ) .  Phosphoramidon binds t o  the  

enzyme w i t h  a s i n g l e  oxygen o f  the  phosphoramidate moiety as a z inc  

1 igand. Together w i t h  th ree  l igands t o  the  metal from the  p r o t e i n  the  

r e s u l t a n t  complex has approximately t e t rahedra l  geometry. However, i n  

t he  case of P-Leu-NH two o f  t he  phosphoramidate oxygens i n t e r a c t  w i t h  
2' 

the  z inc t o  form a complex t h a t  tends towards pentacoordinate. I n  t h i s  

respect, P-Leu-NH2 appears t o  be a b e t t e r  t r a n s i t i o n  s t a t e  analog than 

i s  phosphorami don. I n  add i t ion ,  t he  phosphorous-ni t rogen bond l eng th  i n  

P-Leu-NH2 i s  1.88, suggest ing t h a t  the  n i t rogen i s  protonated whereas 

the  same bond i n  phosphoramidon i s  much sho r te r  (1.58) suggest ing t h a t  

t he  n i t rogen  does not  ca r r y  a charge. I n  phosphoramidon t h e  d is tance 

from the  phosphoramide n i t rogen  t o  Glu 143 i s  3.98 whereas i n  P-Leu-NH2 



t h i s  d is tance  decreases t o  3.48. Taken toge ther ,  these observat ions 

p rov ide  a d d i t i o n a l  evidence i n  support  o f  t he  p a r t i c i p a t i o n  o f  

pentacoord inate in te rmed ia tes  i n  t h e  mechanism o f  a c t i o n  o f  thermo lys in  

(Holmes & Matthews, 1981) and t h e  r o l e  o f  Glu 143 i n  f i r s t  promoting t h e  

a t t a c k  o f  a  water molecule on t h e  carbonyl  carbon o f  t h e  s c i s s i l e  bond 

and subsequent ly a c t i n g  as a  "p ro ton  s h u t t l e n  t o  t r a n s f e r  t h e  p ro ton  t o  

t h e  l e a v i n g  n i t r o g e n  (Monzingo & Matthews, 1984; Hangauer -- e t  a1 ., 1984). 

I n t r o d u c t i o n  

Thermolysi n  [EC 3.4.24.41 i s  a  thermostabl  e  z i n c  endopeptidase from 

t h e  t he rmoph i l i c  bacter ium B a c i l l u s  thermopro teo ly t i cus .  Al though t h e  

amino a c i d  sequence o f  t he rmo lys i n  i s  no t  r e l a t e d  t o  t h e  sequences of 

o t h e r  z i n c - r e q u i r i n g  pept idases such as carboxypept idase A  and t h e  

ang io tens in  conve r t i ng  enzyme, t h e r e  i s  i n c r e a s i n g  evidence t h a t  t h e  

a c t i v e  s i t e s  o f  these z i n c  enzymes have f ea tu res  i n  common (Kester  & 

Matthews, 1977b; Cushman -- e t  al., 1977; Ondet t i  e t  al., 1977, 1979; Kam -- 
e t  a1 . , 1979; Holmquist & Val ee, 1979; Maycock e t  a1 . , 1981). -- -- 

The s t r u c t u r e  of t he rmo lys i n  i s  known t o  h i g h  r e s o l u t i o n  (Holmes & 

Matthews, 1982) and t h e  modes o f  b i n d i n g  o f  a  v a r i e t y  o f  i n h i b i t o r s  

i n c l u d i n g  d ipep t ides ,  mercaptans, hydroxamates and N-carboxymethyl 

pep t ides  have been determined (e.g. see Holmes & Matthews, 1981; Kester 

& Matthews, 1977a; Monzingo & Matthews, 1983). These s tud ies ,  t oge the r  

w i t h  a  computer g raph ics  a n a l y s i s  o f  t h e  t he rmo lys i n  a c t i v e  s i t e  have 

l e d  t o  a  d e t a i l e d  stereochemical  proposal f o r  t h e  mechanism of a c t i o n  of 

t he rmo lys i  n  (Hangauer -- e t  a1 . , 1984). 



I n  a  prev ious paper we determined t h e  mode o f  b i n d i n g  t o  

thermo lys in  o f  t h e  n a t u r a l l y  o c c u r r i n g  i n h i b i t o r  phosphoramidon (Weaver 

e t  a1 . , 1977). I n  t h e  present  r e p o r t  we present  t h e  r e f i n e d  coord inates -- 
f o r  phosphoramidon and, i n  add i t i on ,  descr ibe  t h e  mode o f  b i n d i n g  t o  

thermo lys i  n  o f  N-phosphoryl -L - leuc i  nami de. The prev ious a n a l y s i s  of - - 
phosphorami don, a  s u b s t i t u t e d  phosphorami date, i n d i c a t e d  t h a t  t h i s  

n a t u r a l l y  o c c u r r i n g  i n h i b i t o r  b inds  t o  thermo lys in  w i t h  monodentate z i nc  

l i g a t i o n  (Weaver -- e t  a1 . , 1977). This r e s u l t  i s  conf i rmed by 

c r y s t a l  1  ~ g r a p h i c  ref inement.  However, t h e  unsubst i  t u t e d  phosphoramidate 

i s  here shown t o  b i nd  t o  t h e  z i n c  w i t h  coo rd ina t i on  t end ing  toward 

b iden ta te ,  i.e. toward t he  coo rd ina t i on  o f  t h e  t r a n s i t i o n  s t a t e  

suggested by t h e  computer g raph ics  ana lys is .  

Phosphorami don (N-(a-L-rhamnopyranosyl - - -oxyhydroxyphosphi n y l  ) -L- - - 

l e u c y l  -L-tryptophan) - - i s  a  n a t u r a l  l y  occu r r i ng  po ten t  i n h i b i t o r  of 

t he rmo lys i n  (KI = 28 nM) (Suda -- e t  a1 ., 1973; Komiyama, 1975). Based on 

t h e  p r i o r  c r y s t a l l o g r a p h i c  a n a l y s i s  i t  was proposed as an analog f o r  t h e  

presumed t e t r a h e d r a l  i n t e rmed ia te  formed d u r i n g  t h e  h y d r o l y s i s  of 

pep t ides  (Weaver -- e t  a1 ., 1977). Also based on t h e  e f f e c t i v e n e s s  of 

phosphoramidon as an i n h i b i t o r  o f  thermo lys i  n, a  s e r i e s  o f  re1 a t e d  phos- 

phoramidates and phosphonamidates have been synthes ized and have proved 

t o  be po ten t  i n h i b i t o r s  n o t  o n l y  o f  thermo lys in ,  b u t  a l s o  o f  o t h e r  z inc  

pept idases i n c l u d i n g  carboxypept idase A and t h e  ang io tens in  conve r t i ng  

enzyme ( B a r t l e t t  & Marl owe, 1983; Gal ardy, 1982; Gal a rdy  -- e t  a1 . , 1983; 

Holmquist  , 1977; Holmqui s t  & Val l e e ,  1979; Jacobsen & B a r t l e t t ,  1981; 

Kam -- e t  a1 . , 1979; Komiyama e t  a1 . , 1975; N i  s h i  no & Powers, 1979; -- 



Thorsett  -- e t  a1 . , 1982). These s tud ies  c l e a r l y  show the  importance o f  

t he  te t rahedra l  N-phosphoryl moiety i n  t he  b ind ing  o f  these i n h i b i t o r s .  

For example, the  simp1 e phosphorami date N-phosphoryl -L-1 euci  nami de - - 
(P-Leu-NH2) i s  an exce l l en t  i n h i b i t o r  of thermolys in (KI = 1.3 I IM) (Kam 

e t  a1 . , 1979). I n  general, t he  add i t i on  o f  subs t i tuents  t o  the  phos- -- 
phoramidate group tends t o  decrease the  e f fec t iveness  o f  the  i n h i b i t o r .  

Methyl a t ion ,  f o r  example, as i n  - 0-methyl -phosphoryl -Leu-NH2 weakens the 

b i  nd i  ng by about 100-fol d re1 a t i  ve t o  P-Leu-NH and 0-methyl -0- 
2 ' 

phenyl phosphoryl -Leu-NH does not  i n h i  b i t  thermolys in (Kam e t  a1 . , 
2 -- 

1979). L i  kewi se, removal o f  the  rhamnose from phosphorami don i t s e l  f 

r e s u l t s  i n  a s l i g h t l y  t i g h t e r - b i n d i n g  i n h i b i t o r  (Kam -- e t  al., 1979; 

Komiyama -- e t  a1 . , 1975). Recently, B a r t l e t t  and Marlowe (1983) have 

synthesi  zed a ser ies  o f  s i x  phosphorous-contai n i  ng pept i  de analogs and 

prov ided evidence t h a t  these phosphonamidate i n h i b i t o r s  o f  thermolys in 

are t r a n s i t i o n  s t a t e  analogs and not  j u s t  mu l t i - subs t ra te  ground s t a t e  

anal ogs. 

If, indeed, phosphorami dates and phosphonami dates can be considered 

as t r a n s i t i o n  s t a t e  analogs, then i t  i s  o f  i n t e r e s t  t o  determine t h e i r  

geometry o f  b ind ing  as p r e c i s e l y  as possible. I n  t h i s  paper we present 

t h e  h igh  resol  u t i o n  c r y s t a l  l og raph i  c ana lys is  o f  t he  b ind ing  t o  thermo- 

l y s i n  o f  the  unsubst i tu ted  phosphoramidate N-phosphoryl-L-leucinamide - - 
(P-Leu-NH2) (a k i n d  g i f t  o f  Dr. J.C. Powers). Subsequent repo r t s  w i l l  

descr ibe the modes o f  b ind ing  o f  add i t i ona l  phosphorous-contai n i  ng 

pept ide  and es te r  analogues developed by P.A. B a r t l e t t  and coworkers 

( c f .  B a r t l e t t  & Marl owe, 1983). 



Mater i  a1 s  and Methods 

Thermolysi n  , obta ined from Cal b i  ochem, was c r y s t a l  1  i zed as 

descr ibed  by Holmes and Matthews (1982). Na t i ve  c r y s t a l s  were 

e q u i l  i b r i a t e d  w i t h  a  mother l i q u o r  c o n t a i n i n g  0.01 M ca lc ium acetate,  

0.01 M T r i  s-acetate,  7% d imethy l  su l  f o x i d e  (V/V) , pH 7.2. P-Leu-NH2 was 

d i sso l ved  i n  t he  mother l i q u o r  and then added t o  a  v i a l  con ta in i ng  

n a t i v e  c r y s t a l s .  B ind ing of t h e  i n h i b i t o r  t o  c r y s t a l l i n e  thermo lys in  

was moni tored by c a l c u l a t i n g  (hog) d i f f e r e n c e  Fou r i e r  p r o j e c t i o n s  from 

precess ion photographs ( c f .  Weaver -- e t  a1 . , 1977). 

One c r y s t a l  soaked f o r  18 days w i t h  4 x  M  P-Leu-NH2 was used 

f o r  three-dimensi  onal data c o l l  e c t i  on. Data were measured t o  1.68 

reso l  u t i  on us ing  osc i  11 a t i  on photography (Rossmann, 1979; Schmi d  -- e t  a1 . , 
1981). An o s c i l l a t i o n  angle o f  1.2" per  f i l m  pack was used and t h e  

c r y s t a l ,  space group P6 22, was r o t a t e d  about t h e  c  a x i s  through a  ne t  
1 - 

r o t a t i o n  o f  30". Approximately ha1 f t h e  data s e t  were c o l l e c t e d  by 

exposing one end of t he  c r y s t a l  (a l ong  hexagonal rod) .  The c r y s t a l  was 

then t r a n s l a t e d  a long t h e  s p i n d l e  a x i s  t o  t h e  o t h e r  end, and t h e  

remainder o f  t h e  data were co l l ec ted .  The X-ray source was a  g r a p h i t e -  

monochromatized E l l i o t  GX-21 r o t a t i n g  anode generator  operated a t  39 kV, 

130 mA, and t h e  exposure t ime  was 6 hours per  f i l m  pack. Three f i l m s  

were used i n  each pack. I n t e n s i t y  s t a t i s t i c s  a re  summarized i n  Table 13. 

Model -Bui 1  d i n g  o f  P-Leu-NH2 Bound t o  Thermolysi n  

A  d i  f ference e l e c t r o n  d e n s i t y  map was c a l c u l a t e d  w i t h  amp1 i tudes  

(Fcompl ex - F ~ a t  ) and w i t h  phases c a l c u l a t e d  from t h e  r e f i n e d  n a t i v e  



TABLE 13. I n t e n s i t y  S t a t i s t i c s  f o r  P-Leu-NH2 

Average R (a) 
sym 
(a) Average Rsca 

,(a 
merge 

Average isomorphous d i f fe rence  (%) 

Independent r e f 1  e c t i  ons 31,621 

( a ) ~  = P I I-T I Z I .  Rsym measures t h e  agreement between 
symmetry-re1 a ted  r e f l  e c t i o n s  on t h e  same f i l m ,  Rsca 
measures t h e  agreement between r e f l  e c t i o n s  recorded on 
success ive f i l m s  i n  a g iven  f i l m  pack and herge gives  
t h e  o v e r a l l  agreement between i n t e n s i t i e s  measured on 
d i f f e r e n t  f i lms .  



s t r u c t u r e  (Holmes & Matthews, 1982). The l a r g e s t  peak o f  t he  map was 

c lose t o  t he  z inc  i o n  and was presumed t o  represent t he  dens i ty  of t h e  

phosphorous atom o f  t he  i n h i  b i t o r  (Fig. 14). The he igh t  o f  t h i s  peak i s  

270 where a  i s  t h e  root-mean-square dens i t y  o f  the  d i f f e r e n c e  map 

through t h e  u n i t  c e l l  . For d e t a i l e d  model bu i l d i ng ,  an e lec t ron  dens i t y  

map (Fig. 15) was ca l cu la ted  w i t h  amp1 i t udes  o f  t he  form 

- 
(2F~ompl ex F ~ a t .  ,cal c  

), the  n a t i v e  s t r u c t u r e  fac to rs  and phases being 

cal  cu l  a ted  from the  r e f i n e d  n a t i v e  coord i  nates w i t h  a c t i  ve s i t e  water 

molecules removed (c.f. Holmes & Matthews, 1981). 

Refinement o f  the  Thermol y s i  n  : P-Leu-NH2 Compl ex 

The atomi c  coordinates o f  t he  thermol y s i  n  : P-Leu-NH compl ex, 
2  

i n c l u d i n g  bound water molecules, were p a r t i a l l y  r e f i n e d  us ing the  energy 

min imiza t ion  and c r y s t a l  l og raph i c  ref inement  program of Jack and Levi tt 

(1971), mod i f ied  by J. Deisenhofer and by D.H. Ohlendorf. The r e f i n e -  

ment was completed us ing a  res t ra ined  l e a s t  squares method developed i n  

t h i s  l a b o r a t o r y  by D.E.T. and L.F. Ten Eyck (see Chapter 111). The 

ref inement package ("TNT") i s  both general and f l e x i b l e  and can r e a d i l y  

accommodate the  "non-standard" geometry o f  t h i s  i n h i b i t o r .  The f i n a l  

c r y s t a l  1  ographi c  R-val ue was 17.9% t o  1.68 reso l  u t i  on. Ref ined 

coord inates o f  t h e  i n h i b i t o r ,  l i s t e d  i n  Table 14, have an est imated 

u n c e r t a i n t y  o f  no t  more than 0.158 ( c f .  Holmes & Matthews, 1982). 

Refinement s t a t i s t i c s  are summarized i n  Table 15. The dev ia t i ons  from 

" i dea l  " geometry f o r  the  r e f i n e d  p r o t e i  n - i n h i  b i  t o r  complex and t h e  

i n h i b i t o r  a lone are shown i n  Table 16. 



FIGURE 14. Section o f  Di f ference Map Cutt ing Through the Bound 
I n  h i  b i  t o r  o f  P-Leu -NH2 

Section z = -0.05 o f  the 1.9A reso lu t ion  electron density 
d i f fe rence map w i th  amp1 i tudes (F - F ) and phases 
calculated from the re f ined na t i  ~ & ~ ! e f 6 ~ t ~ r e ! ~ ~ f d ~ ~ 8 ~ r s  are drawn a t  
i n te rva ls  of 2.h, w i th  pos i t i ve  contours drawn s o l i d  and negative 
contours broken. Protein and i n h i b i t o r  atoms l y i n g  close t o  t h i s  
section are included; oxygen atoms are drawn sol i d ,  n i t rogen ha1 f sol  i d  
and carbon as open c i rc les .  Inh i  b i t o r  bonds and prote in  backbone bonds 
are drawn sol i d .  



FIGURE 15. Stereo Drawing o f  D i f fe rence Map f o r  I n h i b i t o r  P-Leu-NH2 

Di f ference e lec t ron  dens i t y  map, r e s o l u t i o n  1.9A, w i t h  c o e f f i c i e n t s  
( F C p p l e x  - FNat. ,talc) superimposed on the  model f o r  the  bound 
i n h i b i t o r  (shown w i t h  t h i c k  bonds). The d i r e c t i o n  o f  view i s  
approximately the same as i n  F igure  16. The na t i ve  amplitudes and 
phases were cal cu l  ated from t h e  r e f i n e d  n a t i v e  s t ruc tu re  w i t h  
a c t i  ve-si  t e  sol vent mol ecul  es removed. I n  several cases t h e  p r o t e i n  
atoms extend beyond the volume o f  contoured e lec t ron  density.  



TABLE 14. P-Leu-NH2 Coordinates 

CD2 52.9 18.2 0.0 

C A 52.8 18.3 -3.7 

C 53.7 17.0 -4.0 

0 54.9 17.1 -3.9 

NH 2 53.0 15.9 -4.3 

Sol 1 : 0362 49.9 21.2 -8.0 

Coordinates are i n  Angstroms i n  t h e  standard orthogonal thermolys in  
coord ina te  system (Weaver e t  a1 ., 1974). B i s  t h e  c r y s t a l l o g r a p h i c  -- 
thermal parameter i n  A*. 



TABLE 15. Ref inement S ta t  i s t i c s  f o r  Thermolysin : I n h i b i t o r  Comp 

103 

1 exes 

P-Leu -NH2 Phosphorami don 

Resol u t i  on 1.68 

I n i  t i  a1 R- factor  23.3% 

F ina l  R- fac to r  17.9% 

Number o f  cyc les  21  

Number o f  r e f l e c t i o n s  used 31,416 

Number o f  atoms 2,618 



TABLE 16. Weighted Deviat ions From " Ideal  " Geometry f o r  Refined 
Thermolysi n : I n h i b i t o r  Complexes 

P-Leu -NH2 Phosphorami don 

Bond l eng th  

Bond angle 

P l a n a r i t y  ( t r i  gonal ) 

Pl anar i  t y  (o ther  p l  anes) 

Fbns dev ia t i on  Rms devi a t i  on 

0.0238 0.0228 

3.6' 2. 9' 

0.0188 0.0268 

0.0188 0.0168 



Refi  nement o f  t he  Thermol y s i  n  : Phosphoramidon Compl ex 

The p rev ious l y  repor ted  s t r u c t u r e  of t he  complex o f  phosphoramidon 

w i t h  thermolys i  n  was based on stereochemi ca l  l y  i dea l  i zed, bu t  otherwise 

u n r e f i  ned coord inates (Weaver -- e t  a1 . , 1977). With these coordi  nates as 

a s t a r t i n g  po in t ,  t he  complex was r e f i n e d  w i t h  t he  "THT" package t o  a 

c r y s t a l  1  ographic R-val ue o f  17.4% a t  a nominal reso lu t i on  of 2.38 

(Tab1 es 15, 16). The r e f  i ned coord inates fo r  phosphorami don are g i  ven 

17; t h e i r  est imated accuracy i s  about 0.258. i n  Table 

Du r 

s l i g h t l y  

t he  b ind  

1977) i s  

Bi nd i  ng of Phosphorami don 

i n g  ref inement,  t he  phosphoramidon coord inates changed on l y  

( r o o t  -mean -square sh i  f t  o f  0.258). The previous descr i  p t i  on of 

i n g  o f  t h i s  i n h i b i t o r  t o  c r y s t a l l i n e  thermolys in (Weaver -- e t  a1 ., 
t h e r e f o r e  conf i rmed by the  ref inement  . Detai 1  s  o f  t he  i n t e r a c -  

ti ons between phosphoramidon and thermolys i  n  , based on the  r e f i n e d  

coordinates, a re  i n c l  uded i n  Tables 18 and 19. Ref ined coord inates f o r  

both t he  thermolys i  n  :phosphorami don compl ex and the  P-Leu-NH2 compl ex 

have been deposi ted i n  t he  Brookhaven Data Bank (Bernste in -- e t  a1 ., 1977). 

