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ABSTRACT 

Purifications and crystallizations of two electron transfer 

proteins, azurin and cytochrome c', from Alcaligenes denitrificans 

and Alcaligenes sp� NClB 1 1 0 1 5  have been carried out. The azurin 

crystals from Alcaligenes denitrificans were found suitable for 

high resolution X-ray structure analysis. They are orthorhombic, 

space group C2221 (with marked tetragonal pseudosymmetry), cell 

dimensions a = 7s.oR, b = 74.li, c = 99.si, with two molecules 

per asymmetric unit. A 3i resolution electron density map of azurin 

was calculated. Four isomorphous heavy atom derivatives, prepared 

with KAu(CN)2, uranyl acetate, Hg(NH3)2cl2 and (KAu(C�)2 + uranyl 

acetate) (a double derivative) were used to calculate ?hases by the 

method of isomorphous replacement, giving an overall figure of merit 

of 0 . 6 14 .  The polypeptide chain could be followed una�biguously 

in both protein molecules in the asymmetric unit,with L�e aro�atic 

sidechains, in particular, readily identifiable because of their 

distinctive appearance. 

Kendrew skeletal models were built for both molecules, the poly­

peptide chain(consisting of 129 amino acids) being found to be 

folded into an eight-strand B-barrel, with an additional flap 

containing a short helix. There is one disulphide bridge within the 

barrel. The topology of the molecule was found to be the same as 

that of plastocyanin, and a comparison of the three dimensional 

structures of azurin and plastocyanin allowed the sequences to be 

aligned on structural rather than purely statistical grounds. It 

also established the probability that the two proteins have evolved 

from a common ancestor. 

The copper atom has a highly-distorted tetrahedral co-ordination 

geometry, forming three shorter bonds (length approximately 2R), 

with a cysteine thiolate sulphur (Cys 1 12) and two histidine imidazole 
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n i t rogens (His 4 6  and 1 1 7) , as we l l  as a longe r bond ( ap proxima te l y  

3R) w i th a me thionine thioether sulphur (Me t  1 2 1) . A su rpris i ng 

resu l t  was the cl oseness o f  a pept ide carbony l oxygen , that o f  

Gly 45, t o  the copper a t om .  A t  this s t age o f  t he s t r ucture analysis 

i t  is not clear whe ther it should be  regarded as a l i gand , o r  no t .  

Red uc t ion o f  the pro te i n  cryst a ls wi th ch romo us i ons was 

a t t emp t e d , and the resul ts are d iscussed in terms o f  the poss i b le 

e lectron t ransfer mechan ism of  the p ro te i n .  

The cy toch rome c' crys t a ls f rom b o th spec i es o f  b ac t e r i a  

are hexago nal , sp ace group P 612 2  (or  P 6522), ce l l  d imensi ons 

a =  b = 54.7R, c � 185R y 120°, w i th one sub un i t  ( mo lecu l a r  we ight  

14,000) i n  the asymme t r ic un i t .  No  st ruc t ural work h as been ca rried 

out on th ese . 
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CHAPTER 1 

INTRODUCTION 

Thi s  thesis  describes an investigation into the s tructure of a 

copper -con taining electron trans fer protein , and i s  aimed particularly 

a t  elucidat ing the s tructural and functional role of the copper atom . 

1 . 1  The General Co-ordinat ion Chemi s t ry of Copper 

Copper has a wide and varied co-ordination chemi s try . I t  has two 

s table oxida tion s tates , Cu ( I )  and Cu (II ) , each with particular 

chemi cal and co-ordinat ion propertie s . 

Copper ( I )  

Th . h h 1 . f . . 3d10 e cuprous 1.on as t e outer  e ect ron1.c con 1.gurat1.on , so 

that  its  compounds are diamagnetic , and , except where colour resul ts 

f rom the anion or charge trans fer bands , are colourless . Cu (I )  

salts  such as  Cu2so4 are  uns table  in water , decompos ing to  give 

copper and the cupric sal t , al though the Cu ( I )  state can be stabilised  

by the format ion of comp lexes wi th sui table ligands ( as shown , f'r 

3-
example,in the Cu (CN) 4 ion) . Under  the Pearson classification of 

"hard" and "sof t"  acids and bases ( 1 , 2 ) the Cu (I )  ion is  an extremely 

sof t acid , and as such preferent ially binds to "sof t "  b ases such as 

R2S ,  RS- , and C� . In me talloproteins , groups which might b e  

expected to  b ind t o  Cu ( I )  are the s ide-chains o f  me thionine and 

cys teine , through their thi oether and thiolate sulphur atoms 

respect ive ly (both soft  bases) . The imidazole side -chain of 

histidine is regarded as an intermediate base and hence may also b ind 

to Cu ( I )  ( 3 , 4 )  . 

Tetrahedral , four-co-ordinate  geometry dominates the co-ordination 

chemistry of  copper ( I ) , wi th two and three co-ordination much less 

common . The co-ordination number rarely exceeds 4 ,  al though f ive-

co-ordination is known . For examp l e ,  the work of Gagne (5) has 
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shown that ligands tha t  can enforce an approximately square planar 

geometry on coppe r ( I ) , such as 

can encourage the Cu ( I )  to co-ordinate  a f i f th l igand such as CO 

rather readily . Mode l complexes wi th similar co-ordination geomet ry 

may then be pertinent to the further understanding of copper proteins 

such as haemocyanin , which is ab le to revers ib ly b ind dioxygen . 

Copper(II )  

The diposi t ive (cupric) s tate i s  the most  important  one for 

copper .  Mos t  cuprous compounds are fairly readi ly oxidi sed to cupric 

compounds , many of which are soluble  in water . In addi tion ,  a large 

number of complexes of Cu (II )  are known . As it  is  near the middle 

of the Pearson scale , Cu ( II )  preferent ially b inds to bases such as 

RCOO , RNH2 and H
2o ,  al though i t  general ly forms more s tab l e  complexes 

with nitrogen than with oxygen donors . I t  i s  also ab le to b ind 

"sof ter" ligands such as RS- because of i ts "in termediate" nature 

( 1 , 2 ) . Thus potential ligands for Cu ( II)  in proteins could include 

the hydroxyl groups of s erine and threonine , the phenolic  oxygen of 

tyrosine , the amino groups of  lys ine and arginine , the carboxyl 

groups of  glutamic and aspartic  acids , the  imidazole group of his t idine , 

the thiolate and thioether sulphur atoms o f  cyst eine and methionine , 

and even main chain carbonyl oxygen and deprotonated amide groups . 
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The d9 electronic configuration o f  Cu (II )  leads to  variab i li ty 

or plasticity in  i ts co-ordinat ion sphere (6). Thus the co-ordina tion 

geometry of Cu ( I I )  complexes is to a considerable extent de termined 

by the s teric and electronic  requirements  of the ligands . Co-ordination 

numbers of 4 , 5  and 6 are the most  common . For the f irs t of  these , 

the preferred geometry is square planar , but i t  i s  seldom comp letely 

regula r .  Dis tort ions may arise from interligand repulsion ,  spin-

orb i t  spl i t t ing , and/or Jahn-Teller interactions . For examp l e , 

his-chelate complexes frequently adop t square planar s tereochemis try , 

but can be forced towards te trahedral geometry by s teric interact ion 

be tween the ligands (distort ions which can also modify the redox 

properties of the complex) ( 7 ) . Al though dis tort ion toward a te trahedron 

is qui te frequent , no regular tet rahedral complexes of Cu ( I I)  are 

known ( 7 ) . In 5 co-ordinate  complexes ,  a trigona l  bipyramidal 

arrangement is  rare , square pyramidal geometry being much more common , 

the axial f i f th ligand usually a greater dis tance from the me tal than 

the four in-plane ligands . There is,however,a s t rong tendency for 

the copper to increase i t s  co-ordination number to  6, the mos t  common , 

where the preferred geome try i s  dis torted octahedral with the two 

axial ligands being more weakly bound due to the Jahn-Teller effect  (8 ) . 

1 . 2  The Biochemistry of Coppe r  

Al though copper i s  found only in very low levels i n  mos t  biological 

sys tems , i t  is essential t o  almost every form of life,from b acteria 

to  man,in the role of a prosthetic  g roup for a number of  vital enzyme s  

and proteins . These appear to  have two main functions , viz . electron 

transfer , and oxidations involving molecular oxygen . (For examples 

see Table 1 . 1 ) . Many reviews have been published on copper p rote ins 

( see for example  references 9 , 10 , 1 1 , 1 2 , 13) . 
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Table 1 . 1 .  Copper Proteins and their Funct ions . 

Function 

Elec tron Transfer (between proteins ) 

Oxidations utilizing o2 t o  form : 

( i )  H20 

( i i )  H2o2 

( i ii )  oxygenated substrates 

Superoxide dismutati on 

Transport of  oxygen 

Copper Transport  

Examples of Protein 

Azurin , Plastocyanin , S tel lacyanin 
Rus ticyanin 

Cytochrome c oxidase 
Laccase , As corbate Oxidase , 
Ceruloplasmin 
Amine Oxidases 

Tyrosinase 

Superoxide dismutase 

Haemocyanin , 

Ceruloplasmin 

The ability  of copper to func t ion in proteins such as oxidases 

and electron transfer pro te ins depends on its favourab le chemi cal 

propert ies , since even when it  is  strongly chelated it can vary i t s  

oxidation state and retain the abi lity to complex small molecules such 

as oxygen . However , special mechani sms are required for i ts utilisation 

in biological sys tems , for reasons of s tab ility and solubility . These 

can be provided by the protein matrix , whi ch is  ab le to furnish a 

specific environment ( for example a hydrophobic pocket or a particular 

set of ligands )  for the metal , to stab i l i ze it in a particular state . 

In addition ,  the proper t ies of  such a metal atom bound to a protein 

can be inf luenced by changes remote  from i t , brought about by changes 

in protein s tructure which then change the environment of the me tal (14) . 

1 . 3  Types of Copper Cen tres found in Copper Proteins . 

Copper atoms in proteins have customarily been divided into three 

c lasses . These are : 

Type I Copper 

These are characterised by a very intense absorpt ion band a t  about 
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600 nm (€ = 3000-5000 M-1cm-1) so  that proteins containing such a max 

prosthetic  group are termed "b lue" copper proteins . They include 

both electron transfer proteins and oxidases , and may contain only 

a single copper atom (as in the azurins and p lastocyanins) ,  or more 

than one copper atom per molecule where other types of  copper are in 

association with the b lue copper . Two explanations of the intense 

600 nm absorpt ion band have been proposed . One treats the band as 

aris ing from one or more allowed d-.d t ransi tions in a non-cent ro-

symmetric cen tre ( 1 5 , 16 ) , and the other at tributes the s trong absorption 

to  a charge transfer process , probab ly of  a ligand to metal type . 

Spectroscopic s tudies of  cobal t (Il )  derivat ies of  stel lacyanin , 

plas tocyanin and azurin have es tablished that the charge trans fer 

interpretation is preferab le ( 1 7 , 1 8 . 1 9 ) . As other chemical and 

spectroscopic studies indi cated that the thiolate sulphur of cys teine 

was a ligand to  the "blue" copper ( 20 , 21) , the band was assigned to 

a oS + Cu charge trans fer . Suggestions that i t  may have components  

of a me thionine S + Cu  charge trans fer transi tion have been made on 

the basis of model studies ( 22) . Fur ther op tical spectral s tudies on 

s ingle crys tals of plastocyanin have sugges ted , however ,  that the 

reason for the in tensi ty of the band is more probably extreme geome trical  

dis tortion of  the site  ( 2 3) . 

The electron spin resonance (E . S . R . )  parameters for Type I C u ( II )  

ions are also very dist inctive . Although the parame ters g11 and g1 

have typical values o f  approximately 2 . 23 and 2 . 05 ,  s imilar t o  those 

found in many smal l  molecule copper complexes wi th planar or tetragonally 

distorted s tereochemis tries (24) , the hyperfine splitting cons tan t , A11 , 

-4 -1 has typical values of  approximately 6 3  x 10  cm , about 1 / 3  the value 

of An values usual ly found in inorganic Cu ( II )  complexes ( 9 , 1 3) . The 

only small-molecule complexes in whi ch these unusual spec t roscopi c  

p roperties are approached are those i n  whi ch the copper s ite is  i n  a 

highly dis torted tetrahedral or square pyramidal co-ordinat ion 

geometry ( 25 , 26 ) . 
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A third characteristic  feature of  Type I copper proteins is their 

relat ively high redox potenti als (0 . 3  t o  0 . 8  V) . Redox potentials for 

copper reduct ion 

couple , to + 1 . 12 

2+ + couples range from -0 . 01 V for the Cu (NH
3

) 4 /Cu (NH3 ) 2 
2- 3-v for the Cu (CN)

4 
/Cu (CN) 4 couple ( 7 ) , although 

they are normally in the region of 0 . 16 V .  The highest  values are 

observed for the softest l igands , and for si tes wi th low symmetry ,  

for example copper co-ordinated t o  the highly hindered ligand his-

2 , 9-dimethyl- 1 , 10-phenanthroline , for whi ch complex the redox 

potential is 0 . 59 V ( 14) . Thus the asymmetry of the copper b inding 

site , and the presence of  "soft" ligand s  such as sulphur which tend to 

stab i lize Cu ( I ) , are proposed as the maj or reasons for these high 

potentials . Tab le 1 . 2  shows some of these properties for various 

blue copper proteins ( 13 , 2 7 , 28) . 

Type II Copper 

Thi s  form of  copper is  present in all blue multi-copper oxidases, 

where it  is essential to the protein funct ion . Type II copper atoms 

are of ten referred to as "non b lue" having spect roscopic  and E . S . R .  

parameters similar t o  those found in low molecular weight Cu ( I I )  

comp lexes ( 1 3) . Apar t from their lack o f  the unusual spec troscopic  

properties charac teristic  of type I copper , the Type II  copper atoms 

do have chemical properties whi ch dist inguish them from o ther forms of 

copper . For example they have an unusual  anion affinity,whi ch may 

enab le them to stabilize intermediates such as peroxides that may be  

formed during the reduct ion of  oxygen . Type II copper atoms are 

thought to be  bound solely to ni trogen ligands,as in superoxide dismutase , 

where an X-ray s t ructure determinat ion has shown the copper to be bound 

to 4 hist idine residues ( 29 ) . Type I I  s ites show a considerab le 

variab i li ty in redox behaviour , and their funct ion in pro teins is  not 

yet fully unders tood ( 7) . 

Type Ill  Copper 

Thi s  form of copper is found in all  mult i-copper oxidases  where i t  



Tab le 1 . 2  The Properties of Some Blue Copper Prote ins 

Protein Source Mol .Wt . E0 (pH) Blue Band E ESR parameters 
(V) (nm) M-lcm-1 gl gJ. A11 ( cm-1) 

Azurin Bacteria 1 3 , 900 0 . 3 30 ( 6 . 4 ) 625 5 700 2 . 260 , 2 . 052 , 0 . 0064 

P1astocyanin Plants 10 , 700 0. 350 598  4500 2 . 226 , 2 . 05 3 , 0 . 0063 
Green Algae 

. 

S tellacyanin Lacquer Tree 20.000 0 . 184 ( 7  . 1 ) 617  3550 2 . 287 , 2 . 0 7 7 , 0 . 0035 

Umecyanin Horse radish 14 , 600 0 . 283 ( 7 . 0) 606 2 . 31 7 , 2 . 050 , 0 . 0035 
I -....J I 

roots 

Rust icyanin Thio . ferro- 16 , 500 0 . 680 (2 . 0) 597 , 4 50 1950 , 1060 2 . 229 , 2 . 064 , 0 . 0045 
oxidans 

Lac case Fungi 62 , 000 0 . 76 7  610 4600 

Ascorbate Squash 140 , 000 610 9400 
Oxidase Cucumber 

Ceruloplasmin Blood Serum 134 , 000 0 . 490 610 10 , 000 
(Human) 0 . 5 80 
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is  essential to the reduction of oxygen . Type Ill copper atoms are 

characterized by an absorp t ion band at 330 nm , and in particular 

by their lack of any E . S . R .  spectrum , remaining non-paramagne tic  over 

a wide range of temperatures ( 1 3) . They have therefore of ten been 

referred to as E . S . R .  non-detectable . Type I ll  copper atoms appear 

to always be found in pairs , probab ly f orming a centre in which the 

two copper atoms are in close proximity and are s trongly ant i-ferro-

magnetically coupled . They can thus act as two-electron donor or 

acceptor units  ( 10) . 

The copper in tyrosinase , whi ch is considered to be type I I I , is 

E . S . R .  non-detectab le in the res ting , reduced , or oxygenated enzyme . 

Howeyer ,  upon addition of  mercaptoethanol ,  a paramagnetic species , 

probably a mixed valence Cu ( I ) -Cu ( II)  pair , is  formed , suggest ing the 

involvement of sulphur ligands ( 30) . Table 1 . 3 summarises the number 

and nature of the copper atoms found in each mole cule of  some copper 

proteins . 

Table 1 . 3  The Nature and Number of Copper Atoms in Copper Proteins 

Protein 

Azurin , P lastocyanin , S tellacyanin 

Lac case 

Ascorbate Oxidase 

Cytochrome c oxidase 

Tyrosinase 

H . a aemocyan1.n 

Ceruloplasmin 

Superoxide Dismutase 

(a) per subuni t 

Co�per Content (Atoms /mo lecule) 

Total Type I Type II Type Ill  

1 1 

4 1 1 2 

8-10 3 1 4 

2 type uncertain 

2 2 

2 2 

6-8 2 2 2-4 

1 1 
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1 .  4 The "Blue" Copper Site 

A great deal o f  the early speculat ion on the nature of  the 

"blue" copper binding si tes was derived from spectroscopic  s tudies . 

Thus the oxidised form (Cu ( I I ) ) of  Type I s ites (especially those of  

azurin , p lastocyanin and stellacyanin) has been extensively s tudied 

using chemical ( 21 , 3 1) , amino acid sequence ( 31 , 32 , 3 3) , resonance 

Raman ( 34 , 35 ) , E . S . R . ( 36 , 1 1 ) , nuclear magnetic resonance (NMR) ( 3 7 , 

38 , 39) , X-ray photoelectron spectroscopy (XPS) ( 20 , 40) , electronic 

spectral , circular dichroism , magne tic  circular dichroism ( 19) , 

infrared (41 )  and me tal ( cobal t ,  nickel and manganese) sub s t i tution 

( 1 7 , 18 , 42 , 4 3 )  methods . From such s tudies three basic structural mode ls 

were proposed , these being shown in Figure 1 . 1 . 

N N N 

Cu 

//
/

/
/' � 

N I N 

s N s 

Figure 1 . 1  Proposed Models for Copper Co-ordination in Blue Copper 

Proteins 

Al l of  these models emphasi se the import�nce of N from the imidazole 

group o f  the histidine side-chain ,  and S from the s ide-chain of cysteine 

as poss ible ligands in the b inding of  copper . Some studies have 

implicated a pep t ide oxygen or nitrogen as being involved in the 

co-ordination of  copper ( 34 , 4 1 , 44 ) . More recent ly ,  results  of resonance 

Raman s tudies suggested methionine might provide a thioether ligand for 

the copper (45 ) . 
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The Raman spectra of some of the b lue proteins have been inter-

preted in terms of S-ea-ordina te geometry ( (b )  in Figure 1 . 1) around 

the copper atom ,  because of the multiplicity of the bands ( 3 5 ) . Thus 

a trigonal bipyrami dal geometry is proposed with the two axial ligands 

being more weakly bound than the three equatorial ligands , which 

inc lude the thiolate sulphu r .  Such molecular symmetry (C2v) may be 

lowered by non-equivalent axial ligands or distort ions to the b ond 

angles ,  so that i t  becomes more compatib le with the observed Raman 

intens ity pat terns of these proteins . Variability among the dif ferent 

b lue copper pro teins wi th respect to these "weakly" bound axial 

ligands , but not to the equatorial ligands , may then account for 

differences observed in their Raman intens ities as well  as their  redox 

po tentials (see Tab le 1 . 2 ) ( 35) . Five co-ordinate geometry has also 

been suggested for the Cu (II )  s tate of  b lue copp er proteins from a 

comparat ive study of  Cu (II )  and Co (II ) - substituted anion comp lexes of 

bovine carbonic anhydrase (46) . E . S . R .  data , however ,  appear to  be in 

conf lict wi th such a model ( 2 2) . Compressed trigonal b ipyramids which 

+ 2+ possess c2v symmetry , such as [ Cu (bpy) 2I J  , [Cu (bpy) 2 ( tu) ] (where bpy 

is  2 , 2 ' -bipyridyl ,  and tu i s  thiourea) are well-charac terized and are 

par ti cularly relevant because they are analogous to the mode l ,  CuN4
s, 

proposed for the b lue prote ins , wi th the S in the trigonal p lane . In 

contras t to the E . S . R . spec tra of  the b lue copper proteins,which show 

g11 > gJ.. , such complexes show gl > g11 • An elongated trigonal-bipyramidal 

s tructure , however , would show g11 > gl (as would elongated octahedra l ,  

tetrahedral and p lanar s tructures when the s ingly occupied orb ital i s  

d 2 2, or d , dyz ' dx2) .  A high degree of  aniso tropy would , however , x -y xy 

be expected in the copper hyperfine coupling cons tants All and A_t , 

whereas in blue copper proteins they are more iso tropic ( 34 ) . Such 

small  All values relate to distorted s tructures ( 4 7 ) ,  and as intermediate 

5- co-ordinate geometries have received li ttle at tent ion as model 

complexes for b lue copper proteins ( 48 ) , it is fel t  they cannot  b e  

completely dis coun ted . 
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Generally , spectra have been consis tent with a dis torted or 

flat tened tetrahedral structure tha t involves at leas t one cys teine 

or thio late ligand ( 19 , 49 )  ( ( a) or (c )  of  Figure 1 . 1 ) .  Such a model 

is compatible wi th both E . S . R .  and other spectra of  the b lue copper 

pro teins ( 22 ,34) . X-ray absorpt ion fine s tructure (EXAFS) me thods 

have predic ted unusually short Cu-S bond leng ths of  2 . 10 ± 0 . 02R , as 

wel l  as shorter than normal Cu-N dis tances in the first co-ordination 

sphere of the copper ( 50) . Such a Cu-S bond length approaches that 

predi c ted for a hypo theti cal tetrahedral Cu ( II)  bis ( thiosemi carbazonato) 

comp lex , 2 . 16R, providing further evidence for an approximately 

tetrahedral co-ordinat ion geome try for Cu in blue copper proteins ( 50) . 

1 . 5  Azurin 

Azurins are "b lue" prote ins tha t contain a single Type I copper 

atom , and have a mo lecular weight of approximately 14 , 000 . They are 

found mainly in Pseudomonas (Ps . )  and Alcaligenes (Ale . )  bacteria , 

in addit ion to two spec ies of  Bordetella , and a Paracoccus species , 

both of which are closely related to Pseudomonas and Alcaligenes 

( 51 , 52 , 53) . Al though they are known to  have an electron crans fer 

funct ion , it is not entirely clear what that funct ion is . It is  

general ly be lieved that azurin receives an electron from a small c-type 

cytochrome , cytochrome c-551 (a smal l acidic cytochrome of 82  res idues 

whi ch is generally found in bacterial species possessing azurins ( 54 ) ) , 

and passes i t  on to a cyto chrome oxidase ( 55 ) . Thus the sequence for 

electron trans fer may be 

cytochrome c-5 5 1� azurin �cytochrome oxidase �02 

Such a role for azurin would be analogous to that for plas tocyanin , 

whi ch receives an electron from the memb rane-bound cytochrome f ( a  

small c-type cytochrome) , and passes i t  o n  to P 700• the doub le 

chlorophyll  pigmen t of photosystem I ( 56) . Al though azurin and 

cytochrome c-551 have been shown to interact in vitro , wi th rates that 
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are among the fas tes t known for protein-pro tein ele ctron exchange 

( 55 , 5 7 ) , the bi ological signi ficance of this has been queried on the 

grounds that azurin interacts with other acidic cytochromes , for 

examp le cytochrome c- 553  from the red algae Plocamium coccineum , and 

cytochrome f from pars ley , at least as fas t as wi th cy tochrome c-55 1  

( SS) . Azurin and cytochrome c-55 1  have also been shown to be ab le to 

donate elec trons to a ni trate reductase,found in Pseudomonads, which 

can accomplish bo th a four- elec tron reduc t ion of o2 + H2o ,  and the 

s ingle-electron reduction of ni trite + NO , the lat ter process being 

cons idered as the physiological func tion (59) . 

Comparison of the amino acid sequences of 9 d ifferent azurins 

show that they all have e i ther 128 or 129 amino acids , and that out 

of these , 47 are invariant and 32 conserva tive ly substituted ( 32 ) . 

As they all have simi lar spec tros cop ic and redox propert ies , and the 

same me tabolic function , they clearly belong to one homologous family 

of pro tein mo lecules . 

Chemi cal and Spec troscopic  S tud ies on Azurin 

Azurins have the charac teris tic op tical and E . S . R .  spectra shown 

by other blue copper proteins . As is sh own in Tab le 1 . 4 ,  however ,  

the azurins from different bact erial species show minor variat ions in 

both spectral parame ters and redox po tentials , which may reflect minor 

variations in the ligand co-ordinat ion geometry of the"blue" copper s i te 

( 1 3 , 60) . 

A variety of spectroscopic  techniques have been invoked to probe 

the nature of the copper site  in"b lue "proteins as a whole , as is  

discussed in  section 1 . 4 .  Many o f  them have focussed on azurin , and 

together with other probes of  the general st ruc ture of  azurin are 

summarised in Tab le 1 . 5 .  
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Tab le 1 . 4  Properties o f  some Azurins from Dif ferent Bacterial Species 

Source Molecular E at 625 nm (M-1cm-l) Eo (pH)  V Weight  

Ps . aeruginosa 13' 900 5 700 0 . 3 30 ( 6 . 4 )  

0 . 330 ( 7  . 0 ) 

Ps . fluorescens 1 3 , 944 3500 

Bordetella pertussis 14 , 600 3500 0 . 39 5  

Paracoccus denitrificans 13 , 790 0 . 2 30 

Ale . sp. 14 , 000 5400 0 . 2 30 (6 . 8) 

0 . 260 

Ale . faecal is  1 3 , 900 4600 0 . 2 66  

At  the time this wo rk was be gun , no X-ray crys tallographic  s tudies 

had been carried out on azurin , nor on any of  the blue copper proteins . 

The objectives of  this wo rk we re therefore to de termine the three 

dimensional structure of azurin by X-ray crys tal lography, in order to 

(i )  elucidate the nature of the copper si te in a b lue copper pro tein 

and i ts funct ional s igni f i cance , and 

(ii)  try to  identify possible macromolecular binding si tes on the 

azurin molecule and obtain some ins ight into the elect ron 

trans fer process .  

1 . 6  The Special Requirements of Electron Trans fer Proteins 

As the primary function of azurin is to t rans fer electrons f rom 

one centre to another , it mus t have speci fically evolved to carry out 

this task efficiently . The copper atom is essential to this function , 

and the protein may modify its  properties by : 

( i )  us ing speci fic  l igand groups and/or co-ordination geomet ry to  

tune the E0 value of the me tal to  the required value , or 



Table 1 .  5 Chemical and Spectroscopic  Studies on Azurin 

Residue In terpretation with respe ct to the Structure Method Reference 

Cys 112 Cu l igand . Hydrophobi c  s i te - delocalised XPS . 41 ' 42  
Cu-S bond Hg binding , 2 1  

me tal 
replacement , 18 ' 6 1  
lH NMR 62  

Cys 3-Cys 26 Buried disulphide bridge No t reduced 64 I 
by co2 

- f-' 
� 
I 

His 35 , His 83 CG of one < 7 . 5R from Cu and inaccessible 1H NMR 62 , 64 
to solvent . Other is remo te from Cu and 13c NMR 44 
accessible to solvent . 

His 46 , His 1 1 7  Cu l igand; bound through NDl o f  imidazole 13c NMR 44 
lH NMR 37 ,  62 

Trp 48 CG < 8 . 4R , CD2 < 9 . 8R from Cu , located 13c NMR 44 
in hydrocarbon-like environment lH NMR 62  

phosphorescence 6 5  
ODMR 65  



Table 1 .  5 ( Continued) 

Residue 

Tyr 72 

Tyr 108 

Phe 110 , 111 , 1 14 

Arg 7 9  

NH o r  CO 
(amide or 
carbonyl)  

amide NH 

Met 121  

Cu 

In terpre tation wi th respect to the S tructure 

Remote from Cu ; > 20R from Tyr 108 ; 
inaccessible to solven t ,  not adj acent to 
disulphide bridge ; no t H bonded . 

CG < 7 . 5R from Cu ; CD further away ; 
hydrophobic environment ;  no t adj acent to 
S-S bridge , not H bonded . 

Close to Cu 

Remo te f rom Cu 

Cu ligand 

2 very close , 1 reasonably close to Cu 

Cu ligand 

Water is no t present in the coppe r first 
co-ordination sphere 
Pro tein structure around Cu insensitive 
to pH over range 4 . 7-9 . 3. 

Method 

13c NMR 
f luorescence 
phosphorescence 

13c NMR 
fluores cence 
phosphorescenr 

l3c NMR 

13c NMR 

IR 
13c NMR 

1H NMR 

1H NMR 
Raman 

1H NMR 
f luorescence 

Reference 

44 
66 
65  

44  
66  
65 

44 

44 

4 1  
44  

62 

62  
45  

6 7 '  68 
66  
63 

I � V1 I 
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( ii)  creating a speci fic  environmen t for the metal , which may affect 

i ts proper t ies  ( for example a hydrophobic environmen t) . 

The protein mus t be able to p rovide a co-ordination geome try 

which can accommodate the two different oxidation s tates o f  the me tal  

ion (and their poss ibly di fferent s teric requirements)  wi th a 

minimum of  structural change (14) . To do this , i t  may enforce a 

co-ordinat ion geometry on the me tal near to that o f  the trans i tion 

s tate be tween the two oxidation s tates , no t only decreas ing the need 

for struc tural rearrangement during redox act ivity , but also reducing 

the activat ion energy required for electron trans fer , thereby increas ing 

the rate . Such a s tate has been termed the "entatic"  s tate ( 6 9 ) . As 

well  as this , the protein mus t provide a specific site or s i tes for the 

ready donat ion and ac cep tance of an electron to and from its physiological 

partners , plus a pathway for that electron which is direct ional and can 

be controlled. Thus i t  may have unusual sur face s truct ural features , 

such as an acidic or basic "pat ch'; to ensure specificity of  inter­

act ion . 

At prese�t , the current theories of electron trans fer mechanisms 

are :- inner sphere trans fer , via a ligand common to both electron 

centres ( i . e .  the format ion of an intermediate complex in whi ch the 

two me tal centres are connec ted by a common bridging group) ; outer 

sphere , via ligands on each of the reactants ( i . e .  ligands are no t 

directly shared between the two redox centres but rather mus t overlap 

or be connected in some way to allow the delocal i zat ion of an electron 

from one centre to  another) ; and quantum mechanical tunneling ( 7 1)  

( the reactants  have sufficiently close low-lying energy levels  and are 

of a distance such that a f ini te probability of electron t rans fer 

occurs - this distance being recently computed as approximate ly 8 � 
( 70) ) . Out er sphere mechanisms seem more likely if the pro tein metal 

centre is buried and does not include a ligand whi ch reaches the pro tein 
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surface . Ligands to the me tal centre that are able  to delocal i ze the 

electron that is to be transferred are advantageous , and the larger 

the ligand , the larger the possible electron trans fer distance . 

2-For example , in cytochromes [porphyr in] is an ideal ligand for the 

spreading of charge away from the central metal , and orb i tal  overlap 

wi th another protein me tal ligand may allow electron trans fer over 

distances up to lSR . Other po ssible ligands able to spread charge 

over long dis tances are thiolate and disulphide groups , imidazole , 

and the aromatic s ide -chains of tyrosine and tryp tophan . The 

advantages of  such l igands for metal centres involved in electron 

trans fer are : -

(a) Smaller local charge changes on the transfer of an electron . 

(b) Smaller bond length changes on redox change . 

(c)  Les s  requirement for the c lose approach of the react ing me tal 

atoms . 

I t  is  also poss ible  to consider electron mo tion over relatively 

long dis tances via a rapid series of hops . Thus the trans fer of an 

electron from metal  atom to metal  atom would involve the jumping of an 

electron from one organic group to ano ther along a chain of groups 

such as quinones , or the aromatic  side -chains of  tyrosine , phenylalanine 

and tryp tophan ( 14 ) . The hop mechanism is like that sugges ted by 

Dickerson et  al . for cytochrome c ( 72 , 7 3 ) . Electrons may also be  able 

to pass through hydrophobic regions of pro teins , as is likely in 

cytochrome b5 , cytochrome c ,  and the (Fe4
s4 ) 2 proteins . All these 

proteins possess hydrophobi c  channels where the electron may move 

effectively in a vacuum ( 14) . Thus the observation o f  extended relays 

of parallel or near-parallel aromatic  s ide -chains , hydrophobic channels , 

surface s tructural features , some of which may or may not be conserved 

in p roteins with the same funct ion , may provide a clue as to the 

mechanism of electron transfer . 
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1 . 7  The Re lat ionship o f  Azurin to other Blue Copper Proteins 

Amino acid sequence data is avai lable for blue copper pro teins 

other than azurin . The mos t  extensively studied is plas tocyanin , 

the small (molecular we ight � 10 , 700) electron trans fer pro tein found 

in the photosynthetic  elec tron trans fer chain of plants , green algae , 

and some b lue -green algae . Altogether the amino acid sequences for 

12  species of  p lastocyanin ( including 2 algal sequences ) are known , 

in addi tion to the 9 species o f  azurin ( 3 2 , 7 4 ) . Other b lue copper 

proteins for which full or partial sequence data is availab le inc lude 

s tel lacyanin ( 7 5 ) , human cerulop lasmin ( 7 6 , 7 7 ) , and bovine mi tochondrial 

cy tochrome c oxidase ( 7 8) . 

Several analytical and statistical comparisons of the amino acid 

sequences of  azurins and plas tocyanins have beE n  carried out , aimed 

at estimat ing the amoun t o f  structural similarity between the two 

prote ins ( 3 2 , 5 6 , 7 4 ) . These sugges ted that the two fami lies of  proteins 

were probably monophyle tic , and also sugges ted certain amino acids as 

ligands , these being subs equent ly confirmed by crys tallographi c  s tudies 

(see sect ion 1 . 8) .  Although the azurin and plas tocyanin fami l ies are 

individually highly homologous ( 36%  of residues in azur ins are invariant , 

and 28% of  residues in p las tocyanin are invariant) , even the bes t 

alignment of 9 azurin spec ies with 8 p las tocyanin species reveals 

very lit tle homology ; only 9 residues are common to both fami l ies , 

and a further 1 7  conservat ively sub s t i tuted ( 32 , 56 , 7 4 ) . Fur thermore , 

sub stantial deletions f rom the azurin sequence are required for i t  to 

mat ch that of  p lastocyanin , as azurins have about 3 0  more residues 

than plas tocyanins . Of  course some o f  the differences may arise f rom 

funct ional d i f ferences , since although both are electron t rans fer 

proteins , they have dif ferent physiological partners with whi ch to 

interact . 

When, in the pas t , funct ionally-s imi lar but dis tantly-related 

proteins have been compared , simi lari ties have not always been apparent 
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at the level o f  primary s t ructure , yet have been demons trated by the 

comparison of three dimens ional structures . For examp le ,  wi thout 

the three dimensional structures , the prob lem of  where to  place the 

massive deletions in the cytochrome c sequence to align it with the 

much smaller cytochrome c-551 sequence was insurmountable , but wi th 

the struc ture in hand , i t  became trivial . It  was the folding pat tern 

revealed by the electron dens ity map , fol lowing X-ray s tudies , that 

made it clear which part of  t he cytochrome c molecule had to  be 

" removed" to make it  fit the c-551 map ( 79) . The s t ructure o f  

p las tocyanin was reported af ter this work on azurin was begun , and i t  

was then clear that a comparison o f  the crys tal s tructures o f  azurin 

and plastocyanin should enab le a proper alignment of the amino acid 

sequences to be made , taking into account  their three dimens ional 

s t ructures . I t  should also cl ari fy whether the two pro teins have a 

common ances tor , or whether their simi lar it ies have arisen f rom 

convergence , where the same funct ional requi rements have led to the 

evolut ion of simi lar ac t ive s i tes . 

Comparison o f  the amino acid sequences of  azurins and plas tocyanins 

wi th other copper prote ins has also yielded some interes ting ob serva tions . 

Figure 1 . 2  shows the homology f ound between the sequences o f  segments 

from azurin , subunit II  of cy tochrome oxidas e ,  the 19K dal ton and 50K 

dal ton fragments of  ceruloplasmin ( ceruloplasmin 1 and 2 respective ly) , 

s tellacyanin and plas t ocyanin . The sequences in the upper hal f o f  the 

figure are f ound near the carb oxy terminus , both in the mul ti- copper 

oxidases , and the sing le-copper b lue proteins , and include 3 of the 

residues shown subsequent ly to  be liganded to Cu in plas tocyanin and 

azurin . A second regi on o f  similari ty , including the fourth l igand 

for copper (His 37 in plas tocyanin) , is shown in the lower half  o f  

the f igure . Analyses have sugges ted that , ove ral l ,  subunit  I I  o f  

cytochrome oxidase i s  more l ike azurin , and the segments o f  ceruloplasmin 

more like p lastocyanin ( 80 , 81) . I t  is thus proposed that the bind ing 
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s ite for type I copper is  simi lar in all the small b lue electron 

t rans fer proteins and large multi-copper oxidases , and that all  

these enzymes may have evolved f rom the same ances tral gene (80 , 81 ) . 

1 . 8  Recen t  X-ray S tudies on Blue Copper Pro teins 

While  this work was in progress ,  successful X-ray crys tallographic  

analyses were reported on both p las tocyanin from poplar leaves (56 )  

and azurin from Ps . aeruginosa ( 82 ) . Whi le these results reduced 

some of the novel ty of the present work , they also o f fered the 

opportunity for  valuable comparative s tudies . 

1 . 8 . 1  Plas tocyanin 

The shap e of the plastocyanin molecule resemb les a sl ightly 

flat tened cylinder , the wal ls o f  wh ich are formed by 8 s trands o f  

polypep tide chain drawn roughly parallel t o  the cylinder axis , t o  form 

a so-c alled S-barrel s truc ture . The core o f  the mo lecule is hydrophobic , 

wi th a high proport ion of  aromatic sidechains , 6 out o f  the 7 

phenylalanine residues in the sequence being found there . Charged 

sidechains are unevenly dis tributed on the surface of the molecule , 

wi th a ne t negative charge (at physiological pH ) being located more on 

one s ide o f  the molecule than the o ther . The copper binding s i te is 

embedded b etween the ends of s trands 3 , 7  and 8 o f  the protein backbone . 

In addi t ion to the widely predi cted NDl nitrogen atoms o f  His 37  and 

87 , the sulphur atoms of Cys 84 and Met 9 2  turned out to be l igands 

to the copper atom . Three of the four ligand-donat ing res idues belong 

to a short s t retch in the amino acid sequence ( -Cys-XX-His-XXX-Met-) 
which forms a t ight loop between s trands 7 and 8 .  This  loop , or 

variati ons  on i t , can be seen repeated in the amino acid sequences 

of other copper proteins in Figure 1 . 2 .  The co-ordination geometry is 

irregular wi th bond angles deviating by as much as 23  degrees from 

tetrahedral values . Accessib i l i ty of  the solvent to the metal is  

limi ted t o  one direct ion only , and b locked by the  side chain of His  8 7 , 



Figure 1 . 3  

10 

The Po lypept i de Chain Folding of  Pop lar P lastocyanin  

f rom X-ray Dif fraction S tudies at 2 . 7R Reso lution . 

Residues marked 11 represent a hydrophobic  patch found on the sur face 

of the mo lecule near the copper site , and those marked tt an aromatic  

channe l that runs from the base o f  the copper site down the front o f  

the mo lecule . 
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one of the copper ligands , so that  the metal-to-surface dis tance is 

approximately 6R . This geometry represents a compromise be tween the 

requi rements  of  copper in its  two oxidation states , which may mean that 

the reduction of Cu ( I I )  can proceed wi thout any changes in co-ordination .  

F igure 1 . 3  s hows the polypep t ide chain folding of plas tocyanin . 

1 . 8 . 2  The S tructure o f  Azurin from Ps . aeruginosa 

More recently , the s tructure of azurin from Ps . aeruginosa has 

been reported at a resolution of 3R ( 82 ) . The shape of the mo lecule 

was found to be that of a flat tened pear of approximate dimens ions 

25 x 30 x 4 5  R , wi th the copper atom at the small end of the pear . In 

both shape anct dimens ions , it closely resemb les poplar plas tocyanin . 

The single po lypep t ide chain folds to form an eight-s t randed , somewhat­

distorted 8-barrel . The mos t  s triking departure from the plas tocyanin 

struc ture is the addition of a flap be tween residues 53  and 7 8 ,  whi ch 

contains s ome he l ical turns and hangs outs ide the body of the res t of  

the mo lecule . The copper atom is  co-ordinated by  four residues whi ch 

are the exact analogues of the li gands in p las tocyanin , His 46 , Cys 112 , 

His 11 7 ,  and Met 1 2 1 . I t  lies in a hydrophobic pocke t near an extensive 

hydrophob i c  surface whi ch clear ly is analogous to the hydrophobi c  

patch in plas tocyanin . 

The ini tial 3R map was no t ,  however , easily interpretab le , and in 

order to improve the map , the electron dens ities of the 4 independent 

molecules in the crys tallographic  asymme tri c uni t were averaged .  

Al though this led t o  some improvemen t ,  the two N-terminal residues could 

not be seen , and the presence of a disulphide bridge between residues 

3 and 26 made the connectivity of the B s trands difficul t to estab lish 

unambiguously . A discrepancy between the topologies of  azurin and 

plas tocyanin thus resulted ( i . e .  in the folding patterns of the 

polypept i de chains ) , t hat would be unusual if the two proteins had a 

common ances tor . Phasing was extended to  2 . 7R by a method based on 
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direc t-space averaging o f  the elec tron dens i ty of the 4 mo lecules, wh ich 

much imp roved the quality of the map ( 83) . The dens ity  coul d  now be 

interpreted in terms of the plas tocyanin topology , although the 

ambigui ty remained since ei ther folding pat tern could  be f i t ted 

reasonab ly we l l  ( see Figure 1 . 4 ) . 

c 

a 

Figure 1 . 4  
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A s chematic representation of the topo logies of azurin 

and plastocyanin showing the different folding patterns . 

(a) and (b) are the two alternat ive folding patterns for azurin 

(c )  is t he folding pattern for p lastocyanin 

- represents a d isulphide bridge between Cys 3 and Cys 26 . 
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1 . 9  Comparat ive S tudies on Azurin • 

One o f  the chal lenges os ed by proteins is the d i f f iculty in 

estab lishing the signi fi cance of  dif fe rent parts o f  such comp lex 

molecules . Some residues may be ab le to  be changed wi thout af fect ing 

s t ructure or function ;  others may no t .  Some geome trical features 

may also be essential , ei ther for activi ty or for maintenance of the 

three dimensi onal s truc ture , or both . This prob lem is magnif ied for 

proteins such as hormones or e lec tron trans fer pro teins which interac t 

wi th macromo lecular species rather than small molecules , and f or 

wh i ch there may be no obvious act ive s i te .  Binding surfaces may be 

ext ens ive , and di f f icult  t o  recogni se . 

Determina tion of the st ruc ture o f  azurin from ano ther species 

shou ld reso lve the ambigui ty in the s t ructure of  Ps . aeruginosa azurin , 

and es tablish whe ther or not azurins and p lastocyanins have the same 

fo lding pat tern . Comparison wi th the Ps . aeruginosa azurin shou ld 

also help to es tablish wh ich s t ruc t ural and geome trical feat ures are 

important for the biologi cal activity of az urin . Although 35% of amino 

acid residues in Ale . denitri f i cans azurin , for example , d i f fer from those 

in Ps . aeruginosa azurin , the two prot eins have very simi lar actj v i t ies , 

and presumab ly similar b inding s i tes ; comparison may help to iden t i fy 

the latter . On the other hand , there are dif ferences in E0 values 

be tween dif ferent azurins , and recent work has s ugges ted kinetic  

dif ferences ( 1 3 , 84 , 85) . Reports have been published which show 

var iations in the kinet ics  o f  low pH decolourisat ion of  azurins from 

Ps . aeruginosa and Ale . faecalis ( 84 ) , as well as in the electron 

trans fer be tween Ale .  and Ps . azurins wi th Ps . cytochrome c-551 ( 85 ) . 

Such d i f ferences may be the direct result o f  small changes to the 

co-ordination geometry o f  the me tal , and /or dif ferences in the molecular 

envelope of the protein , or other localised part s  of  the s t ructure . 

Again, a c lose comparison o f  the two may lead to  a bet ter unders tanding 

of these aspects of their  f unct ions . 
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Comparison of  the s t ructure o f  a zurin with that  of poplar 

plas tocyanin should allow a proper alignment of th� two sequences , 

based no t on j us t  s tatistical  cons iderations , but on the three 

dimensional s truc tures . This may throw further ligh t  on possible 

evolutionary relat ionships ( including those with other copper 

pro teins) . I t  may also be possib le to  relate the dif ferences in 

s t ructure to the di f ferences in act ivity , since azurin and plastocyanin 

have dif ferent electron t rans fer p artners . It is hoped that the 

s t ructure o f  azurin can ul tima tely be re f ined at high resolution , thus 

permi t t ing a very detai led comparison of the copper s i te wi th that in 

plastocyanin , which has already been re fined . 
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CHAPTER 2 

• 

EXP ERIMENTAL 

2 . 1  The Growth o f  the Bacteria  

Alca l igenes denit r i f i cans ( Al e . deni t r i f i cans ) and Alcal igenes 

�· ( s ome t i mes re ferred to as Pseudomonas d en i tri f icans ( 86 ) ) are 

both memb e rs of a l arge and varied group of n i t rate  reduc ing b a c t e r i a . 

Wh i le Al c a l igenes is a s t ri c t ly ae rob i c  gene ra , Pse udomonads appear t o  

be  ab le t o  grow under b o th ae rob i c  and anaerob i c  cond i t i ons when the 

growth me d i um i s  n i t r a t e  en r i ched ( 8 7 ) . Azu r i n  was extracted f rom 

both these bacter i a , t he cu l t ure o f  Ale . den i t r i f i cans , s t rain N . C . T . C .  

8 5 8 2  b e ing ob tained f rom the < at i onal Co l le c t i on of Type Cultures , 

Co l indale , London , NW9 5HT , U . K . , and the Alcaligenes sp . (Al e . sp . )  

s t rain f rom Dr R . P .  Amb ler , Dep a rtmen t o f  Mo lecular B i o logy , Unive rs i ty 

of Edinb urgh , E�9 3JR , U . K .  

For A l e . den i t r i f i cans , the growth me d i um used con t a ined , per 

l i t re : lOg Tryp t i c ase peptone ; 7g yeas t ext rac t ;  lOg sodium glutama t e ; 

lg KH2Po4 ; 0 . 002g FeS04 . 7H20 ;  O . O lg CaCl
2

; 0 . 008g MgC 1 2 . 6H
20 ;  and 

O . O l g  Cus o
4

. 5H
2

o .  Thi s  d i f f e red f r om the med i a  p revi ous ly repo r t ed for  

the growth o f  th i s  t y p e  o f  b a c t er i a  in the p ropor t ions o f  yeas t e x t r a c t , 

t ry p t i c ase peptone ( casamino ac ids ) , sodium glutama t e , and KH
2

Po
4 

used  

( 5 1 , 88) . The ra t i o  used was the op t imum d e t e rmined by  comp a r ing y i e lds 

o f  cel l p as te from 100 ml  cu l tures grown in  med i a  con t a ining vary ing 

propo r t i ons o f  these f o ur ingred ients . The init i al pH o f  the s o l u t i on 

was adj us t ed to 6 . 9 wi th lM NaOH (approx imat e ly 10  ml / l i t re ) . A 1 

l i t re shaken cul ture inoculum was grown at  3 7
°

C f o r  2 4  hours and u s e d  

to s e e d  the b ulk me d i um ( 35 l i t r e s )  in  a New Brunsw i ck 50  l i t re Ferma 

Ce l l  f e rmentor . The c u l t u re was s t i rred at a rat e  o f  200 r . p . m .  wh i le 

s t e r i le a i r  was b e i ng passed through i t  a t  a rate o f  0 . 1 9 l i t re s  p e r  

secon d , a n d  was mai n t ained a t  3 4
°

C .  Ce l l  growth was moni tored a t  

regu lar inte rvals by measur ing the ab sorb an c e  o f  the cel l  s uspen s i o n  
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at  540 nm and sub cu l turing the samp l e . The ce lls  we re harve s t e d  a f ter  

1 6  hours (when the cu l t ure was in the log phase )  us ing Sorva l l  

0 
cen t r i f uges , and could e i th er b e  s to red as a f rozen we t pas te  ( - 2 0  C)  

or processed imme d i a t e ly . In the l a t t e r  case yields o f  pur i f i ed 

azurin were much great e r . 

For Ale . sp . t h e  cul ture medium and g row th cond i t i ons were th e 

same as that used f o r  deni t r i fying Pseudomonads ( 8 9 , 90) . Th e organ i sm 

was grown in 30 l i t re bat ches in large carboys under nearly anaerobic  

cond i t i ons at  2 8
°

C ,  harves ted as  above �n d s tored f ro zen . 

2 . 2  The Puri f ic a t i on o f  Azurin 

Azurin f rom b o th species was pur i f ie d  us ing a method deve lop e d  f rom 

those o f  Parr et a l . ( 1 9 7 6 ) , Cusanovich e t  a l . ( 1 9 7 0 ) , Amb ler ( 1 9 7 3) 

and Amb ler and Brown ( 1 9 6 7 )  ( 8 6 , 88 , 9 1 , 9 2 ) . 

( i )  Ini t ia l  Ext ra c t i on . 

The we t cel ls , once harves ted , were imme d i a t e ly sus pended in 0 . 0 2M 

phosphate b u f f e r  pH 7 . 0  at  4
°

C using app r oxima t e ly 1 l i t re for  every 

300g o f  pas t e . They we re then homogen i z ed us ing an I . K . A .  U l t ra Turex 

T-45  wi th a 24 mm head at  f u l l  speed for 6 minu tes be fore be ing 

comp l e tely broken by a s i ngle passage th rough an Aminco French P r essure 

- 2  
Ce l l  ( 3 8 7  k g  c m  ) .  Thi s  was found t o  b e  the mos t  e f f i cient way t o  

dis rup t the cel l memb rane , a s  b o th B iuret  and a t om i c  ab sorpt ion tes ts  

car r i e d  out on t h e  superna t an t s  o f  ce l l  s uspens i ons d i s r up t e d  wi th 

u l t rasonicat ion , homogeni zat i on alon e ,  o r  the above me thod show e d  the 

l a t t e r  to contain the mos t p r o t e in as we l l  as the h ighe s t  concen trat ion 

o f  copper . The r e s ul t ing s uspens ion , b la ck and vis cous , was c o l le c ted 

in a cooled ves s e l .  It  was r e t urned t o  room temperature b e f ore the 

addi t i on o f  deoxy r ibonuclease ( 4  mg / l i t r e  of  suspens ion )  t o  b re ak down 

the nuc leic  a c i d s , and thus re duce the vis cos i ty o f  the s uspens ion . 

