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s o m e w h a t  m o r e  sens i t ive  to  t h e  s u b s t i t u e n t  on  t h e  
d i a z o n i u m  ion, r ang ing  f rom 244 ,ha in t he  p - m e t h o x y  
to  226/~3 in t h e  m - c h l o r o b e n z e n e d i a z o n i u m  salt .  

A comple te  s t r u c t u r a l  ana lys i s  of t h e  p - m e t h o x y b e n z e -  
nediazoni tma f luo robora te  a n d  p -d i azon iobenzenesu l fona t e  
is n o w  in progress .  No add i t i ona l  w o r k  is p l a n n e d  on 
t h e  o t h e r  salts.  

The  a u t h o r s  wish  to  t h a n k  Mr Mi l ton  H a n s o n  for  
p r e p a r i n g  these  c o m p o u n d s .  This  w o r k  was  s u p p o r t e d  
by  a g r a n t  f rom t h e  R o b e r t  A. W e l c h  F o u n d a t i o n .  
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T h e  horse  o x y h a e m o g l o b i n  molecu le  consists  of four  
sub-uni t s ,  n a m e l y  two  a a n d  two  fl chains ,  p a c k e d  in a 
t e t r a h e d r a l  a r r a y  (Cullis, Mui rhead ,  Pe ru t z ,  R o s s m a n n  & 
N o r t h ,  1962). Ht t rnan  r e d u c e d  (deoxy)  h a e m o g l o b i n  has  
a s imilar  s t ruc tu re ,  excep t  t h a t  t he  fl cha ins  are  t r a n s l a t e d  
7 A a p a r t  (Mui rhead  & P e r u t z ,  1963). This  increased  
s epa ra t i on  of t h e  fl cha ins  is p r o b a b l y  assoc ia ted  w i th  
d e o x y g e n a t i o n ,  b u t  t he  poss ibi l i ty  exists  t h a t  it m e r e l y  
ref lec ts  a d i f ference  b e t w e e n  h u m a n  a n d  horse  oxy-  
haemog lob in .  T h e  fai lure of h u m a n  o x y h a e m o g l o b i n  
c rys ta l s  to  f o rm  i somorphous  de r iva t i ve s  has  h i n d e r e d  
X - r a y  ana lys i s  b y  t he  i somorphous  r e p l a c e m e n t  m e t h o d .  
H o w e v e r  a m e t h o d  (based on t h e  ' r o t a t ion  func t ion ' )  of 
d e t e r m i n i n g  t h e  re la t ive  o r i en t a t i on  of two  s imilar  
p ro te ins  in d i f fe rent  c rys ta l  la t t ices  was  r ecen t ly  descr ibed  
( R o s s m a n n  & Blow,  1962). This  no te  repor ts ,  as a preli- 
m i n a r y  s tep in t h e  s t r u c t u r a l  ana lys i s  of h u m a n  oxy- 
haemog lob in ,  t h e  app l i ca t ion  of t he  r o t a t i o n  func t ion  to 
a compar i son  of h u m a n  a n d  horse o x y h a e m o g l o b i n .  

Hor se  o x y h a e m o g l o b i n  c rys ta l s  are  monoc l in ic  wi th  
space g roup  C2 and  cell d imens ions  a =  108.9, b = 6 3 . 5 ,  
c = 5 4 . 9  _~, f l=110 .9  °. The  mo lecu l a r  twofo ld  axis lies 
a long  t h e  c rys ta l lograph ic  twofo ld  axis (i.e. paral le l  to  
b). I n  add i t ion ,  t h e  molecu le  possesses an  a p p r o x i m a t e  
222 po in t  g roup  s y m m e t r y  w i t h  one of t he  pseudo  
twofo ld  axes  m a k i n g  an  angle  of a b o u t  5 ° w i t h  t he  a axis.  
On t h e  o t h e r  h a n d  h u m a n  o x y h a e m o g l o b i n  c rys ta l s  are  
t e t r a g o n a l  w i t h  space g roup  P4t212 a n d  w i t h  cell d imen-  
sions of a = 54-3, c = 196.4 A. I n  th is  case t h e  mo lecu l a r  
d i ad  m u s t  lie a long  t h e  [110] a n d  s y m m e t r y  r e l a t ed  
d i rec t ions  (Peru tz ,  1953). 