B inding o f  P-Leu-NH2 

The observed b ind ing  of P-Leu-NH2 t o  thermolys in  i s  shown i n  F igure 

16. The z i n c  i s  coord inated by one phosphoryl oxygen (Pol )  of t h e  

i n h i b i t o r  a t  a  d is tance o f  2.18. A second phosphoryl oxygen (P02) i s  



TABLE 17. Phosphorami don Coordinates 

Rhamnose 

C 1 

01 

C 2 

0 2 

C3 

03 

C 4 

04 

C5 

05 

C6 

Phosohorami de 

P 

PO1 

PO2 

N 

Leuci ne 

C A 

C 

0 



TABLE 17. (cont inued) 

Tryptophan 

N 52.9 

Sol vent molecule 

0 1 49.8 



TABLE 18. Zi nc-Li  gand Geometry 

L i  gand 
Distance i n  Distance i n  
P-Leu -NH2 Compl ex (A) Phorphorami don Compl ex (A) 

His 142 NE2 

His 146 NE2 

Glu 166 OEl 

I n h i b i t o r  PO1 

I n h i b i t o r  PO2 

(Tyr 157) 

L i  gands 
Angle i n  Angle i n  
P-Leu-NH2 Compl ex Phosphorami don Complex 

POI-Zn -NE2 (Hi s 142) 119. 0° 

POI-Zn-NE2 (Hi s 146) 128. 0° 

POI-Zn-OE1 (Gl u 166) 92.4" 



Table 19. Selected Thermolys in- Inh i  b i  t o r  Distances (a 

Dis tance i n  Dis tance i n  
P ro te i  n I n h i b i t o r  P-Leu-NH2 Compl ex Phosphorami don Complex 

Tyr 157 OH 

Tyr 157 OH 

Glu 166 OEl(Zn) 

His  231 NE2 

His 142 NE2(Zn) 

His 146 NE2(Zn) 

Glu 143 OEl 

Glu 143 OE2 

Asn 112 OD1 

Ala 113 0 

G l  u 143 OE2 

His  231 NE2 

Arg 203 NH1 

Arg 203 NH2 

Asn 112 OD1 

His 231 NE2 

Asn 112 ND2 

Ala 111 0 

0 5 

PO1 

PO1 

PO 1 

PO2 

PO2 

PO2 

PO 2 

Leu N 

Leu N 

Leu N 

Leu N 

Leu 0 

Leu 0 

Amide o r  Trp N 

Amide o r  Trp N 

Trp 0 

Trp NE1 



TABLE 19. (cont inued)  

Dis tance t o  s o l  ven t  mol ecu l  e 

Trp 115 N 2.9(H) 2.9(H) 

G l  u 143 O E l  3.3 3.2(H) 

PO2 2.7(H) 2.5(H) 

PO 3 3.1(H) 3.5 

( a ) ( ~ )  i n d i c a t e s  a presumed hydrogen bond; (Zn) i n d i c a t e s  a z i n c  l i gand .  



FIGURE 16. Model f o r  P-Leu-NH2 Shown i n  the Extended Therrnolysin Active 
S i te  

The i n h i  b i t o r  and the main-chain o f  the p ro te i n  are drawn w i t h  
sol i d  bonds ; p ro te i n  s ide chains are drawn w i t h  open bonds. Apparent 
hydrogen bonds between the  i n h i b i t o r  and the p ro te i n  are shown as dot ted 
l ines.  



2.88 from the  zinc, and can be considered as a weak l igand.  The 

i n te ra tom ic  d is tances between z inc  and a l l  o f  i t s  l i gands  are l i s t e d  i n  

Table 18. The l eucy l  s i de  chain o f  t he  i n h i b i t o r  i s  nes t l ed  i n  the  

hydrophobic s p e c i f i c i t y  pocket as has been observed w i t h  a l l  good 

thermolys in i n h i b i t o r s  (e.g. see Holmes & Matthews, 1981; Monzingo & 

Matthews, 1983; Weaver -- e t  a1 . , 1977). 

A1 1 c lose  i n te ra tom ic  contacts  between t h e  p r o t e i n  and the  

i n h i b i t o r  are inc luded i n  Table 19. I n  a d d i t i o n  t o  i t s  coord ina t ion  t o  

t he  z inc,  PO1 i s  2.88, from t h e  NE2 atom o f  His 231 and PO2 i s  w i t h i n  

hydrogen bonding d is tance o f  both t h e  carboxy la te  oxygens o f  Glu 143. 

The p o t e n t i a l  s i g n i f i c a n c e  o f  these and o ther  i n t e r a c t i o n s  i n  t he  

v i c i n i t y  o f  t he  z inc  are discussed i n  more d e t a i l  i n  t h e  next  sect ion.  

As seen w i t h  o ther  thermolys in  i n h i b i t o r s ,  t he  carbonyl oxygen o f  t he  R '  
1 

res idue i s  w i t h i n  hydrogen-bonding d is tance o f  both t h e  NH1 atom (2.98) 

and t h e  NH2 atom (2.88) o f  Arg 203. 

Di scussi  on 

The c r y s t a l  1  ographic  r e f i  nement o f  the  thermolys in  :phosphoramidon 

complex conf i rms t h e  descr i  p t i  on o f  t h i  s  s t r u c t u r e  g iven p rev i  ous ly  

(Weaver -- e t  a1 . , 1977). I n  general terms, t h e  s t r u c t u r e  o f  t he  complex 

o f  thermolys i  n  w i t h  P-Leu-NH2 resembl es t h a t  w i t h  phosphorami don, 

a1 though the re  are s i g n i f i c a n t  d i f fe rences .  For comparison, t h e  

s t r u c t u r e s  o f  P-Leu-NH2 and phosphorami don are shown superimposed i n  

t h e  thermolys in  a c t i v e  s i t e  (Fig. 17). The respec t i ve  l o c a t i o n s  of the  

l eucy l  s ide  chains i n  t he  ~i s p e c i f i c i t y  pocket a re  s i m i l a r  as a re  t h e  



FIGURE 17. Comparison o f  Binding of P-Leu-NH2 and Phosphoramidon 

Superposi ti on of P-Leu-NH2 (sol  i d bonds) on phosphorami don (open 
bonds) bound w i t h i n  the  thermolysin a c t i v e  s i t e .  



t h e  hydrogen bonds between the  R i  carbonyl oxygen and Arg 203, and the  

R; amino n i t r ogen  and the  carbonyl oxygen o f  A1 a 113. These I n t e r a c -  

t i o n s  are a l l  c h a r a c t e r i s t i c  o f  a v a r i e t y  o f  i n h i b i t o r s  o f  thermolys in  

(e.g. see Holmes & Matthews, 1981; Kester & Matthews, l977a). However, 

t h e  two i n h i b i t o r s  d i f f e r  s i g n i f i c a n t l y  i n  t he  placement of t h e i r  

phosphoramidate groups. I n  P-Leu-NH the  phosphoramidate oxygens are 
2' 

r o t a t e d  by about 25' re1 a t i v e  t o  phosphoramidon (Fig. 17). The n i t r ogen  

of t h e  phosphoramidate a l so  d i f f e r s  by about 0.98 i n  t h e  two i n h i b i t o r s .  

We prev ious ly  suggested t h a t  t he  te t rahed ra l  phosphoramidate group 

i s  an analog f o r  t h e  te t rahed ra l  in te rmed ia te  formed by the  presumptive 

a t t a c k  o f  a water molecule o r  hydroxide i o n  on the  carbonyl carbon of 

t he  s c i s s i l e  bond (Weaver -- e t  a1 ., 1977). It was subsequently observed 

t h a t  hydroxamic a c i d  i n h i b i t o r s  bound t o  thermolys in w i t h  b iden ta te  z inc  

1 i g a t i o n ,  suggest ing t h a t  in te rmed ia tes  w i t h  o v e r a l l  f i v e - f o l d  z i nc  

coo rd ina t i on  might occur dur ing  c a t a l y s i s  (Holmes & Matthews, 1981. 

Independently, Kunugi -- e t  a1 . (1982) argued f o r  f i v e - f o l d  z i nc  

coord i  na t i on  based on t h e  pH and temperature dependence of thermolys i  n 

c a t a l y s i s .  There i s  a1 so spectroscopic  evidence f o r  pentacoordi  na te  

in termediates i n  t he  case o f  carboxypeptidase A (Kuo & Makinen, 1982). 

I n  a recent  ana lys is ,  t h e  mode o f  b ind ing  t o  thermolys in  o f  an 

N-carboxymethyl d i  pep t ide  i n h i  b i t o r  was determined c r y s t a l  l og raph i ca l  l y  

(Monzingo & Matthews, 1983). This i n h i  b i t o r  was shown t o  b i n d  w i t h  t he  

carboxyl  o f  t he  N-carboxymethyl group forming a b iden ta te  complex w i t h  

t h e  z inc  ( t o  g i ve  o v e r a l l  5 - f o ld  coo rd ina t i on )  and t h e  n i t r o g e n  o f  t h e  

N-carboxymethyl group c lose  t o  Glu 143. Based on t h e  above f i n d i n g s  a 



computer graphics ana l ys i  s  was used t o  devel op a de ta i  1  ed stereochemi c a l  

proposal f o r  t h e  mechanism o f  a c t i o n  o f  thermo lys in  (Hangauer -- e t  al . ,  

1984). The essen t i a l  fea tu res  o f  t h e  mechanism are as f o l l o w s :  Na t i ve  

thermo lys in  has a s i n g l e  water molecule 1 iganded t o  t h e  z inc.  Together 

w i t h  t h r e e  l i gands  from the  p r o t e i n ,  t h e  z i nc  coo rd ina t i on  i s  

e s s e n t i a l l y  t e t r a h e d r a l .  As a pep t i de  subs t ra te  binds, t h e  carbonyl  

carbon forms a f i f t h  z i n c  l i g a n d  and d isp laces  t h e  bound water molecule 

towards Glu 143. The water molecule,  a c t i v a t e d  by t h e  combined 

i n f l u e n c e  o f  Glu 143 and t he  metal ,  a t t acks  t he  carbonyl  carbon o f  t h e  

subs t ra te  forming a t e t r a h e d r a l  t r a n s i t i o n  s t a t e  i n te rmed ia te  i n  which 

two o f  t h e  oxygens a re  l i ganded t o  t h e  zinc.  The proton,  accepted by 

Glu 143 from t h e  a t t a c k i n g  water  molecule,  i s  s h u t t l e d  t o  t h e  l e a v i n g  

n i t r ogen ,  l e a d i n g  t o  cleavage o f  t h e  s c i s s i l e  bond and displacement of 

products  (Hangauer -- e t  a1 . , 1983; Monzi ngo & Matthews, 1983). I n  such a 

mechanism Glu 143 performs t h e  dual r o l e  o f  a s s i s t i n g  t h e  a t t a c k  o f  t h e  

water  molecule on t h e  carbonyl  carbon o f  t he  pep t ide  bond and a l s o  

a c t i n g  as t h e  p ro ton  donor t o  t h e  n i t rogen .  By analogy, w i t h  

t he rmo lys i  n  , a s im i  1  a r  mechanism was proposed f o r  carboxypept idase A 

(Monzingo & Matthews, 1983) and has been s t r o n g l y  supported by t h e  

appl i c a t i  on o f  s i  t e - d i  r e c t e d  mutagenesi s  (Gardel l  -- e t  a1 . , 1985). 

For t h e  c r y s t a l  1  ographi  c  compl ex o f  thermo lys i  n  and phosphorami don, 

t h e  z i n c  l i g a t i o n  was seen t o  be approx imate ly  t e t r a h e d r a l ,  w i t h  a  

s i n g l e  oxygen l i g a n d  donated by t h e  i n h i  b i t o r .  Th is  r e s u l t  i s  conf i rmed 

by t h e  present  re f inement  (Table 17). I n  t h e  case o f  phosphoramidon, 

t h e  a1 ignment o f  t h e  phosphoramidate group i s  cons t ra i ned  by t h e  



presence o f  t he  rhamnose. However, f o r  P-Leu-NH there  are no 
2' 

subs t i t uen ts  (except ing protons)  on Pol, PO2 or  P03, so t h a t  t h i s  group 

can presumably r o t a t e  f r e e l y  t o  a1 low the  th ree  oxygens t o  maximize 

t h e i r  i n t e r a c t i o n s  w i t h  the  enzyme. Therefore the  complex o f  P-Leu-NH 2 

w i t h  thermolys in ought t o  i l l u s t r a t e  t h e  p re fe r red  c o n f i g u r a t i o n  of t he  

f ree phosphorami date group, and the  i n t e r a c t i o n s  t h a t  s tab i  1 i ze i t  . (Of 

course t h i s  need no t  be the  same c o n f i g u r a t i o n  as adopted by a 

( s u b s t i t u t e d )  t e t rahed ra l  in te rmed ia te  dur ing  ca ta lys is . )  

Indeed the  phosphoramidate group o f  P-Leu-NH2 does r o t a t e  

t o  t h a t  i n  phosphoramidon (Fig. 17), and t h i s  motion, coupled w i t h  small 

changes i n  t he  pro te in ,  r e s u l t s  i n  s i g n i f i c a n t  d i f f e rences  i n  several  of 

t h e  p r o t e i n  : i n h i b i t o r  contacts  (Fig. 18; Table 19). ( I n  comparing the  

two se ts  o f  distances i n  Tab1 es 18 and 19 it should be remembered t h a t  

t he  P-Leu-NH data are t o  h igher  r e s o l u t i o n  (1.68) than phosphoramidon 
2 

( 2 . 3 )  so t h a t  t he  quoted d is tances are more re1 i a b l e  f o r  P-Leu-NH2.) 

I n  P-Leu-NH , oxygen PO2 i s  2.88 from t h e  z inc,  0.68 c l o s e r  than fo r  
2 

phosphoramidon, and can be considered as a weak l igand.  The z inc  

1 i g a t i o n  i s  s u b s t a n t i a l l y  d i s t o r t e d  from te t rahed ra l  (Table 18) and 

tends toward pentacoordinate, a l though no t  t o  t he  ex ten t  seen fo r  

hydroxamates (Holmes & Matthews, 1981) and f o r  t he  N-carboxymethyl 

i n h i b i t o r  descr ibed by Monzingo and Matthews (1983). For P-Leu-NH 2' 

oxygen PO2 remains w i t h i n  hydrogen bonding d is tance of Glu 143, as i n  

phosphoramidon, bu t  seems t o  be b e t t e r  placed t o  hydrogen bond t o  

e i t h e r ,  o r  both, o f  the  carboxy la te  oxygens. Oxygen PO1 i s  t he  

p r i n c i p a l  z inc  l i g a n d  f o r  both i n h i b i t o r s ,  and, i n  t h e  case o f  



le i 
3.Z---)? I 

Tyr -OH----c 
157 ,' 2.8, \ 

H' ?/ a. 
-N / 

FIGURE 18. Simp1 i f i e d  Sketch Showing the Apparent Interact ions Between 
Two Phosphorami date I n  h i  b i  t o r s  and Thermol y s i  n  

Presumed hydrogen bonds and in te rac t ions  w i th  the zinc are drawn as 
broken l i nes ,  other close approaches are drawn as dotted l i n e s  w i t h  the 
distances ind icated i n  parentheses. (a) Interact ions f o r  P-Leu-NH2. 
(b) In teract ions f o r  phosphorami don. 



P-Leu-NH2 a t  l e a s t ,  seems t o  be hydrogen bonded by n i t rogen NE2 of His 

231. For phosphoramidon, t he  NE2-PO1 d is tance o f  3.28 i s  r a t h e r  long 

fo r  a  hydrogen bond, bu t  t he  shor te r  d is tance o f  2.88 observed f o r  

P-Leu-NH2 tends t o  support  such an i n t e r a c t i o n .  

There i s  a l so  a  d i f f e rence  between t h e  probable i o n i z a t i o n  s t a t e  of 

phosphoramidon and P-Leu-NH t h a t  needs t o  be considered (Kam e t  a1 . , 
2 -- 

1979). Phosphoramidon should be i on i zed  a t  neu t ra l  pH w i t h  t h e  nega- 

t i v e l y  charged oxygen thus formed expected t o  coord inate t o  t he  e l e c t r o -  

p o s i t i v e  zinc. However, a t  neut ra l  pH, phosphoramidates are expected t o  

e x i s t  as zwi t t e r i  on i  c  monoani ons, w i t h  t he  n i t r o g e n  protonated and the  

POg group c a r r y i n g  two negat ive charges (Jacobsen & B a r t l e t t ,  1981; Kam 

e t  a1 . , 1979). The c r y s t a l  1  ographi c  ref inement  provides independent -- 
evidence f o r  t h i s  d i f f e r e n c e  i n  protonat ion.  I n  t he  r e f i n e d  

thermolys i  n  :phosphorami don complex, t h e  1 ength o f  t he  phosphorous - 
n i t r ogen  bond i s  1.58 whereas i n  P-Leu-NH2 t h i s  bond l eng th  increases t o  

1.88. The d i f f e r e n c e  i n  l eng th  i s  cons i s ten t  w i t h  a  change from an 

e s s e n t i a l l y  double bond i n  phosphoramidon t o  a  s i n g l e  bond i n  P-Leu-NH2. 

This, i n  t u rn ,  i s  i n d i c a t i v e  o f  a  change from an unprotonated ( t r i g o n a l )  

n i t r o g e n  i n  phosphoramidon t o  a  protonated ( t e t r a h e d r a l )  n i t r ogen  i n  

P-Leu-NH2. ( I n  t h e  respec t ive  c r y s t a l  1  ographic  r e f i  nements t h e  P-N bond 

l e n g t h  was weakly res t ra ined  t o  an "expected" va lue o f  1.788. o f o r  t h e  

P-N bond was made t h r e e  t imes as l a r g e  as f o r  a l l  o ther  bonds. This  

corresponds t o  a  r e l a t i v e  weight of 1/9 i n  t h e  l e a s t  squares 

refinement.) Al though the  est imated e r r o r s  i n  t h e  coord inates o f  t h e  

phosphorous and n i t r o g e n  atoms are about 0.15-0.28, these e r r o r s  are 



co r re l a ted ,  and i t i s  no t  easy t o  es t imate  t h e  l i k e l y  e r r o r  i n  t he  P-N 

bond. For t h i s  reason we c a r r i e d  ou t  severa l  c o n t r o l s  t o  t e s t  whether 

t h e  apparent d i f f e r e n c e  i n  t h e  P-N bond l e n g t h  i n  phosphoramidon and 

P-Leu-NH2 i s  r e a l .  For example, we lengthened t he  P-N bond l e n g t h  i n  

phosphoramidon t o  1.788 and r e - r e f i n e d  t h e  s t r uc tu re .  The bond l e n g t h  

s t i l l  r e v e r t s  back t o  a  va lue c l ose  t o  1.58. 

F igure  18 shows poss ib l e  resonance s t r u c t u r e s  f o r  phosphoramidon 

and P-Leu-NH complexed t o  thermolys in .  A1 though t h e  pH o f  t h e  
2  

thermo lys in  c r y s t a l s  i s  7.2 we have never the less  drawn Glu 143 i n  F igure  

18 assuming i t  t o  be protonated. Th is  i s  done i n  p a r t  because t h e  s h o r t  

d i s t ance  between G l  u  143 and oxygen PO1 (F i  gs. 18(a), 18(b) ) i n d i c a t e s  

t h a t  t h i s  must be a  hydrogen bond. I n  add i t i on ,  Palmer e t  a l .  (1982) -- 
have shown t h a t  Glu 270 o f  carboxy-pept idase A  i s  p ro tona ted  when t he  

n e g a t i v e l y  charged i n h i  b i t o r  benzyl s u c c i n i c  a c i d  i s  bound and we be1 i e v e  

t h a t  t h i s  carboxypept idase :i n h i  b i  t o r  complex has c l ose  para1 1  e l  s  w i t h  

thermo lys i  n (Bol ognesi & Matthews, 1979). 