Th i s  o c curred q u i t e  rap i d l y , a f t er whi ch the s o l u t i on was coo l e d  t o  

0
°

C a n d  cen t r i fuged a t  34800g for  3 0  minutes . T h e  ve ry dark green 
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supern a t an t  was decan t ed and s aved , whi l e  the prec i p i t a ted c e l l deb r i s  

was extra c t e d  a s e cond t ime a s  above . A f t e r  centri f uga t i on the 

supernatant was aga in decan t e d , and comb ined wi th the f i rs t  extract , 

the p r e c i p i tate  b e i ng d i s carded . 

( i i ) Ammon i um S ulphate f ra c t i ona t i on . 

The comb ined ext rac t s we re b ro ugh t to  45% satur a t i on w i th f inely 

powdered ammon ium sulphate over a p e r i od o f  2 hours , cen t r i fuged , 

and the p e l l e t  d i s carded . Th e s up e rnatant was sat urated  wi th ammon i um 

sulpha te and l e f t  t o  s t and ove rn i gh t  wi th s t i r r i ng .  B e f ore cen t r i fuga t ion , 

the s o l u t i on was made 10 � M  w i th K
3

Fe ( CN)
6 

wh i ch changed the reddish 

b rown co lour t o  b lue green . A f t e r  cen t r i f ugat i on ,  the re s u l t ing p e l l e t  

was d i ssolved in  a minimum o f  d i s t i l l ed wat er , and d i alysed agains t 

d i s t i l l ed wa t e r  made 1 0  � M  w i t h  K
3

Fe ( CN )
6 

un t i l  the  conduc t i v i t y  o f  

the p ro t e in so l u t i on was compa r ab l e  to  that o f  wa t e r . The supernatant 

from the p re c ip i t a t i on , b lue-green in co lour and s t i l l  conta ining some 

azur i n , was pas s e d  through a pad o f  carboxy-methy l-ce l l u l o se (Whatman 

CM- 3 2 ) in a B uchner funne l . Azurin was precipitated  on the sur face 

o f  the ce l l u lose , remain ing as a b and that could then b e  washed o f f  wi th 

d is t i l led wat e r  Th i s  e l ua t e  was a l s o  d ialyzed agains t di s t i l led wat e r  

as above , th e two f rac t i on s  t h e n  b e ing c omb ined . S tepw i s e  f r ac t i onat ion 

o f  the 4 5% s a t ur ated supern a tan t was t r ied out in ear l i e r  prepara t i ons 

where f i n e l y  powdered ammon i um s u lpha t e  was added s lowly wi th s t i r r ing 

unt i l  the s o lu t i on be came c l o udy . I t  was then cen t r i f uged , and b o th 

the res u l t ing p e l l e t  and supernat an t  were retaine d , the process b e i ng 

repeated t i l l  100% satura t i on was reached . However , when the pe l le t s  

we re d i s s o lved i n  d i s t i l le d  wa t e r  and oxidised wi th K
3

Fe ( CN )
6

, a l l  

r e t a ined s ome b lue colou r ,  ind i c a t ing the p resence o f  azurin , i n  a l l  

f r a c t i ons above 45% sat ura t i on . 
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( i i i )  Acid i f i cat ion o f  the Extra c t . 

F i f ty percent (v/v) a c e t i c  a c i d  was added to the desalted , cooled 

( 4
°

C )  soluti on wi th thorough mixing un t i l the pH reached 4 . 1 .  A 

whi t e  p re c i p i ta t e  h ad begun to form at  approxima te ly pH 5 . 5 ,  and t h i s  

was removed by cen t ri fuga t ion a t  1 4 , 6 00g for 30 minutes . The 

conduc t iv i ty of the c lear s up e rnatant was then measured and compared 

t o  that  o f  0 . 05M ammonium a c e t a t e  b u f f e r , pH 4 . 1 .  The s o l u t i on was 

d i lu t e d  wi th d is t i l l ed wat e r  unt i l  the conduct ivi t i es were the s ame , 

and i f  any prec i p i tate f o rmed i t  was removed by cent r i f ugat ion . 

( iv )  Ch roma tography on C a rboxyme thyl-cel lulose . 

The pale  green solut i on was loaded on to a CM- 32  co lumn ( 5  cm 

diame t e r  x 20  cm) wh i ch had b een pre-equi librated wi th 0 . 05M ammonium 

acetate  buf fer pH 4 . 1 .  Three c o loured bands forme d at the top of the 

column as the s o l u t i on was passed through . These were red , b lue and 

then a second , very narrow , l owe r red band ( Fig . 2 - l ) . Wh en loadi ng 

had f i n ishe d ,  the column was washed wi th the equ i l i b rat ing b u f f e r  un t i l  

no p ro tein coul d be dete c t e d  i n  t he e l ua te ,  as j udged by the ab sorb ance 

at 2 80 nm . I t  was found that the f inal puri f i cat i on s t eps  we re much 

mor e  e f f e c t ive i f  care was taken at  th i s  s tep , the quan t i ty of buf fer 

requi red for  comp lete washi ng o f  the bands being in the v i c i n i ty of  

4 l i t res . The choice  of  co l umn is also  importan t , as ove rloading of  

the bed wi l l  resul t i f  the p ad o f  c e l l ulose i s  too sma l l , b e cause of  the 

hi gh concen t ra t i on o f  p r o t e ins in  the cell extrac t , and the resp i ratory 

proteins wi l l  no t adsorb . The lowe r red band was usua l l y  more obvious 

for the Ale . sp . extract  than for  the Ale . deni t r i f i cans whe re i n  some 

preparat ions i t  was h ard l y  v i s ib le . 

The column was then washed wi th 0 . 05M ammon i um ace t a te b u f f e r , 

pH 4 . 5 ,  t he e luate being cons tant ly mon i tored for  p ro te i n  as above . 

Fo r Ale . deni t r i f i cans , the  l ower red and b lue b ands began t o  d i f fuse 

ve ry s l owly through the c o l umn al though they s t i l l  adsorbed t o  the 
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_fi gure 2 · 1  Carboxymethyl-cellulose chromatography 

during the pur i f ication of Azurin .  

Three bands are ev ident = 

1 .  an upper red band ) cytochrome c ' ) 

2 .  a blue band ) Azur i n ) 

3 . a lowe r faint red band ) a c- type 

cytochrome . 
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7\ 1  
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Alcaligenes denifr1 · 
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_E!_gurQ 2 ·  6 Crys ta l s  of  Azurin fro m  

Alcaligenes sp . 
Two crysta l forms arQ v isi b le  

( neadle s and p la tes ) . ( 63 x ) .  
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_Elgura 2 ·  7 Crystals of Azurin from Alcaligenes 
denitri ficans showing Spheruli t i c 

Grow th H a bi t  ( 63 x ) . 

F ig u r e  2 · 8 C r ysta ls of Azurin u sad for 

data colle ct ion . ( 63 x ) . 
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- 1  
by vapour d i f fus i on ,wh e re t h e  p ro t e i n  solut ion ( 1 2  mg ml , i n  

SO% s a t urated  ammon i um sulphate s o lu t i on made u p  in  0 . 1  M 

phosphate b u f fer pH 6 . 0) was equi l ib ra t e d  against 6 2-66% 

s a turated ammonium su lphate a t  3 7
°

C .  

I n  b oth cas e s  p l as t i c t ubes p roduced the best resu l t s , and c ry s t a ls 

app eared in 6 - 7  weeks . The s ame cry s t a l  f o rm was a lways ob t a i ne d , i . e .  

v e ry intens e ly co loured b l ue nee dles o f  re c t angular or s q uare cross-

sec t i on at one end ,  tap e r i ng to the o ther . The crys tals tended t o  

grow i n  c lus t e rs , as shown i n  F i gure 2 . 7 , j o ined a t  t h e i r  sq uare ends , 

b u t  indi v i dual c ry s t a ls up t o  2-4 mm i n  l ength cou l d  be separat e d  f rom 

the c l u s t ers . S ome t imes l a rge s ingle c rys t a ls grew with  the i r  s q uare 

ends a t t ached t o  the t ube . Fi gure 2 . 8  i s  a pho tograph o f  part  o f  such 

a c ry s t a l . As shown be low ,  the needle axis was found to corres pond to 

the crys tal log raph ic  c axis , wh i l e  the a and b axes lie along the 

d i agona l s  of  the c ross s e c t ion .  

b )r"-__ 3>_ ---,.....-----+) c 

F igure 2 . 9  A schema t i c  diagram o f  a crys t al of azurin f rom A l e . denitr i f i cans , 

showing the re l at ionship b e tween the c rys t a l  morpho l ogy_ 

and the c rys t a l lograph i c  axes . 

2 . 4  Chara c t e r i z a t ion o f  the Crys ta l s  o f  Az u r in f r om Al e .  deni t r i f i c ans . 

The c ry s t al s  grown as des c r ib e d  above were mounted in  thin-wa l l e d  

g la s s  cap i l la r ie s , wh i ch c on t a in ed a sma l l  res e rvo i r  o f  mo ther l iquor 

at  one end and were sea led w i t h  wax . Zero and f i rst l eve l precess ion 

0 
pho tographs (� = 16 ) we re t aken using N i - f i l t ered CuKa rad i a t i on f rom 
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a Ph i l l ips 1 1 30/00 X-ray generator operated at 20 mA and 40 kV . 

Exposures varied from 20-40 hours depending on the s i ze o f  the 

crystal . 

The crys tals were found to  be long to the orthorhombic  space 

group C222 1 
wi th cel l  dimensions a = 7 5 . 0  �. b = 74 . 1  � and c = 99 . 5  �. 

The density , measured in a water - saturated bromobenzene/kerosene 

gradient column (112)  was 1 .  26 g 
-3 cm Assuming the asymme tric uni t 

contains two molecules of  weigh t 14 , 000 dal tons , the crystal  vol ume 

per uni t  o f  pro tein molecular weigh t ,  Vm , i s calculated as 2 . 4 7 ,  a 

value comparab le wi th other pro tein crys tals ( 1 1 3 ) . I f  the partial 

3 - 1 speci fic  volume is  assumed to  be 0 .  74 cm g , the fraction o f  the 

vo lume of the uni t ce l l  o ccupied by the so lve nt is thus calcu lated to 

be 50 . 2% .  The crystals d i f f ract to at leas t 2 �. and are rad iat ion 

s table . An int eres ting feature of  the d i f fraction pat terns is  the 

fact that they show s trong tet ragonal pseudosymme t ry at low reso lut ion . 

The pseudotet ragonal ce l l  (a ' = b '  = 52 . 4R , c ' = 99 . 5R) is approximate ly 

hal f  the vol ume of  the true uni t ce l l , and has axes which are at 45° 

to  the true a and b axes . I t  is very simi lar to that reported by 

S trahs ( 98 ) for azurin f rom Ps . denitrif icans (Al e .  sp . o f  this work) 

(viz a =  b = 53 . 2R , c = 101� , space group P4 1 22) . Figure 2 . 10 

is a schematic  drawing o f  t he relat ionship between these two space 

groups . Figure 2 . 11 shows precession photographs (� = 16° ) o f  the 

hO � ,  Ok£ ,  and hkO zones . Sys tematic  absences for this space group are 

00£ absent when £ =  2n+l , and hk£ absent when h+k = 2n+l . 

2 . 5  The Preparat ion o f  Heavy Atom Derivat ives . 

A three dimensional crys tal can be represented by a Fourier series 

p (x , y , z ) � � � � Fhk£ [ exp i �k£ 
]exp [ -2-r i (hx + ky + £z) ] 

where p is t he electron dens ity at a point x , y , z  

V is the vo lume o f  the uni t  cell  
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Figure 2-10. A schematic representation showing the 

r elat ionship between the space group C222 1 ( - ) 

and  the tetragonal space group P4122  ( - - - ). The 

t wo cells are aligned when the or ig in  of the 

tetragonal cell 1s sh ifted to z = 1 /8 and the 

other two axes are redefined a long the face 

d iagonals .  
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c 
Figure 2 . 1 1 Precess ion p h otog raphs ( }J = 1 6° ) of (a) the hO I ,  ( b) the h kO, a n d  

( c )  t h e  Okl  zones of native azu r i n  c rystals .  T h e  h kO z o n e  clearly 
shows the peusdo-tetragonal  sym metry at l ow resolut ion .  
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Fhk� 
is the amplitude of  the wave described by the indices hk� 

ahk� is the phase of the wave . 

The amplitude of the wave is simply the structure factor magni tude 

and can be derived directly from the intensi ty of the reflect ion hk� .  

However the phase o f  the reflect ion cannot be observed directly , this 

being the basis of  the so called "phase problem" , the maj or difficul ty 

in structure determinat ion . 

In this study, as in  o ther protein s tructure analyses , the method 

of mul tiple isomorphous replacement ( 11 4 , 1 1 5 , 1 16 , 1 1 7 ) , supplemented by 

anomalous scat tering measurements ( 1 1 8 , 1 1 9 , 1 2 0 ) , was used to  ob tain 

phases . This involves the preparat i on of derivatives of the protein , 

in which addi tional ions or small molecules containing at leas t one 

"heavy" atom ( i . e .  an atom of high atomic number) are bound to the 

protein wi thout dis turbing the structu re of the pro tein or the crys tal 

packing . The space group and cel l dimensions should then be unchanged , 

and the intensi ty differences in the X-ray dif fract ion pat tern will  

arise solely from the additional atoms in  the structure . The heavy 

atom species may be covalent ly bound to the protein , or held by non­

covalen t forces , the importan t  thing being that they residue in 

exactly the same place on each protein molecule ( i . e .  are well  

ordered) , and that the occupancy is high ( i . e .  that they b ind to a 

high proport ion of  the protein molecules in the crys tal) . The 

intens i ties o f  the dif fract ion pat tern are then measured for both 

parent and derivat ive crystals t o  the desired resolut i on , and the 

position of the heavy atom ( s )  found , usually by a Patterson synthesis 

(see Chapter 3 ) . 

Heavy atom derivat ive screening was carried out on medium s ized 

crys tals , the larges t crystals being saved for di ffractometer data 

collec fion . Early attemp ts  to  remove the copper atom , with a view 

t o  replacing i t  with heavier metal atoms , did no t appear to  be  
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successful ( see Appendix Ill ) ,  and the commonly-used t rial and error 

method was therefore employed in searching for sui tab l e  isomorphous 

heavy atom derivat ives . In thi s  me thod protein crys tals are soaked 

in solutions of a heavy atom reagent , so that the lat ter can diffuse 

into them to possible , unspeci fied, b inding sites . Ini tially , azurin 

crystals were transferred to capped vials containing 75% saturated 

ammonium sulphate solut ions,made up with 0 . 1  M phosphate buffer pH 6 . 0  

-1 and approximately 1 mg ml of heavy atom reagent .  After a soaking 

period of 1 week , a zero leve l precession photograph ob tained from the 

crystal was compared with an appropriate photograph from a nat ive 

crystal . I f  intensity differences were present , but were small ,  three 

steps could be taken to try to increase the amoun t of substitution .  

Firs t ly ,  the concen tration of  the reagent was increased t o  leve ls o f  

up to 2 .  5 mg ml-l as this sometimes will give rise t o  further binding 

(105) . Secondly , where the heavy atom reagent was partly or completely 

insoluble in the mother liquor , a change of buf fer from phosphate to 

acetate of ten ef fected an improvement in substitut ion . This is  because 

many of the heavy metal ions found in such reagents are more soluble 

in ace tate than in phosphate buf fer ( 105) . As some heavy atom reagents , 

for example uranyl or lanthanide complexes ,  form insolub le sal ts with 

phosphate ions , acetate buf fers were also used with these reagents . 

The buffer used was 0 . 05  M ammonium acetate pH 5 . 0 ,  and the pro tein 

crystals were always pre-soaked in at leas t two changes of buf fer 

before being introduced to the soaking solutions . Where the heavy 

atom reagents  remained inso lub le , they were left  as precipi tates in 

the bot tom of the tub e ,  in mos t  cases in con tact wi th the crys tals 

for longer periods of t ime . Thi s  was because even when a reagent  

appears to be  insolub le ,  i t  may dissolve very s lowly, allowing "heavy" 

atoms to dif fuse into the protein . Finally , the temperature of  the 

soaking solution was raised to 3 7°C in an attempt to increase both 

the rate o f  reaction , and the solub ility of  the heavy atom reagent . 
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Generally i t  was found that increas ing the temperature did no t 

increase substitution ,  but merely increased the rate at which it  

occurred , and thus was of  no real advantage . 

Where damage to the crystal , such as cracking , a change in cel l  

dimensions , or a deteriorat ion in the quali ty of the diffraction 

pattern was observed following soaking , the concentration of the 

reagent used was reduced,as was the time of soaking . Where this  failed 

to reduce the damage , soaking was carried out at 4°C to try to control 

the amount o f  substitution by slowing down the rate of  dif fus ion of 

the reagent into the crys tal . However , it was found that this 

procedure generally offered no advan tage , as crystal damage still  

occurred . Table 2 .  3 i s  a summary of the heavy atom soaking experiments , 

the middle column indicating the extent of  the intensi ty changes , the 

last column giving an estima tion o f  the amoun t of non -isomorphism wi th 

the native crystals . This  can refer to ei ther physical damage to the 

crys tal itself , or to a change in the dimensions of the crys tal lat t i ce .  

A change in cell dimens ions of 0 . 5% was thP maximum allowab le before 

the crystal was considered to  be  non-isomorphous with the nat ive ( 12 1 ) . 

Table 2 . 3  Results of  the Heavy Atom Soaking Experiments .  

Compound Intensity Change Crys tal Damage 

Mercuric Acetate 0 0 

Baker ' s  Mercurial a 
0 0 

PCMBS b 
0 0 

Thiomersal c + + + + g XX 

Mercuric thiocyanate + + + +  XXX g 

DMA d + XXX 

K2Hgi4 xxxx 

PHMB e 
0 0 

phenyl mercury nitrate 0 0 

ethyl mercury phosphate 0 0 

mer curic chloride + 0 



Tab le 2 .  3 (Continued) 

Compound 

methyl mercury iodide 

e thyl mercury chloride 

Hg (NH3) 2Cl2 
K2Pt (CN) 4 
Pten (Cl) 2

f 

K2PtCl6 
K2P t (N02 ) 4 
c is-Pt (NH3 ) 2Cl2 
K2Pt (SCN) 4 
NaAuCl4 
KAu (CN) 2 
K3U02F5 
uranyl ace tate 

uo2 (N03) pyro 

U02 ( SCN) 2CNO 

U02Br2 + DPSO 

* 

* 

* 

KAu (CN) 2 + uranyl acetate 

Samarium acetate 

Lanthanum acetate 

Lanthanum nitrate 

Na3IrC16 
Lead nitrate 

Lead ace tate 

Lead chloride 

S i lver sulphate 

S ilver ni trate 

Thallous chloride 

0 none 

+ weak 

+ +  moderate 

+ + +  strong 

+ + + + very strong 
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Intensi ty Change Crys tal Damage 

0 

X 

XX 

XXX 

xxxx 

+ 

+ +  

+ + +  

+ + +  

+ +  

+ + + + 

+ + + + 

0 

+ +  

0 

0 

0 

+ + + + 

+ 

0 

0 

+ +  

+ 

+ 

0 

+ 

none 

XX 

0 

0 g 

0 

X 

X 

XX 

X 

xxxx 

XXX 

0 

0 

0 

0 

0 

X 

(). 

0 

0 

0 

0 

0 

0 

0 

0 

xxxx 

xxxx 

0 

no visible damage but did not d i f fract 

changes in axial lengths 

crys tal cracked 

crystal completely b roken up 
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Table 2 . 3  (Continued) 

p-chloro-mercuri- @ (b ) benzene-sulphonic acid Cl-Hg- c=) -so
3

-

co2Na 

CH3CH2-Hg-S-� (c ) 

(d)  dimercury ace tate NO -- Hg 3 "'-.... 
CH COO-

/ 
N03- Hg 

(e ) p-hydroxy-mercuri-benzoate HO-Hg-�-co2
-

( f ) en ethylene diamine 

* reagents  kindly donated by Dr C . E . F .  Rickard , Chemis try 

Department , University of Auckland . 

( g) the crystal became colourless .  

Some heavy atom compounds led to a fading out of  the dif fraction 

pat tern at low resolution , and some led to the physical des truct ion 

of  the crystal . This  was the case for almost  all of  the platinum 

compounds .  In re trospect ,  this was probably due to the large number 

o f  methionine residues on the surface of the molecule in one particular 

region which formed a close contact with another molecule in the 

c rys tallographic asymmetric unit .  Platinum compounds are known to b ind 

to  methionine s ide chains (122) , and in this case such binding would 
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disrup t the lat tice . 

When the reagent Na3IrC16 was first used , no substi tution occurred , 

probably because o f  the insolub i lity of the compound . However ,  i t  was 

found that the reagent dissolved very s lowly , and after six months , 

a crys tal  which had been le ft  s oaking was very cracked , indicating 

possible  substitution .  In orde r t o  accelerate and control substitution , 

2 mg of  the reagent was heated in a 75% saturated solution of  ammonium 

sulphate made up with acetate buffer until  the solution became qui te 

brown . This  was cooled and decanted into a fresh tube before intro­

duct ion of the crys tal . Soaking times o f  1 to  6 weeks produced only 

minor intensity changes ,  so the experiment was repeated , this time 

leaving the undissolved crys tals of  Na3rrcl6 in contact wi th the 

protein crys tals . Substi tution was much improved after only 8 days , 

but the crys tals were cracked ,  possibly because of  the abrasive effect  

of the hard Na3IrC16 crys tals . In an at tempt to  protec t  the protein 

crys tals , the heavy atom reagent was placed in a small dialysis bag , 

whi ch was suspended in the mo ther liquor ab ove the crys tals during the 

soaking period , allowing any further "heavy atom" species to diffuse 

into the solution , and hence into  the pro te in crys tals . This  had the 

des ired e f fect , moderate substitution being achieved in the crys tals 

without any cracking . Derivatives final ly selected for data collect ion 

are shown in Table 2 . 4 ,  together wi th the conditions under which they 

were prepared . 

2 . 6 Data  Collect ion . 

Only a small number o f  azurin crys tals were large enough for 

dif frac tometer data collection . In the early s tages , therefore , 

photographic data was collec ted using medium s ized crystals with a 

view to deciding which derivatives were likely to be worth collecting 

diffractometer data on . 
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Tab le 2 . 4  PreEaration of th� Heavy Atom Derivat ives Used for Three 

Dimensi onal Data Collec t ion . 

Time 
Reagent Concentrat ion Buffer pH of  Temperature 

Soak 

KAu (CN) 2 0 . 5  mg/ml 0 . lM phosphate 6 . 0  2 0  days 

uranyl acetate 2 . 0  mg/ml O . OSM arnrn . 5 . 0  7 weeks 

acetate 

KAu (CN) 2 + 0 . 5  mg/ml + O . OSM amm. 5 . 0  3 weeks 

uranyl acetate 2 . 2  mg/ml acetate 

Hg (NH3 ) 2Cl2 
a 2 mg/ml O . OSM arnrn . 5 . 0  11  weeks 

ace tate 

thiomersal a 
0 . 5  mg/ml O . OSM arnrn. 5 . 0  7 days 

acetate 

N�rc16 b 2 . 5 mg/ml O . OSM arnm . 5 . 0  8 days 

acetate 

EtHgCl c 
saturated O . OSM arnm . 5 . 0  7 weeks 

acetate 

( a) the reagents caused the crys tals to become colour less . 

(b) the reagent was dialysed into the solution . 

( c )  ethyl mercury chloride 

room 

room 

room 

room 

room 

room 

room 
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2 . 6 . 1  Photographic Data Col lec t ion . 

Only the data for the centric zones hO� and Ok£ were col lected 

photographically for the nat ive and various heavy atom derivative 

cryst als , as the hkO zone was not easily ob tained due to the difficulty 

of  mounting needle shaped crystals wi th the needle axis across the 

capillary tube . Precession pho tographs were taken in 2-f ilm packs 

so that the second film had a much weaker exposure than the firs t . 

The photographs were scanned using a ro tating -drum OPTRONICS PlOOO 

microdensi tometer , the ras ter size being set at 100 x 100 w m .  The 

resul t ing dens ity data for each film was writ ten on to magnet i c  t ape 

for processing on a Burroughs B6 700 computer . Intensi ties were then 

extrac ted using the program DENSFOR (appendix II)  which predicts  the 

posi tion of each reflect ion , integrates i ts intensi ty ,  and makes 

an appropriate background correct ion . Film-to-film scale factors 

were calculated for each 2-f ilm pack , and the films merged . Symme try -

related reflect ions were also merged and Lorentz and polarisat ion 

factors applied , giving a set  of unique corrected intensities . Derivat ive 

data were scaled t o  the nat ive data set , using a Wilson-type plot  of  

2 2 2 
log (E FPH /E FP ) versus ( sin8 /A ) , giving a lis t of nat ive and 

derivat ive s tructure amp litudes on the same scale . 

2 . 6 . 2  Diffractome ter Data Co llect ion . 

For dif fractometer data col lections , the largest  avai lab le crys tals 

were use d . These were typically 0 . 5  mm by 0 . 5  mm in cross se ction ,  

and were always cut (with a s calpel blade) so that the length did no t 

exceed about 1 . 0  mm .  The crystals were moun ted in thin-walled glass 

capillaries in the usual way . One set o f  data (a second set  o f  native 

data) was collected on a Nonius CAD-4 dif fractometer in the Chemis try 

Department , Univers i ty of Auckland . For all o ther data sets , the 

ins trument used was a Hilger and Wat ts four circle X-ray diffrac tometer 

controlled by a PDP-8I computer at  the Chemis try Division ,  
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Department  of  S cientific and Industrial Research , Wellington . The 

X-ray tube was operated at 40 kV and 2 5  mA ,  the radiation used 

being CuKa . 

For all crystals , a large incident beam coll imator ( 1 . 4  mm) 

was used , in order to ensure that the whole of  the crystal was fully 

b a thed in the X-ray beam . The diffracted beam collimator was the 

smal lest  that could be used without s igni ficant loss of intensi ty 

from reflect ion peaks . This  was either 2 . 5  or 3 . 5  mm depending on 

the size of  the crys tal . Integrated intensities were colle cted by 

an w-scan (105 , 12 3) , the width of  the s can being typically 0 . 5  to 

0 . 6 degrees , depending on the mos aic spread of  the crystal . Count ing 

t imes were deliberately kept  short in order to minimise radiat ion 

damage , and to allow as much data as possible to be ob tained for each 

crystal ; typical ly 40 to 50 seconds was spent coun ting each peak , and 

5 seconds ei ther side of i t  for the background . 

F--­hk� 

For orthorhomb ic space groups , Fhk� = Fhkl = Fhki = Fhki '  and 

The data collection scheme used by the 

Hilger and Wat ts dif fractometer was such that � was the fas test  

varying index ; thus the Friedel pairs hk� and hki were collected 

so that the two measuremen ts would be made close together in t ime . 

The choice of the part icular quadrant of  reciprocal space wi thin which 

data was collected was made wi th some care . This was because the use 

of  long needle -shaped crys tals , adhering to the wall  of a glass capillary, 

gave rise to a variation of  peak shape in dif ferent regions of  

reciprocal space ; in  some regions , ref lect ion widths migh t be as great 

as 1 . 0° compared with as little  as 0 . 3° in others . Where possible , 

data collection uti lized the quadran ts for which reflections were the 

sharpest ,  thus allowing more accurate set ting and smaller s cans . The 

data  was collected in shells  of  reciprocal space , chosen to contain 

app roximately the same number of reflections . 
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For the native data collect ion , 2 crys tals were used , one for 

data coverin g  the range 8 = 1° to 14 . 5° ( i . e . data to 3 . 08R) and the 

other for data between e = 1 3 . 5
° to 16 . 5° 

( i . e .  data to 2 . 7R) .  For 

e ach derivat ive , a complete high resolution data set was co l lected 

from one crys tal (except for the doub le derivative (KAu ( CN) 2 
+ 

uranyl acetate) for which two were used) . Al though the use of  only 

one crys tal to collect a whole set of high resolution data leads to 

greater radiation damage , errors caused by scaling data from dif ferent 

crystals together no longer arise . This was , in any case , forced to  

some extent by the need to travel to another cent re to set  up  crys tals 

f or the data collect ion . The intensity measurements plus two back­

grounds were wri t ten on to  paper tape and subsequent ly trans ferred to 

magnetic tape  for s torage and processing . Table 2 . 5  shows the uni t 

cell parameters for the native and derivative crys tals , derived from 

diffractometer measurements . 

Radiation Damage . 

Radiation damage to the crystals was monitored by comparing the 

intensities of three strong s tandard reflections which were measured 

every 100 general reflections . These we re chosen so that they were 

well  dist ributed in reciprocal space . Generally , two of the reflections 

had X �  0 and � values separated by 90° , whi le the third one had 

X near 90°
. This ensured that if  crystal movemen t  occurred it  would 

show as uneven backgrounds in one or other of the standards . For 

high resolution data collections , the standard reflections were chosen 

from an outer shell where possib le , since i t  was fel t that high angle 

reflect ions might be the first affected by radiation damage . The 

corrected intensities of these re flections were plotted as a function 

o f  exposure times , and a best s traight line (or series of straigh t  

l ines , since discontinuit ies sometimes occurred ) was drawn 

through the poin ts . An example of  such a 
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Tab le 2 . 5  Unit  Cell Parameters for the Native and Eigh t  Heavy 

Atom Derivatives for which Di ffractome ter Data we re 

Co lected . 

Derivative x (�) y (�) z (�) 

Native 75 . 0  74 . 1  99 . 5  

KAu (CN) 2 75 . 0  74 . 4  99 . 65 

Klt (CN) 4 74 . 95 74 . 1  99 . 75 

uranyl ace tate 74 . 9  74 . 2  99 . 7  

KAu (CN) 2 
+ uranyl acetate 74 . 9  74 . 55 99 . 5  

Thiomersal 75 . 0  74 . 15 99 . 75 - 100 . 1  
a 

EtHgCl 75 . 20 74 . 20 99 . 55 

Na3IrC1
6 75 . 20 74 . 25 99 . 60 

Hg (NH3) 2Cl2 75 . 2 7 74 . 56 99 . 50 

(a)  See section 3 . 1 . 6  

plot , that for the gold derivat ive , is shown in Fig .  2 . 12 ,which shows 

how the fall-off is cal culated as a function of the number of re f lections 

measured , or the number of  hours of exposure . Such a correc tion factor 

was calculated for each s tandard reflection in all data sets , the mean 

o f  the three being taken as the correction function . For the nat ive 

crys tals , the fall-off in the three reflections was roughly equal  

( 15 . 9% ,  12 . 9% and 15% )  whi le the derivat ive crystals showed much 

greater sensi t ivity to radiat ion damage with more variation in fal l -

o f f  between s tandards (Table  2 . 6) . 
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Table 2 . 6  S tatistics of Intensi ty Losses for the Native and 

and Deriva tive Crys tals . 

Derivat ive Resolution No . of Radiation Decay (% )  measurements* Range 
for Three S tandards 

Nat ive to 3 . 0� 10075 15 . 7  1 2 . 9  15 . 0  

KAu (CN) 2 to 2 . 9� 13499 27 . 5  2 1 . 6  31 . 7  

uranyl ace tate to 3 . � 10625 25 . 7  31 . 9  2 7 . 3  

K2Pt (CN) 4 to 2 . 9� 1 1 701 35 . 7  36 . 0  32 . 9  

EtHgCl to 3 . 3� 9452 28 . 1  3 3 . 9  39 . 0  

Double derivative to 4 . 0� 531 9 26 . 6  32 . 0  19 . 5  

4 . 0�-3 . 0� 702 7  18 . 9  24 . 6  10 . 8  

Na3IrC1
6 

to 4 . 0� 3915 14 . 3  19 . 4  1 1 . 1  

Thiomersal to 3 . 5� 8159 34 . 1  32 . 8  34 . 4  

Hg (NH
3

) 2c l2 to 5 . 0� 2576 13 . 3  13 . 8  15 . 8  

Chromium ( I I) f to 4 . 0� 3929 10 . 5  7 . 9  10 . 1  

* 
In some data collec tions (e . g .  KAu (CN) 2) subs tantial portions of  

the data had to be remeasured as  a result of crystal movement .  

see chap ter 6 .  

From the table i t  can be seen that for some ref lections , in some 

of  the derivatives , the overal l  decay in diffract ion intensity 

exceeds 30% . I t  has been shown that the effects o f  radiation on 

protein c rys tals are no t always continuous with t ime , as some 

ref lect ions can show either increases or decreases in intensi ty with 

exposure ( 124 , 125) . Thus it is no t possib le to correct  for all the 

effects of irradiat ion by simply applying an overall correction factor . 
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For this reason some workers prefer to discard the crys tals once the 

intensity of  a set of  reference reflections has decreased by 

approximately 10% ( 1 2 6 , 127 ) . However it is advantageous if the 

useful l i fe of  a crys tal can be extended by radiation damage corrections , 

since if  a derivative crys tal is replaced by another , which appears 

identical , but whi ch actually di f fers significant ly due to dif ferences 

in substi tution , errors larger than those due to the approximate 

corrections will be introduced into the cal culations ( 128 ) . As 

successful applications of empirical radiation decay functions ranging 

up to 33% have been reported ( 1 2 8 , 1 29 ) , the correction funct ions were 

applied , and the data used in struc ture determinat ion . 

Absorption Correct ions 

Absorp tion corre c tions were made by the semi-empirical method 

of North et al . ( 1 30) . At the beginning of each data set ,  an 

emp irical absorp tion curve was obtained from an azimuthal reflect ion 

( i . e .  one at X =  90° in the Hilger and Watts  4-circle geometry) . 

w -scans were made through this re flect ion at intervals of 10° from 

� = 0° to � =  360° , and integrated intens ities ob tained , thus allowing 

a correct ion func t ion to be calculated for the loss of X-ray intensity 

caused by passage through the crys tal in a mean direction perpendi cular 

to the rotation axis . Such a correct ion takes into accoun t the 

crys tal shape , the adhering liquid ,  and the glass capillary tube . 

S ince the crystals were oriented wi th the c axis along the � dire c t ion , 

a c axial  reflection was always used . No significant difference was 

noted on using the low-angle 0 0 8 ,  or the much weaker high-angle 

0 0 20 reflection . For each crys tal , I / I� was plot ted agains t � .  
max o/ 

the resul t ing curve being used to  calculate the absorption of  any 

reflection hk� ( 130) . Maximum absorption corrections ranged from 1 . 20 

1 . 5 9 . 
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Data Processing. 

Data processing was carri ed out on a Burroughs B6 700 computer 

at the Massey University computer centre . The programs used in 

process ing are outlined in Appendix 11 . Background correct ion o f  the 

raw dif fractometer data made use of a background averaging routine , 

developed by Dr P . E .  Nixon , and s imilar to  that sugges ted by Krieger 

et al . ( 1 31 ) . A subset of  the backgrounds was taken that consis ted 

of the background measurements for reflections whose ratio of  total 

counts to total background was less than a factor k ( typically 

between 1 . 2  and 1 . 5 ) . Thus only the weaker ref lections (between 30-50% 

of the reflections in a data set)  were used , so that the background 

measurements would not contain signi ficant contributions from mis-set 

strong peaks . These backgrounds were then averaged as a funct ion of 

8 ,  � and x .  the averaged values being applied to all reflections in 

making background corrections . The relability of the data was 

greatly improved by this procedure , as j udged by comparison of the 

symmetry related reflections and by comparison with photographs . Data 

were then corrected for Lorent z-po larization factors , absorption and 

the fall-off  in intensity due to radiat ion damage . 

Equivalent reflect ions , and reflections which had been measured 

more than once , were merged by taking their weighted mean . Where more 

than one crystal was used for data col lect ion (i . e .  for the native 

and the double derivative) , the data from dif feren t crys tals were firs t 

put on to a common scale using the reflections from overlapping shel ls . 

Reflections with negative intensities were retained a t  this  s tage , 

being given intens i t ies equal to half their standard deviat ion ; later , 

for heavy atom refinemen t and phase calculation ,  all  reflect ions for 

whi ch 1hk� < 1 . 5  a ( 1hk�) were omi t ted . Friedel pairs were kept 

separate for heavy atom derivat ives and the extent of  Friedel dif fer­

ences were monitored by calculat ing reliab i li ty factors for agreement 

between the Friedel pairs . These are shown in Tab le 2 . 7. 



Tab le 2 . 7  Reliability Factors for Agreemen t Between Friedel Pairs in Sin28 Ranges . 

. 2
8 s1n . 005 . 010  . 015 

* 
native . 03 7  . 023  . 039 

KAu ( CN) 2 . 028  . 029  . 034 

K2Pt ( CN) 4 . 025 . 02 3  . 060 

uranyl a 
. 033 . 026 . 030 

Double . 046  . 041 . 049 
Deriv . 

Hg (NH3) 2
cl2 

. 07 8  . 074 . 07 7  

EtHgCl . 020 . 018  . 022 

Na3IrC1
6 . 029  . 024 . 039 

Thiomersal . 0 32 . 026 . 035 

� l: I F+ - F- I I l: � I  F+ + F- I 

. 020 . 025 . 030 . 035 . 040 . 045  . 050 . 055  . 060 . 065 . 070  

. 051  . 034 . 036 . 033 . 041  . 04 1  . 049  . 067  . 153  . 186 . 1 37 

. 039  . 035 . 024 . 029 . 035 . 03 7  . 045  . 05 1  . 05 8  . 07 5  . 098 

. 05 7  . 066 . 0 73 . 0 76 . 04 3  . 037  . 039 . 068  . 084 . 119 

. 034 . 029 . 024 . 024 . 034 . 038  . 050 . 068 . 0 74 . 099 

. 05 3  . 049 . 039 . 043 . 049 . 056 . 062 . 067  . 080 . 101 . 146 

. 089 . 094 

. 022 . 022 . 020 . 022 . 02 7  . 032 . 040  . 052 

. 044  . 044 . 038 . 04 5  . 058  

. 040 . 040 . r . OJ n  . 04 5  . 05 1  . 070 . 0 74 . 099 

+ - -where F and F are the amplitudes o f  reflections hkt and hkt 

. 075  . 080 . 085 

. 09 1  . 108 . 107  

. 129 

. 1 31 

(a) Scaling of the Friedel pairs was carried out by making the mean values of  Ihk£ and Ihkl equal in smal l b locks 

of reciprocal space . 

* 
For native crystals , F+ and F are of course , equivalent reflections . 

I 
"' 
-.....) I 
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The increase i n  RF value w i t h  i n creas ing 6 is p robab ly due mos t l y to the 

l a rger number of weak re f le c t ions at  h igher res o l ut ion . I t  c an a l so 

be  seen that  f o r  the na t i ve data equiva len t re f l e c t ions agree very 

we l l  up  to 6 = 1 3 . 6
° 

( s i n
2

e = 0 . 05 5 ) . The poor agreeme n t  be tween 

14 . 2
° 

and 1 5 . 3
° 

( s i n
2

e = 0 .  060 - 0 .  0 70 )  arises f rom the me rging o f  

the data  f rom two data s e ts , one measured on a H i l ger and Wa t t s  

4 - c i r c l e  d i f frac tome t e r , and t h e  o ther o n  a CAD - 4  d i f f r a c t ome t e r , 

and appears to  be a consequence o f  d i f f erences i n  the measuremen t 

o f  the we aker re f le c t ions . Also c a l culated  was t h e  ave rage i n t ens i ty 

for re f l e c ti ons as a fun c t ion o f  reso l u t i on . In  F i gure 2 . 1 3 these 

va l ues are p l o t t e d  for some of the he avy a t om de rivat ives that we re 

used in  the f inal  s t ructure de t e rm i na t i on .  

1 000 

Double derivative o--o 

Uranyl acetate . . . . . . .  o-o 
8 0 0  Na tive . . . . . . . . . . . . . . . . . . .._. 

K Au CN2 . . . . . . . . . . . . . . . ... 

6 00 

4 00 

2 00 

0 0·010 0 ·020 0 ·030 0 ·040 0 · 050  0 ·060 0 · 070 

Rgure 2 · 1 3 The average intensi ties for reflections as 

a functon of resolutm for the nat ive and 
three d ar i vat iva sets of data . 
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Native and heavy atom derivat ive data were s caled together 

following the me thod of  Wyckoff  et al . ( 132) . In this method , 

derivat ive intensity data are scaled by a factor ki , where 

and protein structure amplitude ) 

derivative structure amplitud�: ,I 

The lat ter index also gives some idea of  the overall change in intens ity 

be tween nat ive and derivat ive crys tals and hence of the amoun t of  

substitut ion . Values for the various heavy atom derivatives are 

shown in Tab le 2 . 8 . It can be seen that the uranyl , ethyl mercury 

chloride and iridium derivatives showed ve ry li t t le subs titution , 

sugges ting that they might be of limi ted value in any phase calculation . 

Tab le 2 . 8  Statistics for the Derivative Data Collections . 

Derivat ive No . of  reflections 

Native 6991 

KAu ( CN) 2 6414 

K2Pt (CN) 4 6510 

uranyl acetate 5113  

doub le derivative 5946 

Hg (NH3
) 2c l2 1337  

ethyl mercury chloride 4293  

Na3IrC16 2003 

Thiomersal 3933  

Scale Factor 

Scale Factor RI 

1 . 0000 

1 .  209 3 

1 .  0653  

0 . 9958  

1 . 09 94 

1 . 5 7 1 2  

0 . 9006 

1 .  2 305 

1 .  0649 

-

0 . 164 

0 . 14 7  

0 . 09 5  

0 . 2 31  

0 . 21 7  

0 . 06 5  

0 . 05 9  

0 . 195  

2 
( 1 + RI ) 
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CHAPTER 3 

RESULTS 

3 . 1 Determinat ion of the Heavy Atom Parame ters 

Before any heavy atom isomorph can be used for phase determination , 

the s ites of  substitution of  the heavy atoms themselves must be  

determined , from the observed dif ferences in structure ampli tudes, 

caused by their introduction into the protein . 

3 . 1 . 1  The Patterson Funct ion 

where 

Pat terson syntheses calculated using the funct ion 

P (u , v , w) 1 2: 2: 2: F2 - cos 27T (hu + kv + 9-w) V h k 9- H (hkl) 

V is the volume of  the uni t  cell and 

FH is the structure amplitude due to the heavy atom .  

do no t yield the atomi c si tes directly , but give the distribution 

of  vectors between pairs of  heavy atoms ( 1 33) . The essential problem 

is to obtain the best representation of FH
2 from the differences 

between native and derivat ive dif fraction patterns . 

The re lationships between the s tructure factors for the protein, 

�p , the derivati ve ,  �PH , and the heavy atom (s), �H , are shown in Figure 

3 . 1 .  From the diagram, the amplitude o f  �H is given by the cosine 

rule . 

F 2 
H 

FPH
Z 

+ Fp
2 

- 2FPFPH cos a 

(FPH - Fp) 2 + 2FPFPH ( l- cos a) 

( i )  

- ( ii )  



Figure 3 . 1  

Centric data 

- 71 -

A Vector Diagram I l lustrating , for an Arbitrary_ 

Reflection , the Relationship Between �P '--IPH and �H · 

F " is the anomalous contribution to the heavy 
-H 

atom scattering , whi le �PH
+ and �PH 

related structure factors . 

are the Friede l -

For centrosyrnrnetric reflections , a is likely to be 0 for all  

6 2 
iso ' 

where 6 .  is the isomorphous di fference . Thus , for a pro tein with �so 

one or more centrosyrnrnetric proj ections , a difference Pat terson map 

calculated wi th the above coef f icien ts should contain only peaks 

representing vectors between the heavy atoms . Patterson maps for 

cent rosyrnrnetric proj ections may therefore allow an initial evaluation 

of  potential derivatives , al though the overlap of peaks makes them 

harder to interpret for derivatives with mul t ip le sites . 
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Non- Cent ric Data 

For non-centric  data a is  no t known. However ,  using the 

coefficients (FPH - Fp) 2 as an approximation for FH
2 in the Pat terson 

synthesis  s t ill produces peaks at the expected heavy atom-heavy atom 

vector pos i tions , although the peaks wil l  be smaller and there will 

be more background features due t o  protein-protein and heavy atom-

pro tein vectors ( 134-137) . I t  has been found that three dimensional 

Pat terson syntheses , in which information about anomalous scattering 

is included , give improved heavy atom vector  maps ( 135 , 138-140) . 

From Figure 3.1 , 

(+) 2 2 1 1 2 1 1  
FPH FPH + FH 2FPHFH cos (90+6) 

(-) 2 2 1 1 2 1 1  
and FPH FPH + FH - 2FPHFH cos ( 90-6) 

(+) 2 ( - ) 2  1 1 
FPH - FPH 4FPHFH cos ( 90-6) 

(+) 2  ( -) 2  
(F

(+) ( -) 
) (F

(+) But FPH - FPH + FPH PH PH 

:::: 2 (+) FPH (FPH 

Comb ining these results , the anomalous difference 

6 � ( 2 /k)  FH cos ( 90-6) - ( 2 /k)  FH s in 6 a no 

As FP s in a FH s in 6 , 6ano � ( 2 /k) FP sin a .  

( iii )  

( iv) 

(v) 

( - ) FPH ) 

( -) FPH ) 

6 is given by a no 

(vi) 

2 Thus , i t  can be seen , from the diagram , that the term I FPH-FP I will 

be a poor es t imate o f  FH
2 when a :::: 90� whil e  that o f  1 Fp�+�Fp��l 2 

will  be  good in thi s  si tuati on . The two syntheses may then be 

comb ined to good advantage p rovided appropriate weights are used 

(134 , 135 , 139 , 140) . Since cos a = ± /1 - s in2a , comb ining equat ions 

( i )  and (vi) gives 

[ 1 - (k 6 / 2F ) 2 J� - (vii)  ana P 
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k 
or , assuming ( 1-x) 2 � 1 - �x � equat ion (vii) gives 

F 2 !::. 2 + (k !::. / 2 )  
2 

HLE � iso ano 

HLE refers to one of the two solut ions for FH , known as the lower 

es t imate . 

and 

For centric reflections when !::. a no 
2 2 

O ,  FHLE = 
(FPH - FP) 

where HUE refers to the other of the two 

solut ions , the upper estimate . 

In this work , conventional dif ference Pat terson maps were 

cal culated ,using coeffi cients 
2 (FPH - FP) � as well as " comb ined" 

dif ference Pat terson maps (or 
2 

F HLE difference Pat tersons ) . For the 

latter , coefficients were calculated using an empirical value of k , 

given by 

k 2 < !::.F .  > / <!::.F > 1.so ano 

where the averaging is over non-cen tri c reflections only ( 1 39) . 

For a protein molecule conta ining N heavy atoms in the uni t  cel l ,  

the Pat terson map should contain N2 peaks arising from the N possib le 

vectors which can be drawn from each of the N atoms . Of these , N 

wil l  be self vectors and concent rated in a �ery large peak at the 

origin , whi le the remaining N2-N will be distributed throughout the 

cell . Obvious ly the interpretation of the Pat terson synthesis of a 

multisi te derivative , especial ly in a high symmetry space group , will  

be  difficult owing to  the large number of peaks . Also , i f  there are 

errors in the measured intensities , or if the parent  and derivative 

data sets have been improperly s caled to each other , spurious peaks 

may appear . Where the binding of a heavy atom dis torts the posi tion 

of the atoms in the protein , partially des troying the isomorphism ,  

some o f  the intensi ty changes wil l  result f rom this distortion rather 

than from the presence of  the heavy atom .  Thus although the maj or 

peaks in a dif ference Patterson map should , in principl e , b e  due t o  the 

heavy atom-heavy atom vectors , this is not always the cas e .  
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3 . 1 . 2  Difference Fourier Syntheses . 

As i t  is  especial ly di fficult to detec t  binding si tes of low 

occupancy , other methods such as cross-phased di f ference Fourier 

syntheses , and double dif ference Fourier syntheses may be  used . 

Cross-phased Dif ference Fouriers . 

Co-ordinates whi ch have been determined for one or more 

derivatives , by me thods such as difference Pat terson syntheses , are 

used to calculate approximate protein phase angles ap , which are in 

turn used to calculate a dif ference synthesis  with coefficients 

m ( F PH - F p) e xp (i a p) 

where m is the mean figure of  merit  (see section 3 . 2 . 1 ) ( 141 ) . The 

resul ting electron density map should give , to a reasonab le approximat ion , 

the dif ference between the electron density of  the s ubstituted and 

nat ive pro tein . I f  the two crys tal structures are isomorphous , the 

protein density wil l  cancel leaving the desired heavy atom density 

relative to  the same origin adop ted for the phase calculati on . 

Double Di fference Fouriers . 

These may be calculated with the coefficients 

(142)  

Such a synthesis should reveal any differences between the true heavy 

atom density  and the approximation to that density calculated in terms 

of the heavy atom parameters determined by other methods . Addi tional 

minor s i tes should appear as positive p eaks , and incorrect s i tes  

should be  indicated by  negative regions of dens ity .  

3 . 1 .  3 Heavy Atom Vec tors in the Space Group C222 1 

For the space group C2221 , the equivalent positions are : -

X 

X 

y 

y 

z 

z 

�+x ,  �+y ,  z 

�+x �-y z 
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X y !z+z !z-x , !z-y , !z+z 

X y !z-z !z-x , !z+y , !z-z  

In  Pat terson maps , these give rise to a set  of 6 heavy atom-heavy 

atom self  vectors , at positions 

0 ±2y ±2z  

± 2x ±2y 

±2x 0 !z± 2 z  

!z !z± 2y 

!z± 2x , !z± 2y 

!z± 2x , !z 

±2z  

!z± 2z 

i . e  al l the self vectors for a given heavy atom site  are found on 

the Harker sections 

O , v ,w !z , v ,w u , v , !z u , O ,w and u , !z , w .  

The calculated 1 cell , 0 -+ asymme tric uni t was - o f the unit  i . e .  X = 

8 

y = 0 -+ !.: 2 , and z = 0 -+ !.: 2 •  Where more than one heavy atom pos ition 

was found , all sites were referred to a common origin by checking 

the cross ve ctors . 

3 . 1 . 4  Re finement o f  the Heavy Atom Positions . 

The heavy atom pos itions were refined us ing all centric data 

!.: 2 •  

(hO� + hkO + Ok�) , combined together t o  form a pseudo-three dimensional 

data set . For centric data , for most reflect ions 

same scale . Fo r a very small number of  reflections for which FH > FP ' 

Reflections in the lat ter category are often referred to as "crossovers"  

because the sign o f  �PH is opposite to that of �p ( 138) . A ful l 

matrix leas t  squares program , CUCLS ,was used (see Appendix II ) , the 

funct ion minimised being 

E 

where 6 .  is the observed isomorphous difference and FH is the 1SO 
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calculated heavy atom s tructure amplitude . A typi cal centric R 

factor was calculated where 

R 2: 1 1  L\ iso J- F
Hc a l c  I 

L I L\ . I l S O  

and is  summed over centric  data only . Since no allowance is made for 

the few "crossover" terms for whi ch L\ .  is an incorrec t  es t imation lSO 

of FH , this R value wil l  always make the agreement for a given heavy 

atom derivative appear worse than it real ly is . Values of R for heavy 

atom derivatives will also be inevitably higher than R values obtained 

for small molecule s tructures because of the small s i ze of L\ . l S O  

and the relatively large erro r .  A good solut ion may give R = 40% , 

but qui te useable ones may give R = 60% or even higher . A totally 

incorrect one will  give R values of  approximately 83% or higher ( 1 38) . 

All reflections were given an equal weight  in the refinements , 

and occupancies and the x , y ,  and z co-ordinates were refined firs t , 

assuming an init ial isotropic  temperature factor B of  25�2 for each 

site , a value simi lar to that commonly found for heavy atoms bound to  

proteins ( 105 , 14 3 , 14 4 , 145) . A re finement cy cle in which the x ,y  and z 

co-ordinates and the temperature factors were varied was usually 

carried out , but in mos t cases there was l i t t le or no change in the 

value of  B ,  and difference Fourier syn theses calculated rarely revealed 

any maj or uncle� or over- est imates  of  B ( 1 23) . 

