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An X-ray  Study of Reduced H u m a n  Haemog lob in  
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Cavendish Laboratory, Cambridge, England 

(Received 1 November 1954) 

Reduced human haemoglobin exists in three polymorphous modifications which all have the 
same space group (P21), but  different molecular arrangements. Pat terson projections of the 
simplest of the three forms indicate tha t  the two molecules in the unit cell are nearly parallel to 
each other and centred approximately at  :t:(x = 0-225, y = 0.25, z = 0.20). The peaks near the 
origin in two of the Patterson projections of this form resemble those in corresponding projections 
of horse methaemoglobin, and suggest similarities in the molecular structure of the two proteins. 

1. Introduction 
Haemoglobin  of normal  adul t  m a n  crystallizes in six 
different forms. There are three forms in which oxy-,  
carboxy- or methaemoglobin  have  been observed to 
crystallize and  three others characteris t ic  of reduced 
haemoglobin.  Five of the  six forms are listed in Table 1 
of Bragg & Peru tz  (1952b), which gives the  cell dimen- 
sions, optics and  habi ts  of growth.  The present  paper  
describes Pa t t e r son  projections of a form of reduced 
haemoglobin listed as No. I I  in t h a t  table and also 
of a new form ( I I I )  not  previously invest igated.  

X - r a y  analysis  of horse haemoglobin led Bragg & 
Peru tz  (1952a) to propose molecular dimensions ap- 
p rox imat ing  to a spheroid of 54 × 54 × 71 J~. The same 
spheroidal  model  also f i t ted the  unit-cell dimensions 
and space groups of several  other  forms of haemo- 

* On leave from No. 1 Laboratory, Courtaulds Ltd., 
Coventry, England. 

globin, suggesting the  external shape of the  haemo-  
globin molecule to be the  same in different an imal  
species (Bragg & Perutz ,  1952b; Bragg,  Howells & 
Perutz ,  1952). I t  has now been found t h a t  Pa t t e r son  
projections of horse and  h u m a n  haemoglobin possess 
similarities which imply  a close relat ionship between 
the  internal archi tecture  of these two proteins.  

2. Experimental 
Crystalline h u m a n  oxyhaemoglobin  was prepared  by  
the  method  of Drabk in  (1946). The crystals  were dis- 
solved in a min imum of water ,  and  a few drops of the  
concentra ted haemoglobin solution was added to a 
series of test  tubes  each containing 10 ml. phosphate  
buffer of p H  6.7 and  a small  quan t i t y  of ferrous 
citrate.  The to ta l  buffer  concentrat ion in the  different 
tubes  was var ied between 2.0 and  2.8M. The tubes  
were filled with ni t rogen before being sealed. Af ter  

Space a b 
Form group Sta~ (A) (/~) 

I P2 z Wet 66 98 

I I  P2 x Wet 62.5 83.2 
Dry 59 70 

I I I  P2 z Wet 64.8 97.5 

Table 1. Crystallographic data 
Unlt-cell 

c fl volume 
(A) (o) (A a × 10 -a) n 

110 98 700 4 

52-8 98 272 2 
47.5 97.5 194 

100 101.5 619 4 

Direction 
Pleo- of low 

chroism absorption 

Strong [100] 

Strong [100] 

Strong [100] 

Crystal habit 
(dominant habit 

bold) 

{001} 
{011} {110) {010) 

(loo) (o11) 

L r- 100-~ 171 

O01 0101 )~1 j~010 

lit 

Fig. 1. Clinographic projections of the three crystal forms of human reduced haemoglobin. 
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dried crystals of this form were not investigated. M1 
Patterson projections were calculated from 8 ° preces- 
sion pictures, omitting terms of less than  7 ~ spacing. 

3. Crystallographic data 

The unit-cell dimensions, space group, optics and 
growth habits of the three forms of human reduced 
haemoglobin are given in Table 1. Clinographic draw- 
ings from which the crystals may  be identified are 
shown in Fig. 1. The habits of all three reduced forms 
are easily distinguishable from those of oxy-, carboxy- 
and methaemoglobin, which commonly crystallize 
either in tetragonal bipyramids (Drabkin, 1946), 
tetrahedra (Jope & O'Brien, 1949), or in pseudo- 
tetragonal prisms terminated by bipyramids (Perutz 
& Weisz, 1947). 

