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of small molecules which are lost during the transition 
from 'wet' to 'damp', assuming that  the density of the 
various components remains unchanged and that  no 
holes are formed in the crystal. The change in volume 
of the unit cell, assuming b 0 changes in about the same 
ratio as a 0 and c o, is about 3 %, that  is 1800 /~3. The 
volume of a water molecule is 30 A 3, and that  of an 
ethyl alcohol molecule about 96 A a. Thus the number 
of small molecules lost per protein molecule (twice this 
for the unit cell) is either 30 water molecules, 10 alcohol 
molecules, or more likely, an intermediate number 
made up of both types. This enables one to form some 
picture of the effect. 

The apparently continuous nature of the shrinkage 
suggests, as does all other evidence, that  at least a 
portion of the solvent in the crystal is in a fairly 
liquid state. I t  seems that  a well-ordered state of the 
crystal occurs only over a small part of the range from 
the wet stage to the first shrinkage stage. I t  is probably 
very difficult, if not impossible, to maintain the crystal 
in a state, say, half way between the normal wet stage 
and the first shrinkage stage. 

The most likely explanation, then, is that  most of 
the solvent in the crystal is in a liquid state, and that  
the structure of the crystal is maintained by the protein 
molecules being 'in contact' in some ill-defined sense. 
In the shrinkage we have been describing we surmise 
that  the points of contact remain the same, but that  
the system is strained as the solvent molecules evapo- 
rate. In the discrete shrinkage, on the other hand, the 
molecules are envisaged as moving so that  at least 
one of the 'points of contact' is changed. 

The apparently continuous shrinkage of fl-lacto- 
globulin reported by McMeekin, Rose & Hipp (1954) 
might be due, on this picture, to the closeness of the 

discrete shrinkage stages, because of the large size of 
the unit cell, since the molecules could rather easily 
move their points of contact by a few ~mgstrSms 
without causing more than a very small percentage 
change in the volume of the unit cell. This, together 
with the small continuous shrinkage due to straining 
the configurations, might give the appearance of 
continuous shrinkage. If this view is correct such an 
appearance would be more common with large protein 
molecules than with small ones. 

We should like to thank Dr Murray Vernon King, 
who grew and mounted all the crystals for us; Mrs 
Dalia Rojansky David, who did all the computation 
so cheerfully; Dr Benjamin Post, who suggested the 
use of large jets; and all our colleagues at the Protein 
Structure Project for general assistance. The calcula- 
tions were carried out on IBM machines at the Watson 
Laboratories, for which facilities we are very grateful. 

One of us (F. H. C. C.) would like to express thanks 
to Dr David Harker for the hospitality shown to him 
during his year's stay at the Project. 
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Crystals of the protein rlbonuclease grown in the presence of iodophenol blue have a new unit cell, 
space group C2. The Patterson projection shows that it is closely related to the common monoclinic 
form of ribonuclease, space group P2p From a study of the low-order reflections the relative 
positions of the molecules can be fmmd within certain limits. 

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

In order to attach a heavy atom to the ribonuclease 
molecule, attempts have been made to grow crystals 

* Contribution No. 7 from The Protein Structure Project. 
¢ Present address: Boyce Thompson Institute for Plant 

Research, Yonkers 3, N.Y., U.S.A. 

of the protein in the presence of certain dyes. In most 
cases some dye was incorporated in the crystal 
(usually ribonuclease II) without any change in the 
space group, and with only very slight changes in the 
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cell dimensions (King, Magdoff, Adelman & Harker, 
1955). In one case, however, the dyed crystals were 
found to be of a new type, which we have called 
ribonuclease VI. 

Although the space group (C2) was different from 
that  of ribonuclease II  (P21) it soon became clear 
that  the two forms were closely related. This note 
describes briefly our preliminary studies of ribo- 
nuclease VI, and discusses the nature of its relation- 
ship to ribonuclease II. 

M e t h o d  of  p, r o w t h  

The crystals were grown by Dr Murray Vernon King 
by methods described elsewhere (King et al., 1955) 
as part of his general program of attaching heavy 
atoms to ribonuclease. The protein was Armour 
bovine ribonuclease. The dye was tetraiodophenol- 
sulfonphthalein (iodophenol blue) (Fig. 1). The sample 
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Fig. 1. Iodo-phenol blue. 

pleochroism of the :No. VI form. The No. VI crystals 
are usually elongated blades, the dimensions in the 
a, b and c directions being typically in the ratio 

(a) b (b) 

t 
Fig. 2. Typical habit of (a) ribonuclease VI, (b) ribonuclease II. 