Kam e t  a1 . (1979) showed t h a t  unsubs t i  t u t e d  phosphoramidates b i n d  -- 
t o  the rmo lys in  more t i g h t l y  than t h e i r  monoalkyl e s t e r s  and proposed 

t h a t  t he  enhanced s t a b i l i z a t i o n  i n  t h e  former case might  be due t o  

a d d i t i o n a l  i n t e r a c t i o n s  w i t h  Tyr 157 and His  231. Indeed, Tyr 157 and 

His  231 do appear t o  s t a b i l i z e  t h e  b i n d i n g  o f  P-Leu-NH2 (Fig.  18(a))  

a l though t h e  r e f i n e d  coord ina tes  f o r  phosphoramidon suggest t h a t  ve ry  

s i m i l a r  i n t e r a c t i o n s  can occur f o r  a t  l e a s t  t h i s  example o f  a  

s u b s t i t u t e d  phosphoramidate. Comparison o f  F igures 18(a) and 18(b) 

suggests t h r e e  a d d i t i o n a l  reasons why s u b s t i t u t i o n  o f  t h e  



phosphoramidate might weaken binding. F i  r s t  , t h e  unsubst i  t u t e d  

phosporamidate can have a  more favorable i o n i c  i n t e r a c t i o n  w i t h  the  

z inc,  w i t h  two oxygens a c t i n g  as z inc  l igands .  Second, the  protonated 

n i t r ogen  o f  the  unsubs t i tu ted  phosphoramidate appears t o  form a  s t ronger  

hydrogen bond (3.08) t o  t h e  carbonyl oxygen o f  Ala 113 than i s  t he  case 

w i t h  phosphoramidon (3.48). This change i n  geometry i s  presumably 

associated w i t h  t he  change o f  the  n i t r ogen  from non-protonated t o  

protonated. It i s  noteworthy t h a t  t he  protonated form, as i n  t he  

presumed t r a n s i t i o n  s ta te ,  i s  t he  one pre fe r red .  The t h i r d  poss ib le  

reason why an unsubs t i t u ted  phosphoramidate might  be bound more t i g h t l y  

than a  s u b s t i t u t e d  one i s  t h a t  t h e  so lven t  s t r u c t u r e  might be more 

favorable. When both phosphoramidon and P-Leu-NH b ind  t o  thermolysin, 
2 

t he re  i s  a  water molecule t h a t  br idges between t h e  , i n h i b i t o r  and the  

enzyme (Figs. 18(a), 18(b)).  I n  t he  case o f  phosphoramidon t h i s  water 

molecule makes a  s i n g l e  hydrogen bond t o  t he  i n h i b i t o r ,  namely t o  PO2 

(Fig. l 8 ( b ) ) .  However, i n  t h e  case o f  P-Leu-NH t h e  water molecule 
2' 

makes hydrogen bonds t o  two oxygens o f  t he  i n h i b i t o r  (Fig. 18(a)),  i n  

what i s  presumably an energet i  c a l  l y  favorab le  s i t u a t i o n .  

It might be asked why the  phosphoramidate moiety  o f  P-Leu-NH2 does 

no t  form a  f u l l y  b iden ta te  complex w i t h  t h e  two oxygens e q u i d i s t a n t  from 

t h e  zinc. The congest ion around the  zinc, compounded by the  s i z e  of t h e  

phosphoramide group, may prevent a  compl e t e l y  symmetric mode o f  b i  nd i  ng . 
I n  any event, t h e  i n t e r a c t i o n s  o f  PO1 and PO2 w i t h  t he  p r o t e i n  and bound 

so l ven t  are d i f f e r e n t  (Fig. 18(a))  and when these are taken i n t o  account 

i t  would be s u r p r i s i n g  i f  the  opt imal c o n f i g u r a t i o n  o f  t h e  phosphoramide 



group was one i n  which PO1 and PO2 were e x a c t l y  e q u i d i s t a n t  from t h e  

metal. 

One of t he  l a r g e s t  changes, and perhaps t h e  most suggest ive,  i n  

comparing P-Leu-NH2 w i t h  phosphoramidon, i nvo l ves  t h e  phosphoramidate 

n i t r o g e n  ("Leu N" i n  Table 19). I n  t h e  P-Leu-NH2 complex (Fig. 18(a))  

t h i s  n i t r ogen  i s  0.48 c l o s e r  t o  G l  u  143 ( f rom 3.88 t o  3.48), and, a t  t h e  

same time, 0.58 f u r t h e r  away from His 231 ( f rom 4.0 t o  4.58), r e l a t i v e  

t o  phosphoramidon (Fig. l 8 ( b ) ) .  As noted by Monzingo and Matthews 

(1983) t h e  N-carboxymethyl d i  pep t i de  i n h i b i t o r  descr ibed  t h e r e  a1 so has 

i t s  a-amino group, which i s  p o s s i b l y  protonated,  c l ose  (3.08) t o  Glu 

143, suggest ing t h a t  Glu 143 should be cons idered as a  p o t e n t i a l  p ro ton  

donor. The r e l a t i o n s h i p  between t he  geometry o f  b i n d i n g  o f  P-Leu-NH2 

and t h e  N-carboxymethyl d i p e p t i d e  i n h i b i t o r  i s  i l l u s t r a t e d  i n  Fig. 19. 

A  d e t a i l e d  model -bui 1  d i n g  ana l ys i s  (Hangauer -- e t  a1 . , 1984) i s  c o n s i s t e n t  

w i t h  a  mechanism o f  a c t i o n  i n  which Glu 143 accepts a  p ro ton  from the  

a t t a c k i n g  water molecule and subsequent ly s h u t t l e s  t h i s  p ro ton  t o  t h e  

l e a v i n g  n i t rogen .  The simultaneous c l ose  approach o f  Glu 143 t o  bo th  

oxygen PO2 and t h e  amide n i t r o g e n  o f  P-Leu-NH p rov ides  a d d i t i o n a l  sup- 
2  

p o r t  f o r  t h i s  mechanism. Also, t h e  o v e r a l l  geometry o f  b i n d i n g  of t h e  

phosphoramide group i s  as good o r  b e t t e r  an approx imat ion t o  t h e  p re -  

sumed t r a n s i t i o n  s t a t e  than o the r  t he rmo lys i n  i n h i b i t o r s  s tud ied  p re -  

v i  o u s l y  (F ig  . 20). The model -bui 1  d i n g  ana l ys i  s  (Hangauer e t  a1 . , 1984) -- 
suggests t h a t ,  i n  o rde r  t o  r e t a i n  acceptable s te reochemis t ry  and t o  

maximize f avo rab le  p r o t e i n  : subs t ra te  i n t e r a c t i o n ,  t h e  t e t r a h e d r a l  group 

i n  t h e  presumptive t r a n s i t i o n  s t a t e  i s  r o t a t e d  even f u r t h e r  than t h a t  



FIGURE 19. Comparison o f  Binding of P-Leu-NH2 and CLT 

Superposition of P-Leu-NH2 (sol  i d  bonds) and 
N-(1-carboxy-3-phenyl propyl )-L- leucyl -L-tryptophan (CLT) bonds as these - - - 
two i n h i b i t o r s  b ind t o  thermoTysin. 



FIGURE 20. Comparison o f  Binding o f  P-Leu-NH2 and a Model f o r  t he  
T rans i t i on  Sta te  

Superposit ion of P-Leu-NH2 (so l  i d  bonds) bound i n  the thermolys in 
a c t i v e  s i t e  on the  model f o r  the presumed t r a n s i t i o n  s ta te  (open bonds 
as proposed by Hangauer -- e t  a l .  (1984). 



seen i n  t h e  comparison o f  phosphoramidon w i t h  P-Leu-NH2 (Figs. 17, 20). 

It i s  assumed t h a t  i n  t h e  t r a n s i t i o n  s ta te ,  t h e  oxygen corresponding t o  

PO2 moves c l o s e r  t o  t h e  z i nc  t o  form a f u l l  b i den ta te  complex. 

While t he  model b u i l d i n g  s tudy  does no t  r u l e  ou t  t h e  p o s s i b i l i t y  

t h a t  a  proton i s  donated e i t h e r  by His  231 o r  a  water molecule, t h i s  

seems l e s s  1 i k e l y  than cons idered p r e v i o u s l y  (Kester  & Matthews, l977a). 

I n  t h e  complex o f  thermo lys in  w i t h  t h e  N-carboxymethyl i n h i b i t o r ,  His 231 

and Tyr 157 are hydrogen bonded t o  t h e  z i  nc-bound carboxy l  a te ,  suggest ing 

t h a t  these two groups might  s t a b i l i z e  t h e  t e t r a h e d r a l  t r a n s i t i o n  s t a t e  by 

dona t ing  hydrogen bonds i n  a  manner analogous t o  t h e  oxyanion s t a b i l  i z a -  

t i o n  i n  t h e  se r i ne  proteases (Robertus e t  a1 ., 1972). The observa t ion  -- 
t h a t  t h e r e  a re  s i m i l a r  hydrogen bonds between oxygen PO1 of P-Leu-NH 

2 

and bo th  His 231 and Tyr 157 p rov ides  a d d i t i o n a l  suppor t  f o r  t h i s  idea. 

We do no t  see major conformat ional  changes when P-Leu-NH b inds  t o  2 

thermo lys in .  Ne i ther  a re  t h e r e  s i g n i f i c a n t  changes i n  t h e  "d i so rde r "  o r  

" thermal mot ion" o f  t h e  res idues i n  t h e  a c t i v e  s i t e  when P-Leu-NH2 o r  

t h e  N-carboxymethyl d i  pep t i de  i n h i b i t o r  b i n d  t o  thermo lys i  n. The o n l y  

adjustment i n  t h e  p r o t e i n  t h a t  can be regarded as s i g n i f i c a n t  i s  a  

concer ted  "upwards" movement o f  about 0.258 i n  t h e  extended po l ypep t i de  

segment t h a t  i nc l udes  Ala 113 and Phe 114 (Fig.  17). Th is  movement was 

no ted  p r e v i o u s l y  w i t h  phosphorami don (Weaver -- e t  a1 . , 1977) and occurs 

f o r  Phe-Leu-NH2 as we l l .  A s i m i l a r  b u t  l a r g e r  conformat ional  s h i f t  was 

observed f o r  a  cova len t  modi f i c a t i o n  o f  t he rmo lys i n  (Holmes -- e t  a1 . , 
1983). The o v e r a l l  impress ion i s  t h a t  t h e  a c t i v e  s i t e  i s  po ised  t o  

accept  an i n h i b i t o r  o r  subs t ra te ,  and undergoes re1 a t i  v e l y  s l  i g h t  

changes when such mol ecu l  es a re  bound. 



CHAPTER V I  

SIMILAR PHOSPHONAMIDATE PEPTIDE INHIBITORS OF THERMOLYSIN DISPLAY 

DISSIMILAR MODES OF BINDING: A CRYSTALLOGRAPHIC ANALYSIS OF TWO 

PRESUMED TRANSITION STATE ANALOGS 

Abstract  

The modes o f  b ind ing  t o  thermolys in o f  two phosphonamidate pept ide 

P i n h i b i t o r s ,  carbobenzoxy-Gly - (OH)-L-Leu-L-Leu - ( Z G ~ L L )  and carbobenzoxy- - - - 
P 

L-Phe (OH)-L-Leu-L-A1 a ( Z P ~ L A )  have been determined by X-ray c r y s t a l  1  o- - - - - - - - 
graphy and r e f i n e d  a t  h igh  resol  u t i  on t o  c r y s t a l  1  ographi c R-val ues of 

P 17.7% and 17.0% respect ive ly .  [Gly (OH) i s  used t o  i n d i c a t e  t h a t  the  

t r i g o n a l  carbon o f  the  pept ide l i nkage  i s  replaced by the  te t rahedra l  

phosphorus o f  a phosphonamidate group.] These i n h i b i t o r s  were designed 

t o  be s t r u c t u r a l  analogs o f  the  presumed c a t a l y t i c  t r a n s i t i o n  s t a t e  and 

are  potent  i n h i b i t o r s  o f  thermolys in ( Z G ~ L L ,  Ki = 9.1 nM; ZPPLA, 

Ki = 0.1 nM) ( B a r t l e t t  & Marl owe, 1983; P.A. B a r t l e t t ,  personal 

communication). 

ZPPLA i s  found t o  b ind  t o  thermolys in i n  t he  manner expected fo r  

t he  t r a n s i t i o n  s t a t e  and, f o r  the  f i r s t  time, provides d i r e c t  support 

f o r  t he  presumed mode o f  b ind ing  o f  extended substrates i n  t he  S2 

subsi te .  The mode o f  b ind ing  o f  ZPPLA d isp lays  a1 1 the  i n t e r a c t i o n s  

t h a t  are presumed t o  s t a b i l i z e  t h e  t r a n s i t i o n  s t a t e  and supports the  

presumed mechanism o f  c a t a l y s i s  (Hangauer -- e t  a1 . , 1984). The two 



oxygens o f  t he  phosphonamidate moiety  a re  1  iganded t o  t he  z i nc  t o  g i ve  

o v e r a l l  pentacoord i  n a t i  on o f  t h e  metal . 
For t h e  second i n h i b i t o r  t h e  s i t u a t i o n  i s  d i f f e r e n t .  Although both 

ZPPLA and ZGPLL have s i m i l a r  modes o f  b i n d i n g  i n  t h e  S1 '  and S p '  

subsi  tes ,  t he  c o n f i g u r a t i o n s  o f  t h e  carbobenzoxy-Phe and carbobenzoxy- 

Gly moietys are d i f f e r e n t .  For ZPPLA t h e  carbonyl  group o f  t he  

carbobenzoxy group i s  hydrogen bonded d i r e c t l y  t o  t h e  enzyme whereas i n  

ZGPLL t h e  carbonyl  group i s  r o t a t e d  1 1 7 O  and t h e r e  i s  a  water molecule 

in te rposed  between t h e  i n h i b i t o r  and t h e  enzyme. For ZGPLL o n l y  one of 

t he  phosphonamidate oxygens i s  l i ganded t o  t h e  z inc .  Co r re l a ted  w i t h  

t h e  change i n  i n h i b i t o r - z i n c  l i g a t i o n  from monodentate i n  ZGPLL t o  

b i den ta te  i n  ZPPLA t h e r e  i s  an inc rease  i n  t h e  phosphorous-ni t rogen bond 

l e n g t h  o f  about 0.258, s t r o n g l y  suggest ing t h a t  t h e  phosphonamide 

n i t r o g e n  i n  ZPPLA i s  protonated, analogous t o  t h e  p ro tona ted  n i t r o g e n  of 

t he  t r a n s i t i o n  s ta te .  The observa t ion  t h a t  t h e  n i t r o g e n  o f  ZPPLA 

appears t o  donate two hydrogen bonds t o  t h e  p r o t e i n  a l s o  i n d i c a t e s  t h a t  

i t  i s  protonated. The d i f f e r e n t  c o n f i g u r a t i o n s  adopted by t he  

respec t i ve  i n h i b i t o r s  a re  c o r r e l a t e d  w i t h  l a r g e  d i  f f e rences  i n  t h e i  r 

k i n e t i c s  o f  b i n d i n g  (P.A. B a r t l e t t  , personal communication). It i s  

proposed t h a t  these d i f f e r e n c e s  i n  r a t e s  o f  b i n d i n g  can be r a t i o n a l i z e d  

i n  terms o f  t h e  d i f f e r e n t  c o n f i g u r a t i o n a l  f l e x i  b i  1  i ty  o f  t h e  respec t i ve  

i n h i b i t o r s  and d i f f e r e n c e s  i n  bound so l  ven t  molecules t h a t  a re  d isp laced  

when t h e  i n h i b i t o r s  b i n d  t o  t h e  enzyme. 



I n t r o d u c t i o n  

Thermolysin, is01 a t e d  from t h e  bacter ium B a c i l l  us 

t he rmopro teo l y t i  cus, i s  a  z i  nc- requi  r i n g  endopepti dase o f  molecular  

weight 34,600. The three-d imensional  s t r u c t u r e  o f  t h e  p r o t e i  n  i s  known 

and has been r e f i n e d  t o  a  nominal r e s o l u t i o n  o f  1.68 (Holmes & Matthews, 

1982). Overa l l  , t h e  t e r t i a r y  s t r u c t u r e  o f  thermo lys in  may be descr ibed 

as two spher ica l  domains separated by a deep c l e f t  t h a t  c o n s t i t u t e s  t he  

a c t i v e  s i t e .  

It has become i n c r e a s i n g l y  apparent t h a t  z i nc - con ta in i ng  proteases 

a re  w ide l y  d i s t r i b u t e d  i n  na tu re  and p l a y  impor tan t  r o l e s  i n  numerous 

phys i  01 og i ca l  processes such as d i  ges t i on  and b lood  pressure regu la t i on .  

I n  an at tempt  t o  understand t h e  c a t a l y t i c  mechanism of t he rmo lys i n  and 

o the r  r e l a t e d  z inc  proteases, a  s e r i e s  o f  i n h i b i t o r s  o f  t h e  enzyme has 

been s tud ied  c r y s t a l  1  ograph ica l  l y  (Kester & Matthews, 1977 ; Weaver - e t  

a1 . , 1977; Bolognesi & Matthews, 1979; Holmes & Matthews, 1981; Monzingo - 

& Matthews, 1982; Holmes e t  a1 . , 1983; Monzi ngo & Matthews, 1984; -- 
Tronrud -- e t  a1 . , 1986). Tab1 e 20 prov ides a summary o f  these var ious  

i n h i b i t o r s  and i l l u s t r a t e s  t h e  manner i n  which they  b i n d  t o  thermo lys in  

accord ing t o  t h e  " subs i t e "  nomenclature i n t r oduced  by Schechter and 

Berger (1967). Taken toge ther ,  these i n h i b i t o r  s t u d i e s  have suggested 

t h e  c a t a l y t i c  mechanism shown i n  s i m p l i f i e d  form i n  F igu re  21 (Hangauer 

e t  a1 . , 1984). At t h e  presumptive t r a n s i t i o n  s t a t e  t h e  hydrated -- 
carbonyl  carbon o f  t h e  pep t i de  subs t ra te  i s  i n  a  t e t r a h e d r a l  

c o n f i g u r a t i o n  and t he  z i n c  i o n  i s  pentacoord inated by t h r e e  p r o t e i n  p l us  
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FIGURE 21. Schematic Representation o f  t h e  Key Features o f  t h e  Presumed 
Mechani sm o f  A c t i  on o f  Thermol y s i  n 

An incoming peptide i s  presumed t o  d isp lace a zinc-bound water 
mol ecu l  e toward G l  u 143, formi ng a pentacoordi nate complex. The water 
molecule, ac t i va ted  by the combined i n f l u e n c e  o f  t he  metal i o n  and Glu 
143, a t tacks  the  carbonyl carbon t o  form a te t rahedra l  in termediate.  
The te t rahedra l  in termediate i s  presumed t o  form a b identa te  complex 
w i t h  t h e  z inc and i s  s t a b i l i z e d  i n  p a r t  by hydrogen bonds from His 231 
and Tyr 157 (not shown i n  the  f i g u r e ) .  Glu 143 accepts the  pro ton from 
t h e  a c t i v a t e d  water molecule and i s  presumed t o  subsequently donate the  
pro ton t o  the  leav ing n i t rogen,  a1 though proton donation by sol vent  
water  i s  not  excluded as an a1 t e r n a t i  ve ( a f t e r  Hangauer -- e t  a1 . , 1984). 



two subs t ra te  l i gands ,  r a t h e r  than t h r e e  p r o t e i n  l i gands  p lus  a water  

molecule as i n  n a t i v e  thermo lys i  n. 

The concept o f  t r a n s i t i o n  s t a t e  analogues has proven very e f f e c t i v e  

as a bas is  f o r  des ign ing po ten t  enzyme i n h i b i t o r s .  Such t r a n s i t i o n  

s t a t e  analogues a re  synthes ized on t h e  premise t h a t  b i nd ing  i n t e r a c t i o n s  

between an enzyme and i t s  subs t ra te  a re  op t ima l  a t  t he  t r a n s i t i o n  s t a t e  

(Paul i ng, 1946; Wol fenden, 1976; B a r t l  e t t  & Marl owe, 1983). Apart  from 

t h e i r  p o t e n t i a l  as an t ime tabo l i t es ,  t r a n s i t i o n  s t a t e  i n h i b i t o r s  can 

p rov ide  mechan is t i c  i n f o r m a t i  on regard ing  enzyme c a t a l y s i s  (Wol fenden, 

1976). 