3 . 1 . 5  Pat terson Syn theses and Refinemen t from Project ion Data . 

From difference Patterson syntheses of  the hO� and Ok� proj ections 

i t  should be possible to derive all  three co-ordinates x , y  and z o f  

a heavy atom s ite . The results of  attempts to  determine and refine 

heavy atom posi t ions from such syntheses9 calculated us ing photographi c  

data , are shown i n  Tab le 3 . 1 .  Al though all 5 derivatives looked 

promis ing from these results , especially the gold and Hg (NH3) 2c l2 

derivat ives , in retrospect these were the only two whi ch were correctly 
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interpreted when compared with parameters obtained later from three 

dimensional data sets . For the gold  derivative , the same main s i te 

was deduced from both data sets , but the minor site was not correc t ly 

identified in the proj ection Patterson map . The two sites determined 

for Hg (NH3 ) 2c l2 were approximately the same for both data sets , but  

the interpretation was ass isted by the fact  that the relationship 

between the two protein molecules in the crystallographic asymmetric  

unit was then known and that the mercury had probably replaced the 

copper (see section 3 . 1 1 ) . For all  o ther derivatives , the s ites  

obtained from these projection Pat terson syntheses were dif ferent from 

those determined from f ul l  three d imensional data sets . Of  these both 

the platinum (K2Pt (CN) 4 ) and ethyl mer cury chloride (EtHgC l )  derivatives 

proved dif f icult to interpret satisfactorily in three dimensions , the 

first because of  probab le non-isomorphism and the second because of 

inadequate substitution . The uranyl acetate derivative, however ,  was 

success fully interpreted from a three dimensional dif ference Patterson 

synthesis , with 4 sites , 2 maj or and 2 minor , and was subsequent ly 

used in the final phase calculation . These results  suggest that 

proj ection difference Patterson syntheses are mainly of use in the 

interpretat ion of  heavy atom sites  in derivatives which have one , o r  

at the mos t  two ,well-occupied sites  of  sub s titution . Thi s  i s  b ecause 

the overlap of  both self and cross  vec tors , arising from a number o f  

sites ;nal<es interpretation virtually impossible  in proj ection . 

3 . 1 . 6  Pat terson Syntheses and Ref inement in Three Dimens ions 

For each heavy atom derivative , two dif ference Pat terson maps 

were cal culated , a conventional difference Pat terson using coef f icients 

2 (FPH - FP) , and an HLE difference Patterson , based on the comb ination 

of  isomorphous and anomalous differences . For the latter , coef ficients 

were calculated as (see section 3 . 1 . 1) 
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Tab le 3 . 1  Heavy Atom Parame ters from Projection Difference Pat terson 

Syntheses . 

R no . o f  
Derivative Occupancy a x/a  y/b z / c  B (R2) re f lections 

hO £, Ok£, hO£, Ok£, 

KAu (CN) 2 0 . 289 0 . 108 , 0 . 090 , 0 . 054 25 . 0  
0 . 543  0 . 616  153  161  

0 . 120 0 . 4 7 3 ,  0 . 15 1 ,  0 . 102 25 . 0  

0 . 16 7  0 . 06 3 , 0 . 106 , 0 . 182 25 . 0  
K2Pt ( CN) 4 0 . 634 0 . 6 7 1  1 5 8  169 

0 . 078 0 . 05 0 , 0 . 203 , 0 . 102 25 . 0  

uranyl 

acetate 0 . 150 0 . 120 , 0 . 155 , 0 . 185 25 . 0  0 . 661 0 . 75 5  154  154 

EtHgCl 0 . 026 0 . 0 7 7 .  0 . 100 , 0 . 128  25 . 0  0 . 594 16 7  1 88 

0 . 105 0 . 24 0 ,  0 . 150 , 0 . 09 7  25 . 0  

0 . 09 8  0 . 070 , 0 . 238 , 0 . 276  25 . 0  

0 . 05 3  0 . 238 , 0 . 230 ,  0 . 156  25 . 0  

Hg (NH
3

) 2
cl2 0 . 16 1 , 0 . 020 , 0 . 121 25 . 0  0 . 581 0 . 59 1  1 74 164 

0 . 02 1 ,  0 . 159 , 0 . 126 25 . 0  

(a) arbitrary uni ts 

In mos t  cases , difference Pattersons cal culated with HLE coef f icients  had 

fewer peaks ( i . e .  were less noisy) . making them easier to interpret , as the 

peaks correspond ing to the heavy atom vec tors were not so  confused by other 

features . This was because although isomorphous dif ferences 

FPH - FP are larger than those arising f rom the anomalous s cat tering 

+ FPH - FPH , and can thus be  measured with greater precision , they are 

influenced by lack of  isomorphism , by s caling errors, and by inadequacies 

such as those arising from absorpt ion ef fects  in the different crystals used 
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for measurement of  FPH and FP
. Anomalous differences , however , al though 

of ten of the same order as their standard deviations , are affected by 

fewer systematic  errors and enhance the reliabili ty of the FHLE values . 

The KAu ( CN) 2 Derivat ive 

This  derivative was init ially interpreted in terms of one maj or 

site . The six highest  non-origin peaks in the three dimensional 

dif ference Pat terson maps correspond to the self  vectors of the same 

maj or heavy atom site deduced originally from the p roj ect ion Pat terson 

maps , at (0 . 146 , 0 . 1 37 , 0 . 054) . Figure 3 . 2  shows the Harker sections 

Ovw , uOw and uv� of  the dif ference Patterson map for the gold 

derivat ive . The ident i fied vec tors are indi ca ted ( for details see 

legend) . The site was ref ined by leas t squares using the 694 centric 

reflect ions to 2 .  9R resolution , and subsequent cycles of refinemen t ,  

followed by double difference Fourier syntheses , led to the ident ification 

of two minor sites . Tab le 3 . 2  shows the improvemen t in R ,  as the heavy 

atom model was improved .  

Table 3 . 2  Reliability Fac t o r s  Dur ing Heavy Atom Re f inement  

of the KAu (CN)
2 Der i va t ive .  

No of No . 
si tes Resolution ref lns . occ (a) x/a y/b z / c  

1 2 . 9X 694 0 . 410 0 . 145 0 . 1 32 0 . 053  

2 1 1  1 1  0 . 105 0 . 128 0 . 154  0 . 197  

3 1 1  1 1  0 . 05 7  0 . 382 0 . 41 1  0 . 501 

(a) occupancy in arb i trary uni ts . 

(b) B is the isotropi c  temperature factor o f  the site , 

form exp [ -B (sin2e ) /\ 2 ] where 2-2 B = 8lT u 

2 5 . 0  

2 5 . 0  

2 5 . 0  

and 

and -2 is the mean square amplitude o f  vibrat ion . u 

R 

0 . 5 70 

0 . 5 52  

0 .  545  ( c )  

is  o f  the 

(c) whe.n allowance was made for "cross-over" terms , the f inal R factor 

was 0 . 510 



w 

-80-

U=O  

I ' 

,·\ � . ' 
'.. .. _ ... .. ... '""'"'; 

I 

AxA� 

: I 

\ ,: '·· 
, .. '\ 

.· ' 

·: ... _ _ _  ,' 

(�)Bx( 

0 

��u _________ w_=_1-/2--��----� 
\J V 

() 

0 

·o···--. AxB : : ' ' 
... __ ... 

:--·-..... , 
' . 

... ... _..,, 

CSAxA 
0 

Figure 3-2 .  Harker sections of the difference Patterson map for 

the gold derivative . The three self vectors of the major site. 

( A )  are shown with some of the cross vectors between this 

s ite and the two minor sites ( B and C ) . 

-. 
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Positions determined from double difference Fourier syntheses were 

always cross checked with the difference Pat terson maps  by looking 

for cross vec tors between the proposed site and the one maj or s ite . 

Only those for which such vectors could be  found were accepted as minor 

s i tes . Fif teen of  the twenty-two highest peaks in the Patterson map 

could be explained by this  3 -s i te model ,  wi th cross vectors appearing 

as peaks smaller than the sel f vectors o f  s i te 1 ,  and the self vectors 

o f  the minor s i tes hardly above the general background level of  the map . 

Because there are 2 molecules in the asymmetric uni t , and because 

the diffraction pat tern at low resolut ion showed evidence of tetragonal 

p seudo-symmetry,  it was assumed there mus t be some non-crystallographi c  

symmetry relat ionship between them . I f  heavy atoms are substituted 

on each protein molecule at identical si tes , then they too should be 

related by such symmetry . Examinat ion of the heavy atom positions 

showed that s i tes 1 and 2 were in fact related by an approximate 2-fold 

axis along the diagonal between x and y ,  at z = 1 / 8 ,  although the 

occupancies of  these si tes were uneven (one approxima tely 4 times the 

o ther (Table 3 . 2 ) ) . S imilarly uneven occupancies have been noted in 

other cases where heavy atom s i tes are related by non-crys tallographi c  

symmetry (146) . Assuming such a local symmetry , s i te 3 should be  

related to a fourth site  at ( . 086 , . 109 , . 261 ) , but no peak was found 

at  this posi tion . When B was refined either isotropical ly or 

anisotropically for each or all of the gold si tes there was no 

improvement in R factor . 

The absolute configuration o f  the gold s i tes was found by calculating 

protein phases based on the gold derivative , us ing the combined isomorphous 

and anomalous dif ferences (see Sect ion 3 . 2 . 4) , and s i tes wi th co-ordinates 

f irst x ,  y ,  z ,  then x ,  y, z .  (147 ) . Phases from each of these cal culat ions 

were then used to calculate d i fference Fourier syntheses for the 

uranyl derivative . Figure 3 . 3  shows difference Fourier sections for 

this derivative using the two configurations , that giving rise to  the 
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( a ) ( b ) 
Fjgure 3 -3 .  C ross - sections of two difference Fouriers ( FPH - Fp ) showing one of the uranyl sites.  

The phases were calculated using the Au C N  2 solution for the anomalous component w ith : 

( a )  the correct hand ; ( b ) the wrong han d . 
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more clearly defined peaks being taken to represent the correc t hand 

(in  this case x ,  y ,  z ) . 

The Uranyl Acetate Derivat ive . 

The quality  of the d if ference Patterson map calculated wi th 

coefficients ( FPH - Fp) 2 for this derivative was obviously not as good 

as for the gold derivat ive , probab ly b ecause of the smaller isomorphous 

differences (� = . 095 , see Tab le 2 . 8) .  Al though the difference 

Pat terson map calculated with F�LE coe ff icients was an improvemen t ,  

i t  was not immediately interpretab le , and a dif ference Fourier was 

therefore calculated us ing phases derived from the combined anomalous 

and isomorphous dif ferences of the gol d  derivative . This map revealed 

two maj or s ites wi th approximately equal occupancies , that seemed to 

be related by the same non -crys tallographic symmetry that related 

the two main s i tes in the KAu (CN) 2 derivat ive , viz. an approximate 

2 - fold axis along the diagonal be tween the x and y axes , a t  z = 1 / 8 . 

They were refined , and a s ubsequent doub le dif ference Fourier synthesis 

calculated to check for minor sites . Tab le 3 . 3 is a s ummary of  the 

ref inement as the heavy atom model improved . 

Table 3 . 3  Rel iability Fac tors During Heavv Atom Re f inement o f  the 

Uranyl Ace tate Derivative . 

No o f  No . o f  
B (�2) si tes R resolution reflns a x/a y/b z / c  occ 

0 . 113  0 . 023 0 . 264 0 . 262  2 5 . 0  

2 0 . 5 85 3 . 1� 563  0 . 138  0 . 261 -0 . 001 0 . 007  2 5 . 0  

4 0 . 560b 3 . 1� 563  0 . 029  0 . 478 0 . 2 72 0 . 132 25 . 0  

0 . 039 0 . 278 0 . 480 0 . 122 25 . 0  

a occupancy in arbitrary units . 

b when cross-overs were taken into accoun t ,  the R factor was 0 . 558  

When these posi tions were compared wi th both the F�LE and (FPH - FP) 2 
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Patterson syntheses , i t  was seen tha t , for the two maj or sites , sel f 

vectors occurred on the Harker sect ions O , v ,w ,  u , O ,w and u , v , � , 

and that the cross vectors between them fell on areas of  very high 

densi ty in the maps . Although the self vectors of  the minor s i tes 

could not b e  identi fied above the b ackground level of  the maps , they 

were related by the lo cal two -fol d  axis , and cross vectors between them 

and the two main sites were compatible with the difference Patterson 

maps . Figure 3 . 4  shows some of these sections from the F�LE Pat terson 

map , the peaks represen ting self and cross vec tors being indicated . 

I t  was no ted that site  2 ( . 261 , - . 001 , . 007 )  was very close to  the 

crys tallographic 2-fold axis parallel to x at y = 0 ,  z = 0 ,  so that a 

crys tallographical ly -related s i te would be at ( . 26 1 ,  . 001 , - . 007 ) , only 

1 . 4R away . Doub le dif ference maps showed resi dual density  around site  

2 and various attempts were made to improve the des cription of  the 

site . These included : split t ing i t  into 2 si tes , one on the crys tallo­

graphic 2 - fold axis and one a short way from i t ;  ref ining i ts temperature 

factor anisotropical ly ; refinemen t of the x ,  y or z co-ordinates 

individual ly . Al l attemp ts ,however ,  only increased the value of  R .  

The Double Derivative ( uranyl acetate + KAu (CN) 2) 

Where there are two successful  derivatives which have heavy atoms 

attached t o  the protein molecule a t  a s ingle site or a few si tes , soaking 

the crys tals in soluti ons containing both reagents often produces a 

diffraction pattern whi ch shows s trong intens i ty changes compared to 

the native , but whi ch has a different intensi ty distribution to  that 

of  either derivative . Such a derivat ive was produced by soaking 

azurin cry s tals in solut ions of KAu (CN) 2 
+ uranyl acetate . 

The intensi ty changes were very s trong , but the total changes in axial 

lengths were slightly greater than 0 . 5% (Tab l e  2 . 5 ) , indicating a possible 

lack of  isomorphism . Data was f irs t collected  to 4 . 7� resolut ion 

and a difference Patterson synthesis calculated using all data ,and 
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Figure 3 -4.  The three Harker sections ( u = 0, v = 0, w = 1 / 2 )  of the 

F �LE difference Patter son map for the uranyl derivative . T he 

three self vectors for each of the two major sites ( A and B ) 
are c learly defined . However the self vectors representing the 

minor sites ( C and D ) are not well resolved from the background 

and only three of the s ix can be seen. Cross vectors which fall 

on these sections and the section v = 1/4 are also shown . 
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coef f icients < I FPH -Fp l ) 2 . The self vectors of the main gold s ite and 

two principal uranyl s ites were immediately obvious , as were the cross 

vec tors between the two uranyl s ites , these being in the same pos i tion 

as i n  the original maps . Although there were a large number o f  

background peaks , the self peaks for the second gold s i te were j us t  

detectab le , and this 4-site  model gave a centric R value , R =  0 . 585 . 

Cross  vectors between the gold and uranyl s ites all fell on areas of  

high density . A doub le dif ference Fourier synthesis calculated with 

phases from these 4 posi tions gave a map whi ch had many peaks of 

s imilar height . 2 Cross checking with the FHLE difference Patterson 

map , for cross vectors between maj or and minor si tes , gave 4 poss ible 

minor s i tes whi ch , when included in refinemen t , gave R = 0 . 540 . As  it  

was no t known whether they were gold or uranyl sites , they were 

designated X and given gold s cat tering factors . Their co-ordinates 

were : 

xl ( . 2 28 , . 002 , . 165 )  

x2 ( . 16 1 ,  . 35 1 ,  - . 001) 

x3 ( . 16 3 ,  . 3 70 , . 489) 

x4 ( . 422 , . 39 2 , . 231)  

None of these s i tes are related by the non-crystallographic two-fold 

axi s , and two of the si tes , X1 and x4 , had higher occupancies than the 

remaining two ( 0 . 15 1  and 0 . 120 , c f. 0 . 076  and 0 . 066 respec tively) . 

Three dimensional data  to 2 . 9R was then collected  on a different , 

larger crystal , after soaking in a fresh heavy atom solution , and a 

dif ference Pat terson map was calculated .  A combined difference 

Pat terson synthesis was also calculated . These both confirmed the 

presence of  the two main gold and uranyl s i tes  found in the low 

resolut ion data set . Cross  phased  difference Fourier syntheses were 

not calculated because the heavy atom posi tions used  for phasing were 

the same as some of those in the double derivative ( 105 , 149) . Thus 
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cyc les of refinement and subsequent doub le difference Fourier syntheses 

were  used ,as a lready described , to improve the heavy atom model ,  minor 

sites  being accepted only if they p roved to be compatib le wi th the 

dif ference Pat terson maps . Table 3 . 4  shows how the R factor improved 

as new minor s i tes were introduced into the refinement . 

Table 3 . 4  The Reliability Factor During Heavy Atom Re finement of  

No of  
si tes 

4 

8 

10  

R 

0 . 640  

O . S30 

0 . 612 

0 . 483 

. S94 

. 4S8  

the Double Derivat ive . 

No . of  
Resolution reflns 

2 . 9� 63S 

4 .  7� 

2 . 9� " 

4 . 7� 

2 . 9� " 

4 .  7� 

(a ) occupancy in arbitrary units . 

occ  (a) x/a y/b z /c 

. 441  . 144 . 1 30 . OS4 2S . O  

. 129 . 1 32 . 14 1  . 196 2S . O  

. 1S9  . 02 7  . 2S O  . 261  2S . O  

. 2 1S . 2S4 - . 019  . Ol l  2S . O  

. 074 . 146 . 35 1 . 020 2S . O  

. 063 . 120 . 0 7 7  . 420 2S . O  

. 119 . 4 23  . 38 3  . 280 2S . O  

. OS6  . 143  . 3S 8  . SOS  2S . O  

. 088 . 39 3  . 119  . 24S 2S . O  

. 066 . 345 . 12 3  . 401 2S . O  

These minor , previously unidenti fied , posi t ions were ini tially 

given B values of  25�2 as shown , and gold s cattering factors . 

Of  the six , four were related by the local 2 -fold axi s , these b eing 

s ites 5 and 9 ,  and s ites 7 and 8 .  A cyc le of leas t squares ref inement 

was carried out in whi ch the temperature factors as wel l  as the x ,  y 

and z co-ordinates were varied while  the occupancies were held 
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constant . This resulted in a s light drop in the R value to 0 .  591 ,  but 

the B values of  some of the minor posit ions became negat ive sugges t ing 

that the occupancies given to these atoms were too small . In the 

f inal cycle of refinement , the temperature factors were held at their 

ref ined values , apart from those that had become negative whi ch were 

set at 5 . oR2 , and the occupancies alone were re fined . The final centric 

R factor was 0 . 5 86 , which was reduced to 0 . 560 when the " cross-overs" 

were taken into account . All s ites , together with their occupancies 

and temperature factors , are shown in Table 3 . 5 .  

The table shows that the maj or gold and uranyl si tes have very 

s imilar co-ordinates to those found for the maj or s ites in each of the 

individual derivatives . They dif fer only by 0 � 2 and 0 . 9R respective ly 

for the two maj or gold pos i tions , and by 1 . 0  and 1 . 5R respectively 

for the two maj or uranyl s ites , although the degree of sub s t itution for 

the uranyl sites  in the doub le derivat ive is somewhat greater . The 

minor s i tes found in this  derivative bear no similarity to those found 

in the individual derivat ives , al though they are consis ten t  (wi th one 

exception) with the sites found from the initial , low resolution double 

derivative data set . 

Such differences in b inding can be  due either to small differences 

in soaking condi tions , such as small changes in the concentration 

of  reagents or pH , or to  local conformational changes that may occur 

when a heavy atom binds to the protein at a speci fic  s i te and ind irect ly 

affects other regions in the protein , so that other potential binding 

s i tes become e i ther exposed or removed . 

Crystals soaked in solutions containing Hg (NH3) 2c l2 ,at  a 

-1 concen tration of approximately 2 mg ml , became gradually colourless 

over a period of  up to 2 months . Photographic comparison showed 

changes of 0 . 36% in the a axial length , and 0 . 62% in the b axial 
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length , indicating possible non-isomorphism . Di fference Pat tersons 

of the hO� and Ok� proj ec tions ob tained from photographic data  

showed , however , two maj or s ites of  substitution ,  and the  change of  

colour suggested these might be the copper sites , the copper being 

rep laced by mercury . Accordingly i t  was felt that the col lection of  

a three d imensional data set was warranted , even if i t  only proved 

useful at low resolut ion . Data was collected to 5� resolution , and a 

dif ference Fourier synthesis  was calculated using phases  calculated 

from the comb ined isomorphous and anomalous dif ferences of the gol d  

and uranyl derivatives . The main peaks of  the resulting map had the 

fol lowing co-ordinates . 

( . 0 18 , . 15 8 ,  . 121)  

( . 165 ,  . 01 8 ,  . 125) 

( . 190 , . 29 0 ,  . 35 7 )  

There was a sugges t ion that the thlrd peak ( . 190 ,  . 290 , . 35 7 )  might  

cons is t of  two overlapping peaks , but  i t  was initially treated as  a 

single peak . A difference Pat terson map proved consi stent with these 

sites ; all self and cross vec tors were presen t and 20 out of 26 of  

the highes t peaks in the map were accoun ted for . Re f inement of those 

three s i tes gave R 0 . 62 ,  but a subsequent double dif ference Fourier 

synthes i s  showed a large peak of  res idual density adj acent to s i te 3 .  

It  was noted that this site lay almo s t  exactly on a non - crys tallo­

graphic two -fold axis , and hence could be  made up o f  two separate 

sites either s ide of i t .  When refinement was carried out , split ting 

si te 3 into two , the centric R factor dropped to 0 . 524 . Subsequent 

calculation of a doub le dif ference Fourier synthesis  failed to reveal 

any f ur ther minor s ites . When cross-overs were taken into accoun t ,  

the centric R factor reduced t o  0 . 50 3 .  
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The difference Pat terson synthesis showed no outstanding peaks , 

but rather a sea of peaks of  about the same height . Heavy atom 

posit ions deduced from the HLE dif ference Patterson , whi ch had many 

of  the same features , were refined using centric dat a ,  but all gave 

s imilar R factors , approximately 0 . 78-0 . 80 .  To help locate heavy 

atom si tes , a difference Fourier map was calculated using phases 

calculated from the combined isomorphous and anomalous differences of 

the gold derivat ive . Al though the highest  peaks could be  related to 

corresponding ve ctors in the HLE difference Patterson map , and cross 

vectors fell on areas of posit ive dens i ty ,  no single s i te re fined 

satis factorily . A second cross-phased difference Fourier synthesis , 

this t ime using combined phases from the uranyl and gold derivatives 

(mean figure of merit  <m> = 0 . 70) , showed the same peaks as the previous 

map , and eventually a model with 12 sites , all of whi ch were compatible 

wi th the dif ference Pat tersons , was refined to give R = 0 . 66 .  All s i tes 

were then examined for possible partners related by the non-crys tallo-

graphi c  symmetry axis , and this suggested a further 7 s i tes . 

Introduction of these into the refinement reduced the R value s lightly , 

to 0 . 6 29 . Because of the large number o f  s i tes and poor ref inemen t ,  

this derivative was viewed with mis trus t ( 150)  and was not eventually 

used in the phase determination . This was the only p latinum compound 

of the many tried that did not cause the actual physical des truction 

of the protein crys tals during soaking . The Pt (CN) 4
2- ion is qui te 

stab le , its  ligands being less likely to be replaced by those from 

2-protein s ide chains than those of ions like PtC14 • Anionic  b inding 

thus becomes the mos t  likely mode o f  interaction with the protein ( 105) . 

However ,  i t  mus t  be  assumed that the bind ing of  the ion to  the azurin 

crys tals either occurred at mul tiple sites  with low o ccupancy , or 

caused some non-isomorphism with the native crystals . 
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The Thiomersal Derivative . 

Crys tals placed in solutions cont aining thiomersal ( 1  mg ml-1 ) 

turned colourless after soaking for app roximately two weeks at room 

temperature . This sugges ted that the copper atom had either been 

reduced or rep laced by the mercury . The crys tals diffracted s trongly , 

but the photographs showed tha t  the c axial length had increased. from 

99 . 5  to 100 . 1  R . I t  was found that by soaking the crys tals in more 

dilute solutions , for shorter t imes , the intens ity dis t ribution of the 

diffraction pat tern showed changes that , whi le not so pronounced , were 

still  considerab l e ,  and were not accompanied by such a big change in 

the c axial length . Using a c rys tal soaked under the condi tions shown 

in Tab le 2 . 3 , a three dimensional data set was col lected . However ,  

during data col lection the crys tals , which were ini tially light b lue , 

became completely colourless , and when the axial lengths were remeasured 

after the data collection had been completed , it was found the c axis  

had increased from 99 . 75 to 100 . 1  R . (Not  surprisingly the crystal had 

to be  realigned during the data  collection , and some reflections had 

uneven backgrounds) . Despi te these di fficulties and the probable  non­

isomorphi sm, i t  was decided to calculate a dif ference Pat terson to low 

resolution c� 6R) ,  as wel l  as a difference Fourier synthesis phased by 

other derivatives , to try to determine the heavy atom binding s i tes . 

The two main peaks ln the cross phased Fourier map had co-ordina tes 

(- . 01 , . 16 ,  . 095  and . 1 7 ,  - . 01 ,  . 155) . They were thus very near the 

copper sites (see sections 3 . 3  and 3 . 4 ) and were related by the non­

crys tallographic two -fold axi s . No o ther maj or s i tes  of  sub s t i tution 

could be iden tif ied . Vectors corresponding to the 2 s ites were found 

in the dif ference Pat terson map , but refinement was unsatis factory , 

R being 0 . 72 for data to 3 . 1R and 0 . 68  for data to 6R . 

The Na3rrcl6 Derivative . 

Data to 4R only was collected for this derivative , to provide an 
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initial evaluation .  As can be seen from Tab le 2 . 7 . the isomorphous 

dif ferences were very small ( smal ler than had appeared likely in 

photographs) . This was reflected in the dif ference Fourier syn thesis  

phased by the uranyl and gold derivatives , whi ch showed no outstanding 

peaks . Some of the peaks from this map could be related to vectors in 

the di f ference Patterson map for this derivative , but no refinemen t 

gave R less than 0 . 70 .  This derivative was thus not used in s tructure 

determinat ion . 

Ethyl Mercury Chloride (EtHgCl) 

When precession photographs from crys tals soake d in EtHgCl were 

compared wi th nat ive photographs , there appeared to be s igni ficant  

intensi ty dif ferences between the two isomorphs . However ,  when a 

three dimensional data set was collected from a crys tal soaked under 

apparen tly identical conditions , the intensi ty dif ferences proved to 

be very small , simi lar to those for the iridium derivative . I t  was 

assumed that s light variations in the soaking procedure . s uch as the 

number of crys tals soaking , or the concentra tion of reagent , were 

respons ib le for the differen t resul ts . A cross phased dif ference 

Fourier map (phased by the gold derivative) contained only one large 

peak . This  had co-ordinates very similar to  those of  the main gold 

site , and so was treated wi th some scep ticism . As it could be  related 

to peaks in both the HLE and difference Patterson maps , i t  was refined , 

but refinement converged at R = 0 . 75 .  No minor s i tes could b e  

detected and the derivative was not used any further . 

The refined heavy atom parameters for each o f  these derivat ives 

are summarized in Tab le 3 . 5 .  



Tab le 3 . 5  The Ref ined Heavy Atom Parameters 

s i te occ . x/a y/b z /c  B (�
2

) 

KAu (CN)2 

A . 410 . 1448 . 1318 . 0532  25 . 0  
B 

Uranyl Acetate 

A . 113  . 02 3  . 264 . 262  25 . 0  
B . 029 . 4 78 . 2 72  . 132 25 . 0  

Double Derivative (KAu(CN)2 + uranyl acetate) 

A . 44 1  . 144 . 1 30 . 0538 2 7 . 0  
B . 159  . 02 7  . 250  . 26 1  19 . 0  
c . 074 . 146  . 351 . 020 1 7 . 0  
D . 119 . 423  . 383  . 280 6 . 0 
E . 056 . 143  . 358  . 505 5 . 0 

Hg(NH.�2cl2 
A . 220 . 019 . 159  . 115 25 . 0  
B . 074  . 199 . 287  . 354 25 . 0  

s ite occ . x/a y/b z / c  B (�2
) 

A '  . 105 . 1276  . 1523  . 19 76 2 5 . 0  
B ' . 05 7  . 3 795 . 4 137  . 49 75  25 . 0  

A'  . 138 . 261  - . 001 . 007 25 . 0  
B ' . 039 . 2 7 8  . 480 . 122 25 . 0  

I 
\0 
w 
I 

A' . 129 . 132 . 14 1  . 196 11 . 0  
B' . 215 . 254 - . 019 . 0108 34 . 0  
C' . 088 . 39 3  . 119 . 245 5 . 0  
D' . 063  . 120 . 07 7  . 420 5 . 0  

F' . 066 . 345  . 12 3  . 401 5 . 0  

A' . 355  . 1 72 . 023  . 133 25 . 0  
B' . 12 7  . 218 . 282 . 349 25 . 0  



Tab le 3 .  5 (Continued) 

si te occ . x/a y/b z/c  B (�h s i te occ . x/a y/b z / c  B (R2) 

Thiomersal 

A . 307  - . 018  . 160 . 095 25 . 0  A '  . 2 39 . 1 71 - . Oll  . 159  25 . 0  

Na3IrC16 

A . 008  . 032 . 225 . 2 31 25 . 0  A ' . 05 7  . 2l l  . 026  . 017  25 . 0  
B . 088 . 15 3  . 29 7  . ll8 25 . 0  

I 

deno tes a s i te related by the non-crys tallographic two -fold axis between the two mo lecules in the I.D 
.&>-

asyounetric uni t .  I 

B is the isotropic temperature factor of the s i te , and is of the form 

exp [ -B (sin28 ) /\ 2 J 2 - 2  and -2 is the mean square amp li tude of vibration . where B = 87T u u 

occ . is  the relative occupancy of the s i te in a r b i t rary uni ts . 
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3 . 2  Methods of  Phase Determinat ion 

X-ray dif fraction experiments yield only the ampli tudes o f  

scattered X-rays , but no t their phase . Information from the change 

in s cat tering amplitude of the to tal s t ructure , caused by the incorpora-

t ion of one or more atoms of high atomi c number and known posi tion into 

the p rotein mole cule , can be used to obt ain partial or comp lete  

information about the phase angles (151) . 

3 . 2 . 1  The Isomorphous Replacement Method 

The native crystal wil l  give a to tal scat tering amp li tude FP wi th 

a resul tant phase angle ap . Addi tional scat tering material , in known 

pos i t ions in the isomorphous crys tal, resul ts  in a total scattering 

amplitude FPH and phase angle aPH . These amplitudes are experimen tally 

measured whi le the phases are no t .  But , as the posi t ions and occupancy 

of the si tes of heavy atom substi tution are known for a parti cular 

heavy atom derivat ive , the heavy atom scattering can be calculated 

from the equation 

�hk£ 

N 
� f

J
. hk£ exp 2TTi (hx

J
. + ky

J
. + tz

J
. ) 

j = l  

where the summa tion is over N atoms i n  the uni t  ce l l ,  the j th atom 

having fractional co-ordinates (x . y . z . ) and f . being proport ional 
J J J ] 

to  the number of  elect rons associated with the j th a tom . 

The three vectors , �p (whose magni tude only i s  known) , �PH (whose 

magni tude only is known) and �H (whose magnitude and phase are known) 

are related as shown in Figure 3 . 5 .  

From Fig . 3 . 5  

�PH �p + �H 



Figure 3 . 5  
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1mag 
A 

- - - \ 
- - \ 

- -

- . - - � A' 

-

red 

A Vec tor Represen t at ion of �H ' �p and �PH . I f  � is 

known , the directions of Fp and Fpa can be deduced , 

giving two ambiguous solut ions arranged symmetrical ly 

about fa · 

As the leng ths of the three sides of  the triangle are known , the cos ine 

rule gives 

FPH 
2 

F 2 + F 2 2FPFH cos8 p H 

FPH 
2 - F 2 - F 2 

Therefore cos8 
p H 

2FPFH 

But cos8 cos ( l 80-<P) -cos<P 

From the diagram it can be seen that � 

As i t  is  possib le  to  cons truct another vector solution by. reflecting 

triangle OAB about !H to give triangle OA ' B ,  there are two poss ib l e  
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solutions for ap , 

i . e .  ± 

which are symmetrical about � ·  the phase of the replaceab le group . 

3 . 2 . 2  The Method of Mult iple Isomorphous Replacement 

Fur non-cent rosymmetric crystals this ambigui ty can be resolved 

by having another isomorphous crys tal , wi th replaceab le atoms in 

different pos itions . This is the basis of the mul tiple isomorphous 

replacement me thod , and Harker (115 )  introduced a convenient 

graphical solution which is shown in Figure 3 . 6 .  For two heavy atom 

derivatives , 1 and 2 ,  the points of intersection of the circles with 

radii and wi th the circle o f  radius FP ( the native 

protein) give possible phase angles . In the absence of  all experimental 

errors , and assuming that the introduct ion of the heavy atom causes  

no perturbat ion o f  the protein structure , then the two deriva tive 

circles should intersect the paren t circle at the same point , giving 

a unique solut ion for a ,  the phase o f  the protein . 

The main disadvantage o f  this me thod is that i t  does not take into 

accoun t the vari ous errors involved in the analysis , for the circles 

rarely intersect at a single point . Errors can arise from many sources , 

for example  from measurements  in intens i ties , a lack of  isomorphism , 

or incomplete or imperfect refinemen t .  Blow and Crick (15 3)  showed 

how the probab le error in s uch phase determinations could be assessed . 

They noted that each angle around the parent phase circ le could be 

assigned a probability of  being the true phase angl e .  The probabilit� 

is high at  a given angle i f  many derivative circles intersect nearby , 

and low i f  not . If an arbitrary protein phase angle a is  chosen , 

and the vector t riangle cons tructed by adding the known heavy atom 

component ,  FH , t o  the native pro tein component , FP ' with phase a 
(Figure 3 . 7 ) , the third s ide of the triangle is given by 
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1mag 

real 

Figure 3 . 6  Harker Cons truc tion for a Doub le Isomorphous Replacement .  

am is the "most  probable" phase for FP 

In general , this wil l  not be  equal to the observed value FPH ' but wil l  

differ from i t  by a " lack of  c losure" 

The probability of the phase angle being correct  for a s ingle 

isomorphous replacement is 

P (a) 
2 2 N exp [ -EH (a) /2E ] 

where N i s  a normalizing factor , so  that the sum of all the probabilities 

is  unity , i . e .  27T 
f P (a) d a  0 1 .  
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Figure 3 .  7 �rector Diagram Il lus trating the Lack of Closure E o f  an 

Isomorphous Replacement Phase Triangle . 

2 2 and E is the mean square error in FPH ' E can be calculated from 

centric data by means of the equation 

where the summat ion is over n cen tric reflections . When a number , j ,  

of  heavy atoms are used , the total probab ility of a given phase angle a 
being correc t  is  given by 

P(a) 2 2 N exp [ - L: E . (a) / 2E . ] 
i J J 

The assumpt ion that all errors reside in the FPH values is a l imitation 

that imposes excessive reliance on the accurate measurement of FP . Thus 

care must be taken to obtain the mos t accurate data set  poss ib l e  for t he 

nat ive crystal s . 
MASSEY UNIVERSITX 

LIBRARY 
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From the above arguments it would seem the mos t  obvious phase 

to choose would be the mos t  probable , i . e .  that �p for each 

re f lection should be the one with the highest value of P (�) . Blow 

and Crick showed , however , that the centroid of  the probab i lity 

dis tribution is a much bet ter choice , s ince it results in a Fourier 

syn thesis having the least mean square error in electron densi ty over 

the ce ll ( 153) . Fig . 3 . 8  shows a native protein phase circle for 

a given re flecti on .  Derivative circles intersect the nat ive circle 

at points A , B , C , D ,  E and F ,  and from the values of  FH , FPH and FP for 

Figure 3 . 8  The Assessment of  Errors in Isomorphous Replacement 

these isomorphs , the probab i lity tha t  any phase angle is correc t  can 

be  calculated and p lotted around the phase circle . The probab ility 

is obviously h i ghest near clusters of intersections , but the '�es t ' '  

phase angle is  determined by  drawing a vector from the origin to the 

centroid of the probab i li ty dis tribution ,  the vec tor having a 

magnitude mF ,  where m is the figure of  merit  for the reflection . 
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Coefficients required for the "best"  Fourier synthesis are thus 

mFP exp iaB , where the f igure of  merit acts to down-wei gh t  contributions 

from ref lections wi th poorly determined phases . I t  is the mean cosine of  

ilie uncertainty in the phase angle , and it  is near uni ty if  the 

intersections of the circles clus ter near a s ingle point . 

m 
J2n P (a) exp ( ia) da 0 

J2n P (a) da . 0 

Thi s  means that it  is a measure of  the precision of  a phase 

determination rather than its accuracy , and depends on the values o f  

E . used in the calculations ( 154 ) . 
J 

m sin � [ P(a1. )  sin ai/L. P(o.i ) 
i 

3 . 2 . 3  The Use of Anomalous Scat tering Information . 

The atomic scattering factor of  an atom can be expressed as 

f f + 6f  I + i 6f 1 1  0 

where f is the normal s cattering factor , far from the absorpt ion edge , 0 

and 6f ' and 6f"  are correction terms which arise from dispersion 

effects . 6f ' usually corresponds to a small reduction in the normal 

in-phase scattering , and 6f" , normally negative , corresponds to 

scat tering wi th phases n/ 2 ahead of the normal scattering . The way 

in which anomalous scattering data are used to ob tain information about 

the phase of FP is illus trated in Figure 3 . 9 .  Given the heavy atom 

parameters and the real and anomalous contributions to the heavy atom 

t t  · F and F " sea er1ng , H H , 

+ amplitudes FPH and FPH
-

+ and 

circles of radii equal to the observed 

are drawn with respective centres marked 
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Figure 3 . 9  Harker Cons truct ion for a Single Isomorphous Replacement 

with Anomalous Scat tering in the Absence of Errors . 

In the absence of  all errors , the intersection of these circles wil l  

give 2 alternat ive solut ions for the phase angle for �pH · When the 

phase circle for the nat ive protein is added to 

s iroply the vector from 0 to the intersection of  

the diagram , �p 
+ �PH and �PH ' 

is 

and 

the point where the three circles intersect therefore gives the phase 

angle , a, for the p rotein . In pract ice , the circles usual ly do not 

coincide because of  experimental errors and non-isomorphi sm .  Figure 

3 . 10 shows a vector diagram i llustrating the treatment o f  errors  in 

thi s  method . To satisfy the anomalous s cattering measurements , FPH 

d + ( c-+ ) 0 + an FPH mus t meet at  a point , i . e .  � - e: = , where e: and e: 

+ represent the lack of  c losure for F and F • Thus the overall phase 
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FPH ­
( O(H- O(p )  -----tfo!........­-4���7'--------------

ol.p 

Figure 3 . 10 A Vector Diagram I l lust rating the Lack o f  

Closure i n  the Anomalous S cattering Method .  
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probab ility dis tribution for one isomorphous derivative , including 

the anomalous s cat tering data , is  given by 

+ where E is  the total r . m . s .  error in determining E: and E: • 

Because this equation does not take into account the greater accuracy 

of  anomalous differences , ( 14 7 , 152 , 155 )  the lack of closure terms can 

be rewritten in the form 

+ - 2 + - 2 �[ (€ + € ) + (€ - € ) J 

In this express ion , the total isomorphous lack of  closure 

€ = s ince 

The anomalous scattering lack of closure 

+ -
(€ - € ) = 

+ 
-FPH + FPH 

2F F 1 1  
p H 

FPH �) 

Thus the probab ility distribution for the phase of FP ' derived from 

anomalous scattering measurement s  from crys tals containing heavy atoms 

of only one kind , is given by 

p anom (a.) 

whe re E '  is the root mean square error in the anomalous scattering 

measurements . Mat thews (147 )  has shown that this analysis can be 

extended wi thout dif ficul ty to treat derivat ive crys tals containing 

anomalously s cattering heavy atoms of more than one kind . E '  was 

generally estimated from agreement between equivalent reflections , and 

was usually found to be about 1 / 3  E ,  confirming the greater �ccuracy 

of  the differences . 

The combined expression i s  thus 

p (a.) N exp E E: .  (a.) 
j J 

2 E . 2 
J 

+ - 2 E (E: - E: ) 
i 
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where j is  the total number of heavy atoms used in the phase 

calculation , and i the number for whi ch anomalous differences are 

to be considered . 

3 . 2 . 4  The Determination of  the Absolute Conf iguration of  the Molecule . 

Before using anomalous scattering data for phase determinat ion , 

i t  i s  essential t o  have the co-ordinates o f  the heavy atom sub s t i tuents 

in their correct  absolute configuration ( 1 39 , 156) , s ince the use of 

the wrong hand wil l  lead to nonsensical phase angles . That i s , as 

wel l  as the ambiguity in phase (corresponding to vec tors FH exp i� 
or FH exp-i� in Figure 3 . 5 ) , there i s  also an ambigui ty aris ing 

from the two possible  absolute configurations . This can be expressed 

analytically wi th the following equat ions . From Figure 3 . 5 ,  us ing 

the cosine rule 

thus 

Taking 

and 

F 
2 2 FPH 

2 
2FHFPH cos (� - aPH) p FH + 

cos (aPH - �) F 2 
- FPH 

2 
F 

2 
p H 

2 FPHFP 

cos (aPH - �) cos y (say) then , 

or 

-� + y or -� - y 

corresponding to the phase ambiguity . 

corresponding to the conf igurat ional 

ambi gui ty .  The phase amb igui ty i s  overcome by using more than one 

derivative, as discussed in Section 3 . 2 . 2  . The problem of configura-

tional ambigui ty may be overcome by consideration of the anomalous 

s cat tering information . Hence , when anomalous s cat tering information 

is incorporated into the equation , from equation ( 3-vi )  and Figure 3 . 1 .  

sin 8 

or s in (aPH - �) 

+ -
( FPH - FPH ) 

2 F " H 
+ -

(FPH + FPH ) 
2 F  " H 
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+ -
where the absolute sign of  FPH and FPH is f ixed by the choice of  

the righ t -handed reciprocal lattice . 

Taking s in (aPH - �) sin  y ' ' then 

a PH � + y ' or � + 1 80-y ' or 

- � + y ' or - � + 180-y ' 

� + y � + y ' is  the correct  solution ( i . e .  y = y ' ) 

then these equat ions wi ll also give -� + y as a possible solution . 

The second solution i s  totally wrong , but the phase equat ions al low no 

way of  dis tinguishing the true solution from the false one . In this 

work , the amb iguity in phase was resolved by  using cross-phased 

dif ference Fourier syntheses to relate all derivative sites  to  the 

same origin in the uni t  cell once the "hand " of one derivat ive had been 

established ( 105 , 128)  (See section 3 . 1 . 6 ) . 

3 . 2 . 5  Phase Calculation . 

"Bes t "  phases for the native pro tein data were calculated by 

means of the computer program PHASE ( see appendix II )  us ing the method 

of Blow and Crick ( 1 5 3 , 158) , with anomalous scat tering measurements 

for each derivative (apart from the Hg (NH3) 2cl2 derivative) also 

being taken into account ( 14 7 , 1 55 ) . The probability dis t rib ut ion was 

calculated at ten degree intervals  around the phase circle , and a 

ref lection was omi t ted from the output file when the root mean square 

( r . m . s )  value of E/E  at the mos t probable phase exceeded 3 . 0 ,  (where 

E = the lack of c lo sure , and E i s  the r . m . s . lack of  closure) . This  

ensured that reflec tions with improbable phase angles were exc luded 

from any Fourier s ummation that migh t  fo llow .  The figure o f  meri t ,  m ,  

was calculated for each reflection ,  and as an overall check on the 

accuracy of the estimat ion of  the E values , and there fore on the 

values of m, the overall ratio , Q ,  of  the lack of  c losure to E was 

calculated , where = 
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The mean was taken over all reflections , and over each contributor 

(isomorphous or anomalous) to the overall phase probabi lity 

dis tribution . I f  the E values are correc t ly es timated , Q should 

be approximately equal to unity . 

The phasing power of  a derivative i s  often expressed in terms 

of the ratios F /E  and F "/E ' H H (where FH is the r . m . s .  calculated 

heavy atom contribution ,  and FH" is the r . m . s .  calculated anomalous 

contribution) . These ratios for all derivatives used in the phase 

determination are shown plot ted agains t resolution in Figure 3 . 11 .  

The decrease in phasing power o f  a derivative wi th increasing 

resolution is shown by the decrease of these ratios . Over the whole 

8 range , the ratio  of  FH to E is larger than uni ty for  the gol d  

derivative up t o  approximately 3 . 4R , and for both the uranyl and the 

double derivative up to about 4R . Al though the phas ing power of  these 

derivat ives might seem inadequate beyond 3 . 4R and 4R respectively , 

it should be  remembered that the ratios represent averages , so  there 

will  be a propor t ion of the reflections at higher resolut i on for 

which the ratio will be greater than uni ty , and for which significant 

contributions wil l  then be made to the phasing ( 159) . Simi larly , 

values of FH" /E '  are all low . However ,  evidence of  the value of  the 

anomalous cont ributions was shown in the case of the gold and uranyl 

derivatives , where "cross phas ing" of  o ther derivatives us ing the 

wrong "hand" produced di fference Fourier maps containing spurious 

peaks , and in which the peak heights  of known positions were greatly 

reduced ( see section 3 . 1 . 6 , Figure 3 . 3) . Figure 3 . 12 shows a p lo t  of 

the mean figure of mer i t  <m> against  resolution for phase calculations 

using each individual derivative , as wel l  as for a double phase 

determination using the gold and the uranyl derivat ives , and a "combined" 

phase determinat ion using the uranyl , gold , mercury and doub le 

derivat ives . A histogram showing the number of reflections in ranges 

of the f igure of merit  is given in Figure 3 . 13 .  
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Figure 3 -11 .  Some phasing parameter s  for azurin . The ratios F H/E and 

FH/ E' ( see text for definition of these terms } are plotted against 

resolution for each derivative ( • gold ; o uranyl ; x double } .  
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F igure 3 -12. Variation of figure of merit with resolution for the 

phase calculat ions used in the structure determinat ion .  

o Au + U02 < m > = 0·655 ; 0.= 0·84 
• Au + U 02+ Hg + double derivative <ffi> = 0·614 . a. =  0 · 82 I 
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from phase calculat ion usmg four heavy atom der ivatives . 
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3 . 3  The Calculation of an Electron Densi ty Map at 6R Resolution . 

Phases we re calculated using comb ined isomorphous and anomalous 

differences from the gold and uranyl derivatives . For the 759 

ref lec tions in the 6R data set , the mean figure of meri �, <m> , for 

the "best" phases was 0 . 71 ,  wi th Q = 0 . 66 .  This latter value suggests  

that the E values were somewhat overestimated , and that <m> may 

therefore have been under-estimated . An elec tron dens i ty map at a 

nominal resolution of  6R was then calculated , omit ting the lowe s t  

resolution data ( spacing > 20R) s ince this  da ta is s trongly 

influenced by so lvent effects . The scale of the map was 4R/ cm with 

sections calculated along the z axis at intervals of 2R . The· dens ity  

was samp led approximately every 2R in the  x and y direct ions and the 

map contoured by means of the computer p rogram CONTOUR (appendix I I )  

a t  arbitrary electron densi ty levels o f  200 , 400 , 600 , 800 and 900 . 

These contours were transferred by hand to mylar sheets which were 

separated by balsa spacers . The maximum density was calcula ted to 

o-3 be 0 . 52 e . A , whi ch oc curred at the posi tion ( . 15 8 , . 02 3 , . 1 19 ) . A 

peak with density 0 . 41 e .R-3 was found at ( . 022 , . 158 , . 123 ) , the 

non-crys tallographic diad -related pos i t ion , and in retrospect these 

two positions represented the copper s i te in each of  the molecules in 

the asymme tric uni t .  A smal l port ion o f  the electron densi ty map i s  

shown in Figure 3 . 14 ,  where the density represent ing these two 

molecules has been coloured red and yel low to  al low easier identifi ca-

t ion . They are seen as essentially separate entities , the boundaries 

being clear along the diagonal between x and y, al though their 

densi ties merge at two other points . Clear areas representing the 

solvent of crystal lization are readily visib le , these being taken as 

an indication that the phases  were indeed reasonable ( 105) . 

A solid balsa wood mode l , on a s c ale of 2R cm- � was also bui l t  

b y  t ransferring the contours o f  the "yellow molecule" of  Figure 3 . 14 

to appropriate thicknesses o f  balsa ,  whi ch were then glued together . 
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flgu r e  3 ·1 4 A por t ion of the elect ron d<2nsi ty 
0 

map at  6 A resolu t ion . 

lhQ two molecules in  th<2 asymm<2tric 

un i t can clearly be see2n ( red  and 

ye llo w ) . 
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A photograph of  the model is shown in Figure 3 . 15 .  As the density 

o f  the two different mo lecules in each asymmet ric unit  seemed to  

merge , as mentioned above , arbitrary cuts in the density had to  be  

made to  separate them . The non-crys tal lographic two-fold axi s  

a long the diagonal be tween x and y, at z = 1 / 8 ,  and the crys tal lographic 

symmetry elements of the cell , were all taken into accoun t when 

choos ing these points . When the two molecules were severed adj acent 

to  what was later shown to be the " flap" region of the "yellow" one , 

all these symmetry requirement s were fu lfilled , and the molecules 

were c losely similar . 

The resul ting mo lecular envelope has an exaggerated pear shape 

of approximate dimensi ons 38 x 40 x 28  R, wi th the area of highest  

density in  the neck region (Figure 3 . 1 5 ) . This was assumed to  be 

the position of the copper atom , and comparison of this position with 

tha t of  the copper in azurin from Ps . aeruginosa (82 ) , showed them 

both to be in similar regions of the mo lecule . Another feature of  

the model is  the so -called" flap" region, which stood out from the main· 

barrel of  the molecule , and contained a short length of a-helix 

(approximat ely lOR) which was visible as a rod of dens ity ab out sR 
in diame ter . 

The map was extended in the -z  and +z direct ions so  that an 

overall impression o f  the packing o f  the pro tein mo lecules in the 

unit cell could be gained . A schematic diagram of this packing is  

shown in Figure 3 . 16 for the xy proj ection .  In these diagrams , the 

two molecules in each asymmetri c  uni t are represented by shaded and 

plain shapes respectively . The shapes are approximate and have b een 

chosen t o  disp lay the packing to the bes t advantage . Each mo lecule 

of one kind , i . e .  shaded or plain, appears to  form close contacts wi th 

6 molecules of the o ther kind , as wel l  as wi th two of the same kind . 

Thus the unit cel l  s eems to be  arranged as clus ters o f  protein 

molecules separated by relatively large areas o f  solven t .  Solvent 
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Figure 3 - 1 5 .  Balsa model  of structure at 6 A 
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spaces b e tween cules in lus t e r  do  e x i s t  a r e  t 

, as i ons o f  

t 

Thi s  used t o  s ib pos i 

near areas 

den s i  e x t e r i o r  o f  th e mol ecules ( one o f  t h e  mino r  

doub le derivat ive s i te s  seemed t o  l i e  i n  a so lvent b e tween 

c rys t a l  cal re 

3 . 4  C a l c u l a t  

c o n t  s e a r ch for  d e r ivat ives f 

c tron densi map was dis , as der ivat ives  wh i ch 

i n  t h e  in tens i 

in the axial as we l . However wi th one 

fair derivat ive ( CN) 2 ) ,  two less  s a t i s  d e rivat ives 

( h t ) ,  wh i ch neve r th e l e s s  g av e  re asonab le 

i ng to at  leas t res o l u t i on , and a f o ur th deriva t ive , 

2 , f o r  wh i ch low r e so l u t i on d a t a  we r e  ava i l ab l e , i t  was 

t o  c a l cu l a t e  a t r i a l  map a t  a nomina l  res o l u t i on o f  ( the 

l imi t o f  the nat ive , KAu ( 2 and do ub le d e r ivative For  the 

5 3 3 5  r e f le c t i ons o f  t h e  f i na l  d a t a  s e t , <m> w a s  0 . 6 1 4 , a n d  Q = . 8 2 . 