4. Patterson projections of form II 

Bragg & Perutz (1952b) suggested the two molecules 
in the unit  cell to be in a body-centred arrangement 
and parallel to each other with the long axis of the 
spheroids inclined at a small angle to the a axis. 
Perutz (1953) later showed the polarization dichroism 
of the crystals to be consistent with this orientation 
of the molecules. This deduction is now confirmed by 
the Patterson projections. The most interesting look- 
ing projection is tha t  on (100), which shows a pat tern  
of peaks at a distance of 10-11 J~ from the origin 
(Fig. 2(a)). This pat tern  is strikingly similar to tha t  
found in the Patterson projection on (100) of horse 
haemoglobin, which has been the subject of previous 
investigations (~'ig. 2(b)). I t  was shown by Perutz 
(1949) tha t  the peaks are the projections of rod-like 
features in the three-dimensional Patterson, tentat ively 
interpreted as the vector equivalents of parallel 
polypeptide chains of the s-form. The occurrence of 
of a similar pa t tern  of vector peaks in human haemo- 

globin suggests a corresponding similarity in the 
general lay-out of the polypeptide chains. 

In  horse haemoglobin the molecules lie on lattice 
points in a C-face-centred unit  cell; hence the vector 
peaks in the Patterson projection of Fig. 2(b) repeat 
at  intervals of b/2. In  human haemoglobin the two 
molecules lie in general positions related by the screw 
dyad along [010], but  if the two molecules are parallel 
a 'pseudo-origin' ought to appear in the Patterson 
projection at y = ½, with surroundings similar to those 
of the origin peak. Such a peak appears at z = 0-33 
(marked p in Fig. 2(a)). I ts  surroundings are similar 
to those of the origin peak, except for the peak A 
which should be absent on this simple interpretation. 

We may now consider the Patterson projection on 
(001) (Fig. 2(c)). This again shows an arrangement of 
peaks around the origin which is similar to tha t  on the 
(001) projection of horse haemoglobin (Fig. 2(d)). The 
other marked feature of Fig. 2(c) is a pseudo-origin 
at  x = 0.45, y = ½, where the system of peaks sur- 
rounding the origin itself is repeated. The two Patter-  
son projections on (100) and (001) thus suggest the 
molecular co-ordinates to be ±(x = 0.225, y = 0.25, 
z = 0.20) in good agreement with the body-centred 
arrangement deduced from packing arguments. 

The Patterson projection on (010) (Fig. 3(a)) is the 
least interesting. Owing to the great length of b the 
molecules overlap considerably; in consequence neither 
the similarity with horse haemoglobin, nor the paral- 
lelism of the two molecules in the unit cell is apparent. 
There is a suggestion of a pseudo-origin near x = ½, 
z = ½, but  without the aid of the other two projections 
it would hardly be recognized as such. 

X-ray pictures of the dry form were also taken. 
As usual, these fail to show reflexions of less than 7 /~  
spacing, but a Patterson projection on (100) never- 
theless shows some features of interest (Fig. 3(b)). At  
this low resolution one would expect the vectors 
between molecules to predominate; accordingly a 
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Fig. 3. (a) P(x, z) of human reduced haemoglobin II. Scale: 1 cm. = 10 A. 
(b) P(y, z) of human reduced haemoglobin II, air dried crystal. Scale: 1 era. ---- 10 A. 
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Fig. 4. P(y, z) of human reduced haemoglobin III.  

.strildng system of peaks i s  found near the pseudo- 
origin at  y = ½, z = 0.4, providing further evidence in 
favour of the molecular arrangement deduced above. 

I t  is interesting to see if the correspondence between 
the two Pat terson projections on (100) of horse and 
human haemoglobin (Figs. 2(a) and 2(b)), can be 
.subjected to a more quanti tat ive analysis, based on 
the electron-density distribution tentat ively proposed 
by Bragg, Howells & Perutz (1952). This showed a 
system of 17 peaks in roughly hexagonal array, 
representing polypeptide chains in the haemoglobin 
molecule in end-on projection. The question may  now 
be put  whether two such systems of electron-density 
peaks displaced by  the vector p (Fig. 2(a)) would 
explain the observed Patterson, not only as far as the 
positions but  also as far as the heights of the vector 
peaks are concerned. 

The procedure was as follows. Sets of points cor- 
responding to the peak positions in the Fourier 
projection of Bragg, Howells & Perutz (1952) were 
placed at  positions corresponding to various molecular 
arrangements. Their optical diffraction patterns were 
then recorded with a machine similar to tha t  of Han- 
son, IApson & Taylor (1953) and the intensities of the 
diffraction spectra were used as the terms of Patterson 
syntheses. I t  was found tha t  a calculated Patterson 
giving peaks of approximately the right shape and 
relative height could be obtained with molecules at  
± (y  = 0.25, z = 0.20), but  it  was not possible in any 

of the calculated Pattersons to reproduce the anoma- 
lous peak A. Its  appearance suggests tha t  the pro- 
jected electron-density distribution in the haemoglobin 
molecule is more complex than  the simple system of 
intra-molecular Patterson peaks would lead one to 
expect. 