Phosphorami don (N-(a-L-rhamnopyranosyl - -oxyhydroxyphosphi ny1 ) -I=-Leu - - 
L-Trp) i s  a  po ten t ,  na tu ra l  l y -occu r r i ng ,  i n h i  b i t o r  o f  thermo lys in  (Suda 

e t  a1 ., 1973; Komiyama e t  a1 ., 1975) and i s  presumed t o  be a t r a n s i t i o n  -- -- 
s t a t e  analogue (Weaver & Mat thew~,  1977). Other, s impler ,  phosphora- 

mides have a l s o  been shown t o  be very  e f f e c t i v e  i n h i b i t o r s  of t h e  z i n c  

pept idases (Holmquist ,  1977; Kam -- e t  al., 1979; Nish ino & Powers, 1979; 

Holmquist  & Val l e e ,  1979; Jacobsen & B a r t l e t t ,  1981; Galardy, 1980; 

Thorse t t  -- e t  al., 1982; Galardy -- e t  a1 . , 1983). Extending these des ign 

p r i n c i p l e s ,  B a r t l e t t  and Marlowe have syn thes ized  a s e r i e s  o f  

phosphorous-containi  ng pep t i  de analogues designed s p e c i f i c a l l y  t o  mimic 

t h e  geometry o f  an extended thermo lys in  subs t ra te  a t  t h e  t r a n s i t i o n  

s t a t e  ( B a r t l  e t t  & Marl owe, 1983; B a r t l e t t  , personal communication). I n  

t h i s  r e p o r t  we descr ibe  t h e  modes o f  b i n d i n g  t o  c r y s t a l 1  i n e  t he rmo lys i n  

P 
of two o f  these i n h i b i t o r s ,  namely carbobenzoxy-Gly - (OH)-L-Leu-L-Leu - - - - 

P P P 
(ZG LL) and carbobenzoxy-L-Phe - -  (OH)-L-Leu-L-A1 a (ZP LA) (Fig. 22). The - - - - - 



TABLE 20. Binding o f  Thermolysi n I n h i b i t o r s  Determined Crysta l  1 ographi ca l  l y  (a )  

I n h i b i t o r  
s 2 s 1 Z i  nc s1' S2' S3' 

Ki (uM) R2 R 1 l i g a n d  R 1 '  R e '  R3' 

L-Benzyl succi  n i  c a c i d  - - 
L-Phenyl a1 anyl  -L-phenyl a1 anyl  amide - - - - 
6 -Phenyl p rop i  onyl  -L-phenyl a1 an i  ne - - 
Carbobenzoxy-L-phenyl - a1 ani  ne - 

HONH-benzylmal onyl  -L-A1 a-Gly-p- - - - 
n i t r o a n i l i d e  

2-Benzyl -3-mercaptopropanoyl -L- - 
a1 anyl g l  y c i  nami de - 

N-(1-Carboxy-3-phenyl propyl  ) -L- - 
1 eucyl -L-tryptophan - - - 

Phosphorami don 

N-Phosphoryl -L-1 euci  nami de - - 
P 

Cbz-Gl - y (OH)-L-Leu -L-Leu - - - - 
P 

Cbz-L-Phe (OH) -L-Leu -L-A1 a - - - - - - 

Phe 

6-Phenyl 

Phe 

Benzyl 

Phenyl 

Rhamnose 

- 
OOC - 

-CO- 

-CO- 
- 

ooc- 

HONCO- 

HONCO- 

- 
S- 

- 
OOC - 

-PO:- 

2-03p- 

-POj- 

-p02: 

Benzyl 

Phe 

Phe 

Carbobenzoxy 

Leu 

Benzyl Ala Gly 

Leu Tr P 

Leu Tr P 

Leu 

Leu Leu 

Leu A1 a 

( a ) ~ h e  l e t t e r s  "S" and "R"  r e f e r  t o  the  a c t i v e  s i t e  subs i tes  and the  residues t h a t  occupy each subs i t e  
-.I 

(h, 

( a f t e r  Schechter & Berger, 1967). 
C 
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FIGURE 22. Schemati c 11 1 u s t r a t i  on Showing the Structures o f  the 
I nh ib i t o r s  ZGPLL (11) and ZPPLA ( I 1  I) and Thei r Observed In teract ions 

With the Extended Thermolysin Active S i te  

The f i gu re  includes an extended substrate ( I )  w i t h  i t s  presumed 
hydrogen bonds t o  the enzyme shown as dotted l i n e s  and the bond t o  be 
cleaved ind icated by the arrowhead. Note the d i f f e r e n t  modes of 
i n t e r a c t i  on o f  the carbobenzoxy -Gly and the carbobenzoxy-Phe groups i n  
I 1  and 111. 



supe rsc r i p t  "P" i n d i c a t e s  t h e  p o s i t i o n  where t h e  t e t r a h e d r a l  

phosphonami de moiety  rep1 aces t h e  p l  anar p e p t i  de 1  i nkage. The c r y s t a l  - 
l og raph i c  r e s u l t s  p rov ide  new data on t h e  b i nd ing  o f  extended subs t ra tes  

i n  t h e  thermo lys in  a c t i v e  c l e f t  and support  t h e  proposed mechanism o f  

a c t i o n  (Monzingo & Matthews, 1984; Hangauer -- e t  a1 . , 1984). I n  add i t i on ,  

t he  s t r u c t u r a l  s t ud ies  ill u s t r a t e  how i n h i b i t o r s  t h a t  have s im i  1  a r  

s t r u c t u r e s  can adopt d i f f e r e n t  modes o f  b ind ing .  I n  t h i s  ins tance,  t h e  

a1 t e r n a t i v e  c o n f i g u r a t i o n s  a re  c o r r e l a t e d  w i t h  l a r g e  d i f f e r e n c e s  i n  t h e  

r a t e s  o f  b i nd ing  ( B a r t l e t t  & Marlowe, 1983; P.A. B a r t l e t t ,  personal 

communication). 

Thermol y s i  

Experimental  Procedures 

n  from Cal biochem was c r y s t a l 1  i zed by t h  le method 

Holmes and Matthews (1982). The c r y s t a l s  grow as hexagonal rods 

o f  

and 

belong t o  t he  space group P6122 w i t h  one monomer per  asymmetric u n i t .  

They are s to red  i n  a  s y n t h e t i c  mother l i q u o r  o f  10 mM ca lc ium acetate,  

10 .mM T r i s ,  7% (v /v )  DMSO, pH = 7.2. The u n i t  c e l l  dimensions o f  n a t i v e  

t he rmo lys i n  c r y s t a l s  a re  - a = - b = 94.28, - c = 131.48. The two i n h i b i t o r s  

used i n  t h i s  s tudy were g i f t s  f rom Drs. C.K. Marlowe and P.A. B a r t l e t t .  

To prepare enzyme-inhi b i  t o r  complexes, n a t i v e  t he rmo lys i n  c r y s t a l s  

P were soaked a t  4 O C  f o r  a  p e r i o d  o f  severa l  days i n  e i t h e r  lOmM ZG LL o r  

P 
O.lmM ZP LA d i sso l ved  i n  s y n t h e t i c  mother l i q u o r .  The lower  concentra-  

P  
t i o n  of ZP LA was used because o f  t he  tendency o f  t h e  c r y s t a l s  t o  crack 

when exposed t o  t h i s  i n h i b i t o r .  Even a t  t h e  lower  concen t ra t i on  t h e  

c r y s t a l s  s t i  11 develop some cracks. I n h i  b i t o r  b i n d i n g  was moni tored by 



c a l c u l a t i n g  (h01) d i f f e r e n c e  Fou r i e r  p r o j e c t i o n  maps based on t h e  

app rop r i a te  precession photographs (Weaver -- e t  a1 . , 1977). 

A three-dimensional  data se t  was c o l l e c t e d  f o r  each 

enzyme-inhi b i  t o r  complex by t h e  method o f  osc i  11 a t i o n  photography 

(Schmid -- e t  a1 . , 1981). The X-ray source was a graphite-monochromatized 

E l l i o t  GX-21 r o t a t i n g  anode generator  operated a t  39 kV and 120 mA. An 

o s c i l l a t i o n  angle o f  1.2" per  f i l m  pack was used and t h e  c r y s t a l  was 

r o t a t e d  about t h e  - c-ax is  through a ne t  r o t a t i o n  o f  30'. The t y p i c a l  

exposure t ime  was 4 o r  6 hours per  f i l m  pack. By making an app rop r i a te  

t r a n s l a t i o n ,  o n l y  one c r y s t a l  was requ i red  f o r  each data set .  Data t o  

P 1.68 r e s o l u t i o n  were measured f o r  t h e  thermo1ysin:ZG LL comp 

P 
1.78 r e s o l u t i o n  f o r  t he  thermo1ysin:ZP LA complex. Data co l  

l e x  and t o  

1 e c t  i on 

s t a t i s t i c s  are summarized i n  Table 21. 

Di f f e rence  e l  ec t ron  d e n s i t y  maps w i t h  amp1 i tudes o f  t h e  form 

(Fcompl ex - Fnat. ,cal c )  and phases ca l  c u l  a ted  from t h e  r e f  i ned n a t i v e  

s t r u c t u r e  c l e a r l y  showed t h e  respec t i ve  i n h i b i t o r s  b i n d i n g  i n  t h e  

t he rmo lys i n  a c t i v e  s i t e  c l e f t  w i t h  t he  e lect ron-dense phosphorous atom 

ad jacen t  t o  t he  z i n c  (F ig .  23). The he igh t  o f  t h e  peak corresponding t o  

P P 
t h e  phosphorus was 170 f o r  ZG LL and 100 f o r  ZP LA where o i s  t h e  r o o t  

mean square va lue o f  t h e  d i f f e r e n c e  dens i t y  throughout  t h e  u n i t  c e l l .  

[D i f f e rence  dens i t y  maps w i t h  c o e f f i c i e n t s  o f  t h e  form 

(Fcomplex - Fnat-,~bs) a l s o  show i n h i b i t o r  b i n d i n g  b u t  t h e i r  

i n t e r p r e t a t i o n  i s  confused by t h e  displacement of so l  ven t  molecules 

( c f .  Kester & Matthews, 1977) .] 

I n i t i a l  coord ina tes  f o r  each i n h i b i t o r  were ob ta ined  by model i n g  

t h e  i n h i b i t o r  i n t o  t h e  e l e c t r o n  d e n s i t y  on an Evans and Suther land PS330 



P P TABLE 21. I n t e n s i t y  S t a t i s t i c s  f o r  ZG LL and ZP LA 

ZG'LL ZP'LA 

Number o f  f i l m s  

(a 
Average RSym (%) 

To ta l  r e f 1  e c t i o n s  measured 

Independent r e f  1 e c t i  ons 

Resol u t  i on (A ) 

Average isomorphous d i f f e r e n c e  (%) 

Ce l l  dimensi ons 

R = 1 I -  1 Z I RSym measures t h e  agreement between symmetry- 
r e l a t e d  r e f l e c t i o n s  on t he  same f i lm ,  Rsca measures t h e  agreement 
between r e f l e c t i o n s  recorded on successive f i l m s  i n  a g iven  f i l m  
pack and berg, g ives  t h e  o v e r a l l  agreement between i n t e n s i t i e s  
measured on d i f f e r e n t  f i l m s .  



FIGURE 23. Section o f  Di f ference Map Cut t ing Through the Bound 
I n h i b i t o r  ZGPLL and ZPPLA 

Section z = -0.044 o f  a  1.9A r eso lu t i on  d i f fe rence e lec t ron dens i ty  
maps w i th  ampTi tudes (Fcomplex - FNat . ,cal . ) and phases cal  cul  ated from 
the re f i ned  na t i ve  structure.  Contours are drawn a t  i n t e r va l s  of 
2.0s w i t h  p o s i t i v e  contours s o l i d  and negat ive contours broken. Pro te in  
and i n h i b i t o r  atoms l y i n g  w i t h i n  k3.W o f  the sect ion are included; 
oxygen atoms are drawn sol i d ,  n i t rogen ha1 f - so l  i d  and carbon as open 
c i r c les ,  Inh i  b i t o r  bonds and p ro te in  backbone bonds are drawn sol i d .  
(a) ZGPLL. (b)  ZPPLA. 



graphics system. Elect ron dens i ty  maps used f o r  t he  i n i t i a l  model - 
b u i l d i n g  s tud ies  were based on (2Fcomplex - Fnat. ,cal c )  c o e f f i c i e n t s .  

S ta r t i ng  coordinates f o r  ref inement were these crude coordinates p lus 

the coordinates o f  na t i ve  thermolys i  n  r e f i n e d  t o  1.68 resol  u t i o n  (Holmes 

8 Matthews, 1982). Refinement o f  the thermolys in : i n h i b i t o r  complexes 

was c a r r i e d  out us ing the "TNT" system o f  programs w r i t t e n  and developed 

i n  t h i s  l abo ra to ry  (see Chapter 111). These programs are based on the  

method o f  res t ra ined  l e a s t  squares. Occasional ly dur ing  the  course of 

the ref inement,  e lec t ron  dens i ty  maps based on (Fcomplex - Fca lc )  

c o e f f i c i e n t s  were checked f o r  poss ib le  water molecules missing from the  

i n i t i a l  p r o t e i n  : i n h i b i t o r  coordinates. " Ideal " stereochemi s t r y  f o r  the  

p r o t e i n  and the  i n h i b i t o r  was based on the  values i n  t he  "TNT" r e f i n e -  

ment package as wel l  as bond lengths and angles from Bowen e t  a l .  (1958) -- 
and Kojima e t  a l .  (1978). Results from the  ref inement are presented i n  -- 
Tab1 es 22-24 and the  r e f i n e d  coordinates fo r  the  thermol y s i  n - i  nh i  b i  t o r  

complexes have been deposited i n  the  Brookhaven Data Bank. 

Results 

Binding o f  I n h i b i t o r s  t o  Crysta l  1  i n e  Thermolysin 

P The observed b ind ing  of ZG LL i n  the  thermolys in a c t i v e  s i t e  i s  

shown i n  F igure 24. As expected, the  i n h i b i t o r  binds i n  an extended 

conformation w i t h  the two l euc ine  residues occupying the  S1 '  and S2' 

speci f i c i  t y  pockets. The z inc  :phosphate-oxygen d is tances are 3.08 and 

2. lit. Addi t iona l  d e t a i l s  o f  the  geometry o f  the  z inc  l igands are given 

i n  Table 25. Relevant p r 0 t e i n : i n h i b i t o r  contacts are given i n  Table 26. 



TABLE 22. Refinement S t a t i s t i c s  f o r  ZGPLL and ZPPLA 

Resolut ion 1 i m i t s  (A) 

I n i t i a l  R-factor (%) (a 

F ina l  R- factor  (8) 

Number o f  cyc les  

Number o f  r e f l e c t i o n s  used 

Number o f  atoms 

Wei ghted rms dev i  a t i  ons from i dea l  i ty  

Bond l e n g t h  (A) 

Bond angle (deg) 

P l a n a r i t y  ( t r i  gonal ) (A) 

P l a n a r i t y  ( o t h e r  p lanes)  (A) 

Tors ion angle (deg) 

( a ) ~ - f a c t o r  = Z 1 Fobs - Fcalc 1 / 4 Fobs 1 
( b ) ~ h e  t o r s i o n  angles were no t  r e s t r a i n e d  d u r i n g  ref inement.  



P TABLE 23. Coordinates f o r  ZG LL 

Carbobenzoxy 

0 A 
C B 
C G 
C D 1  
C E l  
C z 
CE2 
CD2 
C 
0 

Gl y c i  ne 

N 50.1 18.6 -7.9 10.7 
C A 50.4 18.0 -6.7 3.8 

Phosphonami de 

Leuci ne 

Leuci ne 
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P P TABLE 24. Coordinates f o r  ZP LA and Discrepancy w i t h  ZG LL 

Carbobenzoxy 

Phenyl a1 a n i  ne 

P 
OP 1 
OP2 
N 

Leuci ne 



TABLE 24. (cont inued) 

A1 an i  ne 

Coordinates are i n  Angstroms i n  t he  standard orthogonal thermolys in  
coord inate system (Matthews e t  al., 1974). B i s  t h e  c r y s t a l l o g r a p h i c  
thermal parameter i n  A 2 .  h r 5 n d - A ~  are t h e  d i f f e rences  between the  
atomic p o s i t i o n s  and t h e  thermal f a c t o r s  f o r  ZPPLA and ZGPLL. 



FIGURE 24. Stereo Drawing Showing t h e  Mode o f  Binding o f  ZGPLL i n  t h e  
Extended Thermolysi n Ac t i ve  S i t e  C le f t  

The i n h i b i t o r  and the  main-chain bonds o f  t he  p r o t e i n  are drawn 
s o l i d ;  p r o t e i n  side chains have open bonds. Apparent hydrogen bonds 
between t h e  i n h i b i t o r  and the  p r o t e i n  are shown as dot ted  l i n e s .  A 
number o f  bound water molecules are a1 so i n c l  uded. 



P 
Figure 25 shows stereographica l  l y  t h e  b ind ing  of ZP LA t o  

thermolys i  n. Agai n, re1 evant p r o t e i n  : i n h i b i t o r  contacts  are g iven i n  

P P Tables 25 and 26. L ike  ZG LL, ZP LA binds t o  the  enzyme w i t h  i t s  

phosphate oxygens c lose  t o  the  z inc  and the  leuc ine  and a lan ine  residues 

occupying the  S 1 '  and Sp' subsi tes respec t ive ly .  However, i n  t h e  case 

P of ZP LA, t he  coord ina t ion  o f  t he  z inc  by the  phosphate oxygens i s  

decidedly  b identa te  w i t h  z inc :phosphate distances o f  2.28 and 2.68. 

As can be seen i n  F igure 26, t h e  R 1 '  and R2' residues o f  bo th  

i n h i b i t o r s  b ind  t o  thermolys in i n  n e a r l y  t he  same o r i e n t a t i o n  and 

P 
replacement of l euc ine  by a lan ine  i n  ZP LA makes l i t t l e  d i f f e r e n c e  t o  

t he  mode o f  b ind ing  i n  the  S1' and S2' subsites. However, as can a1 so 

P 
be seen from Figure 26, and i s  shown schemat ica l ly  i n  F igure 22, ZG LL 

P 
and ZP LA b ind  t o  thermolys in i n  a complete ly  d i f f e r e n t  o r i e n t a t i o n  w i t h  

respect  t o  t h e i r  carbobenzoxy moiet ies.  I n  f a c t ,  t he  d ihedra l  angle 

def ined by the  N-C, bond o f  i n h i b i t o r  res idue R 1  d i f f e r s  between the  two 

analogues by 117". 

Discussion 

Mode o f  Binding o f  Extended Substrates 

Previous c r y s t a l  1  ographic analyses o f  t he  b ind ing  o f  

pept ide-anal ogue i n h i b i t o r s  t o  thermolys i  n  have ill u s t r a t e d  how extended 

subs t ra tes  b ind  i n  t h e  S1, ~i and S; subs i tes  (e.g. see Weaver -- e t  a1 ., 
1977; Holmes & Mat thew~,  1981; Monzingo & Mat thew~,  1982, 1984). I n  a 

model f i r s t  proposed by Kester and Matthews (1977) and e labora ted  by 

Hangauer -- e t  a l .  (1984) i t  was suggested t h a t  i n  t h e  S1-S2 subs i tes ,  t h e  



FIGURE 25. The Binding o f  ZPPLA t o  Thermolysin. 