The interaxial angles are given in Table 1. 

1:10:2½. Viewed in polarized light traveling ap- 
proximately perpendicular to the b-c plane, they show 
a high degree of pleochroism, the strong absorption 
being when the electric vector is parallel to b. The 
maximum pleochroic ratio was judged visually to be 
about 10:1. The normal to the plane of the dye 
molecule is therefore not far from the c direction. 

The strong pleochroism shows that  all the dye 
molecules in the crystal are parallel, or very nearly so. 
The most likely reason for this is that  the dye occupies 
a single site on the protein molecule. 

was prepared with 2½% protein, and the dye was 
present in a 1:1 molar ratio. The crystals were grown 
at a pH of about 5 in a solvent having 50 % by volume 
of tertiary butyl alcohol. Under these conditions, but 
without the dye, they would have grown as ribo- 
nuclease II. 

The :No. VI crystals which grew were colored a deep 
blue, which seems to the eye rather a different color 
from a dilute solution of the dye. I t  was found that  
both the old form (No. II) and the new form (:No. VI) 
would grow from the solution, sometimes in the same 
tube. 

.... So far it has not proved possible to obtain ribo- 
nuclease VI without dye, or with a different dye. 

H a b i t  a n d  o p t i c a l  p r o p e r t i e s  

The typical habit of the new crystals is shown in 
Fig. 2(a). That of the more usual No. II  is shown in 
Fig. 2(b) for comparison. At one time it was thought 
that  the two types could be distinguished by their 
habit and general appearance, but this has turned out 
on occasions to be misleading. Frequently, the only 
distinctive and easily observable difference is the high 

S p a c e  g r o u p  a n d  u n i t - c e l l  d i m e n s i o n s  

The space group was found by taking precession photo- 
graphs. They showed unambiguously that  it was C2. 
No forbidden reflections were found in the three zones 
covered (1/d to 0.44 A -1) so that  the space group is 
probably a true one and not a pseudo one. 

The cell dimensions were measured roughly from 
the precession photographs and accurately on the 
spectrometer. They are given in Table 1, with those 
for ribonuclease II  for comparison. 

Table 1 
Volume 

a 0 (A) b o (A) c o (A) fl (°) (A 3) 
RibonueleaseVI U2 70.60 38.99 51.65 103-96 138,000 
Ribonuclease II P21 30.28 38.39 53.16 105.83 59,400 

The volume of the primitive cell of No. VI is thus 
16% greater than that  of No. II. As there are two 
molecules of ribonuclease per unit cell of No. II  there 
are almost certainly two for the primitive cell of 
:No. VI, and thus four for the side-centered cell; that  
is, one molecule in the asymmetric unit. 

I t  can be seen that  the two unit cells are dimen- 
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h-->22 20 18 16 14 l 
0 ~ - -  

1 28 167 102 5 4 3 113 
2 - -  3 3 0  2 8 8  311 44 173 
3 3 4 2 152 8 16 13 
4 2 206 49 60 13 16 1 
5 2 ~ 3 31 69 4 32 
6 33 3 7 ~ 163 48 4 
7 1 13 15 57 9 5 11 
8 6 91 234 187 6 7 56 
9 2 3 2 5  1 2 0  5 2 9  1 

10  15 105  2 7  8 3 7 9  3 4 8  86  
11 - -  89  4 157  18  58  2 8 8  
12 - -  11 14 3 42 41 10 
13 11 - -  93 54 41 
14 12 3 8 2 25 
15 ~ 1 3 2 19 
16 ~ - -  16 31 2 
17 __ m 5 

Tab le  2 

i~ 1-6 ~ ~ ~ ~ 0 2 4 6 8 

- -  ~ - -  1060 
73 83 100 112 363 1 
15 79 510 77 266 133 
13 269 - -  22 36 53 

118 35 91 32 19 11 
- -  399 543 94 2 18 

1 12 71 3 2 2 
105 96 9 3 23 18 

5 2 1 28 107 17 
9 8  61  9 6 1 

2 48 9 26 60 274 110 
67 13 83 25 56 95 79 

9 3O 6 1 21 213 2 
1 40 13 4 - -  - -  
3 10 92 39 19 8 1 

55 122 6 7 69 109 5 
28 16 2 64 40 1 
- -  '19 17 . . . .  