Thi s  was to a t e d  mean e r r o r  in t h e  o f  

( , w i t h  5 8% o f  the re f le c t ions an e rror i n  

t o  o r  l e s s  than this value . 

A 0 - 1  
o n  a s ca le o f  2 A cm was calcu la te d  f o r  t h e  mol e cu l e  

w i t h  the c op p e r  a t om a t  ( . 336 , . 5 2 5 , .  , r e fe r r e d  t o  as  mo l e c u l e  I I . 

I t  was con toured as b e fore and t h e  c on t ou r s  were t r an s f er re d  t o  

she e t s  han d . The shee t s  were b a l s a  woo d  spacers , 

the s e c t i ons c a lcul a t e d  a long the z d i r e c t ion a t  i n t e rv a l s  o f  

1�. The maximum d ens i was 0 . 6 8  e . �
- 3 

and th e e r ro r  i n  the e le c t r o n  

dens i t y  map , c a l cu l a t e d  by t h e  me thod o f  Dickerson e t  a l . ( , was 
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. 06 e .  T h e  map was 

amino a c i d  

o f  the 

s i de chains . 

ve tween 

7 5- 7 7 ' de tai 

22-2  w a s  unclear . 

For ' a 

uni t  t h  the copper 

wer e  

r e aks in t h e  

o f  

' . ' .  

as mo l e c u l e  was c a l cu l a t e d  on t h e  s ame s cale . 

w i th the 

e 

s e cond map s e emed t o  b e  b e t te r  aro un d  the copp er s i  

found that th e o f  the main chain was 

o f  

t 

t e i n  

p a s s  

idues 

r e s i du e s  

f 

i t  was 

t o f  ts course , there to be b reaks b e twee n  res i dues 

33 , and r e s i d ue s  a few o ther TvJe r e  

we re fi t o  

lculate a s c a l e  f o r  d e t a i l e d  i n te 

I was d e c i d e d  t ha t ,  r a ther t h an ave rage f o r  

f o r  

two 

mo in ric  uni t  as was r 

a zurin ( 82 ) , the d e n s i  f o r  b e  

i n  t urn . Whi l e  t h e  densi a 

with a b e t t e r  appearan c e , such an 

di f fe renc e s  in s t ructure , and adve rse 

map 

a f f e c t  

s cu re real 

f o r  wh i ch the 

dens was clear in one mol e cu l e , b u t  d i s t o r ted in the o th e r . Thus 

an e l e c t ro n  d ens i map was calculated f o r  molecule I o n  a s c a l e  o f  

2 
o f  0 .  

w i th s e c t i on s  calculat ed the y dire c t i on a t  i n t e rvals 

It was every 0 . 5 0 7R in x and 0 .  i n  z t o  

a p rintout on the d e s i red s ca l e , a n d  was c on t oured hand at 

interval s  of 0 . 102 e s tar t ing f rom a minimum value o f  0 . 102 e 

The contours were t r an s ferred t o  a c e t a t e  shee ts whi c h  wer e  i n  

a cha r d s  o p t i ca l  ( 160) us ing a ver t i c a l  mir r o r  ( 

3 



mo d e  

6 - b a r r e l ,  

i cu l t  

7-

i t  

t d e n s i  

r e a l  

S - b ar r e l  s truc t ure , t h e  

l ix , 

s i d e ch a i n s  were c le a r  and easy t o  f i t  t o  d e ns i ty ;  

b e tween t h e  B s t rands and b e tween t h e  f and 

wh i ch the e l e c t ron dens i ty was ten p o o r  r e s o lved 

f i t  0 i s i de ch ai n s  

'"'ere e as i de n t i f i e d  as f e le c t ron 

r 5 in d e n s i ty 

3 . 7 ) .  o eas 

as 

as t imes 

to b e  

) the fi r e s i du e s  

i t y . t i es usual be s o lved t o  

th e dens i f Mo l e c u l e  I I  i n  t h e  , s ince ten mo l e cu l e  I I  

had d e n s i ty whe r e  that of mo l e cu l e  I was p o o r . r e f e r e n c e  

was made t o  t h e  c on f o rma t ion ob t ai n e d  f o r  t h e  azur i n  f r om P s . 

( o r  th a t  

b e caus e o f  t h e  

p r o t e ins , one o f  t h e  

las 

d i f f e re n c e  i n  t h e  

e c t ives o f  t h i s  work b e  

( T hi s  was 

f the two 

to an 

them. Commen t s  on t h e  f i t  to the a r e  in Tab l e  3 . 6 .  

L a t e r ,  a s e cond e l e c t ro n  de ns i t y  map was cal cula t ed t o  c o v e r  

the o th e r  mol e cul e i n  the asymme t r i c  uni t  and a 

Ken d r ew mo d e l  was b ui l t  f o r  i t  a ls o . As i s  d i s c u s s e d  l a t e r , 
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i c  S id e chain 

t o  the s i d e chain o f  

seen i n  t h e  centre o f  

a s  a f la t t e ne d d is c . 
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T ab le 3 . 6  

I I I . 

S i de chains wi th 
no Dens i t y  

I 

Ala 12  
34  ( beyond CB)  
3 8  (beyond CG)  

Ala 40  
Val 7 3  
Val 80  

98  
Leu 1 0 2  
A l a  1 0 9  

S i de chains wi t h  
Weak o r  

Discont inuous 
Dens i 

Lys 1 8  
G l u  1 9  (b eyond CB ) 
Me t 2 0  ( no dens i ty CE)  

28  
Thr 5 1  
Glu 5 7  ( b eyond CB)  
Va1 59 
Gln 7 0  ( to o  c lose t o  
nei ghbour)  

Thr 78  poor f i t )  
Phe 9 7  

101 
Thr 103 

1 1 8  
126  

Asn 129  

Reasonab le Dens i  
b u t  Hard t o  F i t  

Main chain 
J- 2 7  

" 40-!+ 4  
7 7 -8 1 
9 9 - 1 04 

S ide chains o f  

Leu 1 7  
As p 2 3  
Ala 4 2  
Val L; J 
He t 4 !+ 
Al a 5 4  
A l a  6 6  
Ala 69  poor f i t )  
Ty r 7 too close 
to main 
Ala 75 
I !  c l:l l 

99 
S e r l OO 

Good Dens i ty 
and a Re l iab le F i t  

res i dues 31- 3 7  
4 6-50  
5 8-64  
8 2- 9 6  

108-1 12  
14-1 1 7  

1 2 2-126  

S i decha ins o f  

G l u  4 , Glu 8 
S e r  9 , 1 1  
Me t 1 3 , 1 5  
P h e  2 9 , Val 3 1  
H i s  3 2 , Leu 3 3  
His 3 5 , His  4 6  

4 8 ,  Val 4 9  
Leu 5 0 , 5 5  

6 2 , He t 64 
His 8 3 , Val 86 

85 
Res i d ue s  88-95  

I 
f-' 
N 
0 
I 



Tab le 3 . 6  Continued 

Sidechains wi th 
no Densi ty 

MOLECULE I Continued 

MOLECULE II  

Gln 2 (no density 
beyond CB) 
Gln 14 
Lys 34 (no densi ty 
beyond CG) 
Met 64 (CE) 
Ala 75 
Ala 82 
Lys 122 (beyond CB) 
Lys 126 (beyond CG) 

S idechains with 
Weak or 

Discontinuous 
Density 

Val 2 1  
Cys 26 (very little 
dens i ty for CB , break 
be tween CA and SG) 
Phe 29  
Val 36 
Lys 38 
Lys 56 
Asn 65  (weak beyond 
CB) 
Lys 74 (break be tween 
CG and CE) 
Ile 81  
Ala 82 
Pro 104 
Glu 106 
Tyr 1 10 (no dens ity OH) 
Asn 129  

Reasonab le Densi ty 
but Hard to Fit  

Glu  106  ( 2  possib le 
conformations) . 

Main chain 
Res idues 23-26 

36-38 
40-4 3 
5 2-54 
80-82 

1 2 3-124 

S idechains of 
Asp 16 (s idechain too 
close to mainchain) . 
Leu 17  
Residues 40-44 
Residues 5 1-54 
Val 86 

Very Good Densi ty 
and a Rel iab le Fit 

Tyr 1 10 ,  Phe 1 11  
Cys 112  
Residues 114-11 7 
Lys 1 2 2  

Mainchain 
Res idues 4-10 

29-35 
46-50 
83-99 

108-11 7  

Sidechains of 
Asp 1 1 ,  Tyr 15  
Lys 1 8 , Glu 19 
Val 22 , Asp 2 3  
Lys 24 , Val 3 1  
His 32 , His 35 
Lys 4 1 , His 46 
Asn 4 7 ,  Trp 48  
Leu 50 , Val 59 
Ala 60 , Asp 62  
Leu 68 ,  Asp 7 7  

I t-' N t-' I 



3 . 6 Con tinued 

S i d e chains wi th 
no Densi 

MOLECULE I I  Cont inued 

S id e ch ains with 
Weak or 

Dis cont inuous 
Dens i t y  

Reasona b le Dens i ty 
but Hard t o  Fi t 

Good Dens i 
and a Rel i able F i t  

Thr 7 8 ,  7 9  
H i s  8 3 , Lys 85 
Ile  8 7 , Glu 9 1  
Res i dues 9 2-102  

108 , Ala  109  
Res idues 1 1 1 - 1 2 1  
L e u  1 2 5 , L e u  1 2 7  

,..... 
N 
N 
I 
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the two are in t .  3 .  
i t y  f o r  a e c e  o f  ch ain ( re s i dues 

9 6 ' 9 7  this m o l e cule . 

Co-ordina t es o f  t h e  a t oms in b o th t aine d 

marker s  o n  t o  the ty t h e  a t e  s e c t i ons 

e l e c t ron dens i was t the f i  f 

r e s i due t o  the ' and then ng marker s  a t oms 

res i due we r e  o n  t es 

o f f  s e c t  l e  

co-or dinate ( s e c t i ons 

meas ured 

e s t  whi ch s e c t ion r e f  f e l  

e f fe c t , and 

( i i  d i r e c t  me asur eme n t  f the mo d e l .  

a p r ime i on was that the a t oms sho uld b e  as 

the densi ty as p o s s ib l e . res 3 . 19 and 3 . 20 

o f  the Kendr ew ske t a l  m o de l o f  Mo l e cule I I , and a 

I t o  a s cale o f  

3 . 6  ion o f  t h e  Co-ordinat e s . 

Once the co-ordinates r e c o  we re z e d  

t h e  comp u t e r  p ro g ram MODFI T  whi ch u s e s  a n  i te r a t ive 

leas t square s  t o  o p t im i z e  t h e  agreeme n t o f  b ond and 

es in a p ro t e in mo l e c u le wi th s t andard val ues . Be f o re 

t i on , the aver ag e  dev i a t i o n  o f  bond and f ro m  s tandard 

v a l ue s  was 0 . 095� and 8 .  f o r  Mo l e c u l e  I I , and 0 . 11 
and 9 .  resp e c  f o r  Mol e c ul e  I .  Af ter 

values wer e  0 .  01� and 1 .  5° f o r  both mo ul 

i o n ,  t h e s e  

Tab le 3 . 7 the 

r e s u l t s  of th e z a t ion f o r  b o th mo l e c u le s . 

za-
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shows 

Azurin , Res i due s 96-9 9 . 

i o thi s  t o f  

g roups i t  in to 

the mainchain dens i t te d  

a C=O 

r e s i due 9 9 .  dens i ty 

to t h e  s i d e ch a in o f  

s t ructure 

i n  

rep r es e n t s  

2 8 ,  

t h i s  
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F igure 3-19. A photograph of the Kendrew mod el .  
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0 flgure 3 · 2 0  Labqu i p  mode l  of Azurin at 3A 

resolu t ion . 

Note t he barr e l  shap e of t he 

molecu le2  and external  flap on 

the lef t - h a nd - si d e . 
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Table 3 . 7  Regularization of the Co-ordinates for Mo lecule I and 

Molecule I I  

Mole cule I Molecule I I  

r . m . s .  shi f t  0 . 125 0 . 114 0 . 12 3  o . 2o9R o . o99 o . lo4 o . o9 9  o . l 7 5R 

maximum shi f t  0 . 515  0 . 609 0 . 4 7 7  o . 699R o . 585 o . 48o o . 454  o . 6 33R 

3 . 7  Breaks in the Main Chain . 

In mo lecule I ,  b reaks in the main chain density occurred be tween 

res idues 2 9  and 30 , 9 7  and 98 , and 109 and 110 ,  al though the main 

chain was unbroken in molecule II at these points . Simi larly , the 

densi ty be tween residues 45 and 46 , and 87 and 88 , was very weak in 

molecule I I , although good in mo lecule I .  

3 . 8  Differences in Interpretation . 

(a) Residues 68-72 

These residues cons ti tute th e maj or disagreemen t between the two 

interpretations , and are shown schematically in Fi gure 3 .  2 1 . In mo le cule I ,  

the side chain of Leu 68 occupies the dens ity assigned to  the 

aromatic ring of Tyr 72 in molecule II . The side chain of Tyr 7 2  

in Molecule I occupies (with a poor f i t )  density assigned to Asp 71  

in  molecule II . There is  a general readj us tment of the chain between 

residues 6 7  and 7 3 . Overall , the molecule I I  f i t  is bet ter and 

appears s t ruc turally more likely . 
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I ......._. 
o--o 

of the Di f fe r e n c e s  i n  In tat ion 

For Res i dues 6 7 - 7 3 .  

) Res idues 7 7- 79 

The s ide c hain o f  7 7  i n  mol ecule I I  part  o f  the s i te 

t o  Arg 7 9  in mo lecule I i n  each case the 

group o f  7 9  i s  i n  the s ame Res i due 7 8  is d i f fe ren 

i n  t he two mo l e cules and t h e re i s  us truent o f  t h e  mainchain . 

T h e  mo l e cu l e  I I  appears b e t t e r . The d i f fe rences in 

t a t i on are s h own s chema t ic a l  

( Res i dues 100- 105 

in 3 . 2 2 .  

A o r  d i f fe rence in the o r i e n t a t ion o f  the s i de chain o f  

Pro 104 c au s e s  d i f fe rence s b e twee n  the two mainchain conforma t i ons . 



I .._.._. 
e n o--o 

3 . 2 2 A fferences in 

For 

3 . 9  

In ad d i t ion t o  those men t i one d in T ab le 3 .  

s t r ucture that  were d i f f icu t t o  b u i l d  i n c luded : 

Res i dues 2 3- 2 6  

of  

In  mo lecule I ,  the b e tween res idues 2 3  and 2 6  was very 

d i f f i cu l t  to b u i l d . Thi s  was n o t  the f a c t  tha t the 

tat ion 

mainchain dens was very weak for r e s i d ues 2 6 -2 7 .  In mo lecule I I , 

res idues 2 3  and 2 4  f i t t ed we l l , as d i d  2 7  and 2 8 , b ut the p r o p e r  

conforma t ion f o r  residues 2 5  a n d  2 6  was s t i l l  un c e r t a i n ,  w i th n o  

dens for CB o f  Indeed , i n  both mo lecules the 

3- 2 6 , was re so 1 ved , al the 

dens i ty for the s ulphur a t oms was s t r ong . 



Thi s  part  o f  the s t ru ct u re had s 

i t  very h a r d  t o  i 

r e s i dues form a t t a t  

mo lecules and 

mo lecul e s ; A l a  a 

4 t 4 4  

le cu le . 

d tes  near 4 3  

cause d i s to r t i ons this 

Res idues 5 1 -5 5  

These residues a r e  p a r t  o f  ano t her 

th 

c ry s t a l lo-

resi dues 18-1 of a 

t 

Tab le 

two 

. 8 ) , and may 

s t rand 4 o f  t he 

S -b arre l to th e  o f  the a - h e l i x  in the f The 

f o r  mainchain a t oms w a s  s t ro ng i n  b o th mo le cules , but  

l t  t o  rpre t . 

5 3  

8 1  

r e s i due comes a t  a 

the S -barrel . 

mo lecule . 

3 . 1 0 The Nature o f  the 

l e  I I ,  

ted f o r . 

a 

i t  

ve ry s dens i ty 

in 

" to s t rand 5 

be a ch ieved e i th e r  

S i te s . 

Once the models  f o r  b o t h  mol e cules had been b ui l t , the  

atom t ions could b e  p lo t t e d  on the e l e c t ron densi map and 

hence related t o  the  a c t ual p ro tein s i d e chains or mai nchain groups 

involve d  in b T ab le 3 . 8  shows the de tail s  o f  these s i te s . 

The o c  l i s te d  h ere a r e  abs o lute o c  , calculat ed 

us the c orrec t  absolute  s cale f a c t o r  f o r  the na tive data , ob t ained 

f rom a s t ructure f a ct o r  calcula t i on . I f  the heavy a t om s i te s  o n  
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each molecule were exactly related by the non-crystallographic two -

fold symme try the occupancies of each pair of s i tes on 

the two molecules in the asymmetric uni t  migh t  be expected to be  

the same . For many si tes there are , in fact , marked dif ferences , 

both in occupancies and in the exactness wi th whi ch the posi tional 

symmetry is obeyed . These differences may arise from local 

differences in s ide chain orientations , due perhaps to packing effect s �  

o r  even to small dif ferences i n  the conforma tion of external groups 

far away from the copper si te , and hence no t likely to affect 

the "working" parts of the mo lecule . I t  mus t be s tressed, however , 

that some dif ferences in oc cupancy may also be more apparent than 

real , arising simply from imperfect refinemen t of the heavy atom s i tes , 

non-isomorphism , or errors in the data . 

The KAu (CN) 2 Derivative . 

(a) For the main gold site , the degree o f  substi tution on molecule I 

is much greater than on molecule II . In the former , the s idechain 

of Trp 1 18 adj oins the density of Val 4 3 '  from molecule I I , to form 

a pocket which is further enclosed by dens i ty which appears to  be long 

to the sidechain of Me t 44 ' . In the equivalent si te on molecule I I  

(across the pseudo-axis) , Trp 118 ' and V a l  4 3  appear to  be oriented 

differently , and as Met 44 seems to  have a s light ly dif ferent 

conformation , a "pocke t" is no t formed . 

(b) For the minor gold s i te ,  there is s ubstitut ion on molecule II 

but no t on molecule I .  Again the gold s i te appears to be an 

intermolecular pocke t formed by the c lose approach of  two type I I  

molecules , related b y  the two-fold axis parallel t o  x a t  y = � .  

z = � .  near the sidechain of Lys 38 . This  sidechain appears to  

have a different orientation in  the two molecules , presumab ly arising 

from packing effects , the inexactness of the non-crystallographi c two­

fold axis resulting in sligh t dif ferences in the cry stal packing of  the 

two molecules . 



Tab l e  3 . 8  

D e r ivat ive 

KAu ( CN) 2 

Ace t a t e  

2 

No . o f  
s i t es 

o r  

1 mino r 

2 o r  

2 minor 

2 ma i or 

2 minor 

Doub le Der iv a t ive 5 or 

5 minor 

2 o r  

2 

Mo l I 

0 . 5  

0 . 15 

0 . 0 3 

0 . 4 4 

0 . 09 

0 . 5 2 

0 .  

( 0 . 

0 . 09 

0 . 05 

0 . 08 

0 . 7 3 

0 . 0 7 

(At oms ) 

Mol I I  

0 . 1 3 

0 . 0 7 

o .  

o .  

0 .  7 1  

0 . 15 

0 . 15 

0 .  

0 . 14 

0 . 11 

0 . 5 7 

0 . 11 

S i te 

t h e  o th e r  non -crys 
1 1 8  o f  one mo le cu le , and Val 4 3 and Me t 44 o f  

r e l a t e d  mo l e c u l e . 

I n t e rmo l e cu l a r  p o cke t b e tween two c ry s  r e l a t ed mo l e cules . 

B e tween t h e  carb o xy l  groups o f  Glu 9 1  f rom two crys 
mo l ecule s . 

Adj acen t t o  t h e  g r oup o f  G lu 106 . 

Cu . 

B e tween H i s  32 o f  one mo l e c u le , and H i s  32 ' o f  a non-c rys 
r e l a t e d  one . 

As f o r  main 

As f or main 

B e tween 
c ry s t a l  

B e tween t h e  
molecu l e s . 

I n t r a-mo lecular 

Inte r-mo l e c u l a r  

s i t e s . 

s i te s . 

g r o up s  o f  7 7  f rom one mo l e cu l e , and 
re l a t e d  one . 

g r ou p s  o f  1 6  f r om two non-crys 

n ea r  Val 9 9  and S e r  100 . 

no near 

7 7  o f  a 

ly 2 . 4� f r om 1 1 2  SG , and 3 .4R  f rom the c o p p e r  a t om . 

Be twe en t h e  c arb o ny l oxygen and amide ni 
o f  Glu 6 7 . 
B e tween t h e  ami de n i  
o f  Ala 4 2 ' .  

and 

o f  Ala 6 6  and the amide 

oxy gen o f  Ala 4 0 1 and the ami d e  

r e l a t e d  

(..._ 
(..._ 
I 



For , all s i t e s  s i de chain 

been no t e d  b e fo r e  
2 +  

c a t i on o r  s i t es , wh i ch have very s imi la r 

forme d  o f  G l u  91 s i d e ch ains r e l a t e d  

two-f o l d  s ymme t ry .  A s chema t i c  o f  t he 

s i t e s  i s  shown b e low . 

G u 
/ 2  6 A  

3 1 .4  _.. ,... 
_. G 9 1  - --- --

rr 

A S ch ema t i c  

S it e s  o n  Mo lecule I and Mol e cu l e  I I .  

The f ac t  t h a t  app ear , a t 

this s , to b e  d i f f e rent d i s tances f rom the d iad a r i s e s  

f rom the inexa c tn e s s  o f  t h e  That i s , 

t h e  c arboxyl g ro up o f  Glu 9 1  i s  (s li gh o r i e n t e d  

with res p e c t  t o  t h e  c rys t a l  2 - f o l d  axis hence to i ts 



diad- related  in wi L 

) The two minor s i te s  h ave dif  

There appears  to  be a d i f fe rence , h oweve r , in orient a t i on of the 

s i dechain of Glu  106 i n  the two mo l ecu les ( in one case it i s  

bonded t o  the group o f  and s in ce the 1 

group o f  G l u  106 is  the p ro tein group wi thin dis t ance 

of  the s i te ,  this d i f  may exp lain the uneven s ub s t i tu t i o n .  

fe rence in t i tut i on o f  mer c ury s was 

unexp ec , a s  the f a c t  that the cry s t a ls C O  less sugges t e d  

te r e p  o f  e r  a t oms i n  lecules . 

the f a c t  that a cury a t om h as a a t om 

9 ) , the  to abo u t  7 1% in 

d i s c re pancy ,  

may b e  the 

for the d i f f erent , but p o s s i b l e  causes 

of the d e r ivat ive , mis 

resu l t s  i n  the ref inement ,  o r  a d i f f er en ce i n  the amoun t or rate o f  

d i f f us ion o f  the the c oppe r s i te f o r  o f  

) The p a i r  o f  minor s i te s  i s  almo s t  co-in c i den t w i th a non-

c ry s t a l  two - f o l d  axis , the d i s t ance be tween 

mo lecules . 

1 . sR .  lie  close t o  2 h i s t i dine res idue s , H i s  3 2 , and H i s  3 2 ' ,  

f r om two non - c ry s  cal related  mo l ecules , as shown 

s ch ema t i c a l  i n  3 . 24 .  

From the  i t  i s  clear  tha t  b o th mer cury s i tes are neare r 

mol e cule I I  t han molecule I .  Th is  i s  a d i re c t  re f l e c t i on o f  

the s d i f ferences in o rient a t i on o f  the two mol e cules i n  the 

asymme t ri c  uni t  with resp e c t  to  the non- c rys c d i a d . 
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y 

the Der ivat ive 

The Doub l e  

o r  and s i tes are very s imilar t o  those in 

s i te is now somewha t  greater . Reas ons f o r  the d i f f erence in o c cupan cy 

o f  s i t e  3 are no t clear . In  mo lecule I I , whe re the o c cupancy i s  

, t h e  s i t e  l i es be tween two 7 7  s id e  chains , of mol e cules 

related 

relat  

around 

crys 2-fold  s ymme t ry . In  mol e c u l e  I ,  no s uch 

exi s t s  a s  there is a d i f f erence in i on 

7 7  a s t ructural d i f f e re nce whi ch may o r  may no t 

b e  real . The nature f t h e  s i te , h owever , that the 

f ound b ound t o  

t h e  groups o f  te  or  aspart ate ( 105) . 

( b )  O f  the minor s i t e s , s i t e  4 ,  whi ch h as 

s ub s ti tu t i on on both mole cule s ,  i s  mos t  like ly t o  b e  that o f  a uranyl 
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ion , le i te 5 is more to be that of 

The l a t t e r  i s  

and S e r  

on Mo lecule I on , in  

are o f  a t 

The s i t e  i s  a t  leas t 6R away from any s i de chain . I t  

2 
i on . 

9 9  

9 9- 10 3 . 

assumed that  d i f ferences in the env i romen t o f  lecule I I  

cause a o f  the ial b s i t e . S i t e  6 

appear s  t o  b e  non- f i e  in that it has no near , b ut 

s eems t o  b e  i n  a s olvent space b e  ferent mol ecules . 

The 

as 

the r a t om 

iomersal  S i t e . 

ls in  

described 

been 

i o ns t hem 

c t i on 3 .  that 

or 

i on was a ccep ted a f t e r  exami na t i on o f  a f ference 

Fouri er map showed there was no negat ive 

copper s i t e . The b 

from t h i s  map as 

s i te o f  the mer cury 

3 .  

i a t  o r  around 

was i den t i f ie d  

the c o p p e r  a t o m ,  and 

2 .  f rom the SG atom o f  1 1 2  i n  b oth molecu les in the a symme t r i c  

un i t . A s  this  reagent has p revi o us been s hown t o  b ind t o  

res i dues ( 10 5 , 

i s  the thi o l a t e  

, i t  i s  assumed t h a t  t h e  b s it e  on azurin 

o f  1 1 2 , i t e  the s i ze and o f  

the thiomers a l  molecules , and the internal nature o f  the 

s i te . S ome t io n  d oe s , howeve r ,  o ccur a s  ref lec ted in the 

increase of the  c axi a l  on t h e  b o f  the 

The two molecules were a non- linear least  s quares 

( pr ogram NOLIN6 , s e e  I I )  b as e d  o n  t h e  met hod o f  

R a o  a n d  Ros smann ( A s e t o f  3 a t oms in each molec ule was chosen 

t o  a n  ini t ial orien t a t i on mat r i x .  Th e r o t a t i onal and 

t rans lat ional parame ters the two mol e cules were then re f ined 

b y  l ea s t  s q uares , us ing 4 74 eq uivalent a t oms , Ca , C ,  0 and 
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f rom each mol e cule . the more reliab le parts  f the s t ru c ture 

were use d  i n  this re f i nemen t ,  and . in addi 

mo re than three t imes the s t andard 

re f inemen t . Ove r a l l , 

in t h i s  r e f i nement was 

f 

resid ue i n  

ave rage 

two mo 

chain atoms for deriva t ive 

2 9 res 

s i de chai n 

The o rd inate i n  

l acement o f  the 

the this f 

in the p o s i t ive 

i t  rep resent s average f the 4 mainchain 

the f a l  1 2 9  

res i due s . ab s cissa  resents residue numbe r .  

o f  the apparent d i f ferences b e tween the two mo lecu les 

represent minor errors in the s t ructure a t  this t age 

and ar e t o  o r  b e  great reduced o n  r e f inemen t .  

The o r  d i f f e rences b e tween the two mo lecules result  f rom 

d i f f e rences in 

not s t ruct ural 

i on mo del 

f f e rence s . The h is 

and may o r  may 

may there fore 

s ome ind i c a t ion of the reliab i l i t y  of d i f f e re n t  parts of  the 

s t ru c ture . 

or  d i f f e rences app ear f o r  res i dues 1-3 , l l - 1 3 , 2 1 - 2 6 , 6 5- 7 2 , 

7 5- 8 1  and 100-1 0 5 . D i f ferences a t  the chain termini are not  

and the o ther d i f f e rences  are all  associated  wi th ex ternal 

d i s t an t  f rom the coppe r atom w i th 

reso lved den s i  whi ch was d i f f i cu l t  t o  None o f  these 

s e c ti ons o f  mai nchain are i nv o lved i n  ex tens ive or  

o th e r  in te r a c t i ons wi th o th e r  o f  the s truc ture . On t h e  o th e r  

hand , t h e  s e c t ions o f  mai nchain i nvolved in s trand s  o f  t h e  

s truc ture cross-hat ch e d  i n  3 . 25 )  d if fe r  very l it t le 

( mean deviation i s  rv 0 .  
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S id e chains d i f  

f rom tho s e  7 0 - 7 2  

f o r  i ) ' 

Ala 1 ,  2 ,  t 1 3 , 1 8 , 38 , Val 4 3 , 5 6 , Leu 6 8 ,  

Ala 6 9 , 7 7 , 80 , Leu 1 0 2 , Thr 1 0 3 , Glu 106 '  1 2 2 , Asn 1 2 9 . 

t o f  s e  a r e  res i dues on the s ur f a ce o f  the molecule . S ome h ave 

wel l  defined  dens i t ies  and orien t a t i ons tha t  are i f fe rent . 

These incl ude Me t 1 3  and 1 8 ,  are l a t t ice 

cont ac ts . O th er s  h ave 

con f o rma t i o n  may not be 

are 

reso lved 

t re ion 

is di f fe rent  for  the Leu ternal there is 

no dens i  f o r  s in  mo lecule I ,  f e rence i s  

t real . 

Th e ab ove t i on f t molecules l d s  three  t a tion 

and three t rans l a t i on parame ters  def ine the  non� crys 

symme t ry re  the two lecul es . In this  cas e , the two mol e cu l es 

chosen we re no t t he same uni t , so tha t these 

re f l e c t  t h e  four- f o l d  r y  o f  the ce l l . 

I f  and d eno te the ve ctors  f the i 

a t om i n  mo lecules I and I I , rela tive t o  two arb i t rari  

chosen axi a l  sys t ems , then 

where c i s  a 

around an axi s , 

co-o rdina t e s  1{; 

cartesian 

+ t 

ro t a t io n  mat rix 

the o f  whi ch is 

and � .  The relat 

and axes i s  described 

in  t erms o f  a r o t at ion K 

d e f i ne d  two 

o f  thes e t o  the 

Rossmann and B l ow ( 

is t o  a ,  x2 paral le l  t o  b ,  and x3 t o  c .  The 

c 



c tor t ( 

' t 2 
and t

3 

The ro t a t i o n  we re 

K = 8 5 . 

were 

F rom 

- 3 8 . 6  

3 . 1 6 and 

non-crys tal  

b e twee n  x and y ,  

the s e  

axes res pe c t  

genera 

the  

0 . 5 , 

K 

z 

- 7 .  

t 
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where 

i 

i 

I 

3 7 . 

The t s  

. 12 7 )  ( . 5 • .  4 9 , . 2 7  . 

. 5 ' 

each t i s  

t hus no t , as be o ri e n t e d  

s t di f t ry ts t ce 
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C'HAPTER 4 

The azurin mo lecule i s  based on a s t ruct ure i n  i 

e i  s tr ands  f t ide cha in are or an t i-

lel  t o  f o rm a l barre l . The t o f  the 

mo lecule l . 4b ) is no t ident i c al wi t h  the B o f  any 

o f  p t e ins l i s t e d  b y  Richardson ( al s uch views o f  

the B are i de al is e d  - for ins t ance , s t ructural  

i t i e s  in the 6 s t rand s , and fe rences tween ths o f  

s t rands i n  ferent red . The c o re 

o f  the mo lecule i s  made up o f  i c  i dechains , and t h e re i s  

a ve ry d i s t inc t ive i c  eh aroun d  the of H i s  l on 

s urface o f  the mo lecu le 4 . 1 ) .  

The lows the tern as tha t  o f  

rather than t h a t  sugges Adman f o r  

a z u r i n  ( I n  the p r esent s t ruc ture , the two N - t e rm inal 

res idues were we l l -de f i ned i n  both  mol e cules as re the res t  f 

th e res i dues i n  s t rands I and I I . Als o , 1 5 and Met 1 3  f i t te d  

t h e  we l l ,  the f o rmer whe re the s i d e chain d en s i  

was v i sible as  a we l l-de f i ned , f l a t t ened d i s c . W i th t h e  a l t e rna t ive 

az urin of Adman ) , Me t 1 3  and 1 5  p laces , 

as t he amb i n  t h e  t i on of t h e  de  

b 26  causes  s t rands I and I I  t o  Thi s  

azurin appears t o  h ave a r i s e n  

be cause no dens was v i s ib l e  for the two N-te rminal residue s , 

When phase s  we r e  extended t o  2 .  , and the e l e c t ron densi 

by d irect  space averaging ( 83 ) , howeve r ,  the o f  s t rand II i n  
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flgurQ  4 · 1  Close v iew of the Hydrophob ic  

Patc h . 

A rrow s show c ar bonyls point ing 

towards H is 11 7 . 



- I, 

. 4 a n o t  b e  

t h i s  th e a 1 t e r n a t  

0 ( i . e .  

numb er o f  t h e  f i r s t 

dens i i n  t h e  o f  t o  b e  

, i n t  t i  l e s s  t h an s a t i s fac 

Th i s  r e s e n t  work r emoved any doub t ,  a s  t 

r e s i due s s t rands 

con f i rms 

4 . 1  The 

f o  

A 

The 

0-H . . . .  . 

�-H . . . .  . 

e 

. 6 - 3 . 

2 . 8- 3 . 

�-H . . . . . S � 3 .  ( 

I no 

ture r e f e r s  t o  

s t ab i l i  

r i a te 

�-H . . . . . , 2 . 6 - 3  . 

0-H . . . . .  s CV 3 . 

t a  i on , 

a 

i 

( 7 , 16 

7 , 1 6 

) t h e  A-H- . . . . . B ,  wh ere AH i s  t h e  p ro ton dono r , a n d  B t h e  

p r o t on a c ce p t o r  i s  b e tween 1 4 0  and I d e a l  

a l  

i s  

mos t  f avoured wh en t h e  

N-H . . . . .  0 are 

less t han f e c t ive 

( 16 7) • 

Al t h e  

mo l e cul e s , i t  mus t s t i l l b e  

i s  n e a r  

ab o ut 

r o g e n  

W h e n  t h e  

w i l  b e  

i n  p r o t e i ns 

b e c omes 

r e d uc e d  

t e rn i s  s imi l a r  i n  b o th 

a s  t en t a t ive a t  t h i s  s s i nc e 

t h e  s t ruc ture i s  unr e f in e d , and r e f i nemen t may a l te r  t he t i on s  

and o r ie n t a t i on s  o f  group s  f i c an t ly .  Mai n ch a i n  t o  
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5 3  49  

40  

F igure 4-2 .  A schemat ic  r epresention of the 
mainchain hydrogen bond ing in azurin . 



\ 

ma inchain s chema t i cal in 4 .  2 . 

4 .  b onds , wh i 

4 . 2 s i n t e r a c t i ons . vari a t i ons 

s ide i n t e ra c t i ons b e tween the two mo lecule s  a t  t h i s  s o f  

t h e  s t ru c ture d e t e rminat re f l e c t  e i th e r  d i f f e rences in t a-

t ion ( fo r  i ns t ance be twe e n  res i dues 6 8  and 7 2 , as 

s e c t i  3 . 9 ) o r  l o cal d i f ferences i n  the o r i  a ti ons o f  s ide chai ns . 

should b e  c lar i f i e d  

4 . 1 . 1  t r u c t u re 

A c l as s i cal  S 

c an e i  run 

wi rogen b onds be 

""' 0 -

" 

o f  a 

\ HC[3C I 

an ti paralel 

i t  

ical  

i on o f  

0- - -H �  

I 

I 

r e f i nemen t .  

t i s  f 

wh i are  r 

and groups . 

i n  

( 4 . 3  i s  a 

and ant ted 

I I 



MOLECULE I 
-----·-

Mainchain s S i de 

G 1 u  1 6  8 1 6  O D 2  

Asn C=O H i s  4 6  N E 2  C=O His 4 6  NE2 

Gln C=O 

1 5  C=O 14 N E 2  

1 8  C=O 1 8  C = O  O H  

2 4  NH Asn 1 2 9  

3 7  H i s  3 5  3 7  H i s  3 5  N D 1  

3 8  

t 1 1  O D 1  

Me t 4 4  H i s  3 5  4 4  C=O H i s  3 5  N E 2  

!.t 7 C = O  1 5  4 7  C=O 1 5  OH 

Asn 7 4 7  NH 1 1 2  S G 

4 8  8 4  

C=O 5 

5 5  C=O Thr 

5 7  C=O Th r 6 OG G lu 5 7 C=O Th r 6 1  O G 1  

6 6  C=O 7 0  

7 9  C=O 7 8  7 9 C=O 5 1  O G l 

7 9  7 7  O D l  

Thr 84 C=O Asn 4 7  ND2 Th r 8 4  C=O 4 7  ND2 

8 5  l'ill 9 3  OD2 8 5  NH 9 3  O D2 

8 8  NH G l u  9 1  O E l  9 1  O E l  

Val 9 9  C=O S e r  lOO O G  

S e r  l NH Asn 4 7 O D l  

Asn 1 2 9  C=O 2 3  O D l  
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Tab l e  4 .  2 

MOLECULE I MOLECULE 

S ide chain S ide cha in S i dechain S i de chain  

Glu 4 OE2 H i s  32  2 4 2 3 2  

Glu 19 OE2 18  NZ G 1 u  1 9  OE2 1 8  NZ 

2 3  OD2 S e r  2 5  O G  

Gln 2 8  NE2 9 8  OD2 Gln 8 OD2 

Th r 30  OGl Thr OGl Thr 30 OG1 Thr 9 6  OGl 

His 32 NDl Ser 9 4 OG H i s  3 2  l S e r  9 4  OG 

Asn 4 7  ODl S e r  1 1 3  OG Asn 4 7  S e r  1 1 3  OG 

6 2  ODl 74  NZ 62  ODl 7 9  NHl 

Thr 84 OGl 9 3  ODl 

85 NZ 9 3  OD2 8 5  NZ 9 3 OD2 

Glu 1 0 6  OEl 1 0 8  OH 



t t o  

The 

s o  called  7 2 ) . The s 

a r e  almo s t  ( 7 has shown t ha t  t s  

made u p  f rom e x t ende d  t i de cha i ns , w i t h  a h an d e d  

ab out t h e  axi s  i n  the d i re c t  o f  t h e  chai n ,  h ave a lower 

free energy than s he e t s  that are s t ra i  t or h ave a l e f t  handed 

twis t .  The B s rands 

h ave -hande d  

s e  

ant i  para 

le 

ng p r o t e i n  s t ruc t ur e s  a 

pe r r e s i d u e , i . e .  

t o  7 2 res id u e s . 

b on ds ar e 

rage . . . . .  0 b e i ng about 1 6  r 

74 ) .  Para l l e l  shee ts  have b ee n  found i n  

than an t o r  xe d shee t s  ( 16 5 )  . 

c urs in  s he e t s  ive t a l  

s t rands , s ugges that c ons i d e  i s  s 

s tab i l i s e  t t u  re . tu  r e s  

lac t a t e  ( ( i p a r a l  \ 

0 

t in 7 7 ) . xed  ts  

are  le  in ( 7 

t 

( 1  such t h e  0 are 

us ual f ound i n te r i o r  p r o t e  Th i s  p rob ab 

1 

r e f le c t s  a reduced s tab i l i  w i th res p e c t to 1 s h ee t s , 

wh i ch h av e  one s id e  t o  s olve n t  ( 1  

I n  azur i n , p a r t s  o f  t h e  b a ckbone have p ronounced B cha r a c t  r 

wi t h  t he three s t rands I ,  I I I , and V I  o f  . 4b a 

c l a s s i ca l  t ,  w i t h  a hande d  twis t .  4 . 4  i s  a 

s l o t  o f  rands I ,  I I I  and  VI , whi l e  4 . 5  i s  a 

o f  t h e  Labquip mod e l  thi s 



4 . 4  A S t e re o  - S t ructure o f  S t rands I 

I l l  and V I . 

S t r ands I and I l l  r un t o  each o ther , but rath e r  than 

found in the inte r i o r  of the molecule , are p a r t o f  the  s ur f a ce . 

4 . 4  shows , however ,  tha t the hydrogen b e tween them 

is prot e c ted f rom the s o lven t by the s i d e chains of  the res idues 

whi ch make up these s tr ands , mos t  of whi ch are and 

the s ur f a c e  of  the mol e c ul e . The remainder o f  the b a r re l  i s  mor e  

f r om 

dis t o r te d , w i th sho r t  in each s tr an d  wher e  the c la s s i cal  

of  a 

I I , whi ch has a 

t is seen . Thi s i s  p ar t i  obvi ous i n  s t rand 

b e tween res id ue s  16  and 19 , and 

hydrogen b onds a t  i t s  beginning ( re sidues 13-16 hydrogen 

f orms 

t o  the ant i-para l l e l  s t rand I) and at i t s  end (where r e s i dues 20-2 3  
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£i g ure 4 ·  5 A vi ew of the La bquip mod e l  

showing the � - sh<2C2t stru cture of 

s t ra nd s  I , m and VI . 
ThC2 barrel shape of the molecule 

i s  clea r ly ev i dent . 
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bond t o  the para l l e l  s t rand VI 

a t  a l l  b e twee n  s t rands V 

t whe re l o cal va riat i on i n  s 

n t h e  s i d e ch a i ns 

i s  

t e d  

t owards o th e r . 

The i on b e tween t h e  the s e  s t rands i s  

t o  ion f 4 .  

o f  t s t ru c t u re and f ound f o r  b e tween 

s t rands I I I  and Thus re  appears at t h i s  s t age t o  be a 

re asonab l e  gap t h e  s t rand s  access  t o  t h e  i 

i n t e r i o r  o f  the mo l e c u l e  and ul t t o  t h e  copper  s i t e . I t  i s  

i n  t e r e s  t o  note  tha t the s i de chains t h i s  a r e  

conse rve d in  azur ins . Out o f  t h e  2 6  res i dues ass o c i a t e d  wi 

t h i s  , 1 5  a re inva r i an t , a n d  7 a re conserv a t ive s ub s t i tu 

( i . e .  re t ai n  t h e i r  i c  charac 

r e  s i  i s  Ser i n  a l l  one 

8 5  

S e r , a n d  7 8  i s  

s a o r  

V I  i s  

exce p t  in  c i es  

S e r  Th r excep t i n  two 

• Be t h i s  

s ide  

be  

( se e  4 . 6 ) , the r e  a re s ome s p a ce s , p ar t i cu l ar 

'>vh i ch may al low access  t o  t h e  i c o re . i s  

•.vi th the 

fun c t iona l s 

c onse rv e d  nat ur e  o f  the area, may 

f icance fo r t h is reg i o n  o f  t he r o t e  

i s  s hown in 4 . 6 .  

Conne t ions b e twe e n  B s t rands may b e  e i ther 

4 

i t  i s  rep ace 

t i s  rep l ac e d  

e s  re  i t  

t rands 

His 83 , 

t o r , c omb i n e d  

s ome 

s te r e o  

in" c onn e c t  

in  whi ch t h e  b ackbone cha i n  r e-ent e rs t he s ame e n d  o f  t h e  S - shee t  i t  

l e f t , L e .  

e 
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S t rand s  V and VI 

or c r o s s -over conn e c t io ns , in whi ch the c ha in a round t o  re-

en t e r  the she e t  a t  the end ) i . e .  

In azurin , t h e re a re no c r o s s -over conne c t ions , b u t  there a re three 

hairpin bends b etween ne a re s t , ( i . e .  b e tween s t rands I 
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and I I , V an d V I , a n d  V I I  and V I  

( i . e .  b e twe e n  s t r an d  a n d  I l l ) , 

4 . 1 . 2  T h e  a -He l i x .  

wi 

The a -h e l i x  i nv o lv e s  r e s i d u e s  5 5 - 6 7 , and is 

t h e  e c u l e . I t  i s  s hown as a s t e re o  

in t e  

4 . 7 .  I t  was a f e a t ure o f  t h e  r e s o l u t i o n  

4 . 7  A S t e re o  o f  et-He l i x  

s r a n d  

s t  

(_ '  • + D  • 

t h e  f 

was 

c le a r  r e s o lv e d  i n  t h e  re s o l u t i on map f o r  b o t h  mo l e cu l es . 

some o f  t he b onds a p p e a r  a l i t t l e , the h e l ix 

i s  wi thi n  the p r e s en t accuracy f the t 

d i s t o r t i on s  a r i s e  f r om t h e  t i l t  o u twa r d s  o f  t h e  o xy g en 

o f  Glu 5 7  t o  f o rm a b i f u r c a t e d  b ond w i t h  b o th t h e  ma i n c h a i n  

NH a n d  s i de chain OH a toms o f  Th r 6 1 , o f  t h e  o xygen o f  As n  6 5  
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to  form an intermolecular bond section 4 .  , and o f  

the oxygen of Ala 66 to form a b ond wi th 

side chain amide group of Gln 70 . I t  is also poss ib le that the 

carbonyl oxygen o f  Thr 6 1  may form a bifurcated b ond wi th 

both the mainchain and sidechain amide groups o f  Asn 6 5 . Such 

distortions are not uncommon ( near the 

and ends o f  he lices as in this cas e . Residues whose sidechains 

are to the solvent include 55 ' 56 , Glu 5 7 , Thr 6 1 , 

6 2 , Met 6 4 , Asn 6 5 ,  and 6 7 . All are except for Met 6 4 ,  

which i s  a n  extension of  the on the s ur face o f  

the molecule section 4 .  2 .  , and 6 7 . Sidechains o f  the 

residues the 

to the main , non-

polar , i . e .  Val 59 , Ala and 6 3 . 

4 . 1 . 3  Turns . 

Hai rpin bends , which involve chain reversals of  

180° in  the  polypep tide chain direction , fall into a small  

number o f  conformations . o ften involve 4 residues with a 

bond between the carbony l  oxygen o f  residue ( and the 

amide of residue + , and are c lassi fied  as turns . Such 

turns are found not between s trands of  , but  also 

in less elements of chain stru cture where 

are forme d .  

Venkatachalam has 

in thei r  

and third residues 

of a 

non-hel i cal  

them into three 

One o f  these is a hel ical of turn , 

involve almo s t  

0 by a 1 80 twi s t  in the second peptide uni t .  Venkat achalam als o  
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found that any 4 residues whi ch formed a II turn necessari 

had a residue in the third tion . The allowed 

are as follows , in the order 

Type I I I ( 

I I  I I ' 

I l l  (-60° , I I I  I 

these criteria to include other , 

less chain reversals in the definition of  a reverse turn . 

their  chain reversals in  azurins have been 

i dentified where the condi tions 

( CA < 6� 

( 2) 1lz ' are of  the values above , that 

one may be 30° different . 

(3)  There is a ili of a 4 + 1 b ond (L e .  

< 3 .  and the of  the bond appears to  be 

Turns are then as follows : 

RT reverse turn ; all three criteria hold . 

NR near reverse turn ; two of the three criteria hol d . 

0 open turn ; one o f  the three criteria hold . 

Chain reversals which appear to  fall into these in the 

s tructure are shown in T ab le 4 . 3  for mole cu le I ,  with the values for 

mol ecule I I  i n  

Three o f  the turns liste d  have similar dihedral 

both molecul e s . Thes e  are between s trands V and VI ( 

the loops around the copper site , ( 114-11 and ( 

in 

and 

The 

o ther s , howeve r , are all in of  the for whi ch the 

electron densi ty was poor ly de f ined , and / o r  there are d i f ferences in 



f r om Al e .  i t r i f i c ans . 

Segment Res idues d (i\) \j;2 cp3 \j;3 H bond (i\) 

52-55 Lys-Glu-Ala-Asp 5 .0 ( 5 . 3) -4 9 (-4 6 )  -24 ( 12 9 )  - 93 ( 83 )  1 5  2 . 9  ( 2 . 7) RT I 
88-91 G1v-G1v-G1v-G1u 5 . 5  ( 5 . 9) -28 (-58)  12 1 ( 124 )  92 ( 19  ) 3 . 0  . 1) RT II  

100-1 0 3  Ser-Lvs-Leu-Thr 4 . 8  ( 7 . 2 ) -80 (-11 4) (10)  16 7 ( -108) ( 3 . 5  ( 5 .  0 

114-1 1 7  Phe-Pro-Glv-His 5 . 9  ( 5 . 4 )  -5 0  112 ( 104 ) 76  ( 1 8  3 . 1  ( 2 . 8) RT II  
t 5 . 5  ( 5 . 9 ) -51 (-56)  8 (3 )  ' ( -104) 2 . 7  . 0) NR I I 1-' V1 '-l I 

7 1-74  Asp-Tyr-Val-Lys 5 . 7  ( 7 . 4) -15 0 ( -1 18)  79  ( 1 38 ( -45 5 . 6  • 3) 0 
68- 7 1  Leu-Ala-Gln-Asp 5 . 4  ( 4 . 9) 7 7  ( 44)  9 1  ( - 4 5 (  -22 (48 )  4 . 3  ( 4 .  0 



t a ti on b e twee n  the two mo lecules , - for the 

and 6 8- 7 1 .  It is no t , there f o r e ,  residues 7 

that the dihedral vary b e twe en the two rnol e cules , an d  n o t t o o  

much should  b e  r e a d  into  t h e s e  values . T h e  b e n d  

in the s t ructur e , th a t  b e twee n  s t rands I a n d  II , do e s  n o t  f i t  i n t o  

any o f  t h e  above 

4 . 8 is a s tereo o f  the a - carbon t i ons , 

the  o f  the  chain . The  mole c ul e  i s  l ike a 

t f lat tened pear , with d imensions o f  4 5  X 3 4  X 

Th e B -barrel  s t r u c t ur e  can b e  c lear s een , wi th the s t rands 

ver t i ca l  

away f rom the main 

whi l e  the so cal led " 

the  p ro tein . The 

can b e  seen near the b o t t om o f  the molecule . 

Figure 4 . 8  

s i ts 



-15 

The copper atoms in b oth molecules o f  the 

situated in the narrow end of the S -b arre l , as seen in 

their location being 

them were the 

since the 

in the electron 

unit are 

4 . 8 . 

maps . 

The copper atom lies 

molecular at  one 

below the s urface o f  the 

the imi dazole group 

one of the to the copper , His 117 ,  is all that 

it  from the solvent of the 

At resolution , the electron densi of  the copper atom fuses  wi th 

that from s everal other of s tructure , as shown in 4 . 9 .  