TABLE 25. Zi nc-L i  gand Geometry i n  ZGPLL and ZPPLA 

L i  gand 

P Distance i n  ZG LL 
Complex ( A )  

P Distance i n  ZP LA 
Complex ( A )  

H is  142 NE2 

H is  146 NE2 

Glu 166 O E l  

I n h i b i t o r  OP1 

I n h i b i t o r  OP2 



FIGURE 26. Comparison o f  Binding o f  ZGPLL (Open Bonds) and ZPPLA (Sol i d  
Bonds) 



po lypep t ide  backbone o f  t he  subst r a t e  hydrogen bonded w i t h  t he  p r o t e i  n  

backbone o f  Trp 115 as i n  an a n t i p a r a l l e l  B-sheet (F ig .  22). The 

P 
b i n d i n g  of ZP LA prov ides  t h e  f i r s t  exper imental  suppor t  f o r  t h i s  

proposed mode o f  i n t e r a c t i o n .  I n  p a r t i c u l a r ,  t he  carbonyl  oxygen o f  t h e  

i n h i b i t o r  carbobenzoxyl moiety  makes a good hydrogen bond (2.98) w i t h  

t he  pep t ide  n i t r o g e n  o f  Trp 115 (Fig.  25). I n  o rder  t o  achieve t h i s  

mode o f  b i nd ing  a water molecule (Sol 362), which norma l l y  hydrogen 

bonds t o  Trp 115 i n  t h e  n a t i v e  enzyme, i s  expe l l ed  from t h e  a c t i v e  s i t e .  

P I n  t h e  case of ZG LL, however, t h e  i n t e r a c t i o n s  w i t h  t h e  enzyme i n  

t h e  S2 subs i t e  a re  very  d i f f e r e n t .  I n  t h i s  case t h e  carbonyl  oxygen of 

t h e  i n h i b i t o r  p o i n t s  away from t h e  amide group o f  Trp 115. The water 

molecule, Sol 362, i s  n o t  d isp laced  and forms a hydrogen bonded b r i dge  

between t h e  amide n i t r o g e n  o f  t he  i n h i b i t o r  R1 r es i due  and t h e  amide of 

Trp 115. 

Mechanism o f  Ca ta l ys i s  

A mechanism f o r  t h e  cleavage o f  pep t ides  by t he rmo lys i n  was f i r s t  

proposed by Pangburn and Walsh (1975) and by Kester  and Matthews (1977) 

and has been e labo ra ted  by Hol mes and Matthews ( l 9 8 l ) ,  Monzi ngo and 

Matthews (1984) and Hangauer -- e t  a1 . (1984) (see a1 so Antonov -- e t  a1 . , 
1981; Kunugi -- e t  a1 ., 1982). According t o  t h e  mechanism based on these 

s tud ies  and o u t l i n e d  i n  F igure  21, t he  carbonyl  oxygen o f  t h e  incoming 

subs t ra te  coord ina tes  t o  t h e  z i nc  i o n  o f  t h e  p r o t e i n .  The water 

molecule, no rma l l y  t h e  f o u r t h  l i g a n d  t o  t h e  z i n c  i n  n a t i v e  thermo lys in ,  

i s  d isp laced  toward Glu 143 bu t  i s  n o t  t o t a l l y  exc luded from t h e  z i n c  



coord ina t ion  sphere. There i s  then a n u c l e o p h i l i c  a t t ack  by the  water 

molecule on the  carbonyl carbon o f  t he  substrate. The a t t a c k i n g  water 

molecule i s  thought t o  be a c t i v a t e d  by i n t e r a c t i o n s  w i t h  both Glu 143 

and the  z inc  ion. Recent s tud ies  (Monzingo & Matthews, 1984; Hangauer 

e t  a1 ., 1984) suggest t h a t  Glu 143 accepts a proton from t h e  a t t ack ing  -- 
water molecule and s h u t t l e s  t h i s  proton t o  t he  l eav ing  n i t rogen.  I n  t h e  

presumed t r a n s i t i o n  s t a t e  t h e  carbonyl carbon o f  t he  subs t ra te  i s  

t e t rahed ra l  and the  z inc  i o n  i s  coord inated t o  f i v e  l i gands  ra the r  than 

f o u r  as i n  t h e  ground s ta te .  As discussed below, t he  observed mode of 

P 
b ind ing  of ZP LA t o  thermolys in  prov ides support f o r  several  aspects o f  

t he  proposed mechanism. 

P 
ZP LA i s  the  t i g h t e s t  i n h i b i t o r  o f  thermolys in descr ibed t o  date 

(Ki = 0.1 nM; B a r t l e t t ,  personal communication) and i t s  i n t e r a c t i o n s  

w i t h  t he  enzyme are presumed t o  resemble those t h a t  occur f o r  a  t r u e  

subs t ra te  i n  t h e  t r a n s i t i o n  s ta te .  The i n t e r a c t i o n s  o f  t h e  phosphona- 

mide group are o f  p a r t i c u l a r  i n t e r e s t .  One o f  t h e  phosphonamide oxygens 

accepts hydrogen bonds from both Tyr 157 and His 231 (Table 26). Such 

hydrogen bonds could s t a b i l i z e  t he  te t rahed ra l  (hydrated carbon) 

in te rmed ia te  dur ing  c a t a l y s i s ,  analogous t o  t h e  "oxyanion hole"  i n  t he  

ser ine  proteases ( c f .  Hangauer -- e t  a1 ., 1984; see a l s o  Chapter V).  The 

second phosphonamide oxygen i s  very c lose  (2.38) t o  one o f  t he  carboxyl  

oxygens o f  Glu 143 (Table 26). (The ref inement program pushes apar t  

p a i r s  o f  oxygen atoms on l y  i f  t h e i r  i n te ra tom ic  d is tance i s  l ess  than 

2.34.) We i n t e r p r e t  t h e  c lose  approach d is tance as i n d i c a t i n g  t h a t  t he  

carboxyl  group o f  Glu 143 i s  protonated and donates a s t rong  hydrogen 



TABLE 26. Selected Thermolysi n - I  b i t o r  Distances f o r  ZGPLL and 
ZPPLA 

I n h i b i t o r  Dis tance ( A )  

P ro te i n  ZG'LL ZP'LA ZG'LL ZP'LA 

Trp 115 NH 

Tyr 157 OH 

Tyr 157 OH 

His 231 NE2 

Glu 143 O E l  

Glu 143 OE2 

Ala 113 0 

Asn 112 OD1 

Arg 203 NH1 

Arg 203 NH2 

Asn 112 OD1 

Asn 112 ND2 

Sol 362 

Gly NH 

OP1 

OP1 

OP2 

Leu(1) N 

Leu(1) N 

Leu(1) N 

Leu(1) 0 

Leu(1) 0 

Leu(2) N 

Leu(2) 0 

Cbz 0 

Gly NH 

OP1 

O P 1  

OP2 

Leu N 

Leu N 

Leu N 

Leu 0 

Leu 0 

Ala N 

Ala 0 

(a )  (H) i n d i c a t e s  a presumed hydrogen bond. 



bond t o  t h e  phosphonamide oxygen. [Carboxyl oxygens a re  known t o  form 

s t rong  hydrogen bonds w i t h  oxygen -oxygen d is tances as sho r t  as 2.4-2.58 

( J e f f r e y  & Maluszynska, 1982) .] The same t y p e  o f  hydrogen bonding would 

be expected t o  occur between Glu 143 and t h e  t r a n s i t i o n  s t a t e  in te rme-  

d i a t e  formed by a t t a c k  o f  t he  a c t i v a t e d  water molecule on t h e  carbonyl  

carbon (Fig.  21). Because t h e  hydrated pep t ide  o f  t h e  t r a n s i t i o n  s t a t e  

i s  l e s s  bu l ky  than t h e  phosphonamide group, t h e  hydrogen bond between 

Glu 143 and t he  t r a n s i t i o n  s t a t e  cou ld  be longer  than t h e  va lue o f  2.38 

observed f o r  ZPPLA. 

It i s  presumed t h a t  i n  t h e  t r a n s i t i o n  s t a t e  t h e  z i n c  i o n  i s  

pentacoordinate.  Th is  was f i r s t  suggested by t h e  observa t ion  t h a t  

hydroxamic a c i d  i n h i b i t o r s  show f i  ve - fo l  d c o o r d i n a t i o n  (Holmes & 

Matthews, 1981) and i s  a l s o  supported by t he  b i d e n t a t e  l i g a t i o n  of 

N-carboxymethyl pep t ide  i n h i b i t o r s  (Monzingo & Matthews, 1984). In t h e  

P 
present  study, ZP LA, t h e  t i g h t e r - b i n d i n g  i n h i b i t o r  and t h e  presumed 

t r a n s i t i o n  s t a t e  analogue, a l s o  shows f i v e - f o l d  coo rd ina t i on ,  whereas 

P 
ZG LL, which i s  presumed t o  b i nd  i n  a "non-product ive"  mode, has essen- 

t i a l  l y  t e t r a h e d r a l  c o o r d i n a t i o n  a t  t h e  metal . Tetrahedra l  c o o r d i n a t i o n  

was a l s o  observed f o r  t h e  b i nd ing  o f  phosphoramidon (Weaver & Matthews, 

1977; see a1 so Chapter V). Z i nc - l i gand  d is tances  f o r  a s e r i e s  of 

t he rmo lys i  n - i n h i  b i  t o r  complexes a re  summarized i n  Tab1 e 27. We presume 

t h a t  as t h e  z inc  1 i g a t i o n  comes c l o s e r  t o  f u l l  pen tacoord ina t ion ,  t h e  

phosphorous-containing i n h i b i t o r s  become b e t t e r  approx imat ions t o  t h e  

P 
t r a n s i t i o n  s ta te .  The phosphonamide groups o f  phosphoramidon and ZP LA 

a re  shown superimposed i n  F igure  27. These a re  t h e  extreme examples 



TABLE 27. Geometry o f  D i  f f e r e n t  Phosphonami de Inh i  b i  t o r s  o f  Thermolysi n  

Zinc- l igand Liganding P-Nbond P-N-C Nitrogen p ro te in  
I n h i b i t o r  d is tance (A) asymnetry l eng th  (A) ang le  distances (A) Reference 

OP1 OP2 OP2-OP1 Asn 112 Ala 113 Glu 143 m 
Phosphoramidon 1.75 3.40 0.32 1.42 128" 3.4 3.4 3.9 Tronrud e t  a1 . 

(1986) - - 
Z G ~ L L  (1) 2.08 3.01 0.18 1.66 129' 3.3 3.0 3.4 This work 

Z G P L L ( ~ ) ( ~ )  (1.90) (3.17) (0.22) (1.71) (121') (3.2) (3.0) (3.5) T h i s w o r k  

Tronrud e t  a1 . 
(1986) -- 

(126') (3.7)(b) (3.0) (3.2) Tronrud e t  a l .  
(1986) -- I 

115' 3.0 3.0 3.3 This work 

( a ) ~ h e  repeated e n t r i e s  i n  the. t a b l e  were obtained from independent 
ref inements o f  these i n h i b i t o r s  by two d i f f e r e n t  procedures. I n  t h e  
f i r s t  case the  t h e r m o l y s i n - i n h i b i t o r  complex was r e f i n e d  by "TNT", a  
res t ra ined  least-squares procedure (D. E.T., L.F. Ten Eyck and B.W.M., 
manuscript i n  preparat ion) .  The a1 t e r n a t i v e  ref inement was by 
"EREF" , a combined energy minimi z a t i  on-crysta l  1  ographic ref inement 
procedure (Jack & L e v i t t ,  1971). These ref inement programs are 
d i f f e r e n t  i n  t h e i  r ove ra l l  phi1 osophy. A1 so t h e i r  d i c t i o n a r i e s  of 
"standard geometry" are d i f f e r e n t .  I n  a d d i t i o n  the  i n t e n s i t y  data 
were remeasured between the  two ref inements and the  r e s o l u t i o n  was 
extended from 1.98 f o r  EREF t o  1.78 o r  1.68 f o r  TNT. A comparison of 
the  repeated observat ions i n  Table 27 gives an impression o f  the 
unce r ta in t y  due t o  the  l i m i t a t i o n s  o f  t he  refinement. 

( b ) ~ h e  s ide chain o f  Asn 112 i s  i n  a  s l i g h t l y  d i f f e r e n t  conformation i n  
t he  "EREF models". We be1 i e v e  the  "TNT model " has the  c o r r e c t  
conformation f o r  t h i s  s ide  chain. 



FIGURE 27. Comparison of  Binding of  Phosphoramidon (Open Bonds) and 
ZPPLA (Sol id  Bonds) 



P from Table 27. ZG LL i s  reasonably s i m i l a r  t o  phosphoramidon w h i l e  

P 
N-phosphoryl -L-1 euc i  nami de (P-Leu-NH2) i s  i n t e rmed ia te  between ZG LL and - - 

P 
ZP LA (Table 27). 

The change i n  t h e  c o o r d i n a t i o n  o f  t he  phosphonamide oxygens a t  t h e  

z i nc  corresponds, i n  p a r t ,  t o  a  r o t a t i  on about t h e  phosphorous-ni t rogen 

bond (Fig. 27). This r o t a t i o n  i s  c o r r e l a t e d  w i t h  an apparent increase 

i n  t h e  phosphorous-ni t rogen bond l e n g t h  (Table 27), a1 ready noted i n  t h e  

comparison of phosphoramidon w i t h  P-Leu-NH2 (Chapter V). ( I n  a1 1  t he  

c r y s t a l  l o g r a p h i c  re f inements t he  P-N bond was r e s t r a i n e d  t o  an " i dea l  " 

va lue  o f  1.788 bu t ,  because o f  t h e  u n c e r t a i n t y  o f  t h e  "expected" va lue  

f o r  t h e  bond leng th ,  was g iven  a  weight o f  119 r e l a t i v e  t o  a1 1  o the r  

bonds.) The inc rease  i n  t h e  P-N bond l e n g t h  (Table 27) can be taken as 

an i n d i c a t i o n  t h a t  t h e  n i t r o g e n  i s  becoming protonated. Th is  i s  a l s o  

suggested by t h e  decrease i n  t h e  angle a t  t h e  n i t r o g e n  ( f rom 129' i n  

P  
ZG'LL t o  115O i n  ZP LA). I f ,  indeed, t h e  phosphonami de n i t r o g e n  i n  

P  
ZP LA i s  protonated,  as seems t o  be t h e  case, i t  i s  y e t  another a t t r i b u t e  

o f  t he  bound i n h i b i t o r  as an e x c e l l e n t  mimic o f  t h e  t r a n s i t i o n  s ta te .  

Table 27 a l s o  inc ludes ,  f o r  t h e  d i f f e r e n t  i n h i b i t o r s ,  t h e  d is tances 

between t he  phosphonami de n i t r o g e n  and t h e  neares t  p r o t e i n  atoms. These 

d is tances  (and t h e  corresponding d i r e c t i o n s )  show t h a t  t h e r e  a re  oxygens 

avai  1  ab le  (Asn 112 OD1 and t h e  pep t ide  oxygen o f  Ala 113) t o  accept two 

hydrogen bonds from t h e  n i t r ogen .  For ZPPLA and P-Leu-NH2, i n  which t h e  

n i t r o g e n  i s  presumed t o  be protonated,  both these  hydrogen bonds a re  

rea l i zed .  It w i l l  a1 so be noted i n  Table 27 t h a t  as one proceeds from 

phosphoramidon t o  P-Leu-NH2 and ZPPLA, t he  n i t r o g e n  occupies a  p o s i t i o n  



c l o s e r  t o  Glu 143, cons i s ten t  w i t h  t h e  proposal t h a t  Glu 143 i s  t h e  pro-  

t on  donor and subsequent ly s t a b i  1  i zes t h e  protonated t r a n s i t i o n  s i t e  by 

an i o n i c  i n t e r a c t i o n .  Because t h e  two p r o t e i n  oxygens OD1 of Asn 112 and 

t h e  pep t ide  oxygen o f  Ala 113, a1 ready occupy t he  r e q u i s i t e  p o s i t i o n s  t o  

accept hydrogen bonds from phosphorami de n i t r o g e n  , i t  f o l  1  ows t h a t  these 

p o s i t i o n s  a re  no t  access ib le  t o  so l  vent  w i t hou t  a  conformati onal 

adjustment. Indeed, t h e  mode o f  b i n d i n g  adopted by ZPPLA (Fig.  25) i s  

such t h a t  - any access o f  water t o  t h e  n i t r o g e n  i s  s t e r i c a l l y  excluded. 

Assuming t h a t  a  subs t ra te  adopts a  s im i  1  a r  c o n f i  g u r a t i  on, so l  ven t  would 

be excluded from t h e  s c i s s i l e  n i t r o g e n  i n  t h e  same way ( a l s o  see 

Hangauer -- e t  al., 1984). This i n a c c e s s i b i l i t y  t o  so l ven t  argues aga ins t  

water as t he  p ro ton  donor i n  c a t a l y s i s ,  a l though i t  i s  d i f f i c u l t  t o  r u l e  

ou t  s t r u c t u r a l  changes t h a t  would pe rm i t  access t o  so lven t .  

As mentioned, t h e  d i s tance  i n  ZPPLA between t h e  phosphonamide 

n i t r o g e n  and one o f  t h e  oxygens o f  Glu 143 i s  3.38 (Table 26) c o n s i s t e n t  

w i t h  t h e  mechanis t ic  proposal t h a t  Glu 143 accepts a  p ro ton  f rom t h e  

a t t a c k i n g  water molecule and subsequent ly s h u t t l e s  t h e  p ro ton  t o  t h e  

l e a v i n g  n i t r o g e n  o f  t h e  s c i s s i  l e  pep t i de  (Monzingo & Matthews, 1984; 

Hangauer -- e t  a1 . , 1984). By analogy w i t h  t he rmo lys i n  i t  was proposed 

t h a t  a  s i m i l a r  mechanism o f  a c t i o n  should be cons idered f o r  

carboxypept i  dase A (Monzi ngo & Matthews , 1984). I n  p a r t  i c u l  a r  , i t  was 

suggested t h a t  i n  carboxypept idase A t h e  r o l e  o f  t h e  p ro ton  donor cou ld  

be asc r i bed  t o  Glu 270 r a t h e r  than Tyr 248. The recen t  demonstrat ion 

t h a t  Tyr 248 of carboxypept idase A i s  no t  e s s e n t i a l  f o r  c a t a l y s i s  

(Gardel l  -- e t  a1 ., 1985) i s  c o n s i s t e n t  w i t h  t h e  above suggest ion and a l s o  



supports t h e  idea t h a t  t h e  mechanisms o f  a c t i o n  o f  carboxypept idase A 

and thermo lys in  cou ld  be very s i m i l a r  (Kester  & Matthews, 1977; Monzingo 

& Matthews , 1984) . 
Based on t h e  observed mode of b i n d i n g  t o  thermo lys in  of 

N-carboxymethyl - d i  pep t i de  and o the r  i n h i b i t o r s ,  Hangauer -- e t  a1 . (1984) 

used i n t e r a c t i v e  computer graphics t o  model t h e  presumed in te rmed ia tes  

t h a t  occur du r i ng  c a t a l y s i s .  I n  F igure  28 we have superimposed t h a t  

proposed t e t r a h e d r a l  t r a n s i t i o n  s t a t e  on t h e  observed coord inates f o r  

ZP'LA. As can be seen, t h e  o v e r a l l  agreement i s  on l y  moderately good 

and t h e r e  a re  s u b s t a n t i a l  d i f f e r e n c e s  i n  t h e  b i n d i n g  o f  t h e  l e u c i n e  

w i t h i n  t h e  S1' "speci  f i c i  t y  pocket" .  [The same d i  screpancy occur red  

between t h e  proposed t r a n s i t i o n  s t a t e  model and t h e  observed b i n d i n g  of 

"CLT" i n  t h e  s p e c i f i c i t y  pocket (see Fig.  7 o f  Hangauer e t  a1 . , 1984) .] -- 

K i n e t i c s  o f  B ind ing  

I n  general  , t r a n s i t i o n  s t a t e  i n h i b i t o r s  b i n d  more t i g h t l y  t o  an 

enzyme than ground s t a t e  analogues and o f t e n  d i s p l a y  an apparent s low 

r a t e  of b i n d i n g  (Wol fenden, 1976; Fr ieden e t  a1 ., 1980). Both ZG'LL and -- 
P 

ZP LA were designed s p e c i f i c a l l y  as t r a n s i t i o n  s t a t e  analogue i n h i b i t o r s  

o f  t he rmo lys i  n. Not s u r p r i s i n g l y ,  these  two i n h i b i t o r s  have d i f f e r e n t  

b i n d i n g  constants ,  but,  unexpectedly, t hey  d i f f e r  w i t h  respec t  t o  t h e i r  

b i n d i n g  k i n e t i c s  ( B a r t l e t t  & Marl owe, 1983; B a r t l e t t ,  personal 

P 
communication). ZG LL has an i n h i b i t i o n  constant ,  K i  , of 9.1 nM and 

P 
shows instantaneous b i n d i n g  k i n e t i c s .  On t h e  o the r  hand ZP LA, t h e  most 

po ten t  i n h i b i t o r  y e t  r epo r ted  f o r  t he rmo lys i  n  (Tab1 e  20) demonstrates 



FIGURE 28. Comparison o f  Binding o f  ZPPLA (Sol i d  Bonds) and a Model f o r  
t h e  T rans i t i on  State (Hangauer -- e t  al., 1984) 



slow b ind ing  k i n e t i c s  w i t h  a  K i  o f  0.1 nM. The d i f f e r e n t  p r o p e r t i e s  of 
P  P  

ZG LL and ZP LA observed i n  s o l u t i o n  can now be c o r r e l a t e d  w i t h  t h e  

d i f f e r e n t  modes o f  b i n d i n g  observed c r y s t a l l o g r a p h i c a l l y .  