2 9  1 16  
63  17 6 8  
4 0  3 3 
10  14 1 3 0  
78  4 3  3 

4 4 2  33  
1 ~ 2 
6 31 1 

16  13 187  
9 106  6 

36 2 
47 8 

1 61 
3 1 
9 9 0  
3 - -  

10 12 14 16 18 20 22 

18 25 246 341 300 157 3 
3 79  1 5 21  7 10 

23 15 6 3 6 17 3 
34 10 15 - -  26 17 

3 18 - -  51 63 24 - -  
67 2 9 60 - -  10 - -  
60 1 22 44 8 

121 12 8 8  6 8  1 
5 34 44 - -  

4 2  5 5 15 - -  
21 1 1 - -  - -  
4 6  20 5 - -  - -  

8 2 - -  - -  - -  
41  . . . .  

s i ona l l y  r a t h e r  similar .  The  b axes are a lmos t  ident ica l ,  
t he  c axes no t  ve ry  different ,  and  ½a for  No. VI  is 
on ly  16 % grea te r  t h a n  a for  No. I I .  I t  was there fore  
dec ided  to  m a k e  some p r e l i m i n a r y  m e a s u r e m e n t s  of 
t he  in tens i t ies  of No. VI  in  the  hope  of t h r o w i n g  
a d d i t i o n a l  l igh t  on th is  re la t ionship .  

W e  h a v e  t r i ed  to  ob t a in  d r y  cell d imens ions  f rom 
No.  V I  crystals ,  b u t  so fa r  t he  d r y  crys ta ls  we have  
o b t a i n e d  h a v e  been  too  d isordered  to  y ie ld  a u n i t  cell. 
The  d isorder ing  occurs, t h r o u g h  e v a p o r a t i o n  of solvent ,  
no t  l a te r  t h a n  t en  minu te s  a f t e r  t he  cap i l l a ry  has  been 
cracked.  

E x p e r i m e n t a l  

T h e  values  of the  hO1 a n d  t he  0/d) in tens i t ies  were 
measu red  on the  Geiger-counter  spec t rometer .  The  
i n s t r u m e n t  and  t he  t e chn ique  have  a l r eady  been  
descr ibed (Furnas  & Harke r ,  1955). A d e q u a t e  precau-  
t ions  were t a k e n  to  ensure  t h a t  t he  c rys ta l  was in  a 
s table  cond i t ion  (Magdoff & Crick, 1955) and  the  usua l  
correc t ion  was made  for t he  abso rp t ion  of the  capil- 
l a ry  (Furnas ,  unpub l i shed :  descr ibed in Magdoff  & 
Crick, 1955). The  Loren tz  f ac to r  a n d  the  abso rp t i on  
correc t ion  were m a d e  us ing I B M  machines .  The  
re la t ive  IF[ ~ are l is ted in  Tab le  2. A p p r o x i m a t e  ab- 
solute  va lues  in  (electrons) ~ for the  Trimitive cell can 
be ob t a ined  b y  mu l t i p ly ing  these  f igures b y  1900 
(Furnas ,  unpubl i shed) .  

.Relative values  of the  0k0 in tens i t ies  are g iven  in  

Table 3, together with relative values of those for 
ribonuclease II. 

A two-d imens iona l  P a t t e r s o n  p ro jec t ion  was cal- 

Table  3. Comparison of intensities 

Reflection No. I I  No. VI 
020 1970 2600 
040 500 490 
060 46 27 
080 16 21 

0,10,0 269 220 
0,12,0 81 27 

cu la ted  us ing  I B M  machines  f rom the  re la t ive  IF] 2 
in  Tab le  2, a n d  is shown in Fig. 3(a). E a c h  con tou r  is 
a b o u t  1000 e~.J~ -2 for t he  p r imi t ive  cell. The  cor- 
r e spond ing  P a t t e r s o n  p ro jec t ion  of r ibonuclease  I I  is 
g iven  in  Fig.  3(b). The  d a t a  for  th is  crystal ,  for  which  
the  so lven t  was 50 % b y  vo lume  t e r t i a r y  b u t y l  alcohol ,  
h a v e  n o t  been  publ ished,  bu t  t he  in tens i t ies  are v e r y  
s imi lar  to  those  for a c rys ta l  g rown f rom 5 5 %  b y  
vo lume  e thy l  a lcohol  l is ted in Magdoff  & Crick (1955). 
Visua l ly  e s t ima t ed  va lues  have  also been pub l i shed  
earl ier  by  Carlisle & Scouloudi  (1951) who  also show 
a P a t t e r s o n  p ro jec t ion  which  is s imi lar  to  ours. The  
in tens i t ies  m a k i n g  up  our  d a t a  ex t end  to  20 = 30 °, 
as t h e y  do for  t he  No. VI  crystal ,  a n d  t he  con tours  
of t he  two  Pa t t e r sons  (in Fig. 3(a) and  (b)) are ap- 
p r o x i m a t e l y  on the  same scale. 