The  r o t a t i o n  func t ion  p r o g r a m  ca lcula tes  t he  degree  
of concu r r ence  ar is ing w h e n  t h e  P a t t e r s o n  vec to r s  of one 
p ro te in  are  supe r imposed ,  in a sphere  a r o u n d  the  origin,  
on those  of a n o t h e r  p ro te in .  I n  o rder  to  supe r impose  t h e  
se l f -Pa t t e r sons  of h u m a n  a n d  horse o x y h a e m o g l o b i n  
cor rec t ly  it  is necessa ry  to al ig~ the  [010] d i rec t ion  of t he  
horse o x y h a e m o g l o b i n  molecu le  w i t h  t h e  [1 I0] d i rec t ion  
of t he  h t u n a n  o x y h a e m o g l o b i n  molecule .  This  resul t  could  
be o b t a i n e d  b y  r e - index ing  t h e  t e t r a g o n a l  un i t  cell. 
M a x i m u m  a g r e e m e n t  b e t w e e n  the  P a t t e r s o n s  w o u l d  t h e n  
be o b t a i n e d  b y  r o t a t i n g  t he  t e t r a g o n a l  cell t h r o u g h  an  
t m k n o w n  angle  (say 0) a b o u t  t he  c o m m o n  axis.  An  
a l t e r n a t i v e  a n d  m o r e  genera l  p rocedu re  is to p roduce  
a l i g n m e n t  of t he  [010] a n d  [110] d i rec t ions  a n d  ro t a t i on  
through art angle 0 in one operation. That is, the tetra- 
gonal cell may be rotated through an angle y, about a 
rotation axis whose position in the monoclinic cell is 

def ined  in t e r m s  of t he  po la r  coord ina te s  V a n d  ~0 (Ross- 
m a n n  & Blow,  1962, Fig .  4). 

Assume  t h a t  in i t i a l ly  t h e  b a n d  c axes  of t h e  f i rs t  
c rys ta l  are  p laced  on top  of t he  b a n d  c axes  of t h e  second  
crys ta l ,  r e spec t ive ly .  I f  t h e  mo lecu l a r  twofo ld  axes  a re  
co inc iden t  for a g iven  r o t a t i o n  ~, t h e n  it can be s h o w n  
t h a t  t h e  pos i t ion  of t he  r o t a t i o n  axis is g iven  b y  : 

1 - [/2 cos 
Y~ = ~/2(1 - cos ~.) 

w h e r e  cos V =Y 

a n d  cos ~0 = ([/2 - 1)y/(1 _y2)~ 

I t  is c o n v e n i e n t  to  def ine t h e  angle  0, w h i c h  m e a s u r e s  
t he  a m o u n t  of r o t a t i o n  of one c rys ta l  w i th  respec t  to  t h e  
o the r  a r o u n d  t h e  twofo ld  axis,  as t h e  angle  b e t w e e n  t h e  
monoc l in ic  a axis  a n d  the  t e t r a g o n a l  c axis.  B o t h  these  
a r b i t r a r y  d i rec t ions  are  p e r p e n d i c u l a r  to  t he  m o l e c u l a r  
twofo ld  axes  (Fig. 1). The  sign of 0 is t a k e n  so t h a t  it is 
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Fig. 1. Relationship between the horse and human oxyhaemo- 
globin groups viewed down the superimposed molecular 
twofold axes. 0 defines the amount  of rotation. 

positive when the tetragonal c axis lies between the 

m0n0elinic a and c axes. The angle 0 is related t0 x by 

[/2 - 1 + 2 [/2 cos y.] 
0 = 110"9 ° - c o s  -1 [ /2+  1 j " 

Va lues  of 0 f rom 0 ° to 180 ° were  exp lo red  us ing  6 
i n t ens i t y  d a t a  a n d  a r ad ius  of i n t eg ra t i on  of 35 A. T h e  
'shaded G' function was used. The latter applies a weight- 
ing varying exponentially between l and O.l between the 
inside and outside of the sphere of integration. Smaller 
weights near the outside of the sphere emphasize that 
more cross-vectors between molecules might be found 
here. A simple sharpening was brought, about by omitting 
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all terms whose spacing was greater than 10 A. The results 
are shown in Fig. 2. The two curves correspond to 
unsharpened data (the dashed line) and sharpened data 
(the continuous line). 
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Fig. 2. Rotation function when the [010] direction of horse 
oxyhaemoglobin is rotated by the angle 0 about the [110] 
human oxyhaemoglobin Patterson. The shaded line is the 
unsharpened 6/k rotation function, while the full line repre- 
sents the data sharpened by omitting all terms with spacing 
greater than 10 A. 