After model  , these were i den tified as  the sidechains o f  

Cys 112 , His 1 1 7 ,  Met 121  and His 4 6 . All t hese residues are 

invariant in all azurins far sequenced . Thus three of the four 

which forms a 

two wel l-defined turns 

to the sequence 

between s trands VII and VIII , 

t ab l e  4 . 3) .  In the electron densi 

map for mol ecule I ,  ano ther of e lectron fused with that 

o f  the copper atom , and was shown , after model  

to the mainchain between residues 4 5  and 46 . The 

to this had the carbonyl oxygen o f  4 5  

the copper atom a t  a distance of  2 .  

to 

f i t  

towards 

the was not 

as in molecule I I , i t  was in the s ame way , the 

distance b etween the oxygen and the copper atom increase d , 

but the s ame ion maintained .  

in interpret ing orientations with 

the que stion of  whether this 

atom or  not cannot be answered 

In view of the 

a 

at 

a t  3R res o lution , 

for  the copper 

It i s  

intere st ing t o  no te however ,  that Gly 4 5  is  also invariant i n  all  

azurins . 
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The of His 4 9 , Cys 1 1 2 , Me t 1 2 1  

the b ack) and His 1 1 7  ( a t  t h e  b ack) merge 

with the Cu dens i ty .  The densi ty o f  the 

uni t  between residue s  45 and 4 6  

the also merges with that o f  the C u .  

The o f  the imidazole rings o f  His 46 

and His 3 5  are de f ined ( top 

acent t o  the C u  s i t e , the s id e chains o f  

1 5  a n d  Phe 1 14 c a n  b e  s een e n d  o n .  
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atomi c co-o rdina t e s  a r e  unre f ined , and therefore 

e c t  t o  s ome , the g eome o f  the copper s i te s e ems 

to be very dis to r t e d  in b o th mo l ecules . b ond 

and are shown in T ab le 4 . 4 ,  while the of the s i te 

i s  shown in s tereo in 4 . 10 .  4 . 11 i s  a s te r eo p l o t 

o f  the copper s i te f o r  b o th mo le cules , with mo lecule I I  

on mol e cule I .  

As can b e  s een f rom the the c o-or d ina tion 

cons i s t s  of three almo s t  , viz the NDl a t oms o f  H i s  46 

and His 11 7 ,  and the SG a t om o f  112 , a l l  o f  whi ch h ave 

normal b on d  wi thin t he a c c uracy o f  the s t ructure d e t e rmina t i on 

( 2 . 0-2 . 4i) .  The c oppe r a t om  is 0 .  out o f  the 

f o rme d  b y  these , and the b ond be tween them range 

0 0 
b etwee n  109 and 128 for b o t h  mo lecule s , the mean value 

120° ± 7° . A fourth ligand , Me t  121 ,  i s  f ound ly f ur ther 



Figure 4 . 11 
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A Stereo Drawing of  the Copper Binding S i te o f  

Both Molecules i n  the Asymmetric Unit  (Molecule I­

black , Molecule II-green) . 

from the copper . I f  these 4 ligands are taken to form the 

co-ordination sphere , the co-ordination geometry resemb les a very 

dis torted tetrahedron as found in p las tocyanin (56) . I f  the carbonyl 

oxygen o f  Gly 45  is regarded as a f i f th ligand , however ,  the geomet ry 

is best  described as trigonal bipyramidal , very similar t o  that 

proposed by Miskowski et al . from spectroscopic resul ts ( 35 ) . I t  

mus t  b e  s t ressed again , that a t  the present resolution i t  i s  

imposs ib le t o  say exact ly how this peptide i s  oriented , o r  t o  give 

a precise Cu-Q distance . All that can be s aid is that the best  

interpretation o f  the electron densi ty has the peptide oriented so 

that the carbonyl oxygen points t owards the copper , and i s  at a 

dis tance from the copper atom smaller than would be expected i f  no 

in teraction (albeit  weak) were occurring . Furthermore , when the 



Table 4 . 4  The Bond Lengths and Angles of the Copper Co-ordination Sphere in Azurin 

from Al e .  deni trificans . 

Ligand Molecule I Molecule I I  Bond Angle Molecule I Molecule II  

A 

His 117  (NDl) 2 . 4  R 2 . 3  R N117
-c,..u-Sll2  125° 

128° 

N 11 7-c,..u-N 46 126
° 

118
° 

His 46 (NDl) 2 . 4  R 2 . o  R N46 -c
,..
u-s

112 109
° 114

° 

N46  -c
,..
u-045 66° 7 7

0 

Cys 112 (SG) 2 . 3  R 2 . 1  R 5
112-c

,..
u-s

121 98° 
99° 

5
112-Cu-045  120

° 
110

° 

Met 121  ( SD) 3 . 1  R 3 . 5  R 5
121

-c
,..
u-N 

46 63° 80
° 

5
121-c,..u-N

117  
10 7° 

98° 

Gly 45 (0) 2 . 1  R 3 . 2  R 0 45  -c,..u-Sl21 125° 149° 

045 -Cu-Nll7  86° 75° 

I 1-' 0\ .p. I 
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oxygen i s  oriented this way , the amide ni trogen is in a tion 

to form a b ond with the 

The 

oxygen of resi due 

it bonds are b o th 

, and can 

and 

b e  as very weak . As tetrahedral c omp lexes 

of Cu are found , 

been ob tained from small molecule 

s te reochemis t ries . Cu 

o f  b ond 

wi th dis to rted square 

-S distances o f  between 2 .  

have 

and 

and 2 .  are known for such 82 . Recent the s t ructure . 

of  a tetrahedral Cu  has been 

Thus a 

with Cu - s  bond 

of 2 . 31  and 2 .  

for Cu-S b onds . Cu-N and Cu-0 b onds are 

tent with c ovalent radii  of 1 .  

0 . 66� for 0 and 0 .  f or N 

th of rv 2 .  seems 

1 .  9-2 . in 

for Cu , 1 . for  Cu  

with a ry s imilar t o  that seen in azurin are rare . 

One whi ch is  somewhat s imilar is  an 

( cu whe re pma = amine 

( 184) . This  was found to  have a dis torted 

geomet ry ,  the three 2 and 1 

bond distances o f  2 . 39 ,  2 . 46 and 2 . 0 2� , whi le the 2 axial 

and oxygen had bond distances of 2 . 03 and 1 .  

In addition , Cu-S b onds as as 2 .  have b een 

for wi th dif ferent s tereochemis tries ( 18 7 , , as 

has at leas t one very Cu -N b ond  of  2 .  ( 

Such range b onds may be  as i on b onds 

f rom the att raction of the Cu ion ,  whi ch mus t  have a 

residual , and the elect ron o f  the lone 

of  electrons on  the oxygen or  the In thi s  o f  b ond , 

o f  the l one o rbitals wi th those on the 

copper i s  not , the small . The attraction arises 

mainly from an asymmet rical charge dis tribution within the 



sys t ems The b ond s , i f  are real , aris e  

because o f  the c on s traint s  o f  the 

a ll ow the t o  mor e  

s t ruc t ure , whi ch d o  not 

S ince no sma l l  

mol ecule wi th a co-ordination numb e r  o f  three have ye t 

been ob s e rved f o r  , the s e  weak inte ract i ons may a c t  t o  

s ta t e  o f  t h e  p r o tein wi th to the Cu s tabi l i z e  the Cu 

s ta te . Such 

the s t e re o chemis 

s e rve t o  

o f  the 

the d i f f i cu l t i es in 

copper s i t e s  with that 

of we l l  charac t e r i z e d  low mol ecular a l s o  

o u t  the 

whi ch mimic the 

in low mo l e cular t 

p rope r t ies o f  t h e  b lue c op p e r  s i te s . 

Th e conf o rmat ion o f  the aroun d  the copper s i te 

i s  res t rained the f o rma tion o f  a numbe r  o f  

b onds . These are s ummarised in 4 . 1 2 and are as f o l l ows . 

Th e NE2 atom o f  His 46 appears t o  f o rm  a 

oxygen o f  Asn 10 . The amide 

bond w i th the 

and 

oxygen o f  His 46 f o rm 

o f  I l e  8 7 . 

b onds w i th the mainchain a toms 

( 2) The thio l a t e  o f  1 1 2  i s  in a 

b on d  with the mainchain ami de ni 

amide 

1 2 1 , and i t s  

s t ab i li z ing the 

is b on d e d  to the 

oxygen to th e NH of 

to f o rm a 

o f  Asn 4 7 . I ts 

oxygen o f  Me t 

1 18 , thus 

(3)  The mainchain amid e  o f  H i s  1 1 7  b onds t o  the 

oxygen o f  Phe 1 14 , whi l e  i t s  oxygen f o rms a b i f ur cated 

b on d  wi th the amide n i t ro gens o f  b o th Met 120 and Me t 1 2 1 . 



C u  

The 

-16 7-

-eo 

NH-----CO 8 7  

-NDl His 4 6  NE2----co 10 

co-----NH 

Cy s  1 12< 

NH-----CO 1 2 1  

-SG SG-----NH 4 7  

CO-----NH 1 1 8  

H i s  1 1 7< NH----- CO 1 1 4  

-ND l 120 

121 

-SD Met 1 2 1  1 1 7  

CO------NH 1 12 

o f  hydr o ge n  bonds b e tween res idues 

for the me t a l  i on is extende d the 

b onding b e tween th e s trand s of the s in ce His 46 lies at 

one end o f  s t rand IV , 1 12 a t  the end o f  s t rand VII and Me t 1 2 1  

a t  the o f  s t rand VIII . 

The na ture o f  the copper s i te i s  

cons e rved i n  all azurins that h ave been s o  far 

and 

neares t  t o  the copper 9 res i dues 

O f  the 

the 

5 p o s s ib le ligands are invarian t . These 

neighbo urs are l is t e d  i n  T ab l e  4 . 5 ,  and 

the next neare s t  

a s  invarian t ,  
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. e .  rep laced re , aroma t i c  or  

, or  di f f er ent . The list  includes the copper 

a group o f  non res i dues whi ch form a 

on the surface n ear the sidechain of H i s  1 1 7 ,  and a 

number o f  resi dues whi ch contrib u t e  b onds t o  the 

s tructure . with o ther resi dues found in the s tructure 

whi ch may o r  may not be can t these are 

d i s c ussed more be l ow .  

Tab le 4 . 5  

Neares t Next Neares t (b )  

Invar i an t  S emi-Conserved Variable Invar ian t  S emi-Conserved Variab l e  

4 5  Leu 3 3  Asn 10  
His 4 6  His 35 Gln 1 4  

112  15  
His 1 1 7  8 8  Leu 
Me t  1 2 1  Pro 115 Val 86 
Met 1 3  1 16 I le 8 7  
Met 4 4  S e r  1 13 
Asn 4 7  Ala 1 1 9  
Phe 1 1 4  Me t 1 2 0  

Residues where t h e  centr o i d  o f  t h e  s i de chain is within � 

o f  t h e  copper atom . 

(b ) Res idues where the cen t r o i d  o f  the s idechain i s  wi thin � 

o f  the copper atom.  

in molecule I I  

S e r  

The t ab l e  shows o f  the 25 ( res i dues with the c entroids o f  

their s i d e chains wi t hin o f  the copper s i te � 14 

are invariant , while 9 are s emi-conserved .  

9 
1 1 8  



i c  

aro und the s i  7 

?42 

the 

o f  

4 .  

Q42 

i s  

e c u l a r  

Pat ch Around t h e  S i de chain o f  Hi s 1 1 7 .  

O f  the 1 1  s id e chains up this sur face , 5 are invariant 

(Me t 1 3 , Me t 44 ,  Phe 1 1 4 , Pro 115 and and 5 are c onservat ive 

s ub s t i tuted t 39 , Alq 4 2 , Val 4 3 ,  Me t 64  and Me t The area 

i s  c i r cu lar with a rad i us in the o f  The 

o f  s idechains s uch a s  Val , L e u  and Phe 

to be buried rather th an to b e  f o und on the surface of a 

mo lecule i s  well es t ab lished ( 10 5 , 1 7 The 

o f  s uch a numb e r  o f  these res i dues on the s u r f a ce o f  the 

azurin mol e cule may there f o re have a functional 



as i t  normal b e  t o  con tribute to ins t ab i l i  in the 

mo l e c u le as a who le Such a view i s  the f a c t  

that a l l  that the coppe r  f r om the s o lvent i n  this 

i s  the s i d e chain o f  His 11 7 ,  t h e  o f  t h e  imidazol e  

s i tua t e d  a t  the base  o f  a h o l l ow f o rmed the s id e chains o f  Met 1 3 ,  

Me t 4 4 , Val 4 3 ,  and P r o  115 . S uch a s i t ua tion i s  r emini scent  

of  t h e  l i  

i c  

o f  

wi t h  o n e  

c whi ch i s  

o f  t h e  heme group 

in a 

Unusual features o f  the a re the of  me thionine 

residues 

o f  the 

whi c h  

) in s u ch a sma l l  area o f  s tr uc ture , a n d  the o ri e n t a t i on 

oxygens o f  r e s i dues 4 2 , 4 3 ,  115 and 116 , a l l  o f  

t owards the cen tre  o f  the and His  1 1 7  4 .  

Pro 115  and 116  are of a shor t  o f  main ch ain involved 

in a reve rse turn , and thus e c t  to conforma tional res t raints .  

Thi s  means the oxygens of thes e  res i dues are no t t o  

t h e i r  conf 

are of the 

Res idues 4 2  and 4 3  o n  the o ther  hand 

b e tween s t rands I I I  and IV , whic h  was d i f f i cu l t  

t o  f i t  t o  the dens i ty .  Al there i s  a o f  a 

bond be tween the carb oxygen o f  Ala 4 0  and the amide  ni  

of  Ala 4 2 , b end o f  3 a - ca rbon a toms ) , th e  

i s  n o t  o therwis e  cons trained .  Thi s  could b e  r a th e r f lexib l e , 

and the c on f o rmat ion o f  the 

may change on re f inemen t .  As 

been  in the b 

azurin ( 19 1 ,  

wit h  i t s  

could f o rm 

aided a concentration o f  

o f  

a b 

1 oxygens o f  Ala 4 2  and Val 4 3  

int eractions h av e  

s ma l l  mol ecule r edox to 

t o  a i n  the reac t i on 

c -551  • the 

s i t e ,  wi t h  tion 

oxygens . 

An intera c t i on o f  thi s  s o r t  i s  in fact  s e en i n  the 

of  the two azurin molecules in the c ry s  c unit ,  

whi ch are arranged s o  that these  on each molecule match,  
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as shown below (Figure 4 . 14 ) . 

Figure 4 . 14 A Schematic Diagram of  the Hydrophobic Pat ches on 

the Two Azurin Molecules in the Crys tal lographic 

Asymme tric Uni t as they Pack in the Uni t  Ce ll . 

Such packing presumab ly lowers the energy of the sys tem by 

removing this hydrophobic  pat ch on the surface of the p rotein 

mole cules f rom contact with the solvent .  Kauzmann ( 193 )  has es t imated 

that for every non-polar hydrophobic sidechain of  a pro tein that is 

removed from an aqueous to  a non-polar environmen t ,  4kcal of free 

energy s tab ili zation is gained by the protein . I t  also suggest s  

that azurin might dimerise i n  solution , although there have been no 

reports of thi s . 

4 . 2 . 4 Individual Residues of  Particular Interes t .  

( i )  His tidine 35 

His 35 is invariant in all azurins so far sequenced ( 32 ) , and 

is of particular in tere s t  b ecause i t  i s  oriented s o  that i ts 
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imidazo le i s 1 t o  His  6 
a do t t e  

H i s  res idues are cons t rained 

bonds , and , in case  o f  His 4 6 , the Cu-NDl b ond . 

Thus Hi s 3 5  i s  

o f  Gly 3 7 , and 

is b onded t o  Cu th 

oxygen o f  Asn 10 

showing the o r ient a t  

t o  each o the r .  

4 7  

I 

NE2 . 

o f  these 

of  His 35  and His  4 6 .  

t o  the amide 

oxygen of Me t 44 . His 4 6  
onded t o  the 

4 . 1 5 is a s 

imi da z o l e  wi th resp e c t  

Re l a t ive Orien t a t  

Ther e  h ave b e e n  s ugge s t i ons tha t  b e cause o f  t he i r  r e l a tive 

o rien t a t i ons , p as s ag e  o f  an e le c t ro n  would be a 

conj uga t e d  sys tem b e tween the two His s idechains , and that H i s  3 5  



may b e  the r e f ore 

for azurin ( 1  

-1 7 3-

f r om b o th k i ne t i c  and af ini la b e  

1 1  

t ron t f e r  

some 

e xp e riments  car r i e d  out  

a z ur in ( 19 2 , 1 9 4 ) . In the  present s truc ture i t  app ears 

that any i n t erac t i on b e tween these h i s t i dine sidechains 

o f  the  TI o rb i ta l s  o f  the two would  b e  

i ne f f ic ient , as no t i s  the d is t ance b e tween the cen t ro i ds o f  

the  

1 .  7 - 1 . ab ove 

4 .  ( the  

( 1 9 5 , 

p lane s  con t a ining them i s  

e l e c t ron dens i ty is  

) ,  b u t  the  b e tween the 

s o  that i s  

t o  

r e s t ri c t e d  t o  o ne Bo t h  s i de chains are very we l l  reso lved in 

the  e l e c t ro n  dens i ty map , i t  tha t  their  

o r i en t a t i ons wil l  change very much o n  ref inemen t . Als o ,  His 3 5  i s  

n o t expo s e d  t o  the s olvent , cove re d  b y  the mai nchain a t oms o f  
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res idues and I t  i s  l e , howeve r ,  t h a t  the 

o f  an e l e c t ron t rans f e r  r t o  azurin could induce sma l l  

s t ruc t ural tha t would a l l ow delocali zation o e le ct ron 

on to the imidazo le o f  Hi s 3 5  and e f f e ct ive t rans f e r  o f  the 

e l e c t ro n  the sys t em to the copp e r . 

A fur ther feature o f  the envi ronment o f  His 35 i s  i ts 

cons erved nature . O f  i t s  1 2  near e s t  s ide chains 

4 5 , His 46 , 8 8 , and 2 a r e  

3 7 ,  Met 4 4 , 

s ub s t i tu t e d  

1 0  and Met 3 9 ) , and 3 vary 

these three , S e r  9 and 

s ub s t i t uted , are b o t h  

8 9 , 

9 ,  Val 36  and O f  

no t 

, Ala o r  S e r . I t  i s  in teres t t o  

no t e  t h a t  the 

two negative ly 

charged res idue o f  this  g roup , Asp 1 1 ,  i s  one o f  

res i dues o n  the s ur f a ce o f  the mo lecular 

envelope whi ch do not have a compensa t ing 

chain , in con tras t to mos t  of the o ther 

p r o tein . 4 . 16 is  a s tereo t 

3 5  t o  s ome of  these residues a round i t .  

His tidine 8 3  

the 

s i de­

groups i n  the 

of His 

Ano ther res i due whi ch h as b een licated in the e l e c t ro n  

t r ans fer mechan isms o f  I t  

also is  i n  a conserved envi ronmen t , for  i t  i s  one o f  the 

residues s t rand V ,  one side of the in the 8 - s t ru c t ure 

already discus s e d  in S e c t io n  4 . 1 . 1 .  Of i ts immediate 

two o u t  o f  three , Val 73  and Val 80 , a r e  o ther  non-

po lar residues . The third  i s  e i th e r  72 the Mol e c u l e  I 

int e rpretat ion) o r ,  more 7 1  ( the Mol e cu l e  I I  

Tyr 7 2  i s  invarian t ,  b ut 7 1  can b e  rep laced Asn , G l u  o r  Gln . 

O f  the n ext neares t s i de chains are wi thi n  a radius 

of approxima te ly 7-8�) , Asn 4 7 , Val , Ala 82 and Thr 84 a r e  invarian t , 

whi le the s i d e chain o f  Trp 48  i s  s emi- conserve d , in that i t  i s  

rep laced ic s i de chain s ,  and 85 is  variab le , 
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Ser in one o f  the n ine azurins so  f ar 

( 4 .  7 i s  a s te re o  o f  H i s  8 3  and i ts 

imme d i at e  environment .  

8 3  and i ts Immediate  

En  vi  ronmen t .  

The orientation o f  the  imidazole s i de chain o f  H i s  8 3  i s  s u ch 

tha t the NDl and NE 2  a t oms are not in a t ion t o  f o rm 

bonds wi th any groups . Thus i t  should be f ree t o  r o t a t e  

abo u t  i ts CB-CG b on d . Although i t  wi l l  b e  l argely 

phy s iological i t  has been shown that p r o t onat i on 

a t  

o f  the H i s  

s idechain has a drama t i c  e f fe c t  on the rat e  of reac t ion o f  the 

oxidant ( phen)
3

]
3+ 

wi t h  t h e  reduced p ro te in ( Whe th e r  

8 3  

this  

effect  is  observed b e cause the b inding s i t e  is near t o  t h e  s id e ch a in , 

or  because there i s  a con f o rmat i onal asso ciated wi th i ts 

pro tona t i on tha t i s  e ssent ial t o  the ele c t ron t ransfer mechanism , 

remains t o  b e  seen . 
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4 7  
Asn 4 7  i s  invar iant i n  a l l  a zu rins and s o  f a r  

2 )  ' b e cause Asn s i d e ch ains are f ound b u r i e d  

i n  p r o t e in s t ructures 1) , it may h ave s ome f unc tional s f i cance . 

I t  i s  i n  a ion in the mol ecule , as i t  links t he immed i a t e  

envi r onment o f  the cop p e r  atom wi th t h e  te side  o f  t h e  mol e cule  

( th e  f a ce His  and t he b e tween the S s trands 

V and a series  o f  b onds , one t o  the 

thiolate  o f  1 1 2 . As wel l  a s  this, b onds b e tween 

i t s  s idech a i n  a t oms and the mainchai n  a toms of s trands V and VII 

link these s rands the r ,  thus to maintain the te r t  

s t ru c t ure o f  the mo l e cu le . A s chema t i c  i o n  f the 

of this res idue is shown b elow . 

( Ser 113 ) 

1 1 3 )  

yr 1 5 ) 0 - - - O === C - C H -- ( Cys 11 2 ) 

Perhap s the mos t  intere s t ing of the hydrogen bonds i s  the 
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int e ra c t ion b e tween the mai nchain amide ni o f  As n 4 7  and the 

thiolate o f  1 1 2 . Thi s  o f  the s t ru c t ur e  was 

we l l  res o lved densi ty in b o t h  mo lecules , s o  i s  

t o  a l t e r  t o  any 

in thi s 

res t rained a 

( on e  o f  the Cu 

extent on r e finemen t .  The pep t i de involved 

b on d  has i t s  f u r ther  

bond b e tween t h e  

a n d  the ami de n i  

oxygen o f  H i s  4 6  

o f  I le 8 7 . The 

s idechain o f  Asn 4 7  is a l s o  f ixed in t i on b onds . 

The amide oxy ge n  i s  i n  a t o  f orm a b i furcated 

b on d  wi t h  b o th the NH and OH g roup s  of  Ser 1 1 3 , whi le the 

s id e  chain i rogen bonded t o  the o xygen of Thr 84 . 

S e r  1 1 3  i s  S e r  i n  all  azurins s o  f a r  exc e p t  one , in  whi ch 

i t  i s  Th r ( Thi s  means that the b ond 

b e twee n  the ODl of Asn 4 7  and the OH group of res idue 1 1 3  wil l  

b e  mai n tained i n  a l l  azurins . 

Previou s  evidence has indicated that  an amino 

acid res idue interacts wi t h  the cys If the 

copper  a t om i s  i n , o r  near , the t rans i t ion s ta t e  b e twee n  a Cu 

and C u ( I )  b e cause o f  the 

and e n f o rced on i t  the 

co-ordina tion geome t ry 

the presence o f  s uch a 

and NH may a c t  t o  b ond b e tween the thiolate s 

s t ab i l i z e  the Cu 

a c t i o n ,  b e tween a 

Me t 9 1 ,  the  s ix t h  

c2 , i s  

p ro t e in wit h  

s ta t e  wi th to Cu A s imi lar  inter-

and the thioe the r  o f  

t o  the i ron a t om o f  

t o  s tab i li z e  t h e  o xidise d  s ta t e  o f  t h e  

t o  t h e  reduced s t a t e  ( 19 
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Ano ther a l l  a z u r ins 

is From o f  the 

f old of a zurin ( 4 . 8) ,  i t  c an b e  s ee n  that is  

1 1  
s i t ua t e d  a t  the s o u th e rn end o f  t h e  mol e c ul e . I t  i s  oriented s o  

i t s  f re e  g roup i s  a t  t h e  mo l e c u lar s urface and l i es 

b e twe e n  a 5 a utamic a c i d  s 

1 0 6 ) . f r e e  , h oweve r ,  d o e s  no t app e ar t o  f o rm a 

Mol e cu le I I  i t  does appear t o  b e  b onded t o  the 

group o f  Glu 106 . O f  t h e  two s i dechains , 5 2  i s  

i nvari an t  i n  6 o u t  o f  9 sequences l i sh e d  ( 
Thr i n  t he 3 .  G1u 106 i s  

sub s t i t ut e d  i n  8 o f  the 9 a zurins , b ut 

in one the o ther r e s i due s , 

1 0 1  whi ch e c t s  f r om t h e  s u r f a c e , and Leu 1 0 2  whi ch i s  

d i r ec te d  inwar ds t o  the c o r e , a r e  invarian t , whi l e  Leu 50  

and I 1e 81 , whi ch are b oth i n t e rna l , a re cons e rva tive s ub s t i t ut e d .  

4 . 19 i s  a s tereo en v i  o f  

A i c  e xi s t s  b e tween thi s  tyros ine and t h e  

c o p p e r  s i t e , f o rmed the s id e chai ns of  resi dues 7 ,  15 , 3 1 , 3 3 , 

4 8 ,  5 0 ,  8 1 ,  95 ,  9 7 ,  1 0 2 , 1 10 ,  1 1 2 , 1 2 1 ,  whi ch make up the 

core o f  the mol e c ul e . are all  i nvarian t  o r  conse rved 

i n  t h e i r  char ac t e r  i n  a l l  a z urins s o  f ar The 

d i s t an c e  b etween t h e  aroma t i c  o f  108 and t h e  copper a tom 

i s , h oweve r ,  very a t  2 0.:\ whi ch makes i t  

a s  an e l e c t ro n  t r ans f e r  l o cus . t h i s ,  i t  i s  t o  

no t e  t h a t  Glu 106 appears to b e  one o f  t h e  b s i te s  f o r  C r ( 

ions , whi ch b i nd t o  the i n  the and cause i ts r e d uc t i on 

chap t er 6 ) . 
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4 . 2 . 5 The Non Po lar Core 

S i d e chains with 

Val , L e u , I l e , Phe , and 

protein s t ru c t ur e s  ( 1 7 0 , 1 7 

are 

such as those of Ala ,  

found i n  the inte r i o r  o f  

Thi s  i s  b ec ause 

no a t t ra c t i on for wa ter mol e cu l es , and can 

o ther with the exclus ion o f  wat e r  t o  f orm a 

have l i t t l e  o r  

each 

b ound s t ruc ture . 

The current view i s  that the  wa ter  s t ru c t u re around the 

molecule  b e comes less ordered  whe n  it i s  n o t  dis turb e d  non-p o lar 

group s . Removal o f  the groups t here fore results  i n  an 

t o  the increase i n  mo t i on and the numbe r  

le  f o r  t h e  wat e r  mol e cules i n  t h e  imme d i a t e  

increase i n  

o f  

vicini o f  the pro tein mol ec u l e . Thus the s tab i l i  o f  t h e  sys t em 

i s  increas e d , the known a s  i c  

( 105 ) . 
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In the s t ructure o f  a z ur in , all the  residues i n  the int erior  

o f  the  are invar i an t  o r  

i c , exce p t  f o r  2 and 6 neu t ra l  

d i s c us s e d  in s e c t i on 4 . 2 . 6 .  The 

cor e  are l i s t e d  in Tab l e  4 . 6  and are 

in 4 . 2 0 . This s hows 

t h e  core , and s hows the 

All are 

residue s  

up 

in a s te re o  

of  the  s i de chains within  

channel cons i s  

o f  th e s idechains of residues 7 ,  3 1 , 3 3 ,  4 8 ,  5 0 ,  81 , 9 5 , 9 7 ,  102 , 

1 2 1  and 1 2 5 . 

1 2 1  

1 1  

4 . 2 . 6 

The t e ndency o f  polar res idues t o  be f ound on the o u t s ide o f  

t h e  pro tein mol cule is more p ronounced than the o f  



residue s  to b e  found o n  the inside , the re are 

i n  the case o f  s e rine and 

whe re about one residue in five is f ound buried ( 1  

are f o und l e s s  i n  interiors , whi le b uried 

s ide chains , Gl u ,  and are ver y  r ar e . Whe r e  

res idues s uch as  S e r , Thr , Asn ,  and G l n  a r e  foun d  in t h e  interio r , 

Tab le 4 . 6  

Invarian t  S ub s t i Variab le 

Phe 2 9  Thr 84 Ala 5 Leu  5 0  S e r  9 

Leu 33  Val 99 I l e  7 I le 8 1  

His 3 5  Leu 1 0 2  1 5  I le 8 7  

H i s  4 6  Me t 1 2  Me t 2 0  Val 9 5  

Asn 4 7  Leu 1 2 7  Val 2 2  Phe 9 7  

Ala 82 Val 3 1  110  

4 8  S e r  1 13 

Leu 1 2 5  

appe ar t o  b e  bonded ( s o  tha t , 

wi th , His , and s i d e chains , may augmen t  the in ternal 

rogen s cheme b y  t o  s a t urate the 

po tential of the mainchain o xygen and amide a t oms , 

The re are  no b uried s id e chai ns in the azurin mo lecule , b u t  

there are  8 s id e chains in the i n te rnal 

S e r ine 9 

a toms , there a r e  c lo s e  t o  b o th the  imidazole 

ring o f  H i s  4 6  and the t erminal carbo n  a t om of t h e  Met 121  s id e chain . 



Thi s  i s  unusual , b u t  i t  sho u ld b e  no t e d  that Ser  9 i s  no 

and can be in other a z urins ( 

The  s idechain o f  1 5  t owards the cen t re o f  the mol ecule , 

b onded i ts group the 

oxygen of Asn 4 7 .  

His tidine 3 5  

H i s  3 5  i s  b onde d  t o  the ami de ni  o f  3 7  

NDl and t o  the o xygen o f  Me t 44 NE 2 

dis c us s i on S e c t i o n  4 . 2 .  

His t idine 4 6  

H i s  4 6  a f o r  the copper a t om ( th and 

is NE 2 to the oxygen of Asn 10 

also the dis c us s i ons in s e c t ions 4 . 2 . 1  and 4 . 2 .  

4 7  

Asn 4 7  i s  b onded  its  ODl t o  b o th the  NH and OH 

groups o f  S e r  1 1 3 ,  and i ts ND2 t o  the o xygen o f  

Thr 8 4  dis cus s ion in s e c t ion 4 . 2 .  

Threonine 8 4  

This residue i s  invariant in all  azurins and i s  o f  the 

conserved in the S shee t . The group 

appears t o  b e  i n  a ion t o  f o rm a b on d  wi th the ODl 

o f  9 3  whi ch a lso i s  invar i an t  i n  all  azurin s . 

The 

b u t  i s  not  

g roup t owards  the  outs i d e  o f  the molecule , 

t o  the  s o lven t ,  and i s  i n  fact  

t o  the pep tide  c arbonyl o f  1 8 .  

b onded 
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1 1 3  

S e r  1 1 3  i s  i nvar iant i n  o u t  o f  9 azurin sequences , 

laced in the one ( The group 

forms with the s i d e ch a in amid e  group o f  Asn 4 7 . 

4 . 2 .  Interface Be tween 

Mos t  o f  the r e s i dues b e tween the and the are 

o u t  of  18  r e s i dues , 15 a r e  e i th e r  invarian t 

o r  s emi-con s e rve d , these l is ted  in Tab l e  4 . 7 .  The d o t t e d  

lines indi c a t e  whi ch r e s idues n�ke con tact across the t e r f a ce . 

4 . 21 i s  a s tereo o f  this 

Table  . 7  Con s e rved Res idues and the 

CONSERVATIVELY S l:BSTITUTED 

From Barre l From Barrel 

Val 4 9 ----------------------------------------------- Va 1  5 9 
Hi s  3 3 ------------------------------- - --------------- Va1 7 3 

Phe 1 1 1  

Phe 1 1 4  

P ro 1 15 

In addi 71 and 

5 5  ---------- Thr 51 
Va l 80 

Leu 6 8  ---------- Val 86 

Al a 6 0  

7 2  

Met 64  

Ser  11 3 

35 ,  b o th e xterna l , f a ce one anothe r a c ro s s  the  

inter face , but  both these r e s idues a r e  variab l e  i n  d i f f e re n t  

Because seve ral o f  the i n  t h e  were d i f f i cul t 

to build ,  f i t te d  wi th d i f f e rent  con f o rmat i ons in the two 

mole cule s  ( i . e . r e s idues 6 8- 7 2  and 7 7- 79),  i t  i s  d i f f i cu l t  t o  d e s c r i b e  

�ith c e r t a in ty l i nks be twe e n  the  f l ap a n d  t h e  b arrel apart f rom 



ral c intera c t i ons . At this s • a l l  tha t  can b e  

said is that two p o s s ib l e  b onds can be  seen b e tween the 

o xygen o f  7 2  and the  group o f  S e r  1 1 3 , and 

b e tween the group f Th r 5 1  and the o xy gen o f  

7 9 . 

4 . 2 .  

in t he s tructure , fo rmed on the There is one 

molecular sur face be tween 3 and 26  at the ends o f  s t rands I 

Thes e  two res i dues are conse rved i n  a l l  and I I I  o f  the  

azurins ( 3 2 ) , the  p robab ly to stab il i z e  the  ra ther wi de 

loop b e tween s t r ands I and I I I  (s e e  Figure 4 . 8 ) . The exact  

conforma t i on of  the disulphide b ridge i s  no t clear a t  this s ince 
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the dens i ty in this 

f i t . 

was somewh a t  d i s t o r ted and di f f i c u l t  t o  

4 . 2 . 9  

There are a number  o f  sidechains in a zurin , 1 5  

a c i d i c  and 1 4  b as i c , o u t  o f  a t o t a l  o f  129  residue s . All  are 

f o und on the surface of t h e  c u l e  where c an intera c t  wi 

the s ol ven t . Al the exa c t  rien t a t ion o f  many o f  t hese s i de-

chains is no means c e r t ai n  i n  th e c a s e  o f  s ome 

ine 

t o  f o rm s al t  b ri 

, a f ew o f  them appear t o  intera c t  wi th each o ther 

S uch c on t ac t s ,  whi ch s t ab i l i ze th e c onf o rmat ion 

o f  th e p ro are indicated  in Tab l e  4 . 8  s olid l ines 

r e s idues . Do t te d  l ines b e tween res i dues indicate that  

f a r  f o r  a b ond , but  are in reasonable 

( 

T ab l e  4 . 8  The Surface Re s idues 

Invariant or S emi-Conse rved Variab 

Acidic  Bas i c  

1 1  

Acidic  

Glu 

Glu 

4 

8 

16  

Glu 19  

Glu 53  
Glu 5 7  

Bas i c  

His 3 2  

3 4  

1 8  

Lys 3 8  

5 6  

5 5  --------------------------------------------- 5 2  

6 2  7 4  and 

7 7  -------- Lys 74 and 

Glu 9 1  -------- Lys 4 1  

Glu 106 

79 

7 1  ---- His 83 

7 9  

9 3  

------------------------------------------

85 

the 

are t o o  



Tab le 4 .  8 

Invariant o r  S emi-Cons e rved 

Aci d i c  Bas i c  

9 8 - --- - - - - 101  

2 7  

C t e rminus 24  

From the t ab l e  i t  can be  seen 

Variab l e  

Acidic Bas i c  

1 2 2  

1 2 6  

apar t from two very 

of ( those created 1 1  and 16 , and 1 2 2  

and 1 2 6 ) ,  there are no concen trations of p o s i t ive or negat ive 

surface as  f ound in s ome o ther  p ro t e ins . g . 

( 5 6 )  and c ) . Wi th t h e  excep tion o f  l l , and 

Asp 5 5  and 9 3 ,  a l l  the invariant o r  s emi-cons e rved res i d ue s  o ccur 

in rs . O f  th e residues tha t may f o rm i on wi th 5 5  and 

9 3 , 5 2  i s  replaced  Thr in three o ther azurins , whi le 

85 is S e r  one o f  the nine azurins 

( 3 2 ) . O f  the res idues , 1 1  i s  

con s e rved , 1 2 2  i s  rep lac e d  Thr in one o ther  

azurin ( 32 )  . Overall  there  does not s eem t o  be any evidence f o r  

p r e s umab t o  e nhance the of the pro tein ( 

th e e f f e c t  o f  the s u r f a ce around H i s  1 1  

The Di s t ribution o f  Neu t ra l  Polar S i dech ains o n  t h e  S urface  

of  the Molecule . 

Mos t  o f  the neutral s i de chains found on the mol ecular 

s urface of azurin may be s ub s t i t u t e d  by o th e r  o f  s i d e chains 

(non-polar o r  cha r ge d )  i n  o th er azurin s . S ome , however ,  are invariant 



pa 

o f  

r 2 5  

Thr 30  

10  

o f  

o f  

15 . Th i s  

main tenance o f  

near 1 5 . 

4 

can 

t e r  

S e r  9 4 

Thr 9 6  

los 

Thr 30 , S e r  94 and Th r a re 

Variable 

Thr 6 S e r  9 2  

2 8  S e r  

6 
6 1 2 4  

7 8  

s c 

s 

i n  t h e  

S - s t ruc t ure b e twe e n  s t r and s I I  and is a 

b ond be tween t he 

b e tween t h e  

g roups o f  

g roup o f  S e r  9 4  NE 2 f t h e  

i ch i s  in o t h e r  azurins ) .  S uch 

and a l s o  

a ce n t  H i s  3 2  

b onds may 

augme n t  o r  p r o t e c t  t h e  o f  t h e  - s t ruc t u r e . S e r  2 5  



to  t h e  b r i  26 ) . I t s  

2 3 ,  

s i b  5 1  

t h e  i n t e r f a c e  the f 

in s e c  4 . 2 . 9 .  

4 . 3  Contac t s . 

Once the s t ructure  h a d  b een a l l  r e s idues  

i den t i f i e d  e e c t ro n  t was po s s ib to  i d e n t i  

the of c l o s e  con tac t in  the  uni t  c e l l . 

was done and c a l c u l a t  

t ances t o  o t h e r  lecules . 4 . 2 2 shows mo l e cule I a n d  i t s  

nea re s t  These a r e  i d en t i f ied  the  the i r  

t t i on i n  t h e  crys uni t c e l l , L 

( x ,  y ,  z !2 + x ,  !-z +  y ' z 

( ) x ,  y ,  z ( 6 ) !-z + x , !-z - y , z 

( x ,  y ,  !-z + z  ( 7 ) - x ,  !-z y ,  !-z + z 

) x ,  y ,  !-z - z ( - x ,  !-z + y , !-z - z 

the  t o f  t h i s  t t the c e l l  axe s . 

-
' - 1  1 would ind i c a t e  a mo lecule  a t  x ,  y ,  !-z - z ,  

shi f te d  to the  next  uni t  c e l l  in  negat ive x d i re c t ion , the  

p os i t ive y d i r e c t ion and t h e  z d i r e c t i on . 1 

o f  I are c r o s s  h at che d ,  whi le I I  molecules  a r e  out l i ne d  

The range o f  z co-ordina t e s  f o r  e a ch o f  these  

as f o ll ows : F o r  mo lecule I :  

( - . 125  -+ • 2 5  

For mol ecule I I : 

I )  . 12 5  -+ , 5 

The 

( 2 )  . 12 5  -+ - . 2 5 ( 

, ) - . 12 5  -+ - . 5 

• 3 75 -+ • 7 5  

( 3 ' )  . 6 2 5  -+ 1 . 0  

shows that e a ch mo l ecule  o f  one kind i s  

surr ounded s i x  mo lecules of a di f f e re n t  k ind - crys 

t ions i s  

) . 62 5  -+ . 2 5 .  

1 )  . 3 75 -+ 0 .  
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X 

· 2 2 t i  d iagram of MoleculC2 I 
tcrod ) and i ts eight rmrC2st 

s . ThQsQ arQ 6 Typc2 :rr 
molecules ( outl ined ) and 2 TypC2 I 

1 1 ( 1 ' , 
, ( 3' ' 
I ( 4' , 0  

6 ( 6 , 0 

c s . ThC2 numbers rC2fer to thC2 

t posi t ions in the uni t  celL 

e d ef in<Z d as fo llows : 

) 5' ( 5 r� -1 0 )  
1 ) 6' ( I 

1 -1 0 )  
8 '  ( 8' 1 0 - 1  0 )  

0 0 ) 6 ( 6 , -1 0 0 ) 
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, and two o f  the same kind ( c ry s  

so  tha t  the c ry s t a l  i s  made u p  o f  g roups o f  

s o lvent space s . 

cont ac t b etween t h e  mo l e cules . 

The f i rs t invol ve s  the c 

cal 

o f  the imidazole o f  H i s  1 1 7 . Mol e cu l e  I faces a 

mo l ecu le ( 8 ' , - 1  a cross t h e  non- cry s 

mol ecules 

areas o f  

the 

I I  

2 -fold axis 

in s uch a way that the two i c  pa t ch e s  are  in conta c t .  Con tacts 

are b o t h  hetero i . e .  involve residues of dif  

numbe r  s uch as : Me t 4 4 , Met 1 1 20 ' ; Val  

s e q uence 

1 1 8 ' ; 

Me t 1 3 ' 3 ' ) and . e .  invo lve 

res i dues o f  the s ame s equence numb e r  s uch as : Me t 6 6 4 ' ; 

Pro  1 1 5 /Pro 1 15 ' ) . These con t a c t s  are a l l  b e tween 3 . 0  and 3 . 5� . This 

packing of the two mo le cule s l eads to a d i s t ance o f  � 4 .  b e tween 

the two His 1 1 7  

The second i nv olves the 

whi ch was involve d in the 

o f  the mol ec ule . This is  the 

dens i b e tween two 

non-crys relat e d  mol e cules a t  low resolut ion , and 

where a cut had t o  be made to the Res i dues 6 5 - 7 0  o f  

Mol e c ul e  I lie  

and V I ' and V I I ' ( 

mol e cule ( 1 ' , 0 

I molecule 

of Mol e cule I are  

t yp e  II  mol e cule 

acent t o  the b e tween strands I I ' and I ll ' , 

res i d ue s  2 3 ' -2 5 ' and ' )  of a t y p e  I I  

as wel l  a s  

0 0 

2 3 , S e r  2 5  and As n 1 2 9  o f  ano ther 

, r e s idue s  2 3- 2 5  and 9 9 - 1 0 3  

acent t o  r e si dues 6 5 ' - 7 0 ' o f  the of a 

I ,  Q 1 whi l e  residues  2 3 ,  2 5  and 1 2 9  are next 

to res i dues 6 5- 6 8  of ano ther I mo l e cu l e  - 1  0 

Other  o f  conta c t  b e twee n  the molecules invo lve 

smal l  lo cal areas w i t h  f ew conta c t s  o f  l e s s  t han 3 .  Thus the 

s id e chains of r e s idues 34 , 9 1 ,  9 2  and 9 4  of the S-s trands I ll and VI 

o f  Mol ecule I ,  which are f ound a t  the end of  the s tr uc t ur e  

( Figures 4 . 4  and 4 . 8) a r e  adj acent t o  r e s i dues 2 ' , 4 ' , 2 7 ' and 3 2 ' 

o f  s t rands I '  and I I I ' near the end of a non-crys t a l  
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re lated  molecule ( 4 ' ,  0 0 S e r  1 2 8  o f  Mol e cule I is  acen t 

to Asn 1 2 9 ' o f  ' ,  - 1  0 b o th resi dues 

and ' s i tua t e d  a t  the t op o f  t h e  l ecule , near 

and 1 2 2 ' o f  -1 - 1  wh i ch are imme d ia te 

the p a t ch o f  the I I  mol ecule . 

The c on ta c t s  Mol e cule II are essen t  t h e  s ame 

as those f o r  Molecule I a l  there are d i f fe rences in d e t a i l  

res f rom the inexactness o f  the non - c rys whi ch 

results i n  the two mole cules in t h e  

d i f f erent ly oriented wi th respe c t  to  the crys 

e lemen t s . For , res i d ue s  38-40 

symme t ry 

residues 4 0 - 3 8  o f  a 

two - f o l d  axi s . mo lecule o f  the s ame type across a 

For mol e c u le I ,  this dis tance is  r than , whe reas in Mo le cule 

II , the sho rtes t con tact  is  of the order o f  

o f  the s i de chains o f  Glu 9 residues 

the 

ules of the s ame 

acr o s s  a crys c diad i s  d i f f e ren t in the mo l e c ules . 

the sho r t e s t  con tac t b e tween the s e  s i dechains for Mo lecule I i s  

greater than , whi le for  Mo le cule I I  i t  i s  � 

Intermol e cular S a l t  

The r e  appear s  t o  b e  one sal t b mol ecule I wi th a 

group o f  G l u  9 1  

Thus 

II mo lecule , vi z .  that be tween the 

of Molecule I and the amino group o f  2 7 ' f rom 0 0 The re 

is  not  an l ink b e tween G l u  9 1 ' o f  Mol e cule I I  and a 

mo lecule , as the inexactness  of the non crys 

d i f feren t .  For Mol e cule I I , the d is tance b e tween the 

o f  Glu 9 1 '  and the amino group o f  2 7  f r om a diad -re la t e d  

molecule i s  than 4 .  

I 

group 

I 
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Possible  in termo l e cular bonds are l i s t e d  in Tab l e  4 .  

Thes e  are tenta t ive , as are based cri teria  of  dis t ance  

alone , wi thout for the o f  the bond . 
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T ab l e  4 P o s s ible 

Mol e cule I I I  I I 
------------

2 4  6 5 ' { 3 ' 2 3  Asn 6 5  

3 4  2 1 4 I ) 
3 8  Ala 1 1 9 ' I ) 

Gln 7 0  S e r  lOO ' ' ) 

Asn 6 5  2 4 ' 1 ' ) 

Ser 92  2 I I )  
S e r  9 2  ) G l u  4 '  I ) 
S e r  9 4  His  3 2 ' ' ) 

1 1 6  Pro 1 1 5 ' ( 8 ! ) 

S e r  1 2 8  Asn 1 2 9 ' I ) 

Mole cule I I  Mo lecule I N Mo lecule I I  Mol ecule I I  

Gln 2 I S e r  9 2  ( 2 3 ' Asn 6 5 ' ( 8  I ) 
Gln 2 ) ) 
G ln 4 '  S e r  9 2  ) 3 8 ' Ala 40 ' ( 2 ' ) 

2 4 ' Asn 6 5  ( Ala 4 0 ' 3 8 ' 2 I ) 
His 32 ' S e r  9 4  Asn 6 5 ' Asn 1 2 9 ' I ) 
Asn 6 5 ' 2 4  ( Asn 1 2 9 ' Asn 6 5 ' 

Ser  lOO ' Gln 70 

P r o  1 1 5 ' 1 1 6  ( 

Ala 1 1 9 ' 3 8  ) 
Asn 1 2 9 ' ) - S e r  1 2 8  ) 

N refers  t o  the t i on in the uni t  cell , as  f o l l ows : 

1 '  0 0 5 ' 5 I > -1 - 1 
2 ' 0 1 6 '  - 1  0 

3 ' ( 3 ' ' 0 1 8 ' ( 8 ' . 0 -1 
4 '  ( 4 I ' 0 0 

1 0 0 5 0 0 

3 ( 3 ,  0 1 6 0 0 

4 ( 4 ' 0 0 8 0 0 
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5 

f rom the a zurins the 

1 0 , 5 00 ) are the b e s t charac t e r i s e d  group o f  

copper p ro teins . P las are f ound in a l l  

many green , and in  s ome b 

a c t  as oxidant s f o r  a memb rane-bound 

and as reductants for P 7 0 0 ,  a doub l e  

sys t em I ( f o r  a review s e e  r e fe rence 1 9 8  

( 

azurin and p las  b een no t e d  

lecular 

lue I 

chrome 

in 

several  

in  

wo rke r s  ( 32 , 56 , 74 ) . Mos t  

pure s t at i s t i cal  

h ave , howeve r ,  been made on 

the sequences so  tha t a 

f ic ant numb e r  o f  i de n t i cal o r  s imi l ar residues c ome i n t o  

As t h e  a z u r i n  mo lecule i s  t han tha t o f  

( 12 9  res i dues c f . 9 9  re s i d ue s  is  

obvi ous that s ub s t ant i al d e l e t i o ns w i l l  have to b e  made in  i ts 

sequence t o  i t  wi t h  that o f  

Now tha t the three d i mens i onal s t ruc tures o f  b o  azurin and 

are availab le , the sequences of the two can 

b e  o n  a proper s t ruct ural b as i s . o f  the two 

three d imen s i onal s t ru c t u re s  reveals tha t the 

the two mol e cu les  are the s ame , there are d i f f e rences 

o f  

i n  the s i ze and c on f o rma t i on o f  t h e  b e tween t r ands . These 

d i f f e rences i n c lude the " in  a z u r in which conn e c t s  s t rands I V  

a n d  V ,  a n d  whi ch i s  dele t e d  i n  the s t ru c ture . are 

c le a r ly seen in 5 . 1 ,  whi c h  is a s tereo of the two 

mo lecules s uperimposed . 



Figure 5 . 1  
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A S tereo Diagram o f  the Polypep t ide Chains of Azurin 

(b lue)  and Plastocyanin ( red) . 

To ob tain the best alignmen t ,  the correspondence o f  res idues 

around the copper site was firs t sought , s ince if the proteins are 

indeed monophyle tic  this region should be highly conserved in both 

pro teins . In azurin , three of  the ligands to the copper are provided 

by a loop formed between resi dues 112- 121 , wi th the sequence 

-Cys-x-x-x-x-His-x-x-x-Met- . P lastocyanin has a similar loop with 

the sequence -Cys-x-x-His-x-x-x-x-Met- ,  whi ch, despite the dif ferences 

of length and sequence , mus t maintain a s imilar stereochemis try about 

the copper s ite to account  for the s imilarities in absorp tion spectra ,  

redox po tential and ESR parameters ( 13 ) . Other residues in the 

vicinity of  the copper s i te ,  for example Tyr 15 (Phe 14) , Asn 47 (Asn 38) 

Tyr 110 (Phe 82) , Phe 111 (Tyr 83) and Pro 115 (Pro 86) are highly 

conserved in both structures and hence are likely to be found in 
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5 3  4 9  

s � 2 .  secondary struct u r e  a 
the sequence required to give the best  

4 0  



t 

seen t the 

i s t ruc 

53 and 80 , 

accoun t  

in azur i n . 

9 

gr 

for delet  

i c  nature res 

res i dues in azurin 

c residues 

s t ruct ure of b o th pro 

t b e  

t i  

a 

as 

sequence is  I t  

t o  

into t wi th tween res 

eh make up the f 

r the b e s t  

b e tween s t rands I V  and V t he 

, howeve r , a s imi l ar de le t i on i s  

re s i dues 4 5  and 5 3  t o  

t h e  f i f  s trand that 

o ccur be res i dues 3 6  and 6 

wh i ch f o rm an exte 

and be tween residue s  

tween s t rands I I I  

and 105 , are 

IV ( 7  res 

of  i 

s t rands VI and VII 3 res i  

invarian t  b e tween a l l a zurin s  and a l l  

Asn 4 7  and 108  

to  the copp e r  

His 1 1 7  8 , Me t 1 2 1  t 9 2  ) ) . 

Overal  , 9 res i dues a r e  

These inc lude 

as we l l  as the f o ur res idues 

4 6  1 1 2  

A f ur the r 1 9  a r e  conse rva 

sub s t i t u t e d , re the i r  i c  o r  aroma t i c  chara c t e r . 

The t i s  d i f f e ren t to  those o f  and ( 
Dayhof f  ( 7 4 )  and Col  man e t  a l . ( 5 6 ) , a l  a l l  o f  these h ave 

ink-
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5 . 3  The Copper Site . 