P  
The analogue ZP LA i s  presumed t o  represent  t h e  t r a n s i t i o n  s t a t e  

both i n  i t s  b i den ta te  coo rd ina t i on  a t  t h e  z i nc  and i t s  i n t e r a c t i o n s  w i t h  

P 
t he  enzyme i n  t h e  S2, S1, S i t ,  and S2' subs i tes.  ZG LL i s  presumed t o  

b i nd  i n  a  non-product ive mode ( a t  l e a s t  i n  t h e  Sl-S2 reg ion ) .  The f i r s t  

ques t ion  i s  why t h e  two i n h i b i t o r s  adopt d i f f e r e n t  modes o f  b ind ing.  

The presence of t h e  phenyl ana l y l  s i de  chain a t  t h e  R 1  p o s i t i o n  has two 

consequences. F i  r s t  , it can make more ex tens ive  i n t e r a c t i o n s  w i t h  t he  

enzyme than can a  g l y c i n e  and, second, i t  r e s t r i c t s  those con f i gu ra t i ons  

access ib le  t o  t h e  i n h i b i t o r  much more than i s  t h e  case w i t h  a  g l y c i n e  a t  

t h i s  p o s i t i o n .  The poss ib l e  c o n f i g u r a t i o n s  can be eva lua ted  i n  e x a c t l y  

t he  same way as f o r  a  po l ypep t i de  (Ramachandran -- e t  a1 ., 1963) except 

t h a t  t h e  t r i g o n a l  carbonyl  group i s  rep laced by t h e  t e t r a h e d r a l  phospho- 

namide group. The r e s u l t s  o f  r o t a t i n g  about t h e  N-C, bond o f  res idue  R 1  

a re  shown i n  F igure  29. I f  R 1  i s  a  non-glycine, t h e  d i hed ra l  angle $I i s  

r e l a t i v e l y  r e s t r i c t e d ,  w i t h  a l lowed values from about -170° t o  -80". 

The observed val  ue f o r  ZPPLA (R1 = Phe) i s  -83". As expected, i f  R 1  i s  

a  g l y c i  ne, much g r e a t e r  r o t a t i o n a l  f l e x i  b i  1  i t y  i s  a1 1  owed ( f rom about 

100" th rough  +180°). The observed d ihed ra l  va lue f o r  ZGPLL i s  $I = 146". 

Since t h e  g l y c i  ne-conta i  n i n g  i n h i b i t o r  could,  i n  p r i n c i p l e ,  adopt t he  

conformat ion o f  i t s  phenyl a1 any1 coun te rpar t ,  t h e  d i f f e r e n c e s  i n  t h e  

modes o f  b i n d i n g  o f  t h e  two i n h i b i t o r s  cannot be a t t r i b u t e d  t o  d i f -  

ferences i n  t h e i r  a1 1  owed conformat ions. Rather, t h e  d i f f e r e n c e  between 

P  P 
t h e  b i n d i n g  of ZP LA and ZG LL must be a t t r i b u t e d  t o  t h e  a d d i t i o n a l  



IGURE 29. Selected In tera tomic  Distances i n  ZPPLA as a  Function of 
Rotat ion About the  N-C, (R l )  Bond 

In tera tomic  distances i n  ZPPLA between t h e  carbonyl oxygen of the  
carbobenzoxy group and, respec t i ve l y  , the phosphorous atom P (sol  i d 
l i n e ) ,  t he  phosphonamide oxygens OP1 and OP2 (do t ted  l i n e s )  and the  
B -carbon, CB, o f  the phenyl a1 any1 s ide chain (dashed 1  i n e )  . Each 
d is tance i s  p l o t t e d  as a  func t i on  o f  the  r o t a t i o n ,  4 ,  o f  the  carbonyl 
group about t h e  N-C, (R1) bond. Assuming t h a t  t h e  sho r tes t  permiss ib le 
i n te ra tomic  approach i s  2.7A, t h e  allowed ranges o f  values of 4 f o r  a 
g l y c i n e  and a  non-glycine (e.g. phenylalanine a t  R 1  a re  as shown i n  the  b f i gu re .  The observed values f o r  ZGPLL and ZP LA are  a1 so shown. 



i n t e r a c t i  ons generated by t h e  phenyl a1 any1 s ide  chai n. Mori hara and 

Tsuzuki (1970) showed t h a t  t he  KM f o r  t h e  thermolys in subs t ra te  

Z-Gly-Leu-A1 a i s  10.6 mM whereas Z-Phe-Leu-A1 a has a KM o f  0.6 mM. Thus 

the  phenylalanine s ide  chain a t  t he  R 1  p o s i t i o n  c l e a r l y  con t r i bu tes  t o  

P 
binding. I n  terms o f  the  b ind ing  observed fo r  ZP LA (Fig. 25) t he  

phenylalanyl  s ide  chain l i e s  a t  an angle t o  t he  face of Phe 114, an 

i n t e r a c t i o n  a l so  seen w i t h  o ther  thermolys in i n h i b i t o r s  (e.g. see Kester 

& Matthews, 1977; Monzingo & 

i n t e r a c t i o n  must account f o r  

' P  
ZG LL, and, i n  add i t ion ,  t he  

Matthews, 1984). This add i t i ona l  

P 
t h e  t i g h t e r  b ind ing  of ZP LA r e l a t i v e  t o  

d i f f e r e n t  mode o f  binding. [Because the  

conf igura t ion  of ZPPLA i n  s o l u t i o n  i s  more constra ined than t h a t  of 

ZGPLL (see below) t h e r e  i s  a1 so an en t rop i c  c o n t r i b u t i o n  t o  t h e  t i g h t e r  

b ind ing  o f  ZPPLA re1 a t i v e  t o  ZG~LL.]  It might  a1 so be noted t h a t  t h e  

s u b s t i t u t i o n  o f  Ala f o r  Leu i n  t h e  R2' p o s i t i o n  i s  expected t o  s l i g h t l y  

P P weaken the  b ind ing  o f  ZP LA r e l a t i v e  t o  ZG LL. Morihara and Tsuzuki 

(1970) found Z-Gly-Leu-Leu t o  have a KM of 2.6 mM whereas Z-Gly-Leu-Ala 

has a f o u r - f o l d  l a r g e r  va lue (10.8 mM). 

With respect t o  t he  d i f f e r e n c e  i n  t h e  k i n e t i c s  o f  b ind ing  of the  

P 
two i n h i b i t o r s ,  we note t h a t  t he  b ind ing  of ZP LA requ i res  t h e  d isp lace-  

ment o f  a  number o f  water molecules, i n  p a r t i c u l a r  the  one hydrogen 

bonded t o  t he  pept ide  n i t r ogen  o f  Trp 115 ( i  .e. i n  t he  S2 subs i t e )  (Fig. 
P 

25). I n  con t ras t ,  t h i s  so lven t  molecule i s  no t  d isp laced when ZG LL i s  

P 
bound (Fig. 24). Furthermore, as we have shown, t he  p a r t  of ZP LA t h a t  

occupies the  S1 and S2 subs i tes  i s  much l e s s  f l e x i b l e  than i s  t h e  case 

P 
fo r  ZG LL. Therefore the  bound so lven t  i n  t h e  S2 subs i t e  may have t o  be 

P 
d isp laced we l l  away f rom i t s  ground-state p o s i t i o n  be fore  ZP LA can 



e n t e r  t he  a c t i v e  s i t e .  But t h i s ,  i n  t u rn ,  would r e q u i r e  a  l a r g e  

a c t i v a t i o n  energy, e x p l a i n i n g  t h e  s l  ow k i n e t i c s  o f  b i nd ing  f o r  t h i s  

i n h i b i t o r .  ZGPLL, on t he  o ther  hand, be ing  more f l e x i b l e ,  i s  more f ree  

t o  change i t s  c o n f i g u r a t i o n  as i t  f i l l s  t h e  a c t i v e  s i t e ,  d i s p l a c i n g  

so l  vent  molecules i n  a  stepwise fash ion.  I n  add i t i on ,  ZGPLL i s  ab le  t o  

b i n d  w i t h  t he  Trp 115 water molecule s t i l l  i n  place. 

The enzyme s t r u c t u r e  app rop r i a te  f o r  b i nd ing  t h e  t r a n s i t i o n  s t a t e  

o f  a  subs t ra te  i s  n o t  necessa r i l y  opt imal  f o r  b i nd ing  t h e  ground s t a t e  

conformat ion. Accord ing ly ,  i t  has been pos tu l a ted  t h a t  s low-b ind ing 

P behavior,  of t h e  s o r t  e x h i b i t e d  by ZP LA, might  r e s u l t  f rom a r e q u i r e d  

conformat ional  change on t h e  p a r t  o f  t h e  enzyme o r  t h e  i n h i b i t o r  

(Wol fenden, 1976; Fr ieden -- e t  a1 . , 1980). Based on t ryp tophan fl uores-  

cence quenching experiments, Kurz -- e t  a l .  (1985) proposed t h a t  i n  t h e  case 

o f  adenosine deaminase cons iderab le  readjustment o f  t h e  a c t i v e  s i t e  seems 

r e q u i r e d  t o  b i nd  t h e  t r a n s i t i o n  s t a t e  conformat ion o f  t h e  subs t ra te .  

With respec t  t o  t h e  s tud ies  presented here, we see no evidence f o r  major 

rearrangements o f  t he  t e r t i a r y  s t r u c t u r e  o f  thermo lys in  i n  t h e  a c t i v e  

P P s i t e  o r  elsewhere upon b i n d i n g  ZG LL o r  ZP LA. I n  t h e  case of 

t he rmo lys i n  it appears t h a t  t h e  s low-b ind ing  phenomenon demonstrated by 

P 
ZP LA cou ld  be t h e  r e s u l t  o f  a  r e -o rde r i ng  o f  so l ven t  molecules w i t h i n  

t h e  a c t i v e  s i t e  r a t h e r  than any major  change i n  t h e  p r o t e i n  s t r u c t u r e .  

S t e r i  c  Hindrance 

I n  cons ide r i ng  t h e  d i f f e r e n t  modes o f  b i n d i n g  o f  t h e  two i n h i b i t o r s  

t h e r e  i s  another  p o t e n t i a l  comp l i ca t i on  t h a t  needs t o  be discussed, 



namely s t e r i c  l i m i t a t i o n s  imposed by the  packing o f  t he  thermolys in 

molecules i n  t h e  c r y s t a l .  On one hand, t he  observat ion t h a t  bu lky  

P  
i n h i b i t o r s  such as ZP LA and phosphoramidon can be bound t o  c r y s t a l  1  i n e  

thermolys in shows t h a t  t he  a c t i v e  s i t e  i s  r e l a t i v e l y  accessible.  On t h e  

o ther  hand, cons idera t ion  o f  t he  molecular  packing w i t h i n  t he  c r y s t a l s  

shows t h a t  t he re  i s  the p o s s i b i l i t y  o f  s t e r i c  i n te r fe rence  f o r  i n h i b i -  

t o r s  occupying the  S2 and S3 subsi tes.  These p o t e n t i a l  s t e r i c  l i m i t a -  

t i o n s  can be o f  two types. E i t h e r  an i n h i b i t o r  bound t o  one thermolys in 

mol ecule can c lash  w i t h  another thermolys in  molecule, o r  i n h i b i t o r  

molecules bound t o  two a c t i v e  s i t e s  may i n t e r f e r e  w i t h  each other.  

P 
The s i t u a t i o n  fo r  ZP LA i s  shown i n  F igure 30(b). The c loses t  

" i n te rmo lecu la r "  approach i s  3.58 and i s  between the  carbobenzoxy group 

o f  t he  i n h i b i t o r  and Thr 48 o f  a  two- fo ld-re1 ated thermolys in molecule. 

This d is tance i s  j u s t  beyond the  range o f  s i g n i f i c a n t  van der Waals 

i n t e r a c t i o n s ,  a1 though i t  does no t  exclude poss ib le  i n d i  r e c t  e f fec ts  

mediated v i a  bound so lven t  molecules. However, s ince the re  i s  no d i r e c t  

P 
s t e r i c  c l ash  between ZP LA and any o the r  p r o t e i n  o r  i n h i b i t o r  molecule 

i n  i t s  neighborhood, i t  i s  reasonable t o  assume t h a t  t h e  mode of b ind ing  

P 
of ZP LA seen i n  the  c r y s t a l s  i s  very s i m i l a r  t o  t h a t  i n  so lu t i on .  

P  
For ZG LL t h e  p o t e n t i a l  i n te rmo lecu la r  contacts  are somewhat 

d i f f e r e n t  (Fig. 30(a)). Here t h e  carbobenzoxy group o f  one bound 

i n h i b i t o r  comes w i t h i n  3.58 o f  t h e  carbobenzoxy group of another 

i n h i b i t o r  molecule bound t o  t h e  2- fo l  d-re1 a ted  thermolys i  n  molecule. 

There are a1 so some in te rmo lecu la r  i n h i  b i  t o r - n e i  ghbor p r o t e i n  approaches 

P of 3.8-4.08. However, as w i t h  ZG LL, these d is tances a1 1  appear t o  be 



FIGURE 30. Stereo Drawings of Potent ia l  Contacts o f  I n h i b i t o r  w i t h  
Symmetry Re1 ated Mol ecul  es 

Stereo drawings ill u s t r a t i  ng the p o t e n t i  a1 f o r  s t e r i  c i n t e r f e r e n c e  
w i t h  i n h i b i t o r s  bound i n  the  ac t i ve  s i t e  o f  c r y s t a l l i n e  thermolysin. 
Each f i g u r e  shows one i n h i b i t o r  molecule (so l  i d  bonds) bound i n  t h e  
a c t i v e  s i t e  (open bonds) together w i th  a second i n h i b i t o r  molecule bound 
t o  t h e  a c t i v e  s i t e  o f  a neighboring p r o t e i n  molecule. The names of t h e  
symmetry-related atoms are fol lowed by an "S". The two a c t i v e  s i t e s  and 
t h e  bound i n h i b i t o r s  are re la ted  by a c r y s t a l  l og raph ic  two-fold 
r o t a t i o n a l  a x i s  t h a t  i s  approximately normal t o  t h e  plane o f  the  paper. 
(a) ZGPLL. (b) ZPPLA. 



too long t o  suggest d i  r e c t  in te rmolecu lar  i n te rac t i ons .  Thus, both 

P P 
ZP LA and ZG LL come w i t h i n  the  v i c i n i t y  o f  neighboring molecules i n  t he  

c rys ta l ,  but  i n  n e i t h e r  case i s  there  evidence t h a t  these neighboring 

mol ecul es s t e r i c a l  l y  i n t e r f e r e  w i t h  the  p re fe r red  mode o f  binding. 

One observat ion t h a t  l e d  us t o  be concerned about poss ib le  s t e r i c  

i n te r fe rence  was the d i f f e rence  i n  dens i ty  a t  the  phosphorus p o s i t i o n  i n  

Figures 23(a) and 23(b). As can be seen i n  the  f igures ,  t he  peak dens i ty  

fo r  ZPPLA i s  about 60% t h a t  f o r  ZGPLL, suggesting t h a t  ZPPLA might be 

bound t o  the  enzyme w i t h  l ess  than 100% occupancy. To t e s t  t h i s  

possi b i  1  i t y ,  we r e f i n e d  the  occupancy parameters o f  two models. I n  t he  

f i r s t  model t he  a c t i v e  s i t e  contained a  molecule of ZPPLA i n  which the  

occupancies o f  a l l  the atoms were constra ined t o  be equal. The second 

model i n c l  uded, i n  add i t ion ,  the sol vent mol ecul es which are d i  sp l  aced 

when the i n h i b i t o r  i s  bound. The so lvent  atoms were constra ined t o  have 

equal occupancies, but were not  t i e d  t o  t h e  occupancy o f  the  i n h i b i t o r .  

Both c a l c u l a t i o n s  lead t o  the conclusion t h a t  ZPPLA occupies the  a c t i v e  

s i t e s  o f  80-85% o f  the  thermolysin molecules i n  the  c r y s t a l  phase. As a  

con t ro l ,  s i m i l a r  ca l cu la t i ons  were c a r r i e d  out f o r  ZGPLL and l e d  t o  an 

i n h i  b i t o r  occupancy o f  100%. The d i f f e r e n c e  i n  occupancy might  exp la in  

why the  thermal fac tors  of ZPPLA are c o n s i s t e n t l y  h igher  than those o f  

ZGPLL (Table 24). Since the  parameters f o r  ZPPLA given i n  Table 24 were 

obtained assuming 100% occupancy f o r  the  i n h i b i t o r ,  the  thermal fac tor ,  

would tend t o  increase t o  compensate f o r  any l oss  o f  e lec t ron  dens i t y  

due t o  p a r t i a l  occupancy. 



APPENDIX A 

EFFICIENT CALCULATION OF GRADIENTS BY MEANS OF 

THE FAST FOURIER TRANSFORM ALGORITHM 

D e f i n i t i o n s  

The f o l l o w i n g  symbols a re  used i n  bo th  t h e  chapters  and t h e  

appendi ces. 

The vec to r  c o n s i s t i n g  o f  a l l  r e f i n a b l e  parameters i n  

t h e  model . 
The vec to r  o f  a l l  parameters o f  atom i. 

The vec to r  o f  a1 1 p o s i t i o n a l  parameters i n  t h e  model. 

The vec to r  o f  t he  p o s i t i o n a l  parameters of atom i. 

The coord ina tes  o f  atom i. 

The thermal f a c t o r  f o r  atom i. 

The occupancy o f  atom i. 

The atomic s c a t t e r i n g  f a c t o r  f o r  atom i. 

The vec to r  (h,k,l);  s = s ine/x .  

The observed va l  ue f o r  observa t ion  j . 
The va lue c a l c u l a t e d  f o r  observa t ion  j f rom t h e  

parameter p. 

A we igh t ing  f a c t o r  f o r  obse rva t i on  j. 

The observed s t r u c t u r e  f a c t o r  f o r  r e f l e c t i o n  - s. 

The s t r u c t u r e  f a c t o r  f o r  r e f l e c t i o n  - s c a l c u l a t e d  from 

t h e  parameter - p. 



T  A  Fou r i e r  t ransform.  

T-1 An i n ve rse  Fou r i e r  t ransform.  

* A  convol u t i  on 
* 

( ~ i  The va lue o f  t h e  convo lu t i on  evaluated a t  ~ i .  

L i f c h i t z  V a r i a t i o n  o f  t h e  A lgo r i t hm 

To r e f i n e  a  s t r u c t u r a l  model aga ins t  c r y s t a l l o g r a p h i c  data bo th  t h e  

f unc t i on  (A.l) and i t s  g rad ien t  (A.2) must be evaluated. 

Because t he  e v a l u a t i o n  o f  t h e  g rad ien t  i n v o l v e s  a  sum over al.1 

r e f l e c t i o n s  f o r  each parameter o f  t h e  model , t h e  c a l c u l a t i o n  would be 

very  time-consuming i f  performed as i n  Equat ion (A.2). 

Agarwal (1978) showed t h a t  Equat ion (A.2)  can be expressed as 

Equations (A. 3a-A. 3d) 

- -  a )  - T - 2 W ( s )  1 ( s )  1 - 1  (  1 I P C ~ I  (A03d) 
a B i  - - 



where g i  ( s )  = O i  fi (z)exp(Bj s2/4) - 

This fo rmula t ion  requi res a  Four ie r  t rans form f o r  each parameter and 

a1 so i s  imprac t i ca l .  However, Agarwal separated the  po r t i ons  of (A. 3) 

t h a t  depend on the  atom (subscr ip t  i) from the  r e s t  o f  the  fac to rs  and 

app l ied  the  convo lu t ion  theorem t o  a r r i v e  a t  Equations (A.4a-A. 4d). 