A check on the  level of the  background  of the  ro ta t ion  
funct ion was m a d e  by  calculat ing 28 points  for values of 
x be tween 0 ° and  360 ° in 10 ° to 15 ° increments ,  when  
~0=35.5 °, 9 = 5 4 . 5  °. This section contains  the  peak a t  
0 = 4 0  ° . B y  averaging the  ro ta t ion  funct ion values,  
omi t t ing  the  points which  lay wi th in  7.5 ° of the  large 
peak,  the  mean  value (corresponding to the  persis tent  
origin overlap) of R was found to be 17-6 units ,  and  the  
r.m.s, deviat ion from the  mean  was 0.4 units .  Thus the  
peak at  0 =40  °, wi th  R = 18.97, is 3.6 s t andard  deviat ions 
above the  mean .  The second largest peak  was less t h a n  
two s tandard  deviat ions above background.  

Fig. 2 shows two peaks,  one of the  peaks being ra the r  
broader  and  lower t han  the  other  peak.  These two peaks 
arise as a consequence of the  pseudo 222 s y m m e t r y  of the 
haemoglobin molecule.  Tha t  is, while one peak  corresponds 
to the  superposit ion of the  self-Pat tersons of an  a onto 

an a chain and  of a fl onto a fl chain,  the  other  peak  
corresponds to the  superposit ion of the  self-Pattersons 
of the  c¢ onto fl and  fl onto a chains. If  the  haemoglobin 
molecules were to contain  exact  222 s y m m e t r y  then  the  
two peaks would  be of the  same height .  Fu r the rmore ,  in 
the  Pa t t e r son  the  directions of the  two different  pseudo 
twofold axes of the  molecule mus t  make  equal  and  op- 
posite angles wi th  the  te t ragonal  fourfold axis. Thus  if 
the  monoclinic Pa t t e r son  is posi t ioned on top of the  
te t ragonal  Pa t te rson ,  so as to superimpose the  correspond- 
ing pseudo twofold directions,  there  will be good agree- 
men t ,  whereas  at  an  equal  and  opposite angle wi th  the  
te t ragonal  c axis the  agreement  will not  be as good. As 
the  a rb i t r a ry  reference line from which  0 is measured  in 
the  monoclinic  sys tem coincides to wi th in  5 ° of the  
molecular  pseudo twofold axis, the  two peaks should 
occur a t  + O, approximate ly .  Fig. 2 shows the  two peaks 
to be at  0 =40  ° (sharp) and  - 3 7  ° (broad). 

The agreement  of the  posit ion of the  peak  a t  0 wi th  
that at -0 to within 3 °, and the agreement with the 
results of Perutz (1953) who showed from optical bi- 
refringence experiments that 0 must be either 35 ° or 
--15 ° establishes the relative orientation of the two 
molecules as lying between 0 =35 ° and 40 °. The large 
size of the peak at 0=--37 ° might suggest that the 
superposition of the 222 symmetrical parts of the 
molecular Pattersons agree better than the non-sym- 
metrical parts. 

We are grateful  for discussions wi th  Dr.  M. F.  Peru tz ,  
and  to Dr.  Hi la ry  Muirhead for allowing us to use her  
h u m a n  oxyhaemoglobin  data .  All calculations were made  
on the  IBM 7090 computer ,  assisted by the IBM En- 
dowed Time scheme. 
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Many  biological polymers  have  a helical conformat ion 
and  it is possible to calculate the  Four ier  t ransform of a 
single molecule from the expressions of Cochran,  Crick & 
Vand  (1952) and  Klug,  Crick & Wyckoff  (1958). I t  is 
evident  however,  f rom recent  X- ray  studies of the  fibrous 
proteins a-keratin (Fraser, MacRae & Rogers, 1962) and 
paramyosin (Cohen & Holmes, '1963) that account must 
be taken of the interference which occurs as a result of 
the helices being assembled into bundles or fibrils. The 
present note describes a method of calculating the 

cylindrical ly averaged in tens i ty  from an assembly of N 
helices in which  the  helix axes are parallel  to a unique  
direct ion Oz (the fibre axis). Following Klug  et al., we 
m a y  express the  t ransform of a r igh t -handed  helical 
molecule wi th  helix axis coincident  wi th  Oz as 

.Fo(R, % 1/c) = .~.," an, l(R) exp [in(~o + ½~)] (ia,~ 
where  n ~, . , . , ; ,  

Gn, z(R) = ~ , f j Jn (2~Rr j )  exp [ i ( -nq )  1 + 2~lzj/c)]. (lb) 
J 