( i ) The Ligands 
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The copper atom in plastocyanin is co-ordinated by four residues , 

His 37 , Cys 84 , His 87 and Me t 9 2  wh ich are the exact analogues 

of the l i ganded residues in azurin , His 46 , Cys 1 1 2 , His 1 1 7 ,  and Met 

121 . Unlike the si tuation in azurin , however ,  there is no possibility 

for any weak interac tion be tween the carbonyl oxygen of Pro 36 ( the 

analogue of Gly 45)  in the plas tocyanin structure , as i t  is further 

away from the copper atom ( 3 . 7 3�) ,  despite being oriented in the 

same way . This  can be seen in Figure 5 . 4 ,  a s tereo diagram showing 

the "best f i t "  of residues 30-48 of azurin with the corresponding 

region of the s t ructure in plas tocyanin . 

Figure 5 . 4  A Stere Plot of  the Polypeptide Chain Between Res idues 

30 and 48 of Azurin (b lue ) and the Corresponding 

Residues of Plastocyanin (red) . 

The Cu atoms are represented by large circles . 

The sidechains of His 46 , His 37  and the carbonyl groups of  

Gly 4 5  and Pro 36  are represented by fi lled circles . 
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Figure 5 . 4  shows that in plas tocyanin the loop be tween s t rands Ill 

and IV is much shorter than that in azur in . In plas tocyanin only 

3 res i dues link His 37 to Asn 3 3 ,  whereas in azurin , 10 residues 

l ink their  analogues, His 46 and His 35 . The obvious lack of 

s truc t ural and sequence homology in this region (Figure 5 . 3) ,  makes 

i t  all the more remarkable tha t the pept ide bonds l inking res idues 

45 and 46 in azurin , and 36 and 37 in p lastocyanin seem to maintain 

the same conforma tion . The conformation of  thi s region of  the 

s truc t ure in azuri n ,  ( the area around the copper s i te) , is rigidly 

maintained by a network of  mainchain-mainchain hydrogen bonds , 

includ ing one between the pep tide amide (46 NH) and the carbonyl 

oxygen of Ile 87 . Al though no hydrogen bonding de tai ls are avai lab le 

for plastocyanin , the presence of Pro at pos ition 36 in plas tocyanin 

probab ly directs the conformation of the loop be tween Asn 33 and His 

37 , result ing in this dif ference in the posi t ions of  the carb ony l 

oxygens in both s tructures . These small dif ferences in the copp er 

environmen t may be  responsible for the dif ferences in redox potentials 

and spectral prope rt ies no ted for various blue copper proteins 

(see Tab le 1 . 2 ) . I t  is known , for examp le ,  that rep lac ing a sulphur 

ligand by oxygen or nitrogen reduces the redox potent ial of smal l 

molecule complexe s  ( 200) . 

( i i )  The Co-ordination Sphere . 

Figure 5 . 5  clear ly shows that al though the s idechain and NDl atom 

of His 117  (azurin) and His 87  (p las tocyanin) , as we ll as SG of Cys 112  

(azurin) and Cys 84  (plas tocyanin) , are virtually in  the same 

pos i ti ons with respect  to the copper atom,  Me t 121  and His 46 in 

azurin appear to  have been disp laced around the co-ordina tion sphe re 

(relat ive to Me t 92 and His 37 in plas tocyanin) , to "make room" for 

the carb onyl oxygen of Gly 4 5 . Al though the resolut ion of  the azurin 

map ( 3R) means that the posi t ions of these resi dues are no t precise , 
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Figure 5 . 5  A Stereo Diagram o f  the Co-ordination Spheres of 

Azurin (blue) and Plas tocyanin ( red) . 

it  is  unlike ly that the geometry of the co-ordination sphere will 

alter markedly on refinemen t ,  as the elect ron densi ty around the 

copper site in both mo lecules in the asymme tric unit  was very we ll  

resolved . Apart f rom this , it  i s  obvious tha t the bond lengths o f  

toe four common ligands are comparable wi thin the accuracy of  the 

structure determination , and the geometry of  the azurin s i te ,  i f  

the carb ony l oxygen is not cons idered as a ligand , although more 

dis torted than tha t  of  plastocyanin , could s t ill be described as 

dis torted tetrahed ral . The degree of dis tor tion is  indicated by the 

fac t  that , for both azuriu and plastocyanin , the copper atom is  virtual ly 

in the plane formed by the three shortest ligands , N46 ( J l ) ' s112 ( B4 ) , 

N1 1 7 ( 9l ) ( O . OOJR out o f  the plane in molecule I ,  0 . 105R in mo lecule II , 

and 0 . 34 3R in plastocyanin) . 
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( iii )  The Environmen t of  the Copper Atom .  

As in azurin , the copper site in plas tocyanin lies i n  a pocket 

between the three loops in the polypeptide backbone at the ends of 

s trands IV , VII and VIII . The wal ls and rims of  this pocket ( in 

p las tocyanin) , are lined by the conserved hydrophobic  sidechains 

of Phe 14 , Me t 9 2 , Pro 36 , Pro 86 and Leu 6 3 .  The copper atom of 

azurin is also found to be  in a conserved hydrophobic environmen t 

( see section 4 . 2 . 2 ) . At the mole cular surface , all that separates 

the co�per atom from the solvent in b oth molecules is the sidechain of  His 

1 1 7 (His 87 ) . In azurin , however , the sidechains of Me t 1 3 ,  Met 44 and 

Phe 114 shield the edge of His 117 from the solven t ,  whe reas in 

p lastocyanin the edge of His 87 is more exposed,  as s tructural resul ts 

show that the edge of the imidazole s ide chain lies level wi th the 

molecular boundary ( 106) . This is in good accord wi th kinetic  

results, which have predic ted that for plastocyanin the redox centre 

is approximately 2 . 6R below the surface of the molecule , while for 

azurin the dis tance is approximately 6 . 5R ( 201) . A s tructural 

reason thus exists  for the slower rates of reaction of azurin wi th 

most  small molecule redox reagen ts compared to the corresponding 

reactions of plas tocyanin ( 5 5 , 5 7 , 202) . 

5 . 4  The Hydrophob ic Pa tch . 

In both azurins and plastocyanins , one of the mos t  dis tinctive 

regions in the structure • • 1 1  11  �s the hydrophob�c patch on the northern 

surface of  the molecule around the edge of His 117 (His 8 7 ) . This 

is made up , in plas tocyanin , of the conserved sidechains of Leu 12 , 

Leu 62  and Ala 90 , and the less rigorously conserved Ala 1 3 ,  Phe 35 , 

and Ala 65 , together wi th the exposed edges of Pro 36 and Pro 86 . 

In azurin ,  the hydrophobic pat ch is  somewhat more extensive , involving 

the invariant residues Met 1 3 ,  Met 44 , Phe 114 , Pro 115 and G ly 116 , 

the conservatively s ub s ti tuted Met 39 , Ala 42 , Val 4 3 ,  Met 64 and 

• 
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Met 120 , and the variab le residues Trp 118 and Ala 119 . Because 

of the conservation of this region in both azurins and p lastocyanins , 

and its relationship with the sidechains of  His 117  and His 87 

respectively , it is likely that this region is a locus for electron 

t rans fer in these pro te ins . Thus , the hydrophobic patch may act 

as a recognition site , used to orien t a po tential redox partner 

in such a way as to allow the maximu� potential overlap be tween the 

orbitals of the semi-aromatic imidazole sidechain of both "blue" 

proteins wi th the ligands of another metalloprotein, e . g .  cytochrome 

c-551 in the case of azurin , or cytochrome f in the case o f  

plas tocyanin . 

5 . 5  Asn 4 7  Asn ( 38) . 

Inspection of Figure 5 . 3 , the alignmen t of the sequences , shows 

that apart from residues 108-12 3  in azurin ( 80-94 in plas tocyanin) , 

one of the mos t  highly conserved regions of  the struc ture in both of  

the mo lecules is  the sequence of  residues 46-50 in  azurin , ( 3 7-41 

in plas tocyanin) . Bo th these peptides  contain copper binding residues , 

but an additional unusual feature o f  the lat ter sequence is  the 

invariance of the internal polar residue Asn 47 (Asn 38) in both 

molecules . In azurin , the sidechain of  Asn 4 7  forms hydrogen bonds 

wi th mainchain atoms in strands V and VII ,  and with the conserved 

hydroxyl group of residue 113 ( Ser or Thr) . Simi lar interactions 

seem likely in plastocyanin , sugges t ing that this  residue plays an 

important part in s tabilizing the three-dimensional s truc ture by 

forming a link between strands V and VII . The sidechain interactions 

may also help to position the mainchain , both to enab le His 46 (His 37 )  

to bind to the copper atom,  and to  orien t the mainchain amide nitrogen 

of residue 4 7  ( 38)  towards the thiolate sulphur ligand o f  Cys 112 

(Cys 84) . The distance between NH o f  Asn 4 7  (Asn 38) and SG o f  

Cys 112 ( Cys 84) appears t o  b e  the s ame in the two proteins (� 3 . 4R) .  
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within the distance expected for N-H · · · · · S hydrogen bonds found 

in proteins ( 1 7 7 ) . I t  is thus possible that in both proteins this  

hydrogen bond provides an essen tial mechanism for s tabi lizing the 

Cu ( II )  state with respect to the Cu ( I )  s tate , in a situat ion 

reminiscen t  of  that re cent ly proposed for cytochrome c ( 1 9 7 ) . 

5 . 6  Conserved Aromatic  Residues . 

The interiors of both barrel-like mole cules contain predominant ly 

hydrophobi c  sidechains . In plast ocyanin , two of the aromatics , 

Phe 35 and Tyr 83, have their s ide chains point ing into the solvent . 

Phe 35 is part of  the hydrophobi c  patch in plastocyanin , as is  its  

counterpart , Met 39 , in azurin . The analogue of Tyr 83 in azurin , 

Phe 111 , is no longer exposed , be ing part of the hydrophobic interface 

between the 8-barrel and the flap , as wel l  as part of the hydrophobic 

pocket for the copper atom .  

In plas tocyanin ,  a sequence of  aromatics extends below the 

.. l l  1 1  copper l1gand , Met 92 , to the southern end of  the molecule : Phe 14 , 

Phe 82 , Phe 19 , Phe 4 1  and Tyr 80 . Residues 14 , 41  and 80 are totally 

invariant in all plas tocyanins , Phe 82 is replaced by Tyr in one 

algal plas tocyanin , and Phe 19 is sub s tituted by other hydrophobic  

residues in  several p las tocyanins . In azurins the residues analogous 

to Phe 14  and Phe 82 are always aromatic ; those corresponding to 

Phe 19 and Phe 41 are conserva tively hydrophobic ; and that 

corresponding to Tyr 80 (Tyr 108) is totally invariant . 

Phe 14 (Tyr 15 ) is  the first residue o f  the "kink" or "bulge" in 

strand I I  o f  both plas tocyanin and azurin . The close resemblance 

between the backbone conformations of azurin and p las tocyanin in 

this region ( residues 15-18 in azurin , and 14-1 7 in p las tocyanin) 

is  remarkable , s ince apart from this aromatic  res idue the sequences 

are no t homologous in the region of  the bulge . This  invariance clearly 

suggests  that the aromat ic character of this res idue is important 
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in some way to the s tructures , but until  further information becomes 

available  from the s tructures of other b lue proteins , o r  from highly 

refined reduced and oxidised s t ructures of  b oth azurins (Ale . 

deni trificans and Ps. aeruginosa) which will provide a b roader data 

base for comparison , no firm conclusions can be drawn . 

The immediate environment o f  the sidechain of Tyr 80 in 

plastocyanin is  conserved , and, as in azurin , its hydroxy l  group points 

into the s olvent . The invariance of this residue , Tyr 80 (Tyr 108) , 

in the two structures , together with a similar conservation of  its  

environmen t and loca tion at the extremi ty of  the molecule , might 

suggest some func tional signifi cance . Although involvement in 

electron trans fer cannot be ruled out , the distances of the centroid 

of the s idechain from the copper in b oth mol ecules (approximately 

15R in p las tocyanin and 2oR in azurin) would seem to preclude this . 

5 . 7 The Dist ribution of  Charged Sidechains . 

In plastocyanin , the dis tribntion of charged s idechains on the 

surface of the molecule is uneven ,  in s triking contras t to that of 

azurin . Thus , in higher plant p las tocyanins the three conserved basic 

residues ( lysines ) play a minor role compared to the ten conserved 

acidic ones ( 106) . Of the lat ter , none lie in the top half of the 

molecule , and 6 are concentrated in two kinks in the backbone at 

residues 4 2-45 and 5 9-6 1 .  These two groups of residue s  have their 

negatively charged s idechains directed into the solven t , and form 

an elongated acidic patch . Near the middle of this patch a conserved 

tyros ine (Tyr 83) has its s idechain also directed into the solven t ,  

and it  has been pos tulated ( 56 , 106 ) that  this s triking feature 

of the s t ructure may be functionally important . Kine t i c , NMR , and 

af finity  labelling experiments using small molecule redox reagents  

( 5 7 , 203 , 204 , 205)  have supported such a theory . However ,  i t  should be  

noted that  many algal plas tocyanins do no t have this  acidic  patch , 
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and in fact have only one conserved acidic residue , that of Asp 4 2  

( 32) . In the c losely related azurins , the region of  structure 

corresponding to  this acidic patch is the part of  the 8-barrel 

whi ch f aces the f lap , so that the charged sidechains have been 

largely replaced by invariant or conservat ively substituted 

hydrophobic  residues . Since a zurin and platocyanin are undoubtedly 

monophyletic , a funct ional significance cf this patch in p las tocyanin 

(e . g .  the possib ility that i t  is essential to the electron trans fer 

mechanisms ) seems unl ikely . 

Azurin contains 5 invariant basic  residues (4  Lys and 1 Arg) , 

and 7 invariant acidic residues ( 6  Asp and 1 Glu) . Wi th the exception 

of Asp 11 , these usual ly are paired wi th residues of opposi te charge , 

(sect ion 4 . 2 . 11) in marked contras t to �he dis tribution of  charged 

residues in poplar leaf plastocyanin . The remaining charged sidechains 

in azurin are mos t ly wel l  dis tributed over the surface of the molecule , 

the resu ltant charge being + 1 . 5  compared to - 8  for plastocyanin (60) . 

5 . 8  Conclusions . 

Comparison of  proteins that are thought to have diverged from a 

common ances tor , but which ,  al though having a similar funct ion , are 

found in dif ferent b iological systems , are dif ferent si zes and have 

l imi ted sequence homology , may allow discrimination between possible 

e lectron trans fer mechanisms . This was found to be the case for the 

wide variety of  cytochrome c-type molecules from dif ferent sources . 

Comparison of the three dimensi onal structures of some o f  this 

diverse class of  proteins has a llowed the p rediction of  a hypothet i cal 

e lectron transfer complex , by the elimina t ion of possib i li ties that 

are not common to  all the structures that have so far been so lved (71) . 
This does , o f  course , assume that there are no maj or functional 

differences , an assumption that is not necessarily t rue for azurin 

and p lastocyanin . While their  electron t ransfer pathways should 
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presumab ly be the same , or simi lar , because of  their monophyletic  

origin , the surface features of  their b inding si tes may be  dif feren t 

(since they interac t wi th different partners) . 

For azurin and plastocyanin , comparison of  the structures has 

revealed that one dis tinct region of the protein s t ructures apart 

from the copper s i te is high l y  conserved in both s t ructures . Thus 

a po tential pathway for electron trans fer exists  at the 1�orthern� 

end o f  the molecule ,where the exposed edge of the His 1 1 7  imidazole 

ring seems to satisfy all the requiremen ts of current e lectron 

transfer theory for contact between redox partners . The p resence of 

the s triking and highly conserved hydrophobic region on the surface 

of bo th molecules around His 117  (His 8 7 )  reinforces the impression that 

this part of  the molecule is funct ionally important . This  could act 

as a recogni tion patch used t o  specify a reaction with a particular 

redox partner by a process such as hydrophobic bonding , which will 

lower the energy o f  the sys tem , providing a driving force for the 

format ion of the complex. Such contact be tween the two redox par tners 

would also reduce the dielect ric constant between them , facilitating 

the trans fer of an electron from one metal centre to ano ther . 

Al though electrostatic interactions have been implicated in 

the enhancemen t of the rates o f  reaction o f  acidic cytochromes c 

(e . g .  cytochrome c-551)  wi th a zurin , as mentioned in section 4 . 2 . 3  

( 58) , they would seem unlikely when the ove ral l  charge on the azurin 

molecule is  taken into accoun t (-1  for azurin from Ps . aeruginosa ,  

+ 1 . 5  f or this azurin , cf . - 8 for plas tocyanin (60) ) . Although i t  

i s  possible that local pat ches o f  conserved acidic s idechains (as 

found in p las tocyanin) , or the delocalization of  posi tive charge 

from the Cu (II )  ion to the imidazole sidechain of His 117  (His 87) could 

be responsible for such interact ions ( 203) , the activation parame ters 

for both the reduced cytochrome c -- oxidised azurin (55 )  and 

the cytochrome f - plas tocyanin reaction ( 5 8) clearly indicate tha t  
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the positive entropy term (perhaps linked to hydrophobic bonding 

between the mole cul8s , or breakage of ordered water s truc ture) , 

outweighs any contribution from charge-charge in teract ions ( 5 5 ) . 

Thi s  means that speci fic recognition through electrostatic  interaction 

is probably not involved in the reaction(60) . 

The remaining unanswered question is  whether oxidation and 

reduction proceed via the same or dif ferent pathways . I t  is  

conceivable that one site is  capab le o f  making specific  and 

productive col lisions with both cytochrome c-551 and cytochrome 

oxidas e .  Such a hypothesis has recent ly been proposed for the redox 

interactions of  cytochrome c ( 197  ) . The observat i on of  more 

than one region of the mo le cule with dis tinc tive and conserved 

s tructural features , however , may point to some functional significance 

for such regions . There are many of these in the azurin s truc ture 

( see chap ter 4 ) , but apart from the hydrophobic  patch , the only 

one with a counterpart in the p lastocyanin st ructure is the rigorous ly 

H 11 conserved Tyr 108  (Tyr 80) at  the southern end of  the mole cule . 

Wi thin curren t understanding of electron transfer mechanisms , however , 

i t  would seem that , for azur in at leas t , the distance of this  sidechain 

from the copper s i te (� 20R) would pre clude i t  from directly taking 

part in electron trans fer processes . 
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CHAPTER 6 

ELECTRON TRANSFER 

6 . 1  Electron Transfer in Blue Proteins 

In b lue or  type I copper proteins , the fundamental mechanism 

of how electrons get to and from redox centres through the intervening 

protein matri x  is not clear , although several theories have been 

put forward . A scheme that has gained gene ral accep tance involves 

the associati on of protein and metal comp lexes prior to electron 

t -ans fer ( 206 ) . 

K 
P . Cu ( I )  + oxidant P. . Cu ( I ) . oxidant 

P . Cu ( I ) . oxidant Produc ts 

Electron trans fer probably invo lves an outers pher2 mechanism , as NMR 

( 6 7 , 68 ) and f luorescence ( 21)  evidence , coupled wi th the s tructural 

data from azurin and plas tocyanin show that the metal atom lies 

wi thin a so lvent-inacces sib le environment 5-7R below the surface 

of the protein .  

6 . 1 . 1  Experimen ts wi th Inorganic Redox Reagents . 

The use of  small inorganic comp lexes as redox partners for b lue 

copper prote ins has been firmly es tablished as a useful experimen tal 

approach . By care ful selection of such reagents , the redox po tential , 

and hence the free energy change of the reaction , may be controlled , 

the size and the hydrophilic  or hydrophobic  nature of  the reagent 

may be varied by introducing changes in the structure and the charge 

of the reagent may be al tered . For examp le ,  use has been made o f  

the tris-complexes of  cobal t ( III)with phenanthroline , [ Co (phen) 3 J 3+ 

and its  derivatives ( 1 )  5-chloro- , ( 2 ) 5 , 6-dime thyl- , ( 3) 4 , 7-

3-dimethyl- and (4 )  4 , 7-dipheny l-4-sulphonate- ( [ Co (4 , 7-DPS phen) 3 J ) 

phenanthro l i ne ( 5 7 ) . 
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The numbering for cobalt-phenanthroline complexes . 

Of  these , the redox potentials of comp lexes ( 1) and ( 2 )  are higher , 

while those of (3)  and ( 4 )  are lower than that of  the parent 

comp lex . Substi tution at the 4 and 7 posi tions b locks approach to 

the phenanthro line rings in the complexes , and this is likely to 

cause s teric hindrance in the protein-comp lex interaction and 

hence affect the rate of reaction . Thus complexes ( 3) and ( 4 )  

would be expec ted t o  have lower reactivities than comp lexes ( 1 )  

and ( 2 ) . Complex ( 4 ) , as well as being the only negative ly charged 

member of the set , is also by far the largest in s i ze ( 5 7 ) . 

Generally , complexes wi th TI- conducting ligands such as 

3+ [ Co (phen) 3
J exhibi t  a much higher redox activity with metallopro teins 

2- 3 than those like Fe (EDTA) or Fe (CN) 6 
- whose hydrophilicity hinders 

close approach between the reagen t and the more hydrophobic  ac tive 

centre of the protein ( 5 5 ) . There is also a large amoun t of information 

available from the enthalpies and entropies of reaction and activation 

respectively) . Thus the value of 

for a reac tion can be discussed in terms of electros tatic interact ions 

between pairs of similar or opposite charges , and large values of  

6H� indicate that b inding during complex formation is highly specific . 

The activat ion parameters and on the other hand , are 
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independent of  the charge on the redox complex ( 2 7 ) . For examp le , 

the ac t ivation parameters for the Fe (EDTA) 2--azurin ( I I) reaction 

p rovide an important clue as to the nature of this pathway . The 

very small 6Hf value and large negat ive have been taken to 

imply a very weak interaction be tween the donor and acceptor redox 

orbitals , necessi tating trans fer of the electron over a large 

dis tance (> JR) to the buried copper site ( 20 7 , 208) . 

Many such kinetic investigations have been carried out on b lue 

copper proteins , especially on azurin , p lastocyanin and s tellacyanin 

( for reviews see references 55 and 5 7) . These show that the 

accessibility of the metal loprotein active centre to outer sphere 

contac t wi th reagents increases in the order azurin < p las tocyanin 

< s tel lacyanin . Such resul ts fit  in wi th the findings of the 

comparison of the three dimensional structures of azurin and plas tocyanin 

(Chap ter 5 ) , for interactions involving His 117 (His 87) , vi z .  that 

in azurin the edge of the imidazole ring is more shielded from the 

solvent than in plastocyanin . 

6 . 1 . 2  Evidence for More than One Binding Site on the Azurin and 

Plas tocyanin Molecules . 

Redox reac tions of azurin and p lastocyanin wi th small  molecule 

reagents are affected by pH , and the di f ferent pH dependences for 

dif feren t reagents sugges t that more than one b inding s i te or mode 

of interaction exists ( 192 , 208) . 

3-For example , the rate of oxidation of Cu ( I ) - Az with [Fe ( CN) 6 J 

alters from 0 . 5  x 104 £ mol-ls-l at pH 9 . 0  to 1 . 8  x 10
4 

£ mol-ls-l  

at pH  5 . 0 ,  the dependence of the second order rate cons tant on  pH 

having a pKa of 7 . 1 , which i s  shi f ted to 6 . 1  for the reduction o f  

4-Cu ( I I) -Az wi th [ Fe (CN) 6 ] (192) . For plas tocyanin , the rate o f  

4 -1 -1 react ion al ters from 7 . 9 x 10 £ mol  s at pH 7 . 0  down to zero at  

pH � 5 . 0 ,  the  dependence o f  the second order rate cons tant  on  pH 
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having a pK of approximately 6 . 0 .  a 
4-The [ Fe (CN) 6 J reduct ion of  

Cu ( II) -Pc does  not ,  however ,  respond to pH in the same way , s ince 

the rate of  react ion remains cons tant between pH 7 and 6 ,  but 

increases rapidly with any further decrease in pH ( 209) . As 

3-[Fe ( CN) 6 ] and 4-[Fe ( CN) 6
] probab ly use the same s i te on the 

protein,  the protona tion of the pro tein must be influenced by the 

oxidation state of the copper ( 2 7 , 209) . Decreases in the rates 

of react ion for both proteins are thought to be  due to  the decreasing 

ability of the protein to form productive protein-oxidant or 

protein-reduct ant complexes . For azurin the decrease occurs as the 

pH is increased , while for plas tocyanin it accompanies a decrease in 

pH ( 19 2 , 209) . 
. 

3+ For oxidation of  Cu (l) -Az by [ Co (phen) 3 J the rate of  

reaction decreases with decr2asing pH , the second order rate cons tant 

having a pK of  7 . 0  (6 . 0  for the corresponding oxidation o f  Cu (l ) -a 

Pc) , while the reaction with [ Co ( 4 , 7 -DPS phen) 3
J 3+ is  independent 

of pH in the range 6 . 3  to 9 . 0  for both proteins ( 19 2 , 209) . Kinetic  

parameters for the react ion of  Cu (l) -Az wi th [ Co (phen)
3

J 3+ suggest  

that elect ros tatics play a minor rol e  compared to the corresponding 

reactions of plas tocyanin , and that a dif feren t pathway is  operating 

compared to that proposed for the p lastocyanin react ion ( 19 2 ) . 

Possib le explanations for these pH e ffects are mainly based on 

protonation rendering the pro tein inac tive by 

( i) causing some modification in s tructure at the b inding s i te 

whi ch p revents complex formation 

(ii )  rendering the Cu ion redox inactive (e . g .  by s ubs tan tially 

s tabilising or des tab ilising one redox s tate relative to 

the other) 

( iii)  preventing electron transfer by b locking the pathway between the 

bound reductant  and the redox s ite of  the protein . 
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6 . 2  Tentative Ident ificat ion o f  the Binding Si tes on Azurin and 

Plas tocyanin . 

The possibility o f  there being more than one b inding site on 

azurin and p las tocyanin, for small-molecule redox reagents at leas t ,  

was suggested by the differen t pKa values ob tained for their pH 

dependen t reactions wi th azurin and p lastocyanin . Some evidence 

as to the nature of these s i tes comes from NMR spectroscopy ( 3 7 , 44 ,  

64) . 

All azurins so far sequenced contain four invariant his tidine 

residues ( 32 ) . From NMR studies o f  Cu (I) - Az , one o f  the his tidines 

has been shown to ti trate with a pK of 7 . 5 7 ,  while the second has a 

a pK of approximately 7 . 0  ( 3 7 , 6 2 , 64) . The othe r  two histidines a 

protonate at much lower pH values because they are co-ordinated to 

the copper atom (44) . A small shi f t  in the pK of the first a 

histidine has been observed on the oxidat ion of Cu ( I ) -Az to Cu ( II ) -

Az , suggesting i t  i s  far removed f rom the Cu site (64) . The second 

histidine , whi ch also has an unusally slow acid - base exchange 

rate , is near enough to the copper atom to be affec ted by a change 

in its oxidation state . These pK values for  Cu ( I ) - Az de termined a 

by NMR are sufficient ly close to those detected in kinetic  s tudies to 

suggest  involvement of  the same his tidines in the react ion mechanism . 

Thus Co [ phen] 3 
3+ may b ind at a site on the protein c lose to the 

histidine with a pK of 7 . 6 , probably His 8 3 ,  as it is farthest  a 

from the Cu , while [ Fe (CN)
6 ] 3- may use a s ite inf luenced by the 

his t idine with a pk of 7 . 1 ,  probably His 35 , since it is near the a 

copper s i te c� 1 . 1R away) . 
3-

As the binding site for [ Co ( 4 , 7-DPS phen) 3 J 

is  apparent ly pH independent , a different b inding s i te is  sugges ted 

for this reagent , whi ch may be  influenced by the hydrophobic  nature 

of the complex . This  site may be at the hydrophobi c  patch adj acent 

to His 1 1 7 . 

For p las tocyanin , two si tes , one in the vicinity o f  His 87 , and 
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the other in the vicinity of Tyr 83 were sugges ted by Colman 

e t  al . (56) . A patch o f  acidic s ide chains near Tyr 8 3 ,  around Glu 

4 3  and Glu 4 9 , would account for 

for the oxidation of  Cu (I ) -Pc by 

the observed pK value of � 6 . 0  a 
3- 3+ [Fe (CN) 6 ] and [Co (phen) 3 J ( 209) . 

6 . 2 . 1  Structural Interpretation of pH Effects . 

The kinetic studies of  Lappin e t  al . (192 , 209) have sugges ted 

b inding s ites which involve , for different small  molecule reagents , 

3- 3+ (viz . [ Fe (CN) 6 J , [ Co (phen) 3
J 3-and (Co ( 4 , 7-DPS phen) 3 ) )  His 35 , 

His 83 and the hydrophob ic pat ch . The f irst two are predicted on the 

basis of pKa measurements . Particular residues responsible for a pH 

trans it ion wi th a given pKa are , however ,  extremely difficult to assign 

because the pKas of individual s idechains are o ften shi f ted by their 

environment ,  and because of  the probl ems associated with mult ip le 

equilibria . 

This is c l early illustrated by p lastocyanin . As discussed in 

section 6 . 1 . 2 , kinetic s tudies have been interpreted in terms of  

modifications to potential binding sites in the region of  Tyr 83  and 

the acidic patch as a result o f  pH changes . Crys tallographic work 

has , however ,  charac terised a low pH inact ive form of plas tocyanin 

in which the copper ligand , His 87 , is protonated and dissociates from 

the copper . This is  the b inding s i te predicted for the oxidant 

[ Co (4 , 7-DPS phen
3) J 3- f rom the same kinetic s tudies ( 209) , on the 

basis of the independence of i ts  reaction with azurin to changes in 

pH ( in the range 5 . 2- 7 . 5 ) . 

In azurin , there i s  no crys tallographic evidence for s imilar 

s t ructural changes wi th pH , although experiments on the decolourisation 

o f  azurin at very low pH ( <  3 . 0) have been interpreted in terms of the 

possible partial dissociation of the copper f rom its  binding site , 

o r  rearrangement of  the l igands ( 84) . 
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6 .  2 .  2 The Use of Chromous Ions as a Probe . 

An elegant way to study electron trans fer pathways be tween 

metal complexes is to use chromous ions as a p robe ( 210) . This 

is because while strongly reducing Cr (II)  comp lexes are subs ti tution­

lab ile , their single oxidat ion product , Cr ( III )  complexes , are 

general ly substitution-inert . Thus the co-ordination sphere of 

the chromous ion in the transi tion s tate formed during the 

electron t rans fer process  should remain the same in the produc t . 

One such example is the Cr (II )  reduction of ferricytochrome c ,  

where the C r (III)  produced was shown t o  be very tightly bound to 

the ferrocy tochrome c (211 ) . Further inves tigation by Grimes � ­

( 212 ) , using proteolytic  cleavage o f  the Cr ( I II )-ferrocy tochrome c 

complex , resulted in the identificat ion of  the residues to which the 

chromium was bound in the product , and most  probab ly during electron 

t ransfer . 

Simi lar experimen ts have been re cent ly carried out on azurin 

from Ps . ae ruginosa (194)  and p las tocyanin from French Bean by 

Farver and Pecht ( 205) . Bo th proteins , in solution , were s toi­

chiometrically reduced by Cr ( I I )  ions to yield  relative ly inert 

colourle3s Cr (III)  species . When these were proteolyti cally diges ted , 

wi th both t rypsin and chymotrypsin in the case of azurin , or 

thermolysin in the case of  p lastocyanin , pept ides labelled with 

C r ( III)  could be separated by chromatographi c  methods . Amino acid 

analyses showed that for azurin , the tryptic  pep tide consi s ted of 

residues 80-92 , while the chymot ryptic peptide went  from Thr 84 to 

Val 95 . When the chemical nature of  the amino acid sidechains of 
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these pep tides and the crys tallographic s t ructure o f  azurin were 

taken into  accoun t ,  i t  looked p robab le tha t  the chromium was 

co-ordinated to Lys 85 and Glu 91 . The proposed electron trans fer 

pathway involves an opening in the pep tide sheath between Gly 88 

and Glu 91  which exposes NDl of  the imidazole sidechain of His 35 . 

The hexaquochromium (II )  ion approaches the opening and is bound 

to the carboxylate of Glu-91  and probab ly concomi tantly to the NZ 

o f  Lys 85 . From this pos i tion, it  is proposed that the electron is  

t rans ferred from Cr ( II ) , mos t  l ikely via a co-ordinated water 

molecule hydrogen bonded to NDl of His 35 , and flows through a 

conj ugat ed pathway formed by the aligned imidazole s idechains of  

His 35  and His  46 t o  the copper atom ( 194) . 

For plastocyanin , the Cr -binding pept ide inc luded Asp 42 , 

Glu 4 3 ,  Asp 44 , and Glu 45 , some of the residues which make up the 

"acidic patch" on the mo lecule . Near the middle of this patch , 

the conserved Tyr 83  also has i ts mainchain direc ted into the 

solvent , and as the fluores cence emission intensi ty and pH 

dependence usually observed for tyrosines in prote ins dif fered 

markedly in the Cr ( III )  adduct ,  some sort of interact ion between the 

tyrosine and chromium was suggested . The proposed elec tron trans fer 

pathway was through the interac ting TI-sys tems of a highly invarian t  

array o f  aromatic  residues be tween the copper and Tyr 83 , the dis tance 

being approxima te ly 10R ( 205) . High resol ution NMR s tudies also 

point t o  this region as a binding site for the chromium analogue 

3+ 3+ of  [ Co (phen) 3 J , [ Cr (phen) 3 J ( 203 , 204) . 
3-The effect of  Cr ( CN) 6 

is  clearly differen t . No effect  is no ted upon the tyrosine residue , 

but the resonances of both His 87  and Me t 9 2 ,  both Cu ligands , are 

broadened , indicat ing that  the complex may bind to the hydrophobi c  

patch over the copper s i te ( 203 , 204) . 

Reduction with Cr ( I I )  has also been used to demons trate that 

there may be  two b inding sites on the protein molecule fou the 
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physiological elec tron trans fer reactions of azurin ( 194) . Thus 

it was found that while the cytochrome oxidase catalyzed oxidat ion 

of Cr ( III) -Cu (I ) -Az by o2 is  unaf fected by the presence of the 

bound Cr (III) , the electron t rans fer react ion between er-labelled 

azurin and cytochrome c-551  i s  markedly s lower than wi th the 

native azurin ( 194) . These resul ts suggest there may be two 

different si tes for redox in teract ions , one of whi ch is blocked 

by Cr ( III ) . 

6 . 3  Pro tein-Protein Interactions 

Although the re levance o f  small-mo lecule studies can be 

questioned in terms of their relat ion to the interact ion between 

macromolecular redox partners , pH effects s imi lar to those found in 

3-the small molecule oxidations of Cu (I) - Az (by [Fe ( CN) 6 J and 

3+ [Co (phen) 3 J ) also inf luence the oxidat ion of Ps . aeruginosa 

azurin by cytochrome c-55 1 . Thus two conformers o f  azurin have b een 

identi fied , one inac tive to oxidat ion , the o ther active ( 2 13 , 2 14 ) . 

The active species was determined to be  a protonated species , and 

as the group involved had a positive enthalpy of ionization , and a 

pK o f  approximate ly 7 ,  i t  was thought to  be  the his tidine , p robab ly a 

His 35 , implicated in the oxidation o f  a zurin by [ Fe (CN) 6 J 
3-

( 1 9 2 , 2 14) . The very s low pro ton exchange rate of  this histidine 

-1 
( 1  < k < 35 sec ) ( 62 , 64) , is consis tent wi th the reciprocal 

relaxation time repor ted for the interconversion between HA(r)  and 

A(r) (where A (r) is reduced azurin) , in the reac tion between oxidised 

azurin (A (o) ) and reduced cytochrome c-551  (C (r) ) . 

HC (r )  + A (o)  � C (o) + HA(r) 

Jl * 
C (r) + H+ Jl 

A(r)
* 

+ H+ 

(where 
* 

indicates an inac tive conformer) . 
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The pH independence of the overal l  equi librium cons tant for 

the above reaction ( 2 14) , indi cates that redox inactive and act ive 

forms of cytochrome c-551  may also exis t . This has been confirmed 

by two s tudies ( 2 14 , 216) . The nature o f  the transi tion in reduced 

cytochrome c-551  (pK � 7 . 2 ) is thought to be linked to the a 

protonation of  one of the heme propionates , which are more exposed 

in cytochrome c-551 than in cytochrome c .  This may exp lain the 

absence of  a simi lar pH transition in the reduced form of  the 

mi tochondrial protein . The transition is reported to be coup led  

to a redox potent ial change ( 300 + 240 mV ( 216) ) in going from pH 

5 + 9 .  A comp lementary pH dependence o f  azurin has been reported 

by Lappin et al . over the same pH range ( 360+300 mV) ( 192) . 

The above results clearly implicate the pro tonated form of  

His 35  in  electron transfer between Ps . aeruginosa azurin and Ps . 

aeruginosa cytochrome c-5 5 1 . The situat ion is less clearcut for 

other azurins . Inves tigat ion of the electron trans fer equilib rium 

and kinetics between azurin from Al e .  faecalis , and cytochrome c-551  

from Ps . aeruginosa , has failed to detect  a conformational change in 

this azurin (85) . The specific  rates for electron trans fer , however , 

are s t i l l  very fast , although s light ly attenuated ,  and the 

ac tivat ion parameters are qui te different compared to those be tween 

azurin and cytochrome c-55 1  from the same organism , particularly 

for the azurin oxidation ( 85 ) . These differences may be due to species 

specific interact ions between the proteins , originating perhaps 

from either areas of complemen tary charge on the two proteins a t  

neutral pH , o r  from hydrophob ic interactions (213) . There are 

sequence dif ferences around His 35 in Ale .  faecalis and Ale .  

deni trificans azurins compared with Ps . aeruginosa azurin . 

Thus Pro 36 and Ser 34 of the Ps . azurin are replaced by a 

threonine and lysine respectively in the case of Ale .  faecalis , and 

by a valine and lysine in the case of Ale . denitrificans . Such 
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sub s t itutions could cause conformational dif ferences around the 

imidazole of His 35 , or solven t accessibility  could be altered , 

affecting its  reactivity and thus the p rotonation-dependent 

conformational trans ition .  On the other hand , it may be that such 

a transition is only seen when cytochrome c-551 of  the correct  

species is used .  

To  try and reso lve this question ,  affinity labelling procedures 

using Cr (II )  were applied to Ale .  denitrificans azurin in the crys tal 

form iri order to try to as certain the b inding site by crys tallo­

graphic me thods . 

6 . 4 Crys tal lographic S tudies on Reduct ion of Azurin 

Because pro tein crys tals dissolve or de teriorate out of their 

mo ther liquor , all work was undertaken in 75% saturated solutions 

of ammonium sulphate made up wi th 0 . 05M ammonium acetate buffer 

pH 5 . 0 .  Furtherwore , be cause o f  the ease with which chromous ions 

are oxidised in air , the entire procedure from the reduct ion of the 

crys tals to their subsequent moun ting and sealing in glass capillaries 

had to  be  undertaken in an oxygen -free atmosphere . To achieve 

this , a glove box continuously flushed with oxygen - free nitrogen 

was used . Great care was taken to ensure tha t all solut ions were 

degassed , then flushed wi th ni trogen before being int roduced into 

the sys tem .  The azurin crys tals themselves , and all equipment used , 

were lef t to equilibrate in the nitrogen atmosphere overni ght before 

the experiment was begun . 

A s tock solution of  chromous material was prepared by reducing 

a O . lM solution of  chromic sulphate made up in 75% saturated 

ammonium sulphate solution using a Jones reductor column ( 194 , 2 17 , 

2 18  ) .  A few drops of  the result ing pale blue solution were added 

to the mother liquor containing the crys tals , and mixed by gen t ly 

swirling the solution . The crys tals , usually a very dark b lue , 
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became colourless in j us t  under 30  minutes . Two reductions were 

carried out simultaneous ly , the firs t on crys tals suitab le for 

X-ray analysi s , the second on a large quantity o f  small crys tals 

to be used for atomic absorp tion analysis . The larger crys tals 

were then mounted in glass  capil lary tubes , and small amoun ts of 

the chromous s olution drawn up into the bases of the capillar ies 

before they were sealed wi th wax . They were then p laced in s crew 

cap j ars whi ch had also been equilibrated in nitrogen before being 

removed from the glove box and s tored . 

6 . 5  The Nature of the Binding Site 

Precession pho tographs were taken of  one of these crys tals 

as already de s cribed . These showed that the crystals diffracted 

wel l ,  and that there appeared to be  no obvious change in the axial 

lengths , and no large changes in int ensit ies . However , i t  could be  

seen that under irradiation , the crys tals gradual ly regained their 

b lue colour . Farver and Pecht (194) , in their work on azurin from 

P s . ae ruginosa , reported that  the cytochrome oxidase catalysed 

oxidation of Cr (Ill) -A(r) by  o
2 

is unaffected by the presence of 

bound Cr ( I I I ) . As azurin has been reported to be  auto-oxidisab le 

in the presence of  molecular oxygen ( 51)  i t  seems logical to expect 

that such oxidation of  the chromium-reduced crys tals may occur . I t  

was thus assumed that some oxygen was present in the sys tem a t  

the time the crys tals were mounted ( despite the care taken to ensure 

oxygen-free conditions ) , or was somehow entering the capil lary tubes . 

As the mother l iquor in the bottom of  these tubes showed no s ign 

of evaporat ion or crystall i zation ( i t  contained 75% saturated 

ammonium sulphate solution) , the l at ter was considered unlikely . 

I t  was observed later , however ,  tha t  the crys tals not subjected to  

irradiation by X-rays gradually regained their b lue colour , i . e .  

became oxidised , over a period o f  approximately 8 weeks . 
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To try to es tab lish whe ther chromium was in fact bound t o  the 

protein , analysis  of  the second batch of  crys tals ( the smaller ones) 

was carried out by atomic absorption .  To ensure that excess  

chromium was removed from the colourless  crys tals , they were f irs t 

f il tered , then washed with approximately 100 mls of 7.5% ammonium 

sulphate solut ion (made up wi th deionized water) . Thi s involved 

suspending the crys tals in repeated amoun ts o f  the solution , wai ting 

for  them to settle ( 1- 2  hours) and then de can ting the superna tan t . 

Af ter several washings , approximate ly 10 ml of  distilled water was 

added to the pelle t  in order to dissolve the crys tals . I t  became 

apparen t ,  however ,  tha t the solub i lity of the crys tals had decreased , 

as they only partially dissolved , cont rary to expe ctations ( azurin 

crystals usually being very soluble  in water) . On s tanding , the 

supernatant  gradually turned blue (overnight) al though the remaining 

undissolved crystals did not regain the ir colour . Atomi c absorp tion 

analysis of this blue solution showed that i t  contained approximately 

2� times as much chromium as copper , and as suming that all of  the 

copper in the solution was associated wi th protein , this  is a clear 

indication that there were some chromium atoms bound to the protein . 

Three dimensional data were collected in the manner already 

described ,  to low resolution (5 . 0�), us ing one of the larger crys tals . 

During exposure to the X-rays , the colourless crys tals gradually 

t urned b lue , as they had done previous ly . Because this  change in 

colour did no t seem t o  b e  associated wi th any obvious changes in 

cell  dimensions , and as  it  had been shown that chromium was s ti l l  

b ound to the reoxidised protein , the data was processed i n  the usual 

way . In order to de termine the possib le binding s ites of  the chromium 

s pecies , both a difference Fourier map , phased by the KAu ( CN) 2 , 

uranyl acetate , and Hg(NH3 ) 2cl2 derivatives , and a difference 

Patterson map using (FPH - Fp)2 coef ficients were calculated . The 
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result ing difference Fourier map had 5 main peaks . These 5 ,  which 

were compat ib le wi th the di fference Patterson map , had co-ordina tes  

as follows : -

A ( . 281 , . 49 7 ,  . 12 7 )  A '  ( . 492 , . 280 , . 119 )  

B ( . 152 , . 088 , . 15 7 )  B '  ( . 072 , . 189 , . 100) 

c ( . 342 , . 41 7 ,  . 059)  

When these posit ions were plot ted on to  the electron densi ty map , 

sidechains providing the b inding s i tes could be identified . The 

s i tes are : 

A .  A carboxyl oxygen o f  Glu 106 ( a  site  very similar t o  one 

occupied by the uranyl derivat ive) . This  s i te appears in 

both molecules 

B .  Near the carbony l  oxygen of Phe 114 , about 3 . 5R from CB of  His 1 1 7  

and 4R from the thiolate sulphur (approximately sR from the 

copper atom) . Peaks appear at th is position for both molecules , 

but b inding at this site  would involve some dis turbance of  the 

s tructure . Whether chromium is bound at this  s i te ,  or whether , 

the peaks arise from some movement in the copper s i te (e . g .  

in the copper b inding loop 1 1 2-11 7) is no t clear . 

C .  Near the carboxyl oxygens o f  Glu 19 . 

6 . 6  The Significance of the Binding Si tes 

Because of the condi tions under which the experiment was 

2- + conducted , with so4 , NH4 and acetate ions in solution , the species 

b inding to the protein crys tals is unknown . As the chromous solution 

gradually changed colour ( from a pale sky-b lue tc a darker grey-blue) 

during the reaction , i t  is possib le that different species , some o f  
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whi ch are probab ly not  responsible for  reducing the protein , may be 

binding at other s ites ( 105) . Inspection of  the b inding s i tes , 

however ,  show that the species b inding at A and C are mos t  likely 

to be  positively charged as they are b ound to negatively charged 

carboxyl groups . The species bind ing at the second site (near 

res idues 11 7  and 112)  may be different although i t  may still  have 

some positive charge allowing a polar interaction to occur between 

it and the carbonyl oxygen of Phe 114 . I t  may be possible that 

there is some interaction between co-ordinated groups on the 

chromium species a�d either the imidazole  sidechain of  His 1 1 7  or 

the thiolate sulphur of Cys 1 12 . 

Of  the three s i tes , site  B would seem to be the mos t  likely to 

effect  the reduction of  the protein , as it is neares t to the copper , 

and in the vicinity of two copper ligands , His 1 1 7  and Cys 1 1 2 . 

Although the other two si tes canno t be completely dismissed , as 

elec tron trans fer mechanisms are no t yet fully unders tood , thei r  

dis tance from the copper atom shoul d preclude them (� 20� f o r  s i te A ,  

and � 19� for s i te C) . I t  is  of  interest , however ,  that the carboxyl 

oxygens of Glu 106 are adj acent to the free hydroxyl group of Tyr 

108 which is  invariant in all azurins ( 32) . In plas tocyanins , the 

corresponding residue ts the invariant  Tyr 80 , part of the highly 

conserved aromatic  channel running from the base of  the copper site  

down the front o f  the moJ ecule (see Figure 1 . 3) ,  suggested to be  

func tionally important ( 106 , 204) . In contras t  to  the results  o f  

Farver and Pecht ( 194) , there appears t o  b e  no binding of  chromium 

at the carboxyl oxygens o f  Glu 91 , the p roposed electron t rans fer 

locus in azurin from Ps . aeruginosa , despite this being a maj o r  

uranyl s ite i n  these crystals and therefore freely accessib le to  

reaction .  
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Finally , the action o f  thiomersal on the protein meri ts 

comment . In b inding to azurin , at a s i te approximately 6R from the 

chromium s i te B discussed above , but within 2R of the thiolate 

s ulphur o f  Cys 112 , i t  also  effects a reduct ion of the copper s i te .  

As the derivat ive crys tals show s ome non-isomorphism ,  indicating that 

the peaks representing this b inding site  may not be due entirely to 

the presence of an extra heavy atom ,  but also to some conformational 

change , the exact b inding site is  no t certain . I t  is possible 

that there may be direct  interaction of  the sulphur orb i tals of  this 

comp lex with those of  the copper atom ( the mercury is  situated 

approxi mately 3 . 4R from the Cu) . However ,  the reduction seems to be 

permanent , unl ike that e f fected by chromium , suggesting that a 

dif ferent mechanism may b e  operating . Although there is  no certainty 

that inorganic  redox reagents  will  use the same electron trans fer 

s ites , pathways or mechanisms as the biological partners of  a 

metallo-pro te in , it may be  signi fican t  that two qui te  dif ferent 

reagents that reduce the protein b ind in a region o f  the protein , 

that , rather than being near to His 35 , or His 83 , is  nearer to the 

copper s i te i tsel f ,  and wi thin the conserved hydrophobic patch . 
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CHAPTER• 7 

CONCLUS IONS 

Many aspects  of  this  work have been discussed in previous chap ters . 

A few points , however ,  are wor thy of  restatement , or  of  further 

commen t .  

The structure analysis o f  azurin from Ale .  denitrifi cans was no t 

s traightforward because o f  the difficu l ty in preparing high quali ty 

heavy atom derivatives . Thi s was because , generally , heavy atom 

compounds that produced good changes in the intensity pattern o f  the 

crys tals also caused changes in the axial lengths , so that the 

der ivatives were no t isomorphous . In retrospect , however ,  more could 

have been done in this area , such as attemp ting to replace the copper 

atom with heavier metals ( see appendix Ill )  and possib ly in further 

refinemen t of  the derivat ives . For example , knowledge of  the crys tal 

packing obtained from the s tructure de te rmina tion suggested that the 

uranyl sites c lose to the two -fold axis  could have been better  

described . Nevertheless, the resul ting electron density map had good 

solvent /protein con tras t ,  and was inte rpretable . The presence of  

two copies of the s t ructure in the asymmet ric uni t  was of part icular 

help in coming to a detailed interpretat ion , as areas of  the s t ructure 

that were ambiguous in one molecule were usually clear in the other . 

Several small  differences in interpretation remained between the 

two molecules , but the s tructure determination showed unequivocally 

that the folding pattern of the polypept ide chain was the s ame as 

that of p las tocyanin , rather than that  of  the alternative conformation 

original ly proposed for Ps . aeruginosa azurin ( 82 ) . I t  was also 

consis tent with the theory that azurin and p las tocyanin had diver ged 

f rom a common ances tor ,  s ince both conformational ( i . e .  polypep tide 

chain folding) and funct ional ( i . e .  the copper s ite)  element s  are 

homologous . 
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A precise des cription o f  the copper si te is not ye t possib le 

because of the need to ref ine the s t ruc t ure . I t  is  clear that , as 

in p las tocyanin , the copper has three ligands that are closely bound 

c� 2R) ,  2 His and 1 Cys , the copper atom being approximately coplanar 

with the NDl atoms of the two his tidine sidechains and SG of the 

cysteine sidechai n .  There is also no doub t  that, in both s tructures , 

Met 1 2 1  provides a fourth l igand at  a rather long bond dis tance 

c� 3R) .  A totally unexpected resul t , however , was the closeness of 

the carbonyl oxygen , belonging to  the pept ide bond between resi dues 

45 and 46 , to the copper . (At 3R resolution , the densi ty o f  this group 

merged wi th that of the copper in both molecules) . I t  is s t i l l  no t 

poss ib le to  say whether this oxygen should be regarded as a fifth 

ligand , but in any case i t  is  probab ly close enough to · the copper 

to affect the redox potent ial . The poss ibili ty also exis ts  that i t  

may b e  the carbonyl oxygen responsib le for the unass i gned peak "x" 

in the NMR work of  Ugurbil  et al . (44 ) . The la tter felt  the peak 

might be due to a pep tide carbonyl co-ordinated t o  the copper atom in 

the reduced form of the pro tein . Al though in plas tocyanin this 

pep t ide carbonyl is too far away c� 3 .  1R) to be considered bound to  

the copper , the report on the s t ructure of Ps . aeruginosa azurin 

(83 )  notes that the plane o f  peptide 45  could be oriented satis factorily 

wi th ei ther the NH or the C=O pointing toward the copper at  a distance 

of 3 . 3R , leaving open the quest ion of  any interact ion . 