5. The crystal  s tructure  of f o r m  III 

This form has the same space group as form I I  (P21), 
but  it  has four molecules in the unit  cell, and a more 
complex structure. [100] is again the axis of minimum 
pleochroic" absorption, which is generally found to 
coincide approximately with the long axis of the 
molecular spheroids. This molecular orientation is also 
suggested by the Patterson projection on (100) 
(Fig. 4). The system of peaks around the origin 
resembles the one in Fig. 2(a), except tha t  the  peaks 
appear to be smeared out by rotation around [100]. 
There is also a peak which might be a pseudo-origin 
(p) at  z -- ½, y = 0, but  none tha t  could be definitely 
identified as such on the line of y = ½, where i t  would 
be expected if the molecules related by the screw 
dyad were strictly parallel. Absences among the low- 
order reflexions suggest tha t  the molecules are in 
approximately face-centred positions; this arrange- 
ment  is also suggested by considerations of packing, 
but  the structure of this form is evidently too com- 
plex for more detailed analysis. 
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6. Conclus ions  and d i scuss ion  

0 n l y  one of the  three crystal  forms of h u m a n  haemo- 
globin is suitable for detailed analysis.  This has two 
molecules related by  a screw dyad  in a monoclinic 
uni t  cell. The two molecules appear  to be very  near ly  
parallel  to each other and  centred approximate ly  at 
+(x  = 0-225, y = 0-25, z = 0.20). The peaks near  the 
origin in two of the Pat terson projections closely 
resemble those in corresponding projections of horse 
haemoglobin  and suggest similarit ies in the molecular 
s t ructure of the two proteins. The resemblance is 
par t icu lar ly  str iking in the projections on (100), 
which correspond to the  end-on view of the vector 
chains in the  three-dimensional  Pat terson.  An a t t empt  
was made  to interpret  this  project ion as being due to 
two ident ical  sets of electron-density peaks, represent- 
ing close-packed chains viewed end-on, displaced by  
the  intermolecular  vector p. Success was only par t ia l :  
our assumed structure accounted for the positions and 
relat ive heights  of all the  Pat te rson  peaks except one, 
which remained  ent irely unexplained.  I t  seems diffi- 
cult to make  fur ther  progress with this  projection 
unt i l  the  electron densi ty  is determined direct ly by  
the isomorphous-replacement  method  (Green, Ingra in  
& Perutz,  1954). 

Even  the  very  l imi ted in terpre ta t ion of the Patter-  
son projections presented here involves difficulties 
which are hard  to resolve at this  stage. For  instance, 
if the haemoglobin  molecule were a completely asym- 
metr ic  object, paral lc l ism of two such molecules 
related by  screw dyads  would have no meaning.  In  
tha t  case the  s imi lar i ty  of self-Patterson and cross- 
Patterson,  which appears in two projections of form II,  
would have  a more complex in terpre ta t ion t han  the 

one given. On the other hand,  if h u m a n  reduced haemo- 
globin had  dyad  symmet ry ,  as h u m a n  oxy- and 
methaemoglobin  are known to have, and if the  molec- 
ular  dyads  were paral lel  to the  b axes of the crystal,  
as the  similarit ies of the Pat terson projections on (100) 
of h u m a n  and horse haemoglobin seem to indicate,  
then  the self- and cross-Pattersons would have to be 
identical  and peak p would be considerably higher t han  
is observed. The fact  tha t  this is not so suggests either 
tha t  in the reduced form the dyad  s y m m e t r y  of the 
molecule is only approximate ,  or else tha t  the dyads  
of the two molecules in the un i t  cell are not  s t r ic t ly  
parallel.  None of these points  can as yet  be decided. 

So far there is nothing in the results which would 
explain  why  reduced haemoglobin crystallizes dif- 
ferent ly  from oxy-, carboxy- and methaemoglobin .  
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Frondel & Whitfield (1950) established Laue class 3 from 
a Weissenberg [0001] zero layer. They used the mor- 
phology (hexagonal prism 1150 and rhombohedron 1011) 
to rule out point group 3 and establish t)oint group 
(Groth's 'rhombohedral '  crystal class). The lattice mode 
could not be deduced from the X-ray photographs avail- 
able to them. 

The indices of the crystal forms obey the criterion 
' (2h + k + l) divisible by 3', so that  on purely morphological 
grounds the lattice is rhombohedral, the space group is 
Lmiquely determined as R3, and the cell given in hexagonal 

co-ordinates (a = 10-9, c = 4.26 kX., Z = 18) is a triple 
cell. The smallest cell is given by arh.-----6.45 kX., 

= 115 ° 18', Z = 6. In the name 'rhombohedral sulfur', 
the adjective rhombohedral may  well be taken to refer 
to the lattice mode. 
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