I n t e r p r e t a t i o n  

(a) The molecular positions in No. VI  
T u r n  f i rs t  to  Fig. 3(a). I t  can  be seen t h a t  t he  vec- 

tors  are concen t r a t ed  in  a c o m p a r a t i v e l y  na r row region 
r u n n i n g  t h r o u g h  the  cell para l le l  to  c. This  effect  is 
p roduced  by  the  v e r y  large IFI 2 of 200, which  is t h e  
larges t  i n t e n s i t y  a m o n g  t he  h0l's. I t  can on ly  m e a n  
t h a t  t he  molecules  fo rm layers  in the  b-c plane.  The  
reason  th i s  shows up  here  is t h a t  t he  so lven t  has  a 
m u c h  lower e lec t ron dens i ty  t h a n  t h a t  of t he  h y d r a t e d  
p ro te in  (0.3 e./~ -a compared  to  0.4 e.A-a).  

The comparatively strong 001 suggests that the 
'centers' of the molecules related by a twofold axis 
are n o t  ½c apar t .  Thus  a l t h o u g h  we canno t  loca te  t he  
re la t ive  posi t ions  of the  two  molecules  u n a m b i g u o u s l y  
we can  na r row  down the  possibi l i t ies  cons iderably .  
This  is shown in Fig. 6 by  the  regions m a r k e d  A.  

(b) Comparison between No. VI and No. I I  
Now compare  Fig. 3(a) w i th  Fig. 3(b). To fac i l i t a t e  

th i s  compar i son  Fig. 4 has  been cons t ruc ted .  This  
consists of the  P a t t e r s o n  of r ibonuclease  I I - - a  l i t t le  
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( a )  ( b )  

Fig. 3. Patterson projection along the b axis of (a) ribonuclease VI, (b) ribonuclease II. Zero contours 
broken; negative contours omitted. 

more of it  t han  is shown in Fig. 3 (b )~ to  which has 
been added, as a pa t t e rn  of dots, all the  positive regions 
of ribonuclease VI  (Fig. 3(a)) above the first contour. 
However,  the  two cells have not  been superimposed 
with their  a or c axes parallel, but  twisted so t ha t  their  
respective c axes are some 25 ° apart .  

I t  can be seen t ha t  there  is a very  considerable 
degree of coincidence. Pract ical ly  every  peak of the 
No. I I  Pa t te r son  is covered by  the dots. The peaks 

which are not  so c o v e r e d ~ f o r  example,  those near  
the  bo t tom of the  f igure--wil l  be found to be covered 
when they  occur elsewhere (as they  do here at  the  top 
of the figure, which is s imply a repet i t ion of the  bo t tom 
due to the repeat  of the  Pat terson) .  Moreover, the  
dots cover hard ly  any  negative regions of the  No. I I  
Pat terson,  and when they  do it  can usual ly  be ex- 
plained as due to the s y m m e t r y  inherent  in the Pat -  
terson, which gives the same peak in more than  one 
place. 

) z  
~ ! i . ~  "" ~ ' . i  " ' /  The only exception to this seems to b e n e a r  the 

3a/4 ..... . : .~,  . / : :  .. ,.3 ( ) . origin. In  the Pa t te r son  of No. I I  there is a continuous 
'. . . . . .  ~!~.." negative ring at  3 /~  from the origin; in t h a t  of No. VI  

there  is a conspicuous bridge. However,  closer in- 
.._x:,~.-- . .  - ..~,..,~ ~ . . ; -  ~,,.,.*....:,~': '.. . . . . . . . .  ~.'.~, a ~//~" ~ ' ~ ~ ~ ~ " : " / ~ "  ~ ] ~ ~  spection of the former shows tha t  it  has submerged 

bridge. This can be seen from Fig. 5(a), which shows 
~'=:~"~'"') "':~:~F~I:~-"~! ..... : S  ~'':':~ the region in question for ribonuclease I I  (50% ter- 

• i...,-- k i.. .......... ....... ! - ' .  x ....t ~ \ 

• • . 0 

o/2 
0 0 5 10 A c/2 (a) (b) (c)" 