Of all the predictions o f  s tereochemis try for the "blue" copper 

sites  in proteins , that of Miskowski et al . ,  whi ch was based on 

resonance Raman spectra ( 3 5 ) , agrees best  wi th the f indings of this 

s tructure de termination , despite  the conflict between such s tereo­

chemis try and ESR data . S truc turally , i t  is unlikely that the 

Cu-S (Met 1 2 1) and the Cu-0 (Gly 4 5 )  ( if it  exi s t s )  bonds contribute 

much individual ly to the copper s i te .  Together , however , these weak 

bonds , together with the hydrogen bond between the thiolate sulphur 
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of Cys 1 12 and the amide nitrogen of  Asn 4 7. may provide a mechanism 

by wh ich the Cu ( II)  state of the protein is stab il ised relative to 

the Cu (I )  stat e ,  and hence they may be functional ly important . 

A recent ly reported copper co-ordinat ion comp lex ,with a thio-ether 

donor at the apex of a square pyramid whose base is the donor set 

N2o2 , has E S R  parameters typ ical of normal square planar geometry 

( 185) . I t  would thus appear th at, for square planar geometry at 

leas t ,  the g l and A � values are relatively insensi tive to even 

qui te strong axial perturbations ( 2 19 ) . I f  square pyramidal s tereo-

chemis try is considered a possibility for blue copper proteins , the 

basal plane should contain nitrogen and sulphur donors on the basis 

of the g� and A ll values reported for "b lue" centres . In azurin from 

Ale . deni trificans ( this work) , the three s tronger bonds formed by 

ligands from His 46 , His 117  and Cys 112  can be regarded as forming 

such a basal plane , except that the fourth ligand , Me t 121 , is 

dis torted from the p lane so that the geometry becomes more trigonal 

bipyramidal . In mode l  comp lexes, such a disto rtion of the basal 

plane of square pyramidal comp lexes produces small  hyp erfine spli tting 

- 1  cons tants i n  the E . S . R .  parameters (0 . 0065-0 . 0100 cm ) . comparab le 

to those in b lue copper pro teins ( 4 7 ) . All such complexes , however , 

including a Cu (II )  N2s2o chromophore with a dis torted trigonal 

bipyramidal s tereochemistry similar to that found for the copper site 

in Ale . denitrificans azurin , have g l in contrast to  the 

b lue copper centres in proteins , for whi ch g l > gl ( 4 7) . Unlike 

the azurin site , however ,  the Cu ( I I ) - N2s2o comp lex ( 1 84 )  has compressed 

rather than elongated axial bonds , and as no model complex with a 

s tereochemis try and ligand set like those of azurin has yet been 

reported , the possib ility of S-ea-ordinate geometry canno t be  comp letely 

discounted on ESR grounds . 

The trigonal bipyramidal model i tself is consis tent wi th the 

s uggestion that the peculiar spectroscopic properties of "b lue " 
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copper centres reflect a co-ordinat ion sphere which is intermediate 

between the normal co-ordination geometry of  Cu(II )  and Cu ( I ) , 

thereby allowing efficient electron t ransfer . Although Cu ( I )  

rare ly shows te tragonal co-ordinat ion ,  it i s  otherwise qui te variable . 

Tetrahedral co-ordina tion is the mos t  common , but t rigonal co-ordination 

is also known ( 220 ,  22 1 ,  222 ) . In the trigonal b ipyramidal model 

all that is required to generate a s table trigonal Cu ( I ) - SN2 comp lex 

is the further weakening of the Cu-s1 2 1  and Cu-045 bonds , which 

woul d  require little reorganisation (in line with the Franck-Condon 

Principle) . I f  the carbony l oxygen is not in fact bound to the 

copp er atom ,  the remaining four ligands form a dis torted tetrahedron , 

a geometry which is again in termediate be tween normal geome tries 

found for copper (!)  and copper ( II) . ( 7 ) 

The chemi cal character of the ligands bound to copper is  also 

intermediate between the requiremen ts of copper in its  two oxidat ion 

states . Thus in terms of the simple "hard-so ft-acid-base" theory 

( 1 , 2 ) ,  the ligands in azurin inc lude two groups which can be 

classified as "soft" (RS and R2S)  and prefer to b ind to Cu ( I ) , and 

two groups whi ch are intermediate between "hard" and "sof t "  

(imidazole) , and prefer t o  bind t o  Cu ( II ) . (Main chain carbonyl 

oxygens also prefer to bind to Cu (II )  rather than Cu (I ) ) .  Such a 

comb ination of ligands should be advantageous for outer sphere 

electron t ransfer , whi ch requires the firs t  co-ordination sphere to 

remain intac t . 

The changes accompanying reduct ion can only be guessed a t . 

Structure determinations o f  ascorbate-reduced plas tocyanin at pH 

3 . 8 ,  4 . 4 ,  5 . 1 ,  5 . 9  and 7 . 0 ,  and resolutions between 1 . 7 and 2 . 1R , 

have been carried out ( 106) . These s how scarcely any s ignif icant 

differences be tween the f ive structures of the reduced protein ,  or 

between them and the s tructure of the oxidised protein , except at  

the copper site . A comparison of  the reduced and oxidised s t ructures 
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at pH 6 . 0  shows that the reduct ion causes the copper atom to move 

away from His 87 toward Met 92 , so that the Cu-N87 bond increases 

from 2 . 10R to 2 . 82R while  the Cu-s
9 2  bond decreases in length f rom 

2 . 9oR to 2 . 6 8R . The bond dis tances of the other two ligands remain 

essentially the same . As the pH decreases , the Cu-N8 7  bond length 

gradually increases wi th a concomitan t  reduction o f  the Cu-s121  

bond length until the Cu-N (His 87)  distance of  � 3 . 4R is  

sufficient to  accommodate a Van der Waals contac t be tween the Cu atom 

and a proton on the imi dazole NDl atom .  The Cu  atom is , in this 

situation , co-planar with the N3ps 84 and s9 2 atoms , and under such 

condi tions is assumed to be the redox inac tive form seen at low 

pH by Lappin et al . ( 192 ) . 

A simi lar change t o  the co-ordinat ion sphere for azurin would 

require more reorganisation ,  as any movemen t of the His 1 17 imidazole 

ring toward the molecular surface would have to be accompanied by a 

change in conformation o f  the Me t 1 3  and Met 44 s idechains , as these 

shield the edge of the His sidechain from the solven t ,  in cont ras t 

to the more open site in plas tocyanin . As the response to a decrease 

in pH for bo th oxidations and reductions of azurin by some smal l 

molecule reagents is the opposi te to that for plastocyanin , a dif ferent 

mechanism may be act ing in azurins . Although the resul ts of  inorganic 

and kinet ic experiment s  may be interpreted in terms of possible 

protein-protein interactions and electron trans fer mechanisms , only 

a comparison of the ref ined oxidised and reduced s t ructures , in 

conj unct ion with such resul ts , is  likely to provide a proper base for 

unders tanding such pro cesses . The limited s tudies on reduction of  

the protein in  this investigation , however , have shown that ef fecting 

a permanent reduction o f  the protein,  especially under X-irradiation , 

may be  dif f i cul t , and more work needs to be done in this area . Similar 

problems have been noted for plastocyanin ( 106) and dithionite-

reduced rubredoxin ( 2 2 3) . 
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The observations discussed in Chapter 6 sugges t a number o f  

possib le s ites f o r  electron transfer . These are : -

(i)  His 117 and the hydrophobic  patch around i ts sidechain . 

This is  s trongly suggested by comparison of  the s tructures 

of  azurin and plastocyanin , and the fact that the residues 

making up this "patch" are highly conserved in all azurins 

and p las tocyanins so far sequenced ( 32 , 74) . NMR ( 203 , 204) 

and kinetic  (192 , 209) experiment s  also implicate this area 

in electron transfer between certain small molecule reagents 

and both azurin and p las tocyanin . Some support also comes 

from the Cr (II)  reduct ion experiments on crys tals of azurin 

described in section 6 . 4 .  

(ii)  His 35 and its  neighbouring sidechain His 46 . These residues 

have been imp licated in the electron trans fer processes o f  

Ps . aeruginosa azurin b y  the af fini ty labelling experimen ts 

of Farver and Pecht (194) , and the kinetic experimen ts of 

Lappin et  al . (192) . His 35 is also thought to be the 

group involved in the transition between the active and inactive 

forms of reduced azurin observed in the electron trans fer 

react ion b etween azurin and cytochrome c-551  from Ps . 

aeruginosa ( 214) . 

( iii)  His 83 is  implicated in electron t rans fer mechanisms by the 

pH dependence of kinetic  experiment s  involving small  molecule 

inorganic redox reagen ts ( 192) . 

( iv) Tyr 108 . Suggestions that Tyr 108 may be  f unctionally important 

to the protein have arisen mainly because o f  the rigorous 

conservat ion of both it and its analogue in plastocyanin , Tyr 80 , 

in all azurins and plastocyanins so  far sequenced ( 32 , 74 , 106) . 
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These results focus on two main areas thought to be involved in 

electron trans fer processes in azurin , viz . the hydrophob ic  patch and 

His 35 . Of these , there is l i t t le doub t about the involvement o f  

the hydrophobic pat ch and His 11 7 ,  both from the point of  view of  

the high degree of  conservat ion and from i ts compatibility wi th 

current models for electron t ransfer . Both these points have b een 

fully discussed in Chap ters 4 and 5 .  I t  i s  interesting to speculate , 

however , on its  role in the possible elect ron trans fer pathway between 

azurin and cytochrome c-551 , and/ or cytochrome oxidase . Because the 

interactions of azurin with cyto chromes c-551 , c-553 and f are three 

orders of magnitude fas ter than that with mammalian cytochrome c ,  

(in contras t  to expectations based on the consideration o f  overall 

charge) , i t  has been proposed that azurin reacts specifical ly with 

acidic cytochromes ( 58) . Thus specific  electros tatic interact ions 

between the two pro teins (azurin and cytochrome c-551)  are imp licated 

in the rate enhancement . A comparison of the rates of  reduction o f  

azurin from Ps . aeruginosa wi th both cytochrome c-551  and cytochrome 

c-553  shows they dif fer only by a factor o f  about two (vi z . 6 . 1  x 106 

and 1 . 4 3 x 107 M-ls-l respec t ive ly) ( 60) , yet the dif ference in 

overal l charge on the two cy tochrome mo lecules is large , vi z . -13 for 

cytochrome c-553 , -2 for cytochrome c-551 . For the reduct ion o f  

azurin from Ale . faecalis with the same cy tochromes , the rates were 

5 6 -1 -1 much lower (vi z .  5 . 23 x 10 and 2 . 10 x 10 M s respectively) even 

though the overall charge on the two azurin molecules is the same , 

viz . -1  ( 60) . Such results suggest  tha t the role of  e lec trostatics 

in the interaction is  minor , that if  they do play a part , only small 

locali zed areas of  charge may be involved , and tha t species-specific 

interact ions may be  important . 

The increasing number of  three dimensional structure analyses 

of  cytochromes c f rom a number  of  diverse sources , including cytochrome 

c-551 from Ps . aeruginosa . ( 238) , has enabled comparisons to be made which
-� · 
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sugges t  a s t ructural reason for the rate enhancements observed above . 

Thus , cytochromes c-551 , c-553 , and f ,  although they come f rom 

bacterial as  well  as p lan t and eukaryotic algal sources , may all  be 

c lassed as "small" compared to othe r cy tochromes ( 79 ) . The 

extensive deletions in their sequences compared to that  of horse 

heart cytochrome c ,for ins tance , result in the heme , whi ch is 

s ituated in a hydrophobic  pocket ( s imilar to the copper in azurin) , 

being more exposed . Hence its  exposed edge , the one containing small 

non-polar groups , may be ab le to penetrate the hydropnobic  patch 

around His 1 1 7  of the azurin mo lecule to a greater extent than that 

of a larger cytochrome c ,  allowing a more efficient overlap of the TT 

orbitals of  the heme and the imidazole ring . This would allow the 

facile passage of an e lectron from one metal centre to the other 

through a conj ugated sys tem of  liganded group s . 

I t  is  possible , however , that some of the resultan t  negat ive 

charge on the heme (Fe , 3+/ 2+ ;  two deprotonated heme nitrogens , -2 ; 

two propionate sidechains , -2) , may be delocalised over the conj ugated 

sys tem of the group . This may be sufficient to bring about an 

electros tatic interaction with the s light  positive charge on th e 

imidazole ring of  His 11 7 ,  possibly through delocalisat ion of some of 

the positive charge f rom the copper atom . Electros tatics , there fore , 

may add to the already favourab le protein-pro tein interaction which 

i s  characterised by a pos itive activat ion entropy ( 55 ) . The 

hydrophobi c  patch may thus be essen tial to the electron transfer 

mechanism of the pro tein through : 

(a) allowing the c lose approach , and penetration of  the heme 

(b)  orient ing the metalloprotein in such a way as to allow maximum 

overlap of  the TT orb i tals of the heme with those o f  the His 117  

s idechain 

( c )  poss ib ly isolating any partial charge on  the imidazole ring 



-235-

from the variable charge distributed over the res t  of  the 

molecule . 

The rat es o f  react ion o f  p lastocyanin with various me talloprotein 

reductants also do not appear to  depend on the net charge carried 

by such a reagent (58)  despite  the large net charge on the 

molecule (� -9) . A s imilar mechanism may thus be operating . I t  

would be  interest ing t o  see whether there i s  a similar "hydrophobic" 

patch on the phys iological oxidant reputed to in teract wi th azurin ,  

cy tochrome oxidase , especially as  the subunit containing copper 

is very similar to azurin in sequence , possessing residues analogous 

to many of those which make up the hydrophobic patch in azurin . For 

example , Met 39 , Met 44 , Phe 1 14 and Met 120 are analogous to Leu 9 5 ,  

Met 100 , I le 199 and Phe 206 in cytochrome c oxidase (81 ) . 

The involvemen t  of His 35 is a l i t t le more difficult  to 

rationali ze . As we ll as suggestions that it may be in the vicinity 

of the electron trans fer locus for small molecule redox reagents 

(192 , 194 ) , i t  is implicated in the pH dependent conformational change 

observed in reduced azurin ( 214) . The possible nature of the change 

with pH can be guessed at from the structure since the imidazole 

ring can be  oriented with i ts ND2 and NE2 atoms adj acent either 

to two proton acceptors ( 8 7  0 and 11 COO ) ,  or to one proton donor 

( 3 7  NH) and one p roton accep tor (44 0) . Thus in the depro tonated 

inact ive form ,  the s idechain may be oriented so that hydrogen bonds 

are formed between NE2 and the C=O of Me t 44 , and NDl and the NH 
of Gly 37 . On the other hand , in i ts protonated or active form i t  may 

be oriented so that hydrogen b onds are formed between NDl and the 

carboxyl sidechain of the invariant Asp 11 , and NE2 and the C=O 

of I le 87 . I t  is more di fficul t to see , however , how any direct 

interaction o f  the sidechain o f  His 35 with a macromolecular redox 

agent can occur , as in thi s  s t ructure the s idechain appears quite 

inaccessib le . Al though it i s  close to  the surface , it is  covered 
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by two adj acent mainchain loops , 88-90 and 36-39 , whi ch would have 

to move apart to allow access to the imidazo le ring . Whether this 

occurs when a macromolecular comp lex is  formed , or when the 

hydrogen bonding pattern is  changed by a pH change , is a mat ter for 

speculat ion . The unusual ly s low acid-base exchange rate f ound for 

this residue in Ps . aeruginosa azurin (62) would suggest  that the 

s idechain is normally inaccessib le to solvent in that s tructure as 

wel l . 

Iri plas tocyanin , however , His 35 is replaced by Ala 3 3 ,  and 

there is no suggestion that  this residue is involved in electron 

trans fer . I t  seems more likely, therefore , that the s t ructure around 

His 35 is not a binding s i te for any redox partner , but that the 

conformational change involving His 35 has an indirect ef fect on the 

actual binding site , perhaps the hydrophobi c  pat ch , some 7-8R away . 

This  could occur for example through movemen t of Asp 1 1 , or , more 

probab ly , through movement of the s truc ture around Me t 44 (part of  

the hydrophobic pat ch) when the hydrogen bond between 35 NE2 and 44 0 

is  broken . 

Control of the electron trans fer mechanism , i . e .  the signal 

that the p rotein is ready to donate or accep t an e lectron may therefore 

be related to a pH dependent conformat ional change , either in the 

copper co-ordinat ion sphere ( as has been shown crystal lographically 

to be  the case for p lastocyanin ( 106) ) ,  or in His 35 (as suggested 

here for azurin) . As a s imilar pH dependent change has been observed 

for cytochrome c-551  ( 214 , 216) , such equilibria may be acting as 

sensitive negative feed-back mechanisms for controlling the f lux of  

elctrons down the electron trans fer chain .  In order to  confirm the 

exact nature of such changes ,  however ,  a series o f  accurate three 

dimensional s tructure analyses of both oxidised and reduced azurin 

between pH 3 . 0  and pH 9 . 0  is  necessary . Not only would the results 

o f  such a s tudy have direc t  relevance to possible e lectron t ransfer 
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pathways ,but they may elucidate the confonna tional changes requi red 

to b ring about the decolourisation o f  the pro tein at the extremes 

o f  this range ( 84 , 224) . 

I t  i s  possible that the electron trans fer pathways of  azurin 

and p lastocyanin may have diverged somewhat ,  so tha t  although they 

may , for ins tance , have simi lar binding si tes and e lectron trans fer 

mechanisms for oxidation (say the hydrophobic pat ch and His 117 or 

His 87) , those for reduct ion may dif fer ( for exampl e , involve the 

acidic patch in plas tocyanin , and His 35 in azurin) . On evolut ionary 

grounds , however , it is more likely that the binding s i tes and 

electron transfer mechanisms will be the same in b o th p roteins . Thus 

comparison of the three dimensional structures of azurin and 

p lastocyanin suggests  that oxidation and reduction may p ro ceed via the 

same electron t rans fer pathway , this being the exposed edge of  

His  11 7  (or His  87 for plastocyanin) with the hydrophobic  patch acting 

as a b inding s i te .  The pH effects observed by other workers ( 192 )  

are therefore more likely to be  related to conforma tional changes 

remote from the act ive site , but in some way , as yet unknown , essential 

to its function . 

Finally , i t  is int eresting to extend the homologies between 

azurin and p las tocyanin to o ther , larger , blue proteins such as 

laccase , as corbate oxidase , and perhaps cytochrome oxidase ( 8 1 ) . 

Although the latter is not usually considered as a b lue protein , i t  

is  known to contain a Type I copper i n  subunit  II , and the amino acid 

sequence of  this subunit is  very simi lar to that of azurin , especially 

about the copper b inding site . However ,  although the ESR spectrum 

of  this copper (one of the two per molecule) is  typical o f  a Type I 

copper , i t  has even narrower hyperfine structure ( 81 ) , and i ts 

op tical spectra cannot be s tudied due to the presence of  the heme . 

The "best"  alignment o f  the sequences shows that  the extended loop 

b e tween residues 37 and 46 of the azurin s tructure , which is  
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deleted in p lastocyanin , is  present in subuni t II o f  cytochrome c 

oxidase , and the sequence around Gly 45 and His 46 in azurin , 

Met-Gly-His-Asn-Trp , is matched by Me t-Gly-His-Gln-Trp in cyto chrome 

c oxidase (see Figure 1 . 2 . ) Since the s truc tural dif ferences between 

p las tocyanin and azurin in this region may be responsib le for 

the observed dif ference in the co-ordination sphere of the copper 

(vi z .  the nearness  of  the carbony l oxygen of Gly 45 to the copper 

atom in azurin) , i t  may be that an analogous close contact between 

copper and a carbonyl oxygen also occurs in cytochrome oxidase . 

Because of the great difference in s i ze between subunit II  o f  

cytochrome oxidase and azurin,  ( 2 2 7  residues c . f .  1 29 ) , large 

additions to the azurin sequence have to be  made in order to  

achieve proper alignmen t .  The largest of  these are at the beginning 

and end of the polypept ide chain . The p art of the sequence which 

is aligned with that of azurin shows a surprising degree of  homology, 

considering the diverse nature of the pro teins invo lved . Thus , 1 1  

residues are invariant between subunit I I  and all azurins , wi th a 

further 2 3  conservatively sub s tituted ( 8 1 ) . With this alignmen t ,  

mos t  o f  the insertions requi red , in addition to those at the N- and 

C- terminal ends , are in loops at the ends of  B s trands , or in the 

"f lap" region , and so are not important  to the topology . It i s  

thus reasonab le to pos tulate a 8-barrel-type structure for this 

sub uni t .  

I t  will be interesting to see if  further characterisation o f  the 

sequences of other multi-copper oxidases such as laccase and as corbate 

oxidase , which contain at leas t one "Type I" copper , match those of  

either azurin or  plas tocyanin . I f , when the full sequences are known , 

they do  appear to  have evolved from the same ancestral gene as a zurin 

and p las tocyanin , predict ion of their three dimensional s t ructures 

may be possible . 
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APPENDIX I 

The Pur i fication and Crys talliz ation of  Cytochromes c ' 

f rom Alcaligenes denitrif i cans and 

Alcaligenes sp . 

Cytochrome c ' , l ike azurin , is thought to  be involved in the 

electron t ransport chain of photosynthetic  and denitrifying bacteria 

(54 , 225 , 2 26 , 227 ) . In cytochrome c '  the iron atom is  in a high spin 

s tate , like those in deoxy-haemoglobin and myoglobin , but unlike the 

iron in eukaryotic  cytochrome c .  Cytochrome c '  also has very 

distinct magnetic  properties , unlike any other haem protein ( 2 2 7 , 

228 , 229) . All cytochromes c '  s o  far investigated have s hown unusual 

spectral properties , such as a split  Soret b and , and a dependence 

upon pH (54 , 91 , 225 , 22 8 , 230) . They are water soluble , auto­

oxidisab le and exhib i t  intermedi ate oxidation-reduction potentials 

of between 0 and 150 mV , at or above pH 7 . 0  (54 , 91 , 225 ) .  The 

protein usually exists  as a dimer (231) , with identical subunits 

of molecular weigh t  14 , 000 , each containing a heme group b ound to  the 

protein through cysteine-thioether bonds . In contras t to other cytochromes 

c ,  the lat ter connec t ions are n ear the carboxy rather than the 

amino terminus , with His as a f i f th ligand and no s ixth bond to 

Met ( 86 , 91 , 2 32) . Cytochrome c '  can be  involved in both aerobi c  and 

anaerobi c  metabolism in Pseudomonas species (91) , but i t  appears to  

be  mainly associated with anaerobic photosynthetic b acteria·, where 

it has b een shown to play an indirect  role in the electron transport 

pathway ( 148) . 

Purificati on 

The s olutions o f  cytochromes from the carboxy-methyl cellulose 

columns ( Section 2 . 2 ( iv) ) were concentrated by ultra-filtrat ion and 
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re-equil ibrated in 25 mM t ris-HCl buffe r ,  pH 8 . 5 ,  by gel filtrat ion 

(Sephadex G-25 medium) . Chromatography on diethylaminoethyl­

cel lulose (Whatman DEAE-52) was then carried out to remove any 

nucleic acids remaining in solution . The cytochrome adsorbed 

weakly to the column and could be eluted wi th 0 . 05 M tris-HCl buffer , 

pH 8 . 5 .  The resulting  solut ion was concentrated by ul t ra-filtration 

before f inely powdered ammonium sulphate was added s lowly with 

stirring . During the addi tion , small amounts of other cytochromes 

were removed by centrifugation a t  approximately 38 , 49 and 55% 

saturat i on ( the cytochromes being identified as c -type cytochromes 

by their spectra) . At 60% saturat ion , cytochrome c '  was precip itated , 

the resul ting pellet being dissolved in a minimum amoun t of  dis tilled 

water and subj ected to gel filtration (Sephadex G-75 f ine) 

under two different sets of  conditions , as described by Ambler ( 86 ) . 

The best  material obtained had a characteristic spectrum (Figure I-1) , 

and , as can be  seen , could eas i ly be dis tinguished from the c - type 

cytochromes . I t  was homogeneous by  S . D . S .  acrylamide gel electro­

phoresis ( 93 )  and had a spect ra l  rat:lo , Soret to 28p nm , of 0 . 33 -

0 . 35 ( 91 ) . The yield was approximately 0 . 3  mg of  protein per li tre 

of  culture . Pro tein concentration was calculated using the extinction 

coefficients given by Cusanovich (91 ) . 

Crystal l ization of  the cytochromes c ' . 

Cytochromes c '  from several bacterial sources have previously 

been crystallised . These include Ps . denitrificans (Ale.  sp-L o f  

this work) , Rhodospirillum rubrum , �pseudomonas palustris , 
Rhodospirillum molischianum and �pseudomonas capsulata ( 2 32 , 

233 , 2 34 ) . Of these , the first  crystallised as hexagonal b ipyramids 

which were too small for X-ray work , the next three crystallised in 

the orthorhombic space group P 212121 
with 1 or 4 dimer (s )  per 

asymmetric  uni t ,  while the last crystallised in the hexagonal space 
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group P 62 (or P 64 ) with one subunit  pe r asymmetric uni t .  Whi le 

this work was in progress the s tructure o f  cy tochrome c '  from R .  

molischianum was reported a t  2 . 5R resolut ion (235 ) . 

Cy tochrome c '  from both Ale . denitrificans and Ale .  sp� could 

be crystallised in three ways . 

(a) By vapour dif fusion : Finely powdered ammonium sulphate was 

added s lowly with s tirring to the protein solut ion ( 2-10 mg ml-l 

in 0 . 1  M phosphate buf fer pH 8 . 0) unt i l  the solution showed a 

faint turb idity ( approximately 50% saturated) . Buffer was then 

added drop by drop until  the turb idity vanished , and the solution 

was centrifuged at high speed before being left  to equilibrate 

against  95% saturated ammonium sulpha te at room temperature . 

(b) By microdialysis : The protein (approximately 25 mg ) was 

pre c ipi tated with ammonium sulphate ,  centrifuged , and the 

pel let made up to 1 ml with 0 . 1  M phosphat e buffer pH 8 . 0 .  

Thi s  solut ion was then dialysed agains t a 95% saturated ammonium 

sulphate solut ion made up with the same buf fer and made 1 M 

with sodium chloride . 

( c) By f ree interface dif fusion : 50 � 1  o f  protein solution made up 

as in (b) was carefully layered on 200 � 1  o f  saturated ammonium 

sul phate solut ion made using 0 . 1  M phosphate buf fer pH 8 . 0 .  

The largest crystals were ob tained us ing the f irs t method and 

usually appeared wi thin 3-4 weeks . Thos e  f rom Ale . denitrificans 

were chunky hexagonal bipyramids ,  very dark brown in colour and up to 

3 mm in length . (Figure I-2) . Those from Ale . s� were dark brown 

hexagonal needles up to 5 mm long with a c ross section about 1/6 their 

length at  one end , tapering to the o ther ( Figure I-3) . 
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Fig u rQ I - 2  C rysta l s  of c y tochrom<2 c '  f rom 

A lcaligen es deni trificans ( x 63 ) .  

Fi g u r Q  I - 3  C rysta ls of cy to chrom Q c '  f rom 

A lca ligenes sp ( x 63 ) .  
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Characterization o f  the Crys t als . 

Both cytochromes c '  crystallized in the same hexagonal space 

group 612 2  (or its  enant iomorph P 65
2 2) .  The length of the non-

unique axes and the intensity dis tribution in the dif fraction 

pattern seemed to be  identical in both protein crys tals , so  that  

apart from a small difference in the c axis , they can be considered 

isomorphous . Tab le  I-1 summari zes the uni t  cel l  parameters for both 

crys tals . 

-

Tab le I-1 . The Unit Cell Parameters for Cytochrome c '  from Ale . 

Source 

denit rificans and Ale . sp. 

Alcaligenes denitrificans 

54 . 7  
5 4 . 7 
181 . 5  
90  
90  
120  
4 .  703 X lo5R3 

1 .  2 2  � cm-3 
2 . 8 R dal ton-1 
4 4% 
1 subuni t 

Alcaligenes sp_. 

54 . 7  
5 4 . 7  
187 . 3  
90  
90 
120 
4 . 85 X lo5R3 

1 .  303 � cm-3 
2 . 89 R dal ton-1 

4 3% 
1 subuni t 

a Crystal densi t ies were measured by a densi ty gradient column (112) 

made up wi th water-saturated bromobenzene/kerosene with a range 

of 1 . 059  g cm-3  - 1 . 42 6  g - 3  cm 

b crystal  vol ume per uni t of  p rotein molecular weight  (113 )  

c fraction of  the uni t  cel l  occupied by the protein ( 11 3) 

d molecules of  protein per asymmetric unit .  

The crystals diffracted well , the diffraction pattern extending 

s trongly to at least zR . A value of V very similar to that found m 

for R .  capsulata (2 .77 R dalton-1) sugges t s  a s imilar packing o f  the 

symme try-re lated subunits for both prote in s .  
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APPENDIX I I  

Computer Programs Used 

The authors whose names are given in parentheses have made 

important  modif i cations to the programs , and/or have adapted the 

programs to run on the B6700 of the Massey Univers ity Computer 

Centre . 

1 .  DENSFOR 

C . E .Nockolds and R . H . Kretsinger , Unive rsi ty of Virginia , U . S . A .  

(B . F .  Anderson and S . V .  Rumball , Mas sey Univers i ty , �ew Z ealand) . 

This  program extracts integrated , background-correc ted intens i ties 

from density data output on magnetic tape by the Op tronics rotating 

drum microdensitome ter . A " f iducial hole "  must be punched in each 

film at the approximate centre of the reciprocal l �ttice net t . I t  

is  assumed that one axis i n  the dif frac t ion pattern lies within 0 . 5° 

of the vert ical direct ion o f  the film .  Thus an initial trans formation 

matrix can be  derived , and this is  then refined using a row o f  

re flections parallel to  the densitometer x direction , and con taining 

a reasonab le number of strong reflections . This mat rix is in turn 

used to predict the approximate positions of all reflect ions on the 

film . The intensi ty for each ref lection is integrated over a box,  

the dimensions o f  which can be entered into the  program to  al low 

for variations in spot shape and size . The background is measured 

either side of  the spot in the x or y direction and sub t racted from 

the integrated int ens ity . 



2 .  VENUS 
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B .W .  Mat thews , C . E .  Klopfens tein , and P .M .  Colman . J .  Phys . 

ES (19 72)  35 3 .  

(B . F .  Anderson, Massey Universi ty , New Zealand) 

Converts  the output from DENSFOR to structure factor amplitudes . In 

doing this i t  averages all symmetry-related reflections , calcu lating 

a merging R factor for the latter , and ensures that sys tematically 

absent reflections are removed .  Film-to-film scale factors and 

Lorent z-polarisation corrections are app lied . 

3 .  WPSCALE 

B . F .  Anderson , Massey University , New Zealand . 

This  program uses a Wilson-type plot to  scale the derivative 

intensi ties , F
2
PH to the native intensities Fp

2 • Values of  

Log (LFPH
2

/LFP
2) in b locks o f  (sin8 /A )

2 
are calculated using l inear 

regression procedures to obtain 2B (the s lope) and the scale factor 

K ( intercept) . The derivatives are scaled using the following 

equation .  

2 
FPH ( corr) 

The output is a list 

derivative intensi ty 

4 .  FOURIER 

of ref lect ions with amplitudes FP and FPH ' 
2 FPH and the isomorphous difference 6 .  �so 

A.  Zalkin , University of  California ,  U . S . A .  

R . J .  Del laca , Canterbury Univers ity , New Zealand . 

the 

A rewritten and expanded version of the program FORDAP by A .  Z alkin , 

wri tten by R . J .  Dellaca , Canterbury Universi ty ,  New Zealand . I t  

calculates Fourier syntheses , and Patterson maps . 



5 .  CUCLS 
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W . R .  Busing , K . O .  Martin ,  and H .A .  Levy . Oak Ridge National 

Laboratory , U . S .A .  

R . J .  Dellaca , Canterbury Univers i ty ,  New Zealand . 

A modified version of ORFLS (by Busing , Martin and Levy) wri t ten by 

R . J . Dellaca . A full matrix leas t squares program for refinemen t .  

6 .  HILGNIX 

R . J .  Dellaca , Canterbury Universi ty , New Zealand . 

P . E .  Nixon , Auckland Universi ty , New Zealand . 

(E . N .  Bake r ,  Massey University , New Zealand . )  

HILGNIX is a processing program for data collected on a Hilger and 

Watts dif fractometer . Parts o f  i t  are based on the program DRED 

(by J . F .  Blount)  and parts on the program PICKOUT (by R . J .  Doedens) . 

Key subrout ines include the following . 

(a) Input : Reads the data from the paper tape . Mis-setting of  the 

crys tal is frequently revealed by unequal backgrounds . Al though 

the peak count  is often relatively unaffected , the uneven 

backgrounds adversely affect the background-averaging rout ine . 

To avoid this , i f  one background is significantly greater than 

the other , both are set equal to the lower of the two . 

(b)  Stdiv : Corrects for radiation damage to the crystal . A linear 

correction is made , where the corrected intensi ty 

I corr I /K ,  where 

K 1 - (N/N t ) P / 100 
P % drop in intensity  in a 

blo ck o f  data 

N reflection number  

Nt  total number o f  reflections 
in the b lock o f  data . 
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( c )  Backav : Averages the backgrounds , enabling ·them to be counted 

for a shorter time than is usual . This procedure is discussed 

fully in Section 2 . 6 . 2  under the heading "Data Processing" . 

(d )  Bsub lp: Applies background correction and Lp corrections . 

( e )  Empabs :  Corrects for absorp tion using an empirical absorp tion 

curve as described by North , Phi llips and Mat thews ( 130) . See 

Section 2 . 5 . 2 .  

7 . MERGEDATA 

E . N .  Baker , Massey University , New Zealand . 

Shells of  data are merged into one unique data set . A weighted mean 

is taken for reflections measured more than once , and for equivalent 

ref lections . For heavy atom derivatives , Friedel pairs are kept 

separate . The average intensi ty is calculated in intervals o f  sin28 ,  

as is  an R index measuring the agreement between the Friedel pairs 

8 .  PHASIP 

E .N .  Bake r ,  Massey University , New Zealand . 

This  program scales the native and derivative dat a  sets together 

us ing pro cedures described by Wyckoff  et  al . ( 1 32 ) . All derivative 

data is scaled by a factor k ,  where 

The output is a file of  ref lections hki with structure factor 

amp l itudes _ for the native crys tals and for each heavy atom derivative 

(with the anomalous data being retained for the derivatives) .  



9 .  PHASE 
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B .W .  Matthews , Ins titute for Molecular Biology , Universi ty of 

Oregon , Eugene , Oregon , U . S . A .  

(B . F .  Anderson , E .N .  Baker , Massey University , New Zealand) . 

The program determines phases from isomorphous replacement 

measurements . Errors are taken into account using the method of  

Blow and Cri ck (153 , 158) . Both the "most  probab le" and "bes t "  phases 

are calculated . Anomalous scat tering measurements may be included 

in the phase determination as described by North ( 155 )  and Matthews 

( 14 7) • 

10 . MODFIT 

N .  Isaacs and E . J .  Dodson , Chemis try Department ,  University 

o f  York , Uni ted Kingdom . 

(E . N .  Baker , Massey University , New Zealand) . 

A program which adj us ts a set of  protein co-ordinates by leas t 

squares to obtain an acceptable geometry . I t  uses an iterat ive 

conj ugent gradient algorithm for the minimisation . (For details see 

Rollett "Computing Methods in Crystallography") . A complete 

description of  the method and program is  given by Dodson et  al . ( 2 37) . 

11 . NOL1N6 

W . G . J .  Hol ,  Department of Chemi cal Phys ics , University of Groningen , 

The Netherlands . 

(E . N .  B aker , Massey Universi ty , New Zealand) . 

This program enab les all or part of  one protein molecule to be 

superimposed on ano ther . An iterative non-l inear leas t squares method 

is used , based on tha t  of Rao and Rossman ( 163) . See also section 3 . 12 
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12 . ORTEP 

K . C .  Johnson , Oak Ridge National Laboratory Report ,  ORNL-5 138  

( 19 76) U . S .A .  

(B . F .  Anderson , Massey Univers i ty , New Zealand) . 

This program produces diagrams of  molecular structures , ei ther in 

mono or in s tereo , from supplied atomic co-ordinates . 

1 3 .  CONTOUR 

E . J .  Dodson . University of York , U . K .  



-251-

APPENDIX I l l  

The Removal o f  C u  by KCN 

In solution ,  the Cu atom can readily be removed by dialysis o f  

the reduced protein against 0 . 5  M cyanide ( 2 36) , and o f  the 

oxidised protein against 0 . 1  M cyanide ( 9 7 ) . I t  was found that 

soaking the azurin crys tals in 0 . 1  M KCN solution at  room temperature 

caused the crystals to become colourless within 1 week . When this  

was originally discovered (when crys tals were first obtained) , i t  

was observed , however , that  after a period o f  time the b lue colour 

of the crys tals gradually returned , and i t  was thus assumed that the 

copper had been reduced rather than removed .  

Near the end o f  the structure determination when interest was 

centred on finding an isomorphous reduced crystal , the effect of  

KCN was recalled , and the experimen t repeated . In order to 

estab lish the fact that the copper had in fact been reduced and not 

removed ,  atomic absorption analys is for copper was carried out on 

some crystals that were treated in the following way : Some small 

crys tals were soaked in a 0 . 1  M KCN solution , 75% saturated wi th 

ammonium sulphate , until they became colourless . They were then 

filtered , washed with a 7 5% saturated solut ion of ammonium sulphate , 

before being dissolved in deionized water and subj ected to atomic 

absorption analysis . The results of  this analys is showed the copper 

concentration to be  approx imately 10% of  the protein concen-tration 

( as measured by the absorbance at 280 nm) , indicating that mos t  of 

the copper had been removed from the protein . 

Some crystals , large enough for photography , had b een treated 

in the same way , and as these had no surface cracks , suggesting 

no maj or conformational changes in the protein ,  a precession photograph 

was taken of the ho� zone of one of them . This showed that the 
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crystal diffracted wel l ,  although there appeared to be  a slight  

increase in both the a and c axial lengths ( a = 75 . 3  c . f .  7 5 . oR 

c = 9 9 . 6R c . f .  99 . 5R) .  

I f  this had been realized when the search for heavy atom 

derivatives was being undertaken , metal replacement experiments 

would have been carri ed out with the hope o f  isomorphism being 

res tored on the b indi ng of another metal . S everal  such replacements 

have been successfully carried out in the process of spectral 

inves tigat ions into the blue copper site ( 1 7 , 18 , 42 , 43)  and although 

these have involved metals wi th atomi c numbers smaller than that of 

copper , i . e .  nickel , cobalt and manganese , i t  is possible that 

substitution of the metal site by mercury or cadmium might have been 

possib le , resulting in a useful change of  s cattering material . 
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APPENDIX 4 . The Atomi c Co-ordinates 
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C C  0 . 0 4 5  0 . 298 0 . 1 3 9 c 0 . 072 0 . 3 7 9  0 . 0 1 4  
C D 1  0 , 0 3 4  0 . 297 0 . 1 5 1  0 0 . 06 5  0 . 37 1  0 . 02 3  
C E 1  0 . 02 3  0 . 3 1 2  0 . 1 5 3 CB 0 , 070 0 , 400 - . 006 
C l  0 , 02 3  0 . 327 o .  1 45 0C 1 0 . 056 0 . 38 9  - . 0 1 1 
C E2 0 , 0 ] 4  0 . 320 0 . 1 3 4 CC2 0 . 0 88 0 . 39 1  - , 009 
C 02 0 , 0 4 5  0 . 3 1 3  0 . 1 3 1  
OH 0 , 0 1 1 0 . 3 4 1  o. 1 4 8  ARC 79 

N 0 . 0 8 3  0 . 37 1  0 , 004 
VAL 73 CA 0 . 035 0 . 3 5 1  0 . 004 

ll 0 . 08 3  0 . 28 6  o .  1 0 4  c 0 , 06 6  0 . 3 4 6  - . 00 0  

C A  0 . 082 0 . 287 0 . 08 9  0 0 . 05 7  0 . 3 5 8  - . 00 7  

c 0 . 095 0 . ]0 1 0 . 08 3  en 0 , 0 8 9  0 . 3 4 4  0 . 0 1 8  
0 o .  1 0 4  0 . 298 0 . 07 3  CC 0 . 09 9  0 . 326 0 . 0 1 8  
C B  0 , 0 6 3  0 . 290 O , OH4 CD 0 , 1 1 5  0 . 325 0 . 00 8  
C G 1  0 . 0 5 7  0 . 27 3  0 . 076 NE 0 , 1 2 0  0 . 30 7  0 . 005 
CG2 0 . 062 0 . 306 0 . 07 5  cz o .  1 2 9  0 . 302 - . 006 

N H 1  0 . 1 3 3 0 . 285 - . 008 
L YS 7 4  H H 2  0 , 1 34 0 . 3 1 5  - . 0 1 4  

N 0 . 095 0 . 3 1 8  0 . 08 8  
C A  0 , 1 07 0 . 330 0 . 08 1  VAL 80 

N 0 . 05 9  0 . 3 3 1  0 . 0�4 
C A 0 . 0 4 1 0 . 326 - . 00 1  
c 0 . 026 0 . 3 3 5  0 . 007 
0 0 . 02 9  0 . 3 4 9  0 . 0 1 5  
C D  0 . 0 3 9  0 . 306 - . 002 
C C 1  0 . 0 4 2  0 . 3 0 0  - . 0 1 6  

C C2 J . 0 5 3  0 . 29 7  0 . 007 

I LE Il l  
N 0 . 0 1 0  0 . 32 9  0 . 00 6 
C A  - . 00 6  0 . 3 3 6  0 . 0 1 1  
c - . 0 1 0  0 . 3 3 4  0 . 027 
0 0 . 002 0 . 3 3 0  0 . 035 
C B  - . 02 3  0 . 3 3 1  0 . 00 4  
C C 1  - . 020 0 . 3 1 5  - . 006 
C D 1  - . 0 37 0 . 307 - . 0 1 1 
CC2 - . 0 3 2  0 . 3 47 - . 00 3  

.\ LA 82 
N - . 027 0 . 33 8  0 . 029 
C A  - . 0 3 4  0 . 3 3 3  0 . 0 4 3  
c -. 0 3 1 0 . 320 0 . 0 50 
0 - . 0 3 4  0 . 305 0 . 045 

C B  - . 0 5 4  0 . 3 4 2  0 . 04 3  

H I S  8 3  
N - . 026 0 . 322 0 . 06 3  
C A  -. 022 0 . 307 0 . 072 
c - . 02 9  0 . 309 0 . 0 86 
0 - . 0 3 0  0 . 32 4  0 . 0 9 1  
C B  - . 0 0 2  0 . 304 0 . 07 3  
C C  0 . 0 0 6  0 . 32 0  0 . 0 80 
H D 1  0 , 0 1 1  0 . 320 0 . 0 9 3  
C E 1  0 , 0 1 8  0 . 3 3 6  0 . 096 
H E 2  0 . 0 1 8  0 . 347 0 . 085 
C 02 0 , 0 1 1 0 . 3 3 7  0 , 07 4  

T H R  8 4  
N - . 0 3 2  0 . 294 0 . 092 
C A  - . 0 3 9  0 . 2 9 3  0 . 1 0 6 
c - . 022 0 . 2 9 1  o .  1 1 6  
0 - . 0 0 7  0 . 2 90 o .  1 1 1  

C B  - . 0 5 0  0 . 27 6  o .  1 0 7 
O C 1  - , 0 4 5  0 . 26 4  0 . 097 

CG2 - . 070 0 . 2 8 1  o .  1 0 5 

LYS 85 
:< -. 027 0 . 290 o .  1 29 
C A  -. 0 1 4  0 . 28 9  0 . 1 3 9 
c - . 0 1 0  0 . 2 69 0 , 1 4 3 
0 - . 0 2 1  0 . 257 0 , 1 4 1  
C D  - . 0 2 1  0 . 2 99 0 . 1 52 
CC - . 022 0 . ] 1 9  0 . 1 4 9  
C D - . 0 3 9  0 . 324 0 . 1 4 1  

CE - . 0 4 3  0 . 3 4 5  0 . 1 11 3  
I ll - . 0 6 ?.  0 . 3 4 3  o. 1 4 1  

Vi\L sr, 
!I 0 . 004 0 . 2 67 o .  1 5 1  
CA 0 . 008 0 . 250 0 . 1 5 7 

c - . cos o . 2 4 9  o .  1 69 

0 - . 008 0 . 26 2  o .  1 76 

C B  0 . 0 27 0 . 2 4 7  o .  1 6 1  

CG1  0 . 0 3 1  0 . 227 0 . 1 64 
CC2 0 . 03 9  0 . 25 3  C .  1 4 9  

ILE 87 
! I  - . 0 1 4  0 . 2 3 3  o.  1 70 
Ci\ - . 0 28 0 . 230 0 . 1 80 
c - . 02 5  0 . 2 1 1 o .  1 8 6 
0 - . 0 1 7  0 . 200 0 . 1 �0 
C D  - . 0 4 7  0 . 2 3 3  0 . 1 7 4 
CC1 - . 04 9  0 . 22 1  0 . 1 6 1  
C O l  - . 070 0 . 220 0 . 1 58 
CC2 - . 0 5 1  0 . 25 3  O .  1 7 1  

CL Y 
!I 
C A  
c 
0 

CLY 
N 
CA 
c 
0 

GLY 
N 

C A  
c 
0 

GLU 

N 

CA 
c 
0 
C A  
C G  
CD 

8 8  
- . 0 3 1 0 . 2 1 0  o .  1 9 9 
- . 02 9  o .  1 92 0 . 206 
- . 0 4 7  0 . 1 85 0 . 2 1 0  

- . 060 o .  1 95 0 . 2 1 2  

89 
- . 047 0 . 1 67 0 . 2 1 1 
- . 06 4  0 . 1 5 7 0 . 2 1 4  
- . 07 6  0 , 1 68 0 . 22 3  
- . 070 o .  1 7 4 0 . 2 34 

90 
- . 092 o. 1 7 0 0 . 2 1 9  

- . 1 0 5  o .  1 80 0 . 227 
- . 1 0 5  0 , 200 0 . 222 
- . 1 1 2 0 . 2 1 2  0 . 22 8  

9 1  

- . 097 0 , 202 0 . 2 1 0  

- . 09 5  0 . 2 1 9  0 . 204 

- . 1 02 0 . 220 0 . 1 89 

- . 1 0 8  0 . 205 o .  1 8 3 
- . 07 5  0 , 225 0 , 204 
- . 072 0 . 2 37 0 . 2 1 6  
- . 05 3  0 . 2 3 8  0 . 22 1  

OE1  - . 044 0 . 22 3  0 . 220 
OE2 - . 048 0 . 25 3  0 , 22 6  

SER 92 
N - . 1 0 1  0 . 2 3 6  o .  1 8 3 

CA - . 1 0 8 0 . 2 3 9  0 . 1 70 

I N 
Vl 
-....J I 



c - . 1 05 0 . 25 9  o .  1 65 

0 - . 1 03 0 . 2 7 1  0 . 1 75 

C B  -. 1 2 8  0 . 2 3 6 0 . 1 7 0 
O G  -. 1 3 4 0 . 2 3 0  0 . 1 8 3 

ASP 9 3  
N - . 1 0 5  0 . 2 6 3  0 . 1 5 3  
CA -. 1 02 0 . 262 o.  1 4 9 
c - . 1 1 0 0 . 286 o .  1 35 
0 - . 1 1 5  0 . 27 4 o .  1 2 8  
C B  -. 082 0 . 285 0 . 1 50 
C G  - . 07 9  0 . 3 0 5  0 . 1 4 6 
O D l - . 0 92 0 . 3 1 6  0 . 1 4 8 
0 � 2  - . 0 6 4 0 . 309 0 . 1 4 2  

S ER 
N 
C A  

c 
0 
C B  
O G  

V AL 
N 
C A 
c 
0 
C B  

94 
- . 1 1 1  0 . 304 0 . 1 33 

-. 1 20 0 . 309 0 . 1 2 0  

- . l O G D . 3 1 9  0 . 1 1 1  
- . 0 9 1  0 . 32 3  0 . 1 1 4  

-. 1 35 0 . 322 0 . 1 2 3  

-. 1 4 4  0 . 3 1 7  0 . 1 35 

9 5  

- . 1 1 4  0 . 323 0 . 099 
-. 1 05 0 . 334  0 . 089 
-. 1 1 7  0 . 340 0 . 077 
-. 1 2 6  0 . 3 3 0  0 . 07 1 
-. 0 8 7  0 . 323 0 . 08 4  

C G l  - . 088 0 . 3 1 3  0 . 07 4  
C G 2  - . 0 7 7  0 . 3 4 5  0 . 07 8  

T H R  9 6  
. ,  , ,  -. 1 1 4  0 . 35 8 0 . 075 
C A  - . 1 2 3 0 . 36 6  0 . 0 6 3  
c - . l OB 0 . 366 0 . 052 
0 -. 092 0 . 36 5  0 . 054 
C B -. 1 2 9  0 . 385 0 . 0 6 5  
O G l  - . 1 4 6 0 . 387 0 . 05 9  
C G2 - . 1 1 7 0 . 3 98 0 . 05 7 

PHE 'J7 
N - . 1 1 6 0 . 367 0 . 040 
CA - . 1 07 0 . 368 0 . 02 7 

c -. 1 2 1  0 . 368 0 . 0 1 6 

0 - . 1 35 0 . 358 0 . 0 1 8  
C B  -. 0 9 1  0 . 355 0 . 02 5  
C G  - . 0 9 G  0 . 3 3 8  0 . 0 1 7 
C O l  - . 1 0 5 0 . 3 2 3  0 . 02 5 
G E l  - . 1 1 0 0 . 307 0 . 0 1 8  

c z  -. 1 0 3  0 . 306 0 . 004 

C E2 - . 1 0 0  0 . 320 - . 00 3  
C D 2  - . 0 9 5  0 . 33 6  0 . 00 4  

ASP JA 
�/ - . 1 1 8  0 . 379 O . :JO G  

CA - . 1 32 0 . 3 8 1  -. 0 05 

c - . 1 2 3 0 . 378 - . 0 1 8  
0 - . 1 0 7  0 . 382 - . 020 
Cl3 - . 1 4 0 0 . 40 0  - . 004 

VAL 99 
� - . 1 34 0 . 3 7 2  - . 02 8  
CA - . 1 2 8  0 . 366 - . 0 4 1 
c - . 1 2 5 0 . 3 8 1  - . 052 
0 - . 1 3 3  0 . 3 9 5  - . 05 1  
Cl) - . 1 3 6 0 . 3 4 9  - . 046 
C G l  - . 1 2 3  0 . 3 3 3  - . 0 45 
CG2 - . 1 4 3  0 . 352 - . 060 

SER 1 0 0 

fJ - . 1 1 4 o .  375 - . 0 6 1  

CA - . 1 06 0 . 3 8 5  - . 072 

c - . 087 0 . 376 - . 072 

0 - . 0 3 1  0 . 3 6 9  - . 082 

C B  - . 1 0 1  0 . 404 - . 066 
O G  - . 1 1 4  0 . 4 1 7  - . 070 

LYS 1 0 1  
N - . 08 1  0 . 3 7 6  - . 0 60 

CA - . 06 5  0 . 367 - . 055 
c - . 0 59 0 . 3 4 6  - . 0 54 
0 - . 068 0 . 3 3 8  - . 0 4 3  