I f the  atomic s c a t t e r i n g  f a c t o r  i s  modeled as a  sum o f  Gaussians 

the  second Four ie r  t ransform can be c a l c u l a t e d  a n a l y t i c a l l y .  For a  

given model , t h e  f i r s t  t ransform i n  each o f  Equations (A.4a-A. 4b) can be 

ca l cu la ted  w i t h  the  FFT algor i thm. I n  t h e  form given i n  Equations 

(A.4), it i s  necessary t o  perform 3  Four ie r  t ransforms t o  determine the  

p o s i t i o n a l  de r i va t i ves .  

L i f c h i t z  (see Isaacs, 1982) has po in ted  out t h a t  the  grad ien t  can 

be ca l cu la ted  more e f f i c i e n t l y  by f a c t o r i n g  Equations (A.3) so t h a t  the  



f i r s t  Four ie r  t ransform i s  t he  same i n  a l l  the  equations. The 

r e f a c t o r i  ng r e s u l t s  i n  Equations (A. 5a-A. 5d). 

When us ing  these equat ions t o  c a l c u l a t e  t he  g rad ien t  o f  P, on ly  a s i n g l e  

FFT i s  requi red.  The Four ie r  t ransforms on t h e  r i g h t  can s t i l l  be 

determi ned a n a l y t i c a l  l y  by us ing  the  f o l  1 owi ng ru les.  



The Reduction o f  Series Terminat ion Er rors  

The c a l c u l a t i o n  o f  the convol u t i ons  i n  Equations (A. 5) invo lves  

sampling each o f  t he  funct ions a t  d i s c r e t e  points ,  m u l t i p l y i n g  the  

values po in t  by po in t ,  and summing a l l  o f  t he  products. The sampl i n g  

i n t e r v a l  requ i red  t o  represent a func t i on  w i t h  a given accuracy depends 

on the  magnitude o f  the  h igh reso lu t i on  components of t h a t  funct ion. 

There i s  no problem determining the  sampling i n t e r v a l  f o r  the func t i on  

on the  l e f t  o f  t he  convolut ion because i t  conta ins no components of 

reso lu t i on  h igher  than the  measured data. However, the  func t ions  on the  

extreme r i g h t  hand s ide o f  Equations (A.5) are no t  o f  l i m i t e d  r e s o l u t i o n  

and there fore ,  a t  l e a s t  i n  p r i n c i p l e ,  must be sampled on a very f i n e  

g r i d .  This problem ex i s ted  i n  the  o r i g i n a l  Equations (A.4) but  i s  much 

more serious w i t h  new form o f  the Equations (A. 5) because the  h igh  

r e s o l u t i o n  components are enhanced by t h e  i n c l u s i o n  o f  the 

c r y s t a l  1  ographic i nd i ces  (h, k,l ) . This probl  em i s  most severe i n  the  

cal  cu l  a t i o n  o f  the  temperature f a c t o r  d e r i v a t i v e s  (Equation A. 5d) 

because o f  the  s2 fac to r .  A mechanism t o  a l l o w  these func t ions  t o  be 

ca l cu la ted  using a somewhat courser g r i d  has been devised by recogniz ing 

t h a t  the  e r r o r s  in t roduced by a course g r i d  are fundamentally t he  same 

as those encountered i n  the  c a l c u l a t i o n  o f  s t r u c t u r e  fac to rs  us ing  the  

FFT method (Ten Eyck, 1977). The s o l u t i o n  i nvo l ves  "smearing" o r  

" b l u r r i n g "  the  f u n c t i o n  o f  i n t e r e s t  so t h a t  i t i s  sampled by a l a r g e r  

number o f  g r i d  po in ts .  The "smearing" must be compensated elsewhere i n  

t he  ca l cu la t i on .  I n  t h i s  case the  compensation i s  achieved by 

"sharpening" the  d i f f e r e n c e  map. This can be done wi thout  i n t roduc ing  



add i t i ona l  e r r o r s  because no new h igh  reso lu t i on  terms are in t roduced 

i n t o  the  d i f f e rence  map. The equations used i n  the  program ADERIV, 

Generalized Uses o f  t he  A lgor i thm 

What was not  c l e a r  i n  Agarwal ' s  o r i g i n a l  paper was t h a t  t h i s  

computational sho r t  c u t  can be used i n  many cases o ther  than the  

eva lua t ion  o f  Equation (A.2). I f  the  d e r i v a t i o n  i s  c a r r i e d  out fo r  the  

general case we d iscover  t h a t  the  i d e n t i t y  (A.lO) holds whenever E(5) i s  

a  symmetric func t ion .  

a I Fc(5.O I * 
E(L) aXi = $ ( T - ~ C E ( S ) ~ X P ( ~ ~ ~ ( ~ , ~ ) ) I  (5i) 

S - T- I [ -2 (2r i  h ) g i  (5) 1) (A. lOa) 



T - l [ - 2 ( 2 ~ i  k ) g i  ( s ) ] )  - (A. l o b )  

a I F&e) I * 
"(2) azi = -$ T - ~ c E ( s ) ~ x P ( ~ ~ c ( ~ . ~ ) ) I  (Eii) 
S - 

T - l [ - 2 ( 2 ~ i l  ) g i  ( s ) ] )  - (A. 1 0 ~ )  

We can use (A. 10) t o  speed up t h e  c a l c u l a t i o n  o f  t h e  g rad ien t  of almost 

any f u n c t i o n  i n v o l  v i  ng s t r u c t u r e  f ac to r s .  

Let  us develop an example. Suppose t h a t  we wish t o  minimize, no t  

t h e  usual f u n c t i o n  o f  t h e  X-ray data (A. I ) ,  b u t  t h e  negat i ve  o f  t h e  

c o r r e l a t i o n  c o e f f i c i e n t  r ( p ) ,  - which can be c a s t  as i n  Equation (A . l l ) .  

(A. 11) 
n[ I Fo (2) I I Fc ( m  I - I Fo (2)  I I Fc ( 2 , ~ )  I 1 

r ' ( e ) =  4 p )  = 

( F ~ ( 5 )  )l - 1 F ~ ( 5 )  1 21[ I F~(2,!L,) 1 - ) F ~ ( 2 s ~ )  1 21) 1 /2  

The g rad ien t  i s  g iven  by Equati on (A. 12). 
(A. 12) 



To c a l c u l a t e  t h i s  g rad ien t  we need a number o f  means and t h r e e  

compl i c a t e d  summations, (A. 13), (A. 14), and (A. 15). 

(A. 13) 

(A. 14) 

(A. 15) 

From t h e  genera l i zed  d e r i v a t i o n  we can see t h a t  these t h r e e  q u a n t i t i e s  

can be c a l c u l a t e d  from t h e  same convo lu t ion ,  and i n  f a c t  us ing  t h e  same 

program as t h e  o r i g i n a l  c a l c u l a t i o n  b u t  us ing  t h e  t h r e e  t rans fo rmat ions  

produced by Equat ions (A. l 6 ) ,  (A. 17), and (A. 18). 

(A. 16) 

(A. 17) 

(A. 18) 

Therefore w i t h  3  FFT1s we can c a l c u l a t e  t h e  r e q u i r e d  g rad ien t  of r '  . 
This  p a r t i c u l a r  f u n c t i o n  has n o t  been implemented i n  TNT. To do so 

would o n l y  r e q u i r e  t h e  c r e a t i o n  o f  t h e  code t o  c a l c u l a t e  t h e  means, t he  

c o e f f i c i e n t s  f o r  t h e  t rans fo rmat ions ,  and a program which would combine 

t h e  means w i t h  t h e  r e s u l t s  o f  t he  convo lu t i ons  t o  produce t h e  f i n a l  

g rad ien t .  To per form ref inement  a  program would have t o  be w r i t t e n  

which would c a l c u l a t e  r '  f o r  any g iven  model . None o f  these programming 

tasks  a re  d i f f i c u l t .  



APPENDIX B 

EVALUATION OF THE GRADIENTS OF THE TERMS NECESSARY FOR THE 

IMPLEMENTATION OF STEREOCHEMICAL RESTRAINTS 

I n t r o d u c t i o n  

I n  t h i s  Appendix we present  t h e  equat ions f o r  t h e  g rad ien ts  of t he  

stereochemical  terms. Most o f  them a re  s imp ly  de r i ved  a l g e b r a i c l y  from 

t h e  q u a n t i t i e s  d e f i n i t i o n  and no d e t a i l s  w i l l  be given. Because of t h e  

assumptions used i n  t h e  case o f  t he  p l a n a r i t y  r e s t r a i n t s  these equat ions 

a re  de r i ved  e x p l i c i t l y .  

The s te reochemis t ry  terms are o f  t h e  f o l l o w i n g  form ( c f .  Equat ion 

(2)  i n  t h e  main t e x t ) .  

The g rad ien t s  are o f  t h e  form 

Only t h e  p o r t i o n  o f  (B.2) unique t o  each t ype  o f  r e s t r a i n t  ( i .e. t he  

d e r i v a t i v e  o f  t h e  c a l c u l a t e d  q u a n t i t y  w i t h  respec t  t o  t h e  parameters of 

t h e  model) w i l l  be l i s t e d  i n  each o f  t h e  f o l l o w i n g  sec t ions .  I n  each 

s e c t i o n  t h e  coord ina tes  a re  assumed t o  be expressed i n  an orthogonal 

coo rd ina te  system. 



Bond Lengths 

For bond lengths, Qc(x) i s  the d is tance between two atoms. Cal l  - 
these two atoms i and j. 

Bond Angles 

For bond angles, Qc(x) - i s  the angle def ined by th ree  atoms, labe led  

i, j, k, w i t h  j being the  cent ra l  atom. 

Let - a be the  vector  from atom j t o  atom i, - b the  vector  from atom k 

t o  atom j and - c the  vector  from atom i t o  atom k. Then 

[Note: I n  FORTRAN the  argument o f  the f u n c t i o n  ACOS i s  i n  radians. If 

Qc(x) - i s  t o  be i n  degrees a conversion f a c t o r  must be included.]  



aa2 = 2 ( i W  - j w )  
ai, 

where: i 1 = X i  j 1 = X j  k l  = Xk 

Torsion Anal es 

For t o r s i o n  angles, Qc(x) - i s  the  angle def ined by the  fou r  atoms, 

1 abel ed i , j , k, 1. The quan t i t y  i s  the  angle between the  normal t o  the 

plane def ined by atoms i, j, k and the  normal t o  t h e  plane def ined by 

atoms j, k, 1. 

Let - a be the  vector  from atom j t o  atom i, - s t h e  vec tor  from atom j 

t o  atom k and - b the  vector  from atom k t o  atom 1. Also l e t  - r = - s x - a 

and 9 = - s x - b where - r i s  the  normal t o  t he  p l  ane con ta in ing  atoms 1, j , 

k and 9 i s  the  normal t o  the  plane conta in ing  atoms j, k,  1. 

[Note: I n  FORTRAN the  argument o f  the  func t i on  ACOS i s  i n  radians. If 

Qc(x) i s  t o  be i n  degrees a conversion f a c t o r  must be included.]  



~Qc(&) - a QC (5) aQ&) - - - a QC (5) - - -  + e x a  + f x b  - - - - axk 8x1 
- e x a  - f x b  a 3  a x i  - - - - - 

P I  anar i  t y  

For p l a n a r i t y ,  Qc(x) - i s  def ined as the  RMS dev ia t i on  o f  the  atoms 

from the  best  f i t  plane. 

Let - N be the  number o f  atoms i n  the  plane and x - t h e  center  o f  mass 

o f  the atoms. Consider 

Q i s  the  moments m a t r i x  f o r  the  atoms o f  t he  plane. The eigenvec- - 

t o r s  of - Q p o i n t  a1 ong t h e  d i r e c t i o n s  o f  t he  p r i n c i p l e  axes o f  r o t a t i o n  

o f  t h i s  group o f  atoms. The eigenval ues o f  - Q are i n v e r s e l y  re1 ated t o  

the  moments o f  i n e r t i a  o f  r o t a t i o n  about t he  a x i s  de f ined by the  cor res-  

ponding eigenvector.  The ax i s  o f  r o t a t i o n  w i t h  t h e  l a r g e s t  moment 

(smal les t  e igenvector)  i s  def ined as the  normal t o  the  best plane for  

these atoms. 

Let u be the  smal les t  eigenval ue o f  - Q, - n t h e  e igenvector  o f  - Q 

corresponding t o  u and - m (=n/n) - be the normal ized eigenvector.  Then the  



rms d e v i a t i o n  o f  t he  atoms from p l a n a r i t y  i s  

where A i s  t he  ou te r  prod'uct. It i s  def ined,  when a and b a re  column - - 
vectors ,  as a A b = a bT. - - - -  

The c a l c u l a t i o n  o f  t he  d e r i v a t i v e  o f  t h e  e igenvec to r  w i t h  respect  

t o  t he  p o s i t i o n  o f  an atom i s  d i f f i c u l t  because e igenvec to rs  are u s u a l l y  

determined a l g o r i t h m i c a l l y .  There i s  no equat ion which expresses t he  

components of t h e  e igenvec to r  o f  a  m a t r i x  as a f u n c t i o n  of t h e  

components of t h a t  mat r i x .  However, i f  one assumes t h a t  t h e  

o f f -d iagona l  elements o f  Q a re  non-zero one can d e r i v e  an equat ion  f o r  - 
t h e  e i  genvector.  

The d e r i v a t i v e s  o f  n l ,  n2  and n3 a re  s imple t o  d e r i v e  i n  terms of t he  

d e r i v a t i v e s  of t he  elements o f  Q. Because o f  t h e  comp lex i t y  of i t s  - 

d e r i v a t i v e  we have made t h e  assumpti on t h a t  t h e  e i  genval ue remains 

constant  d u r i n g  re f inement .  The assumpti on t h a t  t h e  o f f  -diagonal 

elements o f  Q a re  non-zero make t h e  g r a d i e n t  c a l c u l a t i o n  s e n s i t i v e  t o  - 



the  o r i e n t a t i o n  of the  plane. I n  t he  program which performs these 

c a l c u l a t i o n s  the  problems which might a r i s e  are ignored. It i s  presumed 

tha t ,  i f ,  by chance, t he  plane l i e s  i n  a specia l  o r i e n t a t i o n  the  

movement r e s u l t i n g  from the  f i r s t  cyc le  o f  ref inement w i l l  cause i t t o  

be d i  sp l  aced and subsequent r e f i  nement w i  11 func t i on  normal ly. 



APPENDIX C 

SECONDARY STRUCTURE OF THE BACTERIOCHLOROPHYLL PROTEIN 

The h igh  reso l  u t i o n  model o f  the  bac te r i och l  o rophy l l  con ta in ing  

p r o t e i n  can be used t o  i d e n t i f y  the  residues t h a t  occur w i t h i n  regu la r  

secondary s t r u c t u r e  and the  i n t e r a c t i o n s  t h a t  occur w i t h i n  and a t  the  

ends o f  each element o f  s t ruc tu re .  This Appendix i temizes  a l l  of the  

secondary s t r u c t u r e  elements o f  the  p r o t e i n  . Each element o f  secondary 

s t r u c t u r e  (6, a, o r  t u r n )  i s  given a  number according t o  whether i t  i s  

t he  f i r s t ,  second, t h i r d ,  etc., element o f  t h a t  type, count ing from the  

N-terminus. A l i s t  o f  a1 1  t h e  secondary s t r u c t u r e  elements i s  given i n  

Table 28. 

It i s  c l e a r  from the  Ramachandran p l o t  (Fig.  6) t h a t  t he  Bchl 

p r o t e i n  i s  composed p r i m a r i l y  o f  @-sheet. However t he re  are, i n  fact,  

on l y  two 6-sheets i n  t h e  s t ruc tu re ,  w i t h  one con ta in ing  on l y  f o u r  

strands. The o the r  6-sheet conta ins 16 strands, many o f  which are 15 or  

so amino ac ids i n  length.  Also contained w i t h i n  t h e  s t r u c t u r e  of t he  

Bchl p r o t e i n  monomer are 8 a-he1 i c e s  ranging i n  s i z e  from 5  t o  15 

residues and 11 6  bends o f  var ious types. 

The Greater Sheet 

The grea ter  sheet i s  t he  l a r g e  6-sheet t h a t  covers t he  ou ts ide  o f  

t h e  t r imer .  It has two p a r t s :  t he  " top  h a l f " ,  which i s  almost f l a t ,  

and t h e  "bottom ha1 f", where each s t rand i s  bent by about 90". The 



TABLE 28. Secondary S t ruc tu re  Elements o f  t he  Bac te r i  och l  o rophy l l  
P ro te i n  

S t ruc tu re  
e l  ement Residues 

S t ruc tu re  
e l  ement Residues 

Beta-1 

Beta -2 

Bet a -3 

Bet a -4 

Beta-5 

Beta-6 

Beta -7 

A1 pha-1 

Bet a -8 

A1 pha -2 

A1 pha -3 

A1 pha-4 

Beta-9 

Beta-10 

A1 pha-5 

A1 pha -6 

Beta-11 

Beta-12 

Beta-13 

Beta-14 

Col -1 

A1 pha -7 

Beta-15 

Beta-16 

Beta-17 

Beta-18 

A1 pha -8 

Beta-19 



g rea te r  sheet i s  composed o f  t he  6 s t rands 1 th rough 8, 8b, 9  through 

12, 15, 17, and 18. 

The f i r s t  amino a c i d  o f  t he  present  model (Residue #3) i s  t h e  f i r s t  

amino a c i d  o f  6 s t r and  Beta-1. Any amino ac ids  t h a t  might come be fo re  

t h i s  res idue  cou ld  n o t  be an extens ion o f  t h i s  s t r and  because t h e  amino 

a c i d  i s  l o c a t e d  a t  t he  edge o f  t h e  major sheet and a t  a  monomer-monomer 

i n t e r f a c e .  The o n l y  d i r e c t i o n  t h e  chain cou ld  go i s  up, away from t h e  

sur face  o f  t h e  t r ime r .  Beta-1 con ta ins  12 amino ac ids  and ends w i t h  a  

connect ion t o  Beta-2 v i a  a  loop  o f  7  amino ac ids,  w i t h  Turn-1 nested i n  

t h e  midd le  o f  t h e  loop. The res idues o f  t h e  l oop  f o l l o w  rough ly  t h e  

p a t t e r n  o f  a n t i  p a r a l l e l  s t rands  o f  6-sheet b u t  form none o f  r e q u i s i t e  

H-bonds. 

Beta-2 i s  te rmina ted  on i t s  N-terminal s i de  w i t h  an H-bond between 

19:O and 268:N (19:O designates t h e  carbonyl  oxygen o f  res idue  19; 269:N 

i s  t h e  pep t i de  n i t r o g e n  o f  res idue  269, etc.). The s t r and  i s  

a n t i p a r a l l e l  t o  Beta-1 and cont inues u n t i l  Beta-1 stops. Th is  s t r and  

te rmina tes  w i t h  a  poss ib l e  y t u r n .  A H-bond connects 29:O and 31:N, 

however t h e r e  are peaks on t h e  d i f f e r e n c e  map i n  t h i s  reg ion  and t h e  

s i d e  cha in  o f  res idue  30 i s  c l e a r l y  i n c o r r e c t .  Beta-2 i s  connected t o  

Beta-3 by a 10 res idue  s t r e t c h  w i t h  a  +3 t o p o l o g i c a l  connect ion. 

Beta-3 i s  bounded on bo th  ends by p r o l i n e  res idues.  The s t rand  

ends i n  some form o f  a  t i g h t  t u r n  b u t  one res idue  pas t  t h e  t e r m i n a t i n g  

p r o l i n e  t h e  i n t e r p r e t a t i o n  o f  main chain d e n s i t y  i s  unce r ta i n  and t h e  

chain i s  broken i n  t h e  model . 
Beta-4 begins a t  t h e  break mentioned above, con t inues  f o r  12 

residues, and i s  te rmina ted  a t  t h e  edge o f  t h e  sheet w i t h  Turn-2. 