Fig. 5. Patterson projections along the b axis of (a) ribonuclease 
Fig. 4. Patterson projection along the b axis of ribonuclease II. II, grown from 50 % aqueous tertiary butyl alcohol, (b) 

Dotted regions are those above 1000 e./~ -~ for ribonuclease ribonuclease II, .grown from 55 % aqueous ethyl alcohol, 
VI, appropriately rotated. Zero contours broken; negative (c) ribonuclease VI, appropriately rotated. Zero contours 
contours omitted, broken; negative contours dotted. 
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t iary  butyl  alcohol) with the negative contours as well 
as the positive ones. The corresponding region for 
ribonuclease II ,  but  from 55 % ethyl alcohol as solvent, 
is shown in Fig. 5(b), and tha t  for ribonuclease VI in 
Fig. 5(c). I t  can be seen tha t  the submerged bridge in 
Fig. 5(a) has broken surface in Fig. 5(b) and is high 
and dry  in Fig. 5(0). We believe tha t  this effect is 
caused by the increased intensities of the low-order 
reflections, produced in Fig. 5(b) by the lower electron 
density of the solvent and in Fig. 5(c) by the increased 
separation of the molecules. 

Leaving this possible difficulty on one side, it seems 
virtually certain tha t  the aspect of the pair of mole- 
cules, looking along b, making up the unit cell of 
No. I I  is very similar to tha t  of the pair of molecules 
forming the (primitive) unit cell of No. VI, and tha t  
the two aspects can be made to coincide by twisting 
one pair of molecules about the b axis through 25 °. 

(c) The molecular positions in No. H .  

Now the symmetry  elements of No. I I  consist only 
of twofold screw axes; those of No. VI of both two- 
fold screw axes and ordinary twofold axes. I t  is there- 
fore a natural  hypothesis to assume that one of the 
screw axes is the same in both cells. That  is, the relation- 
ship between adjacent molecules, within an infinite 
line of molecules in the b direction, which leads to one 
of the screw axes in No. II,  is exactly the same as 
tha t  expressed by one of the screw axes in No. VI. 

If this hypothesis were correct we should expect the 
b axis of the two cells to be identical, and the 0k0 
reflections to remain unchanged in going from one 
cell to the other. Reference to Tables 1 and 3 shows 
tha t  these expectations are obeyed approximately. 
The b axes differ by only 0-60/~, and the 0k0 intensities 

s 
.o I 

Fig. 6. Relative positions of the ribonuclease molecules in the 
two cells P21 and C2; first molecule at the origin, second 
molecule in regions A. The broken cell is ribonuclease VI 
and the solid is ribonuclease II .  

differ by no more than might be expected from this 
change and from the effect of the dye molecules. 

We are now in a position to use this information 
to narrow down the position of the two molecules in 
ribonuclease II.  This is shown diagrammatically in 
Fig. 6. The shaded areas labeled A show, in an ap- 
proximate manner only, the location of the 'center '  
of the second molecule when the first one is placed 
with its center on the origin. The size and shape of 
these areas have been estimated by using the IFI 
values for 001 and 002. The fact tha t  002 is also rather  
strong suggests that  the 'center'  of the second molecule 
is more likely to lie in the parts of A which are shown 
with double cross-hatching. I t  should be realized tha t  
in any case the 'center'  of a protein molecule is not 
a clear-cut idea, and depends on how it is defined. 

(d) Concluding remarks 

Notice tha t  it would be difficult from a simple s tudy 
of ribonuclease I I  alone to find where the molecules 
are, since they are closer together than  in No. VI, 
and thus the contrast between them and the solvent 
is less marked. Similarly, from No. VI alone it  would 
be difficult to decide if the molecules in the same layer 
were related by rotation or by  screw axes, while the 
argument given above suggests tha t  the lat ter  alter- 
native is correct and tha t  the rotat ion axes relate one 
layer to the next. 

Finally it should be remembered tha t  the dye mole- 
cule (Fig. 1) has a pseudo mirror plane and a pseudo 
twofold axis. I t  is thus possible tha t  the dye molecules 
lie on one or more of the rotat ion axes. 

We feel it is unwise to go beyond these rather  limited 
deductions for the t ime being, since speculations from 
simple packing considerations have been known to 
give misleading results in the past. The first successful 
isomorphous replacement should in any case establish 
the main features of the molecule and it  seems better 
to wait till this is achieved. 
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