Cl3 - . 06 1  0 . 375 - . 040 

CG - . 06 4  0 . 3 9 5  - . 0 4 1  
C !:l  -. OG8 0 . 402 - . 027 

CE - . 07 1  0 . 42 3  - . 027 

NZ - . 082 0 . 42 8  - . 039 

LEU 1 0 2 
fl - . 073 0 . 3 3 9  - . 056 
CA - . 078 0 . 320 - . 067 

c - . 087 0 . 3 1 6  - . 080 
0 - . O R 4  0 . 30 1  - . 08 6 
C B  -. 092 0 . 3 1 7  - . 05 6  

CG - . 085 0 . 30 6  - . 044 
CD1  - . 0 9 1  0 . 286 - . 045 
CD2 - . 092 0 . 3 1 4  - . 030 

TI IR  1 0 3 
rl - . o9r o . 328 - . 0 8 4  

C A  - . 1 1 0 0 . 32 8  - . 096 

c - . 1 07 o .  3 1 8  - . 1 0 9  
0 - .  1 2 1  0 .  3 1 3  -. 1 1 5 

C B  - . 1 1 9 0 . 347 - . 0 98 

OG 1 - . 1 1 8 0. 357 - . 086 
CG2 - . 1 38 0 . 34 4  - . 1 02 

PRO 1 0 <1 TYR 1 1 0 
N -.09 1 0 . 3 1 6  - . 1 1 4 N - . 0 3 1  0 . 1 9 9 0 . 00 4  

C .� - . 0 90 :J . 309 - . 1 2 3  cr.. - . 030 0 . 20 8  0 . 0 1 8  
c -. 0 9 4  0 . 288 - . 1 2 9 c - . 0 1 8  0 . 1 96 0 . 027 
0 - . O j 9  0 . 27 9  - . 1 3 9 0 - . 0 1 9  0 . 1 8 0 D . 026 
CB -. 07 1 0 . 3 1 2 - . 1 3 3 CB - . 0 4 9  0 . 2 1 1 0 . 02 3  
C G - . 0 6 0  0 . 3 1 5  - . 1 20 CG - . 062 o .  1 9 4 0 . 022 
C D  - . 0 7 3  0 . 3 1 9  - . 1 0 9  C D 1  - . 075 0 . 1 9 4 0 . 0 1 2  

C E l  - . 086 0 . 1 78 0 . 0 1 0  
G LY 1 0 5 cz - . 0 83 o .  1 6 3  0 . 0 1 ')  

N -. 1 05 0 . 2 8 1  - . 1 2 0  C E 2  - . 070 0 . 1 6 4 0 . 029 
C A  - . 1 1 0  0 . 26 1  -. 1 2 2  CD2 - . 059 0 . 1 7 9  0 . 0 30 
c -. 0 :13 0 . 2 4 9  - . 1 2 1  OH - . 0 9 4  o .  1 4 8 0 . 0 1 7  
0 - . 0 9 1  0 . 2 3 7 - . 1 2 9 

PnE 1 1 1 
G LU 1 06 t/ - . 0 0 7  0 . 205 0 . 034 

t l  - . 0 82 0 . 25 3 - . 1 1 1  CA 0 . 00 7  0 . 1 95 0 . 0 4 1  
C A  -. 0 6 6  0 . 2 4 3  - . 1 0 9  c 0 . 0 1 0  0 . 20 1 0 . 056 
c - . 0 6 9  0 . 22 7 - . 09 9  0 0 . 0 07 0 . 2 1 6  0 . 060 
0 - . 0 8 4  0 . 220 - . 093 CB 0 . 02 4  o. 1 94 0 . 0 3 3  
C B  -. 05 1 0 . 2 55 - . 1 0 3  CG 0 . 0 3 5  0 . 2 1 2  0 . 0 3 3 
C G  - . 0 3 6  0 . 257 - . 1 1 4 CDl  0 . 0 3 9  0 . 220 0 . 020 I C D  - . 0 2 8  0 . 2 3 8  - . 1 1 8  C E l  0 . 0 4 9  0 . 2 3 5  0 . 020 N 
O E l  - . 020 0 . 2 3 8  - . 1 2 9 cz 0 . 057 0 . 2 4 2  0 . 0 3 1  I.Jl 
O E 2  - . 0 3 1  0 . 22 5  - . 1 1 0  CE2 0 . 053 0 . 234  0 . 0 4 4  00 I CD2 0 . 04 3 0 . 2 1 9 0 . 044 

ALl\ 1 0 7  

1/ - . 055 0 . 22 4  - . 0 9 1  CYS 1 1 2 
C A  -. 055 0 . 2 1 0  - . 08 1  N 0 . 0 1 7  o .  1 8 8 0 . 0 6 4  
c - . 0 4 2  0 . 2 1 5  - . 070 CA 0 . 02 1  O . l 'i l 0 . 078 
0 - . 02 6  0 . 2 1 2  - . 07 1  c 0 . 0 4 1  0 . 1 94 0 . 079 
Cl3 - . 0 5 0  0 . 1 9 1 - . 087 0 0 . 052 o .  1 82 0 . 07 7  

C B  0 . 0 1 5  0 . 1 75 0 . 087 
TYR  1 0 8  SG 0 . 0 1 7  0 . 1 80 0 . 1 05 

1-1 - . 050 0 . 22 3  - . 060 
C A  - . 0 4 0  0 . 22 8  - . 047 SER 1 1 3  
c - . 0 4 2  0 . 2 1 3  - . 0 3 7  iJ 0 . 0 4 5  0 . 2 1 1 0 . 082 
0 -. 055 0 . 20 4  - . 036 C A  0 . 0 64 0 . 2 1 7  0 . 08 3  
C B  -. 0 5 0  0 . 2 4 5  - . 0 4 2  c 0 . 069 0 . 2 1 7  0 . 098 
C G  - . 0 4 3  0 . 262 - . 050 0 0 . 070 0 . 2 3 1  o . 1 0 5 
C D l  - . 02 7 0 . 26 0 - . 0 5 7 CB 0 . 0 6 7  0 . 2 3 6  0 . 078 
C E l  - . 02 0  0 . 275 - . 0 5 4  OG 0 . 050 0 . 2 4 3  � . 074 
c z  - . 0 2 8  0 . 292 - . 06 3 
C E 2  - . 0 4 4  0 . 294 - . 055 P i lE  1 1 4 
C D2 - . 0 5 1  0 . 2 7 9  - . 0 4 9  1 1  0 . 07 3  0 . 200  o .  1 0 3  
O H  -. 02 1 O . J07 - . 06 9  C A  0 .  08 1 0 .  1 ')7 0 .  1 1 6  

c 0 . 096 c .  1 8 4 o .  1 1 3  
o'I LA 1 0 9  0 0 . 0 9 5  0 . 1 7 3 0 . 1 0 11 

i/ - . 0 2 7  0 . 2 1 0  - . 030 en 0 . 06 8  o. 1 90 0 . 1 2 6 
C A  - . 0 27 0 . 1 97 - . 0 1 9  CG 0 . 072 0 . 1 8 3 0 . 1 4 0 
c -. 025 0 .208 - . 006 C D l  0 . 07 9  0 . 1 6 6 0 . 1 4 2 
0 - . 020 0 . 224 - . 007 G E l  0 . 0 8 3  O .  1 6 0  0 . 1 5 5 
C fl - . 0 1 3  o .  1 82 - . 020 cz 0. 08 1 0.  172 0. 1 66 

C E 2  0 . 075 0 . 1 89 0 . 1 6 4  



C02 0 . 07 0  0 . 1 95 0 . 1 5 1  C A  0 . 02 �  D . D79 0 . 05 1  
c 0 . 0 1 2  0 . 09 0  O . OG4 

P RO 1 1 5  0 - . 00 3  0 . 0 3 3 0 . 0 6 3  
N o .  1 0 9  0 . 1 3� o .  1 22 en 0 . 03 1 0 . 062 0 . 070 
CA 0 . 1 2 4 o. 1 72 0 . 1 2 1  CG 0 . 025 0 . 06 4  0 . 034 
c o .  1 1 8  0 . 1 5 3  0 . 1 1 8  so 0 . 0 3 1  0 . 0 4 4  0 . 094 
0 0 . 1 1 2  0 . 1 4 3  0 . 1 27 C E  0 . 0 3 6  0 . 027 0 . 082 
C B  o .  1 3 3 0 . 1 73 o .  1 3 5 
C G  0 . 1 2 2  o .  1 86 o .  1 4 4  I1ET 1 2 1  
C D  o .  1 1 1  o .  1 98 o .  1 3 3 � 0 . 0 1 4  o .  1 0 5 0 . 0 55 

C A  - . 002 o .  1 1 9  0 . 056 
:JLY 1 1 6  c - . 00 4  o .  1 2 9  0 . 053 

N 0 . 1 22 o .  1 4 7  0 . 1 0 6  0 0 . 00 0  o .  1 4 4  0 . 0 5 1  
C A  o .  1 1 9 0 . 1 2 9  0 . 1 02 Cll - . 002 o .  1 30 0 . 07 9  
c 0 . 1 0 0  0 . 1 22 0 . 09 9  CG 0 . 00 3  o.  1 1 3  0 . 0 9 1  
0 0 . 09 6  o .  1 06 0 . 09 9  so  0 . 002 o .  1 2 8 o .  1 07 

C E  - . 02 0  o .  1 3 6 o .  1 0 9  
H IS 1 1 7  

N 0 . 0 8 7  0 . 1 35 0 . 097 LYS 1 22 
C .� 0 . 0 5 9  0 . 1 2 9  0 . 09 4  N - . 00 9  o .  1 1 3  0 . 0 4 3  

c 0 . 0 6 3  0 . 1 28 0 . 080 C A  - . 008 o .  1 2 2  0 . 029 
0 0 . 05 2  0 . 1 1 7  0 . 07 6  c - . 02 7  o .  1 22 0 . 022 
CB 0 . 05 5  o. 1 4 0 0 . 1 0 3  0 - . 0 3 8  o .  1 1 0 0 . 02 3  

C G  0 . 0 5 5  o .  1 33 0 . 1 1 7 Cll 0 . 00 3  o .  1 07 0 . 02 2  
N 0 1  0 . 0 4 6  0 . 1 4 3  0 . 1 2 7  CG - . 00 2  o .  1 0 4 0 . 007 
C E l  0 . 0 4 9  0 . 1 3 3  O. 1 3 8 CD 0 . 00 1  o .  1 22 - . 000 
NE2 0 . 060 0 . 1 1 9  0 . 1 3 6 CE - . 00 2  o .  1 1 9  - . 0 1 5  
C 02 0 . 06 4  0 . 1 1 9 O.  1 22 NZ - . 000 o .  1 3 7 - . 022 

T R P  1 1 8  GLY 1 2 3 
N 0 . 06 9  o .  1 4 1  0 . 072 N - . 030 o .  1 37 0 . 0 1 5  
C A  0 . 0 6 3  0 . 1 4 4  0 . 05 8  CA - . 0 4 7  o. 1 3 8 0 . 00 8  
c 0 . 06 5  0 . 1 2 8 0 . 04 8  c - . 05 1  0 . 1 55 - . 000 

0 0 . 0 6 3  0 . 1 30 0 . 03 6  0 - . 0 4 7  o .  1 70 0 . 004 
CB 0 . 07 3  o.  1 60 0 . 05 2  
C G  0 . 0 9 1  0 . 1 55 0 . 0 4 6  T H R  1 2 4 
C D 1  0 . 097 0 . 1 6 1 0 . 0 3 4  N - . 06 1  0 . 1 52 - . 0 1 1  
N E 1  0 . 1 1 4 0 . 1 5 3 0 . 0 3 2  C l\  - . 06 6  o .  1 6 5  - . 02 1  

C E2 O .  1 1 7 O .  1 42 0 . 04 3  c - . 08 3  o .  1 76 - . 0 1 3  
C Z2 0 . 1 3 3 0 . 1 3 1  0 . 045 0 - . 094 0 . 1 7 3  - . OOJ 
C H2 0 . 1 34 0 . 1 2 1  0 . 05 ?  C ll  - . 0 6 7  0 . 1 55 - . 035 
CZ3 0 . 1 1 9 0 . 1 22 0 . 056 OG 1 - . 077 0 . 1 4 0 - . 0 3 3  
C E 3  0 . 1 0 4 0 . 1 32 0 . 06 4  C G 2  - . 048 0 . 1 5 1  - . 0 39 
C 02 0 . 1 0 3 0 . 1 4 3  0 . 05 2  

LEU 1 25 
A LA 1 1 9  'I - . 0 8 4  0 . 1 90 - . 026 

� 0 . 06 8  0 . 1 1 2  0 . 054 C J\ - . 0 98 0 . 204 - . 026 
CA 0 . 0 7 0  0 . 0 97 0 . 0 4 4  c - . 098 0 . 2 1 3  - . 0 3 9 
c 0 . 05 3  0 . 08 6  0 . 04 6  0 - . 034 0 . 2 1 9  - . 0 4 4  
0 0 . 04 7  0 . 07 5  0 . 03 7  C l3 - . 095 0 . 2 1 7  - . 0 1 4  

C ll  o . o 8 6  o . o a5 o . o4 B  CG - . 1 00 0 . 236 - . 0 1 7  
c o 1  - . 0 8 7  o . 2 4 9  - . oo3 

11ET 1 20 CD2 - . 1 1 9  0 . 2 4 0  - . 0 1 3  
N 0 . 0 4 4  0 . 088 0 . 05 7  

LYS 
N 
C A  
c 
0 
C B  
C G  
C D  
C E  
ll Z 

LEU 
N 
C A  
c 
0 
C B  

C G  

1 .? 6  
- . 1 1 4 0 . 2 1 3  - . 0 45 

-. 1 1 7  0 . 220 - . U5 9  
- . 1 3 4 J . 2 j 1  - . 05 8  
- . 1 � 4 0 . 2 3 0  - . 04 8  
- . 1 22 0 . 20 3  - . 06 7  
- . 1 3 9 o .  1 95 - . 0 6 1  
- . 1 4 7  0 . 1 80 - . 069 
- . 1 36 o .  1 62 - . 06 7  
- . 1 37 0 . 1 57 - . 0 5 3  

1 27 
- . 1 3 5 0 . 2 4 1 - . 06 9  
- . 1 5 1  0 . 25 4  - . 0 7 1  
- . 1 6 9 0 . 24 4  - . 07 4  
- . 1 83 0 . 25 2  - . 070 
- . 1 4 6 0 . 266 - . 0 8 3  
- . 1 4 7  0 . 285 - . 07 �  

C O l  - . 1 6 6 0 . 2 9 1  - . 07 6  
C D 2  - . 1 3 6 0 . 289 - . 06 5  

S E R  1 2 8 
N - . 1 69 0 . 22 9  - . 0 8 1  
C A  - .  1 34 0 . 2 1 9  - . 0 8 4  
c - . 1 99 0 . 22 9  - . 09 1  
0 - . 205 0 . 22 4  - . 1 07 
C B  -. 1 9 1 0 . 20 9  - . 072 

OG - . 207 o.  1 99 - . 07 5  

ASN 1 2 9 
N - . 2 1 6  0 . 22 7  - . 08 4  
C A  -.238  0 . 230 - . 092 
c - . 2 4 1 0 . 2 50 - . 092 

0 - . 25 6  0 . 255 - . 08 9  
Cl3 -.250 0 . 2 1 8  - . 0 8 4  
C G  - . 2 4 5  o .  1 �8 - . 08 4  
OD 1 - . 2 3 ':1  0 . 1 ':10 - . 0? 5  l l:l2 - . 2'l 9 0 . 1 � 1  - . 096 
or. - . 233 0 . 26 1 - . 0 9 6  

IHL 1 jfl 
cu 0 . 0 1 9  0 . 1 60 0 . 1 22 

I N 
Vl \.0 I 



AZUR IN MOLECULE I I  
ALA 1 �I 0 . 2 97 0 . 360 0 . 3 3S 

N 0 . 24 4  0 . 2 4 5  0 . 277 CA 0 . 3 1 4  0 . 37 1  0 . 3 3 5  
C A  0 . 2 3 0  0 . 2 35 0 . 28 3 c 0 . 3 1 7  0 . 37 7  0 . 350 
c 0 . 2 1 2  0 . 2 4 1  0 . 27 8  0 0 . 30 4  0 . 3 82 0 . 356 
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C Z 3  0 . 22 5  0 . 44 0  0 . 302 ALA 5'� A LA 60 CA 0 , 204 0 , 675 0 . 37 0  
C E 3  0 . 2 3 5  0 . 450 0 . 3 1 1 tl 0 . 305 0 . 574 o .  1 94 N 0 . 27 2  0 . 6 1 6  0 . 28 3  c 0 , 2 1 2  0 , 668 0 . 383 
C D2 0 . 25 3  0 . 4 4 8  0 . 3 1 2  CA 0 , ]0 4  0 . 594 o. 1 92 c �  0 . 2 8 6  0 . 6 1 9  0 . 29 3  0 0 , 2 1 1 0 . 678 0 . 3 9 3  

c 0 . 2 8 8  0 , 60 2  0 , 20 0  c 0 . 285 0 . 6 3 7  0 . 300 en 0 , 1 8 9 0 . 6 6 3  0 . 364 
VAL 4 9  0 0 . 2 8 6  0 . 6 1 9  0 . 20 1 0 0 . 2 7 9  0 , 6 3 9  0 . 3 1 1 

tl 0 . 2 4 9  0 . 50 5  0 . 30 9  CB 0 . 30 3  0 . 590 o. 1 77 C 8  0 . 305 0 . 6 1 7  0 . 286 GLY 6 7  
C A  0 . 2 3 5  0 . 5 1 0  0 . 299 tl 0 . 22 0  0 . 652 0 . 38 3  c 0 . 2 3 9  0 . 502 0 . 285 ASP 55 THR 6 1  CA 0 . 2 3 1  0 . 6 4 5  0 . 3 � 1  0 0 . 25 3  0 . 50 4  0 . 280 N 0 . 2 7 7  0 . 590 0 . 205 :; 0 . 2 ') 1  0 . 6 5 1  0 . 2 93 c 0 . 226 0 . 6 3 8  0 . 407 
C B  0 . 2 3 4  0 . 5 3 1  0 . 29R CA 0 . 262 0 . 595 0 . 2 1 3  C A  0 . 290 J . 67 0  0 . 298 0 0 . 222 0 . 6 4 9  0 . 4 1 6  
C G l  0 . 2 3 5  0 . 5 3 9  0 . 3 1 2  c 0 . 26 9  0 , 595 0 . 22 8  c 0 . 27 4  0 . 67 3  0 . 307 
CG2 0 . 2 5 0  0 . 5 3 7  0 . 290 0 0 . 26 4  0 . 606 0 . 2 36 0 0 . 275 0 . 6 d 1  0 . 3 1 8  LEU 68 C B  0 . 24 7  0 . 582 0 . 2 1 1 C fl  0 . 292 0 . 68 4  0 . 2P.7 N 0 . 229 0 . 62 1  0 . 40 9  

L E U  5 0  CG 0 . 2 3 1  0 . 592 0 . 20 4  O G l 0 . 286 0 . 67 6  0 . 27 5  CA 0 , 224 0 . 6 1 4  0 . 42 3  
N 0 . 22 5  0 . 495 0 . 27 9  00 1 0 . 236 0 . 602 0 . 1 9 4 C G 2  0 . 3 1 2  0 . 6 9 0  0 . 2 86 c 0 , 204 0 , 6 1 8  0 , 424 
C A  0 . 22 7  0 , 4 8 7  0 . 265 002 0 . 2 1 6  0 . 590 0 . 20 9  0 0 , 1 98 0 . 632 0 . 4 1 9  
c 0 . 22 1  0 . 5 0 1 0 . 254 A S P  6 2  Cll 0 . 2 35 0 . 6 2 3  0 . 4 3 Q  



CG 0 . 25 3  0 . 6 1 4 0 . 4 3 6  NH 1 0 . 22 1  0 . 655 0 . 246 0 � . 23 1  0 . 437 0 . 3 7 8 
C D 1  0 . 25 0  0 . 5 9 7  0 . 4 4 5  LYS 7 4  H H 2  0 . 2 0 3  0 . 65 3  0 . 22 5 Cf1 o .  1 8 9 0 . 4 9 1  0 . 3 9 0  
C D2 0 . 2 6 5  0 . 62 7  0 . 4 4 4  N o .  1 84 0 . 6 1 7  o .  332 C G  C . 1 7 1  0 . 50 2  0 . 390 

C A 0 . 1 7 3  0 . 6 3 3  0 . 3 30 VAL 80 CD 0 . 1 (J 3  0 . 5 0 3  .) . 4 0 4  
A LA 6 9  c 0 . 1 5 4  0 . 626 0 . 3 3 1  N o. 1 7 4 0 . 552 0 . 25 3  C E  0 . 1 72 0 . 48S � . 4 1 3  

il o. 1 94 0 . 50 6  � . 4 3 1  0 0 . 1 5 1  0 . 6 1 0 0 . 3 36 C A o. 1 7 3  0 . 5 3 5  0 . 260 I ll 0 . 1 60 0 . 472 0 . 4 1 3  

C A  0 . 1 7 5 0 . 6�9 0 . 4 3 2  C B  o .  1 76 0 . 6 3 9  0 . 3 1 5 c o. 1 6 0 0 . 525 0 . 25 9  

c 0 . 1 68 0 . 6 1 4 0 . 4 1 7  CG 0 . 1 7 1  0 . - 5d 0 . 3 1 2 0 0 . 1 4 7 0 . 5 3 1  0 . 264 VP. L  36 
0 0 . 1 6 6  0 . 63 1 0 . 4 1 4  CD o.  1 7 7 0 . 6 7 1  0 . 323 CB o .  1 8 3  0 . 5 3 9  0 . 27 4 N 0 . 222 0 . 5 1 0  0 . 3 9 1  

C B  0 . 1 7 1  0 . 62 5  0 . 4 4 1 CE 0 . 1 7 9 0 . 69 1 0 . 3 1 7 C G 1  0 . 1 8 8 0 . 5 5 9  0 . 27 6  C A  0 . 2 3 9  0 . 5 1 3  0 . 3 9 9  

tll 0 . 1 86 0 . 70 3  0 . 32 8  C G 2  0 . 1 6 7 0 . 5 3 4  0 . 28 3  c 0 . 23 7  0 . 502 0 . 4 1 2 
GLN 70 0 0 . 222 0 . 497 0 . 4 1 5 

N o .  1 6 6  0 . 599 0 . 4 1 0  ALA 75 I LE 8 1  CB 0 . 2 3 8  0 . 5 3 4  0 . 402 
C A  0 . 1 6 1  0 . 600 0 . 396 N o .  1 4 1  0 . 6 3 7  0 . 32 8  I� 0 . 1 6 0  0 . 509 0 . 252 CG 1 0 . 22 1  0 . 5 4 1  0 . 395 
c o .  1 7 8 0 . 595 0 . 38 8  C A  o .  1 22 0 . 629 0 . 328 C A  o .  1 4 3 0 . 50 0  0 . 252 CG2 0 . 25 4  0 . 54 3  0 . 394 
0 o .  1 85 0 . 605 0 . 37 9  c 0 . 1 2 2  0 . 6 1 6 0 . 3 1 5  c o. 1 3 8 0 . 4 95 0 . 26 6  
C B o .  1 5 3  0 . 6 1 8  0 . 39 1  0 0 . 1 3 6 0 . 6 1 6  0 . 308 0 0 . 1 2 3 0 . 4 95 0 . 270 I LE 8 7  
C G  o .  1 55 0 . 62 2  0 . 376 Cfl o. 1 08 0 . 6 4 4  0 . 328 CB 0 . 1 4 4  0 . 4 83 0 . 24 3  N 0 . 25 2  0 . 4 9 8  0 . 4 1 8  
C D  0 .  1 3 B 0 . 62 5  0 . 36 9  C G 1  0 . 1 5 3  0 . 4 6 7  0 . 250 CA 0 . 2 5 1  0 . 487 0 . 4 30 
OE 1 0 . 1 3 1 0 . 6 40 J . 36 9  GLY 7 6  C D 1  0 . 1 7 3 0 . 467 0 . 2 4 7  c 0 . 26 9  0 . 4 8 9  0 . 4 3 3  

N E2 0 . 1 30 0 . 6 1 1 0 . 36 3  N o .  1 06 0 . 6 1 1 o .  3 1 1 C G 2  0 . 1 5 3 0 . 4 B 7  0 . 22 Y  0 0 . 282 0 . 4 9 4  0 . 4 3 2  

C A  0 . 1 0 4  0 . 59 9  0 . 300 C B  0 . 2 4 8  0 . 4 6 7  0 . 42 6 
I 

A S P  7 1  c o .  1 1 4 0 . 606 0 . 2 8 7  ALA 62 CG 1 0 . 252 0 . 4 G 4  0 . 4 1 1 N 14 0 . 1 85 0 . 5 �0 0 . 393 0 o .  1 06 0 . 6 1 7  0 . 280 N o. 1 5 3 0 . 4 92 0 . 27 4  C D 1  0 . 260 0 . 4 4 5  0 . 409 (j'\ 
C A  0 . 20 2  0 . 5 7 3  0 . 38 8  C A o. 1 5 2 0 . 4 3 9  0 . 28B CG2 0 . 230 0 . 460 0 . 4 3 0  w 

I 
c 0 . 2 1 1 0 . 58 5  0 . 379 ASP 17 c o. 1 6 9  0 . 495 0 . 2 95 

0 0 . 20 9 0 . 60 3 0 . 380 N o. 1 2 9 0 . 5 9 8  0 . 2 84 0 o .  1 84 0 . 4 9 3 0 . 289 GLY �8 

C B  o .  1 9 8 0 . 55 5  0 . 38 1  CA o.  1 4 1  0 . 602 0 . 27 3 C B  o .  1 4 9 0 . 4 6 8  0 . 29 1  N 0 . 26 9  0 . 4 3 4  0 . 450 
CG a .  1 8 2 o . 54 7  0 . 388 c 0 . 1 3 7 0 . 590 0 . 26 1  C A  0 . 2 85 0 . 484 0 . 45 3  
0 0 1  o .  1 85 0 . 5 4 2  0 . 4 0 0  0 o .  1 3 8 0 . 57 3  0 . 262 H IS 8 3  c 0 . 29 3  0 . 465 0 . 458 
OD2 0 . 1 6 7 0 . 5 4 7  0 . 382 CB o.  1 60 0 . 59 8  0 . 278 N 0 . 1 67 0 . 50 2  0 . 307 0 0 . 2 8 3  o . 4S2 0 . 4 5 6  

CG o. 1 7 4  0 . 6 1 0  0 . 27 1  C A  o .  1 8 3 0 . 50 8  0 . 3 1 5  
TYR 72 001 0 . 1 70 0 . 6 1 5  0 . 25 9  c o .  1 83 0 . 4 9 8  0 . 32 9  G L Y  a 9  

11 0 . 2 2 1  0 . 579 0 .  369 002 o. 1 87 0 . 6 1 3  0 . 27 7  0 0 . 1 7 2 0 . 50 3  0 . 3 3 7  N 0 . 3 1 0  0 . 4 6 4  0 . 460 
C A 0 . 2 3 3  0 . 59 1  0 . 362 C B  0 . 1 83 0 . 523 0 . 3 1 7  CA 0 . 320 0 . 4 4 6  0 . 4 5 9  
c 0 . 230 0 . 592 0 . 34 6  TIIR 7 3 C G  o .  1 6 6 0 . 5 3 4  0 . 3 2 3  c 0 . 3 1 2  0 . 4 3 3  0 . 470 
0 0 . 2 4 3  0 . 592 0 . 3 3 8  N o .  1 3 3  0 . 5 98 0 . 2 4 9  n o 1  0 . 1 65 0 . 5 4 3  0 . 3 3 5  0 0 . ] 1 3  0 . 4 3 7  0 . 4 9 2  
C B  0 . 25 2  0 . 595 0 . 36 5  C A  O .  1 30 0 . 5 A 7  0 . 2 3 7  C E 1  0 . 1 4 7 0 . 5 4 7  0 . 3 3 7  

C G  0 . 2 5 9  0 . 59 9  0 . 376 c o .  1 4 8 o . 5 ao 0 . 2 32 " E 2  0 . 1 3 7 0 . 5 4 0  0 . 327 GLY 90 

C D 1  0 . 26 3  0 . 6 1 6  0 . 37 1  0 o .  1 5 0  0 . 574 0 . 220 C D 2  0 . 1 4 9 0 . 5 3 3  0 . 3 1 8  N 0 . 30 6  0 . 4 1 8  0 . 465 

C E 1  0 . 270 0 . 630 0 . 319 C B  o.  1 20 0 . 596 0 . 22 6  C A  0 . 2 9 3  0 . 404 0 . 47 4  

C l  0 . 2 7 4  0 . 62 5  0 . 3 93 OG 1 0 . 1 2 8  0 . 6 1 3  0 . 222 THR 8 4  c 0 . 278 0 . 4 02 0 . 47 0 

C E2 0 . 270 0 . 60 8  0 . 398 CG2 0 . 1 0 1  0 . 60 1  0 . 2 3 1  N o. 1 9 5 0 . 4 8 6  0 . 3 30 0 0 . 270 0 . 3 90 0 . 4 7 6 

C D2 0 . 262 0 . 595 0 . 38 9  C A  0 . 1 9 6 0 . 476 0 . 34 3  

OH 0 . 23 1  0 . 6 3 8  0 . 40 1  ARG 7 9  c 0 . 1 95 0 . 4 9 1  0 . 354 GLU 9 1  
N 0 . 1 62 0 . 5 32 0 . 24 1  0 0 . 1 9 3 0 . 507 0 . 35 2 N 0 . 272 0 . 4 1 3  J . 46 1  

V A L  7 3  CA 0 . 1 80 0 . 577 0 . 238 Ctl 0 . 2 1 4  0 . 4 6 6  0 . 34 5  C A  0 . 25 4  0 . 4 1 3  0 . 4S5 
N 0 . 2 1 3  0 . 5� 5  0 . 34 3 c 0 . 1 87 0 . 550 0 . 2 4 5  O G 1  0 . 2 1 0 0 . 4 5 0  0 . 352 c 0 . 25 3  0 . 404 0 . 442 
C A  0 . 20 8 0 . 5 9 6  0 . 32 9  0 0 . 202 0 . 5 5 5  0 . 2 4 3  C G 2  0 . 22 7  0 . 47 8  0 . 35 3  0 0 . 26 5  0 . 394 0 . 4 3 8  
c 0 . 20 0  0 . 6 1 5  0 . 326 CB 0 . 1 92 0 . 59 3  0 . 211 1 C fl  0 . 2Q 6  0 . 4 3 2  0 . 456 
0 0 . 207 0 . 62 6  0 . 3 1 9  CG o . 1 e 8 o . 6o 9  o . 2 3 1  L YS ti5 CG 0 . 2 31 0 . 4 36 0 . 4 7 0  

c u  0 . 1 95 0 . 5 8 1  0 . 326 CD 0 . 206 0 . 6 1 6  0 . 226 N o. 1 9 9 0 . 484 0 . 36 6  CD 0 . 22 9  0 . 455 0 . 470 

CG1 0 . 20 4  0 . 567 0 . 3 1 7  NE 0 . 2 1 4  0 . 627 0 . 237 C A 0 . 200 0 . 4 97 0 . 373 OE 1 0 . 227 0 . 46 1  0 . 482 

CG2 O. 1 7B 0 . 589 0 . 3 1 9  Cl 0 . 2 1 4  0 . 6 4 5  0 . 2 3 6  c 0 . 220 0 . 4 98 0 . 382 OE2 0 . 226 0 . 4 6 3  0 . 459 



cz o .  1 89 0 . 3 9 8  0 . 25 0  CA 0 . 1 63 0 . 4 2 3  0 . 1 50 ALA 1 0 9 
SER 92 C�2 0 . 1 75 0 . 40 3  0 . 2 4 1  c 0 . 202 0 , 4 1 6  o .  1 4 8  N 0 . 21 1  o . 47a o . 22 4  

N 0 . 2 3 9  0 . 40 �  0 , 4 3 5  CD2 0 , 1 5 3 0 , 4 0 9  0 , 24 6  0 0 . 2 1 5  0 , 4 2 3  o .  1 54 CA 0 , 287 0 , 465 0 . 236 
C A  0 . 2 3 6  0 . 40 2  0 . 42 1  C fl o. 1 7 9 0 . 4 4 1  o .  1 4 3  c 0 . �77 0 . 4 8 3  0 . 2 4 9  
c 0 . 2 1 8  0 , 404 0 . 4 1 �  ,\S P  9 8  OG 1 0 .  1 u2 0 , 4 11 6  0 . 1 4 7 0 0 . 262 0 . 4 89 0 . 25 1  
0 C . 20 5  0 . 406 0 . 42 3  tl o .  1 1 3  0 . 40 1  0 . 247 C G 2  0 . 1 80 0 . 4 3 8  0 . 1 2 8  CB 0 . 2 9 3  0 . 504 0 . 2 3 3  
C B  0 . 24 4  0 . 383 0 . 4 1 9  CA o .  1 0 7  0 . 392 0 . 235 
ClG 0 . 2 3 1  0 . 370 0 . 422 c o .  1 2 0  0 . 395 0 . 22 3  PRO 1 0 4 TYR 1 1 0 

0 o .  1 2 6  � . 4 1 0  0 . 22 1 N 0 . 203 0 , 40 3  0 . 1 3 9 N 0 . 236 0 . 4 7 4  0 . 25 8  
ASP 9 3 C A  o . oe9 o . 4oo 0 . 2 3 1  C A  0 . 2 1 9  0 . 392 o .  1 37 CA 0 . 2 8 2 0 . 4 7 3  0 . 272 

:I J . 2 1 6  0 . 40 6  0 . 402 CG 0 . 07 5  0 . 399 0 , 2 42 c 0 . 235 0 . 40 1  0 . 1 30 c 0 . 298 0 . 4 8 1  0 . 27 9  
C A  0 . 1 9 9 0 , 4 1 0  0 . 39 6  00 1 0 . 05 9  0 , 4 0 1  0 . 2 3 9  0 0 . 2 3 5  0 . 40 4  0 . 1 1 8 0 0 . 3 1 3  0 , 475 0 . 27 6  
c o. 1 97 0 . 40 2  0 . 382 002 0 . 03 1  0 . 396 0 . 25 4  C B  0 . 2 1 3  0 . 376 0 . 1 2 9  CTJ 0 . 2 7 6  0 . 454 0 . 276 
0 0 . 2 1 0  0 . 39 5  0 . 376 CG o .  1 9 3 0 . 37 3  0 . 1 2 6  CG 0 . 2 9 3  0 , 44 1  0 . 276 
CB o. 1 �3 0 , 4 3 1  0 . 39 4  VAL 99 C D  o .  1 8 9 0 . 398 0 . 1 30 C D 1  0 . 2 98 0 . 4 3 1  0 . 265 
CG 0 . 1 7 8 0 , 4 ] 8  0 . 394 11 0 . 1 2 2  0 . 380 0 . 2 1 6  C E 1  0 , 3 1 4  0 . 42 1  0 . 266 

O D 1  o .  1 72 0 . 4 3 9  0 . 382 C.\ o .  1 3 4 0 . 380 0 . 204 G L Y  1 05 cz 0 . 324 0 . 422 0 . 2 7 ?.  
O D2 0 . 1 7 1  0 , 4 4 1  0 , 405 c 0 .  1 25 0 .  385 0 .  1 9 1  N 0 . �4 9  0 , 40 5  o .  1 3 8 CE2 0 . 3 1 9  0 . 432 0 . 2 3 9  

0 0 . 1 34 0 . 38 4  0 . 1 8 1  C A  0 . 2 6 5  0 , 4 1 0  0 . 1 j2 C02 0 . 30 3  0 . 4 42 0 . 2U8 
SER 94 CR o.  146 0 . 353 0 , 204 c 0 . 27 1  0 . 4 3 0  D .  1 3 6 OH 0 . 340 0 , 4 1 2  0 . 279 

N 0 . 1 8 1 0 , 40 3  o .  377 CG1 0 , 1 4 4 0 . 354 0 . 2 1 8  0 0 . 286 0 . 4 3 5  0 . 1 3 2 
C A  0. 1 7 7 0 . 394 0 . 3 6 4  CG2 0 , 1 65 0 , 36 3  0 . 202 PHE 1 1 1  

I 
c o . 1 6 3  0 . 40 4  0 . 355 G LU 1 0 6  N 0 . 2 9 6  0 . 495 0 . 287 N 0 0 . 1 4 8 0 . 40 8  0 . 360 SER 1 00 N 0 . 260 0 . 4 4 0  0 . 1 4 3  CA 0 . 3 1 0  0 . 505 0 . 294 � 
C B  o .  1 6 9  0 . 3 7 5  0 . 36 7  N o .  1 08 0 . 3 90 o .  1 9 2  C A  0. 267 0 . 4 5 8  0 , 1 4 7 c 0 . 303 0 . 5 1 4  0 . 307 � 

I 
O G  o .  1 8 3 0 . 364 0 . 37 2  C A  o .  1 00 0 . 397 o .  1 7 9 c 0 . 27 8  0 . 45 3  o .  1 60 0 0 . 288 0 . 5 1 2  0 . 3 1 0  

c o .  1 0 9  0 . 4 1 4  o .  1 7 5  0 0 . 27 2  0 , 44 2  0 . 1 63 Cl:! 0 . 3 1 9  0 . 520 0 . 285 

VAL 95 0 0 , 1 08 0 . 4 2 1  0 . 1 6 4  C B  0 . 2 5 2  0 . 47 1  0 . 1 5 1  CG 0 . 304 0 . 5 3 3  0 . 27 9  
N 0 , 1 67 0 , 40 6  0 . 342 CB 0 , 080 0 , 40 1  o. 1 82 C G  0 . 2 3 4  0 , 46 7  0 . 1 4 4  C D 1  0 , 306 0 . 5 40 0 . 266 

C A  o .  1 5 4  0 . 4 1 3  0 . 3 3 3  OG 0 . 070 0 . 384 o .  1 7 9 C D  0 . 22 0  0 , 4 8 1  0 . 1 47 C E 1  0 . 294 0 . 55 3  0 . 262 

c 0 . 1 5 1  0 , 400 0 . 32 1  O E 1  0 . 2 1 4  0 . 4 3 1  0 . 1 5 9  C l  0 . 28 0  0 . 55 8 0 . 270 
0 0 , 1 6 3  0 . 392 0 . 3 1 6  LYS 1 0 1  O E 2  0 . 2 1 5  0 . 492 D .  1 3 8 

• 
CE2 0 . 278 0 . 55 1  0 . 283 

C B  o .  1 6 0  0 , 4 3 2  0 . 32 7  11 0 . 1 1 3 0 , 42 1  0 . 1 i16 CD2 0 . 2 90 0 . 538 0 . 288 
C G 1  0 . 1 75 0 . 4 3 0  0 . 3 1 7  CA o.  1 27 o.  4 3 9  o.  1 85 r, LA 1 0 7  
C G 2  0 . 1 4 4 0 , 442 0 . 32 1  c o .  1 4 8  0 . 4 3 8  0 . 1 87 il 0 . 2 9 3  0 . 4 6 3  0 . 1 62 CYS 1 1 2 

0 0 , 1 57 0 . 45 1  0 . 1 89 C A  0 . 302 0 . 45 9  0 . 1 7 4  N 0 . 3 1 6  0 . 52 2  0 . 3 1 4  
THR 95 er o .  1 1 9 0 . 4 52 o .  1 ?5 c 0 . 290 0 . 466 o .  1 85 CA 0 . 3 1 1 0 . 528 0 . 328 

tl 0 . 1 3 4 0 . 39 9  0 . 3 1 7  CG 0 , 1 20 0 , 4 4 3  0 . 209 0 0 . 235 0 . 4 82 0 . 1 86 c 0 . 3 1 2  0 . 5 4 9  0 . 329 
C A  o .  1 2 9  0 . 3 8 7  0 . 306 CD o .  1 20 0 . 45 8  0 . 220 C B  0 . 3 2 0  0 . 4 6 9  o .  1 75 0 0 . 326 0 . 558 0 . 32 8  
c 0 . 1 2 3  0 . 399 0 . 2 9 3  C E  o .  1 02 0 . 4 5 8  0 . 227 CB 0 . 325 0 . 52 0  0 . 3 3 8  
0 0 . 1 1 2 0 . 4 1 2  0 . 295 N Z  c .  1 05 0 . 4 6 3  0 . 2 4 2  TYR 1 08 SG 0 . 3 2 1  0 . 52 8  0 . 3 55 

C B  0 . 1 1 4  0 . 375 O . j 1 0  tJ 0 , 285 0 . 45 3  0 , 1 94 
OG 1 0 . 1 1 6 0 . 37 1  0 . 324 L E U  1 0?. C A  0 . 272 0 , 460 0 , 205 SER 1 1 3 
CG2 0 . 1 1 4  0 . 357 0 . 302 11 o .  1 S 4  0 . 42 1  0 . 1 86 c 0 . 2 82 0 , 4 6 3  0 . 2 1 7  N 0 . 2 96 0 . 557 0 . 3 3 1  

C !l.  0 . 1 7 4  0 . 4 1 9  0 , 1 d8 0 0 . 2 9 5  0 . 4 5 4  0 . 22 1  CA 0 . 2 9 5  0 . 576 0 . 3 3 3 
PilE 97 c 0 .  1 1J 1 0 .  11 1 2  0. 1 7  4 C B  0 . 25 6  0 , 4 4 7  0 . 206 c 0 . 30 1  0 . 5 8 3  0 . 3 4 6  

N o .  1 30 0 . 395 0 . 282 0 0 . 1 85 0 . 3 97 0 . 1 72 CG 0 . 240 0 . 45 3  0 . 1 98 0 0 . 304 0 . 599 0 . 3 4 8  
C A  0 . 1 2 5 0 . 405 0 . 270 CA o . 1 7 9 0 . 405 o .  1 99 C D 1  0 , 2 3 1  0 . 469  0 , 202 CB 0 , 27 6  0 . 583 0 . 329 
c 0 . 1 2 1  0 . 392 0 . 25 8  CG o . 1 94 0 , 4 1 3  0 . 207 C E 1  0 , 2 1 7  0 , 4 7 S  0 . 1 94 OG 0 . 26 3  0 . 570 0 . 332 0 0 . 1 2 4 0 . 37 6  0 . 25 8  C D 1  0 . 1 92 0 . 4 3 4  0 . 20 3  C l  0 . 2 1 1 0 , 466 0 . 11 3 3  
C B  o .  1 3 9 0 , 4 1 9  0 . 266 CD2 0 , 1 93 0 , 406 0 . 222 CE2 0 . 220 0 . 4 50 0 . 1 79 PliE 1 1 4 
CG 0 . 1 5 6 0 . 4 1 1 0 , 260 C D2 0 , 2 3 4  0 . 4 4 4  0 . 1 87 N 0 . 302 0 . 5 7 1  0 . 35 6  
CD1  0 . 1 7 1  0 . 407 0 , 269 THR 1 0 3  O H  0 . 1 97 0 , 472 0 . 1 7 5  CA 0 . 309 0 . 57 9  0 . 369 
C E 1  0 . 1 87 0 , 4 0 1  0 . 26 3  N o .  1 79 0 , 426 o .  1 65 c 0 . 326 0 . 5 8 3  0 . 366 



0 0 . 339 0 . 580 0 . 36 2  C A  0 . 4 0 4  0 . 5 6 3  0 . 30 0  c 0 . 282 0 . 402 0 . 2 1 2  

C B  0 . 3 0 9  0 . 56 5  0 . 38 1 c 0 . 4 1 4  0 . 5 5 0 0 . 300 0 0 . 2 J l  0 . 4 1 5  0 . 205 

C G  0 . 3 1 5  0 . 57 3  0 . 394 f) 0 . 425 0 . 5 � 6  0 . 2 92 CE 0 . 26 �  0 . 4 1 4  0 . 2 3 4  

C O l  0 . 3 3 3  0 . 580 0 . 396 CO 0 . 4 1 5 0 . 5 8 3  0 . 305 CG 0 . 25 4  0 . 399 0 . 2 34 

C E l  0 . 3 3 8  0 . 5 8 8  0 . 407 C O l  0 . 2 3 6  0 . 407 0 . 22 9  
C l  0 . 3 2 6  0 . 59 1 0 . 4 1 8  MET 1 20 C 0 2  0 . 2 5 1  0 . 393 0 . 24 9 
C E 2  0 . 308 0 . 58 4  0 . 4 1 6  N 0 . 4 0 9  0 . 5 3 9  0 . 3 1 0  
C D2 0 . 30 3  0 . 57 6  0 . 404 C A  0 . 4 1 8  0 . 522 0 . 3 1 3  LYS 1 2 6  

c 0 . 40 4  0 . 5 06 0 . 3 1 2  iJ 0 . 282 0 . 385 0 . 209 
P R O  1 1 5 0 0 . 4 0 9  0 . 4 9 �  0 . 3 1 2 C A  0 . 2d l  0 . 380 0 . 1 9 4 

N 0 . 325 0 . 606 0 . 368 e n  0 . 426 0 . 522 0 . 32 7  c 0 . 2 66 0 . 36 6  o . 1 92 
C A  0 . 3 38 0 . 6 1 � 0 . 36 3 CG 0 . 442 0 . 5 3 5  0 . 32 8  0 0 . 2 5 4  0 . 35 4  0 . 200 
c 0 . 358 0 . 6 1 4 0 . 36 1  so 0 . 45 2  0 . 5 3 6  0 . 3 4 4  C ll  0 . 299 0 . 372 o .  1 89 
0 0 . 36 8  0 . 6 1 2  0 . 37 1  CE o . 4 7 n  o . 5 3 8  o . 3 4 1  CG 0 . 3 1 5  0 . 382 o. 1 95 

C ll  0 . 336 0 . 636 0 . 37 1  C D  0 . 3 2 9  0 . 359 0 . 200 

CG 0 . 3 1 7  0 . 6 34 0 . 378 !·lET 1 2 1  c ::  0 . 3 4 3  0 . 367 o .  1 8 9 

C D  0 . 3 1 1 0 . 6 1 5  0 . 376 N 0 . 387 0 . 5 1 1 0 . 3 1 1 !i Z 0 . 360 0 . 36 1  0 .  1 9S 

C A  0 . 37 4  0 . 497 0 . 3 1 1 
GLY 1 1 6 c 0 . 3 6 4  0 . 4 9 9  0 . 2 97 LEU 1 27 

N 0 . 36 3  0 . 6 1 3  0 . 348 0 0 . 3 4 9  0 . 505 0 . 296 " 0 . 2 57 0 . 36 8  o .  1 80 " 

C l\  0 . 382 0 . 6 1 0 0 . 34 5 CA 0 . 36 1  0 . 4 9 9  0 . 32 3  C A  0 . 2 45 0 . 35 3  0 . 1 77 
c 0 . 3 8 5  0 . 590 0 . 342 CG 0 . 367 0 . 487 0 . 3 3 4  c 0 . 25 7  0 . 3 3 9  o .  1 69 0 0 . 397 0 . 585 0 . 335 so 0 . 3 6 7  0 . 4 9 8  0 . 35 1  0 0 . 26 5  0 . 34 3  o .  1 5 9  I N 

C E  0 . 388 0 . 492 0 . 35 9  C B  0 . 230 0 . 3 5 9  o .  1 6 8  0\ 
!iiS 1 1 7  CG 0 . 2 1 1 0 . 3 5 8  0 . 1 7 5  Vl 

11 0 . 372 0 . 580 0 . 34 8 LYS 1 22 C O l  0 . 20 2  0 . 340 0 . 1 70 
I 

C A  0 . 372 0 . 56 0  0 . 34 6  11 0 . 37 3  0 . 4 92 0 . 237 C 02 0 . 2 00 0 . 37 4 0 . 1 72 

c 0 . 37 0  0 . 55 5  0 . 33 1  CA 0 . 367 0 . 4 9 3  0 . 27 3 
0 0 . 37 8  0 . 54 2  0 . 32 7  c 0 . 36 9  0 . 4 7 5  0 . 26 6  SER 1 28 

C D  0 . 35 6  0 . 55 3  0 . 35 5  0 0 . 3 8 3  0 . 4 7 0  0 . 2 52 N 0 . 257 0 . 32 3  o .  1 75 

C G  0 . 36 3  0 . 55 2  0 . 36 9  CB 0 . 379 0 . 507 0 . 2 6 6  C A  0 . 268 0 . 30 8  o .  1 7 0  

� D l  0 . 35 4  0 . 5 4 3  0 . 37 9  CG 0 . 397 0 . 5 0 9  0 . 27 4  c 0 . 25 8  0 . 297 o .  1 6 0  

C E 1  0 . 36 5  0 . 545 0 . 390 CD 0 . 4 1 2  0 . 508 0 . 26 4  0 0 . 2 4 3  0 . 299  D .  1 53 

N E2 0 . 380 0 . 55 4 0 . 388 c�  0 . 4 1 5  0 . 4 8 9  0 . 258 CR 0 . 2 75 0 . 296 o. 1 82 
C 02 0 . 3 7 9  0 . 55 9 0 . 374 nz 0 . 4 3 3  0 . 487 0 . 253 JC o . 2 9 1  o . 3oq o . l 67 

TRP  1 1 8 GLY 1 23 ASN 1 2 9 
N 0 . 359 0 . 56 6  0 . 325 tl 0 . 35 3  0 . 467 0 . 26 4  11 0 . 267 0 . 282 0 .  1 5 8  
C A  0 . 3 5 5  0 . 56 5  0 . 3 1 0  CA 0 . 3 5 4  0 . 450 0 . 25 7  CA 0 . 260 0 . 26 9  o .  1 4 7 
c 0 . 372 0 . 566 0 . 302 c 0 . 3 3 3  0 . 4 4 6  0 . 2 4 8  c 0 . 26 7  0 . 252 o .  1 5 1  
0 0 . 370 0 . 56 7  0 . 289 0 0 . 3 2 5  o . q 5 6  o . 2 4 8  0 0 . 25 8  0 . 26 7  o .  1 50 
C B  0 . 3 4 2  0 . 580 0 . 30 7  e o  0 . 264 0 . 275 0 . 1 3 3 

CG 0 . 344 0 . 58 9  0 . 294 THP 1 2 4 CG 0 . 275 0 . 29 1  o .  1 3 3 
C O l  0 . 3 32 0 . 5 90 0 . 28q !I 0 . 34 1  0 . 4 3 2  0 . 2 40 001 0 . 269  0 . 307 o. 1 3 2 

N E l  0 . 3 3 8  0 . 598 0 . 2 7 3 CA 0 . 33 1  0 . 425 0 . 229 : II J 2  0 . 292 0 . 289 0 . 1 3 4 

C E2 0 . 3 5 5  0 . 603 0 . 275 c 0 . 3 1 6  0 . 4 1 2  0 . 2 3 3  o ::  o . 2 o 3  o . 25 o  o . l 5 1  

C Z 2  0 . 36 7  0 . 6 1 1 0 . 26 7  0 0 . 320 0 . 397 0 . 2 3 8  
C ll2 0 . 3 8 5  0 . 6 1 5  0 . 272 CB 0 . 3 4 5  0 . 4 1 6  0 . 2 1 9  1\TL 1 30 
C Z 3  0 . 3 9 0  0 . 609 0 . 2 3 4 OG l 0 . 355 0 . 11 3 0  0 . 2 1 3  cu 0 . 3J6 0 . �25 0 . 37 1  
C E 3  0 . 378 0 . 60 0  0 . 2 93 CG2 0 . 35 S 0 . 405 0 . 228 
C 02 0 . 3 6 0  0 . 597 0 . 28 8  

LEU 1 25 

A LA 1 1 9  N 0 . 30 1  0 . 4 1 7  0 . 228 
N 0 . 387 0 . 56 6  0 . 30 8  C A  0 . 2 8 5  0 . 405 0 . 22 8  
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