Beta-5 i s  a 14 res idue  s t r and  t h a t  ends where t h e  g rea t  f o l d  o f  t h e  

major B-sheet begins, The l a s t  t h ree  res idues o f  t he  s t rand  (82, 84, 

85) extend beyond Beta-4. Residue 86 i s  i n  a @-bulge conformat ion w i t h  

a H-bond between 86: N and 89:O (3.118) (89:O i s  t h e  @ mate of 85:N). 

Residues 86, 87, 88, and 89 form a @- tu rn  (Turn 2a) w i t h  no H-bond 

between 86:O and 89:N. 88 i s  t he  f i r s t  res idue  o f  Beta-6. 

Beta-6 crosses t h e  sheet w i t h  14 amino ac ids  and ends w i t h  Turn-3 

(Type 11') .  The n i t r o g e n  atom o f  t h e  c e n t r a l  pep t i de  bond o f  t he  pep- 

t i d e  (102:N) i s  H-bonded (2.738) t o  127:NDZ o f  t h e  ne ighbor ing monomer. 

Beta-7 recrosses t h e  sheet i n  16 res idues and i s  t he  longes t  s t r and  

i n  t he  s t r uc tu re .  It i s  a l so  t he  most curved s t rand,  w i t h  a bend of 

approx imate ly  90° spread over i t s  length.  The s t r a n d  t h r e e  s t rands  back 

(Beta-4) was almost s t r a i g h t .  The cu rva tu re  i s  due t o  d i s t o r t i o n s  of 

Beta-5, Beta-6, and Beta-7. Each successive p a i r  o f  s t rands (Beta-3,4, 

Beta-5,6, and Beta-7) begins i n  r e g i s t e r  w i t h  i t s  predecessor b u t  i s  2 

res idues longer .  

Beta-7 i s  connected t o  Beta-8 by a l ong  l oop  o f  16 res idues t h a t  

con ta ins  h e l i x  Alpha-1. Th is  loop  i s  t h e  reg ion  o f  one monomer t h a t  

i n t e r a c t s  most e x t e n s i v e l y  w i t h  t he  nex t  monomer of t h e  t r i m e r .  The 

loop  extends w e l l  away from t h e  r e s t  o f  t h e  monomer and a t  i t s  most 

d i s t a l  p o r t i o n  becomes Alpha-1. The loop  then  r e t u r n s  t o  t h e  monomer 

and begins Beta-8. 

Beta-8 s t a r t s  i n  t h e  same l o c a t i o n  as Beta-9 and Beta-10 bu t  t h e r e  

a re  no c l e a r  i n d i c a t i o n s  as t o  what i n t e r a c t i o n  m igh t  have caused t h i s .  

The s t r and  crosses t h e  sheet w i t h  12 res idues and ends a t  P r o l i n e  147 



which i s  f o l l owed  by Turn-3a, a  y t u r n  i n v o l v i n g  res idues 147, 148, and 

149. 

Connecting Beta-8 and Beta-8b i s  a  l ong  l oop  o f  36 residues, which 

conta ins t h r e e  a-he1 i c e s  (A1 pha -2, A1 pha-3 and A1 pha-4), Turn-4 (Type 

11') ,  and a  break i n  t h e  model between Alpha-2 and Alpha-3. The 

connect ion has a  t o p o l o g i c a l  number +3. 

Beta-8b i s  a  very  s h o r t  s t r and  composed o f  two res idues which a re  

H-bonded t o  Beta-9. Beta-8b i s  unusual because i t  i s  e n t i r e l y  conta ined 

w i t h i n  A1 pha-4. Beta-8b te rmina tes  w i t h  Turn-4b (which i s  equ i va len t  t o  

Alpha-4 t e r m i n a t i n g  w i t h  a  310 H-bond). Beta-4 i s  t h e  l a s t  s t r and  on 

t h i s  end o f  t h e  Greater Sheet. 

Beta-9 begins w i t h  Turn-4b. The H-bond o f  Turn-4b (between atom 

191:N and 188:O) i s  t he  f i r s t  H-bond o f  Beta-9. Th is  i s  a l s o  t h e  310 

H-bond t h a t  te rmina tes  Alpha-4 (o r  one cou ld  say t h a t  t h i s  res idue  

te rmina tes  Beta-9 and s t a r t s  A1 pha-4). 

I n  two p laces res idues are bulged ou t  o f  t h e  $ sheet H-bonding 

pa t te rn .  The f i r s t  i ns tance  i s  a t  res idue  196 (PRO). Th is  s t r u c t u r e  

begins w i t h  t h e  pep t i de  p lane between 195 (SER) and 196 being r o t a t e d  

approx imate ly  90" f rom t h e  normal H-bonding p o s i t i o n .  The $-sheet 

H-bond t o  t h e  o the r  s t r and  (Beta-10) t h a t  i s  l o s t  because of t h i s  

d i s t o r t i o n  i s  rep laced  by an H-bond between 195:OG and t h e  n i t r o g e n  on 

t h e  o the r  s t r a n d  (2.858). The pro1 i n e  s i d e  cha in  o f  196 i s  on t h e  same 

s i de  o f  t h e  sheet as t h e  se r i ne  s i d e  cha in  o f  195. The pep t i de  bond 

between 196 and 197 i s  a l s o  r o t a t e d  we l l  away f rom t h e  s tandard 6 sheet 

p o s i t i o n  so t h a t  196:O a l s o  H-bonds t o  195:OG (2.908) and 197:N makes a  



H-bond t o  171:O (2.888). Residue 171 i s  i n  t h e  midd le  o f  Alpha-3 and 

t he  he1 i x  compensates f o r  t h i s  pep t ide  bond be ing  t u rned  ou t  by forming 

a s i n g l e  310 H-bond near t h i s  l o c a t i o n .  The nex t  H-bond of t h e  0 sheet, 

between 198:N and 216:0, i s  unusua l l y  l ong  (3.108) r e f l e c t i n g  t he  s t r a i n  

imposed by t h i s  conformat ion. 

The second bulge i s  near res idue  200 (ASX) . The main chain 

n i t r ogens  o f  bo th  res idues 200 and 201 form H-bonds t o  214:O (2.568 and 

3.124). This i s  a c l a s s i c  0 bulge w i t h  no p r o t e i n  on t h e  f a r  s i de  of 

t he  s t r and  w i t h  which i t  may i n t e r a c t .  

The connect ion between Beta-9 and Beta-10 i s  s h o r t  and has a 

topo logy  o f  -1 bu t  t h e r e  i s  a break here and l i t t l e  e l s e  can be s a i d  

w i t h  c e r t a i n t y .  

Beta-10 begins w i t h  a poss ib  

Beta-9 and Beta-8 f o r  a l e n g t h  o f  

reason. 

1 e pro1 i ne (209), con t  

14 residues, and ends 

inues  between 

f o r  no c l e a r  

The connect ion between Beta-10 and Beta-11 i s  21 res idues l ong  and 

f o l l o w s  a reasonably s t r a i g h t  b u t  con to r t ed  path. The topo logy  o f  t he  

connect ion i s  -7. Th is  l oop  con ta ins  Alpha-5, Alpha-6, Turn-5, and 

Turn-6. 

The f i r s t  res idue  o f  Beta-11 i s  res idue  244 and i s  d i r e c t l y  

preceded by a p r o l i n e .  Th is  s t r and  i s  i n  t h e  f l a t  p o r t i o n  o f  t h e  sheet 

and i s  on l y  10 res idues long. Beta-11 i s  connected t o  Beta-12 by a 

t o p o l o g i c a l l y  -1 s h o r t  t u r n  whose cross H-bond i s  formed by 253:0D2 and 

256:N (3.008). 253:0D2 a l s o  forms a bond w i t h  255:N (2.848). 



Beta-12 cont inues back f o r  10 residues and i s  terminated by a 

p r o l i n e  a t  res idue 266. Beta-12 connects t o  Beta-15 by a loop of 33 

residues. The loop conta ins  two st rands o f  the  l e s s e r  sheet: Beta-13 

and Beta-14, Alpha-7, and a s t r e t c h  o f  c o l l a g e n - l i k e  h e l i x  named Col-1. 

The topology o f  t h i s  connect ion i s  -3x. 

Beta-15 begins next  t o  the  N-terminus, and i n  t h i s  v i c i n i t y  it 

forms one edge o f  the  grea ter  6 sheet. Strand Beta-1 and Beta-15 are 

para1 l e 1  strands and are t h e  on ly  two para1 l e l  s t rands i n  t he  s t ruc tu re .  

Beta-15 i s  terminated by P ro l i ne  310 and i s  connected t o  Beta-17 by a 

14-residue loop o f  topology -2x conta in ing  Turn-9, and Beta-16 o f  t he  

Lesser Sheet. 

Beta-17 i s  a sho r t  s t rand o f  3 residues l oca ted  a t  t he  very " top"  

end o f  t he  Greater Sheet. The f i r s t  H-bond o f  t h i s  s t rand (between 

324:N and 331:O ( o f  Beta-18)) i s  weak, being on ly  3.138 i n  length. This 

i s  because 331:O a l so  forms an H-bond w i t h  323:N which i s  very s t rong 

(2.368). 

Turn-10 connects Beta-17 t o  Beta-18. Beta-18 i s  6-residues long  

and has no c l e a r  reason f o r  stopping. 

The Lesser Sheet 

The Lesser 6 Sheet o f  t h e  Bchl p r o t e i n  i s  a small a n t i  p a r a l l e l  B 

sheet composed o f  f o u r  strands. The f o u r  s t rands are named Beta-13, 

Beta-14, Beta-16, and Beta-19. These strands, toge ther  w i t h  Alpha-8, 

form the  back s ide  of t h e  sandwich w i t h  t he  "upper" p a r t  o f  the  Greater 

Sheet forming the  f r o n t  p a r t  and Ring I V  wedged between. The Lesser 



Sheet has a m i l d  t w i s t ,  w i t h  Beta-16 i n c l i n e d  about 30° from Beta-13 and 

Beta-14. 

Beta-13 begins s h o r t l y  a f t e r  Beta-12 ends w i t h  a p r o l i n e .  Three 

residues have t h e i r  main chain n i t r ogen  atom w i t h i n  H-bonding d is tance 

o f  19: 0 (267-3.248, 268-2.908, 269-3.208) bu t  on ly  t h e  t h i  r d  res idue 's  

i n t e r a c t i o n  has reasonable geometry f o r  an H-bond. Residues 268 and 269 

are the  f i r s t  residues o f  t h i s  sho r t  s t rand o f  7 residues. Between the  

f i n a l  residue, 272 and Turn-8 ( e i t h e r  Type I' or  111')  l i e s  res idue 273. 

This res idue makes no H-bonds i n  t h e  present model bu t  it, and the  

f o l l o w i n g  two residues, are no t  we1 1 determined i n  t h e  map and could be 

misplaced. There i s  no cross H-bond i n  Turn-8 and t h a t  t o o  could be an 

e r ro r .  The topology o f  t he  t u r n  i s  -1. 

Beta-14 i s  a 5-residue s t rand which ends i n  a d i s t o r t e d  6 sheet 

conformation. The l a s t  t h ree  residues o f  t h i s  s t rand are a l so  i n  a 

region o f  c o l l a g e n - l i k e  h e l i x  c a l l e d  Col-1. This 6-residue sec t i on  i s  

i n  a h i g h l y  hydrated sec t i on  o f  t he  molecule where t h e  main chain 

hydrogen bonding groups form bonds w i t h  t he  bound so lven t .  The 

connect ion between Beta-14 and Beta-16 has a t opo log i ca l  connect ion of 

type 2x. 

Beta-16 i s  a t  t he  topmost extreme o f  t he  sheet and i s  6 residues 

long, bu t  res idue 316 i s  pushed out i n  a c l a s s i c  6 bulge. The s t rand 

begins w i t h  Turn-9 and ends w i t h  Pro1 i n e  320. Beta-16 connects t o  i t s  

neighbor strand, Beta-19 w i t h  a ra the r  i nvo l ved  connect ion con ta in ing  

Beta-17, Beta-18, Alpha-8, Turn-10, and Turn-11. This connect ion has a 

t opo log i ca l  number 1. 



Beta-19 i s  a s t rand t h a t  i s  a lso  6 residues long. The backbone 

c o n t i  nues i n  an extended conformat i on beyond the  hydrogen-bonded sheet 

region t o  reach the  C-terminus. 

a-He1 i c e s  

There are 8 a -he l i ces  i n  the  present model. I n  t he  i n i t i a l  

unre f ined  model there  were repor ted t o  be on ly  seven he l i ces .  One of 

t he  he l i ces  o f  t he  e a r l y  model i s  now considered t o  be t h e  two he l i ces  

Alpha-5 and Alpha-6. Both c l a s s i f i c a t i o n s  can be j u s t i f i e d  i n  t h a t  t h i s  

cou ld  be viewed e i t h e r  as a s i n g l e  h e l i x  w i t h  a very l a r g e  k ink  i n  i t s  

middle o r  as two he1 i c e s  very c lose  together  i n  t he  chain. 

Alpha-1 i s  a h e l i x  o f  8 residues conta in ined w i t h i n  t he  l a r g e  loop 

t h a t  extends out  t o  t h e  next  monomer o f  the  t r imer .  The N-terminus i s  

capped by res idue 121. The atom 121:O forms an H-bond w i t h  t he  residue 

one would expect i n  an a-he1 i x :  125:N (3.058) and a l so  forms a weak 310 

bond t o  124:N (3.138). This h e l i x  has several i n t e r a c t i o n s  a t  i t s  

terminus. F i r s t ,  oxygen 123:O does not  bond t o  127:N as i t  would i n  a 

normal h e l i x  bu t  bonds t o  atom 127:ODl (2.998). This i n t e r a c t i o n  f rees  

127:N t o  make a 310-type H-bond t o  124:O (2.968) which a1 so makes a 

normal a-he1 i x  H-bond t o  128:N (2.968). 

Alpha-2 i s  t he  long  h e l i x  (15 residues) t h a t  seems t o  p ro t rude from 

t h e  "bottom" o f  t he  molecule. The N-terminal s i de  o f  t he  he1 i x  i s  

terminated w i t h  an H-bond between 150:ODl and 153:N (3.128). The 

C-terminal end o f  t h i s  h e l i x  i s  a t  t he  s i t e  o f  t he  second break i n  t h e  

main chai n  of t he  model . 



The f i r s t  atom a f t e r  t h e  break i s  w i t h i n  Alpha-3. This h e l i x  ( the  

v i s i b l e  region a t  l e a s t )  begins w i t h  res idue 169 and extends t o  179. 

There i s  no dens i ty  p r i o r  t o  res idue 169 and there  are very few neigh- 

bor ing  residues. I n  t he  middle o f  the  he1 i x  t he re  i s  a s i n g l e  310 he1 i x  

H-bond where the  normal a-he1 i x  H-bonding pa t te rn  i s  broken t o  exclude a 

s i n g l e  carbonyl oxygen. This oxygen (171:O) binds t o  t he  pept ide  bond 

between 196 and 197 which i s  w i t h i n  a d i s t o r t e d  B bulge. Oxygen 173:O 

i s  a lso  excluded from the  he1 i x  bu t  forms no H-bonds. Because of t he  

d i s t o r t i o n  o f  t h i s  h e l i x ,  t h e  h e l i c a l  a x i s  i s  bent by about 20". 

The f i r s t  carbonyl oxygen t h a t  does no t  H-bond w i t h i n  t h e  he1 i x  i s  

176:O and i t  makes no H-bonds a t  a1 1 t o  o ther  atoms i n  t he  model . 177:O 

forms a bond w i t h  135:OEl o f  t he  neighbor ing monomer w i t h  a d is tance of 

3.848. The he1 i x  terminates w i t h  a y H-bond (Turn-3b) between 178:O and 

180:N (3.208). 

Between Alpha-3 and Alpha-4 are th ree  residues i n c l u d i n g  both 

Turn-3b and Turn-4. This s t r e t c h  o f  residues l i e s  near t he  

monomer-monomer i n t e r f a c e  and i n t e r a c t s  both w i t h  phy to l  t a i l s  i n  t h e  

i n t e r i o r  and residues o f  t h e  neighbor ing monomer. 

Residue 183 i s  t he  f i r s t  res idue o f  A1 pha-4 t o  have a-he1 i c a l  

ph i  -psi angles b u t  atom 186:O i s  t he  f i r s t  t o  make an a-he1 i c a l  H-bond 

(3.168). The p i t c h  o f  t he  he1 i x  before 186 i s  t o o  steep t o  a1 low t h e  

oxygen atoms t o  come c lose  enough t o  the  n i t r o g e n  atoms t o  make t h e  

requ i red  bonds bu t  o the r  bonds are made. The te rm ina t i on  o f  Alpha-4 i s  

unusual. The C-terminal end o f  t he  h e l i x  i s  capped w i t h  a 310-type 

H-bond t h a t  doubles as a 6 t u r n  (Turn-4b). Two o f  t h e  res idues 



preceding t h i s  t u r n  (187, 188) form a small $ s t rand (Beta-8b) t h a t  i s  

conta i  ned e n t i  r e l y  w i  t h i  n t h e  he1 i x. 

Residue 188 (ASX) i s  one o f  t he  two residues whose s ide  chain i s  

very near both o f  i t s  symmetry r e l a t e d  mates i n  t h e  Bch l -p ro te in  t r imer .  

The s ide  chain o f  188 i s  about 4.58 from both o f  symmetry mates and does 

no t  appear t o  d i r e c t l y  i n t e r a c t  w i t h  them. There i s  a c a v i t y  t h a t  

extends along the  t r i m e r  a x i s  and narrows here, bu t  never c loses 

completely. 

Alpha-5 begins w i t h  res idue 225 and extends u n t i l  res idue 230. 

This shor t  he1 i x  has on ly  two or-he1 i c a l  H-bonds (225:O - 229:N and 

226:O - 230:N). The h e l i x  ends w i t h  two H-bonds ou ts ide  t h e  h e l i x .  

F i r s t ,  atom 227:O bonds t o  138:0E2 w i t h  a d is tance o f  2.958 and then 

228:O bonds t o  117:OH (3.048). 

Alpha-6 i s  even sho r te r  than Alpha-5, being on l y  5 residues long. 

Residue 230 i s  w i t h i n  both Alpha-5 and A1 pha-6 bu t  t he  axes of t he  two 

he1 i c e s  are about 90" apart .  A1 pha-6 has bu t  one he1 i c a l  H-bond. This 

bond connects res idue 230 w i t h  234. 231:O bonds t o  90: NH1 (2.868) wh i le  

232:O makes a 310 l i n k  t o  235:N and 233:O bonds t o  SOL1:40S (2.868). 

234:O i s  t h e  l i g a n d  o f  t he  magnesium o f  Ring V and bonds w i t h  a l eng th  

o f  2.038. The h e l i c a l  ax i s  does no t  pass through the  r i n g  and forms an 

angle o f  about 30" w i t h  t h e  normal t o  t he  r i n g  plane. 

A1 pha-7 begins w i t h  res idue 284 and ends w i t h  res idue 309. The 

pept ide  bond j u s t  before the  h e l i x  begins (between res idues 283 and 284) 

forms an H-bond br idge between t h e  s ide  chains o f  res idues 282 (HIS) and 

226 (ASX). Residue 282 i s  t h e  l i g a n d  t o  t h e  magnesium i n  Ring I V .  If 



283:O were moved i n t o  t he  proper p o s i t i o n  t o  H-bond t o  287:N, t he  two 

pro1 i ne residues 283 and 286 would come too  c lose  together.  The he1 i x  

terminates when 288:O H-bonds t o  SOL2:160 (2.428) ins tead of 292:N. 

292:N compensates by making a 310 bond t o  289:O (2.898). Atom 290:O 

makes two H-bonds, one w i t h  293:N (2.798) and the  other  w i t h  294:N 

(2.718). The f i r s t  bond i s  a 310 t ype  H-bond wh i l e  the  second i s  a 

normal a-he1 i x  H-bond. 

Alpha-8 begins w i t h  a 310-type H-bond t h a t  i s  l abe led  Turn-11. The 

he1 i x  extends from res idue 335 f o r  12 residues and ends w i t h  res idue 

346. Atom 334:O makes the  cross H-bond o f  Turn-11. 335:O makes two 

H-bonds. The f i r s t  i s  w i t h  338:N (3.018) wh i l e  t he  second i s  w i t h  339:N 

(3.068). The he1 i x  ends where atom 346: N makes a weak b i f u r c a t e d  H-bond 

t o  342:O (3.268) and 343:O (3.178). 
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