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I.  I N T R O D U C T I O N  

Interest in the structure of insulin has increased recently as a result of the work 
of SANGER et  al .  1, 3, 3 which, it is claimed, establishes the complete chemical structural 
formula of the unit of molecular weight ca.  6,ooo. The structural formula so proposed 
may  be used to check the hypothesis that  the a-helix of PAULING, COREY .aND 
BRANSON 4, already well established as the basis of the structures of some synthetic 
polypeptides, is also a feature common to some fibrous and globular proteins. If  this 
could be established it would give support to the view that  this similarity of archi- 
tecture extends also to the nucleoproteins. 

This paper describes the first stage of an a t tempt  to make such a check, by 
constructing a model of the molecule of insulin based on these hypotheses. 

SANGER and his collaborators1, 2 have produced evidence that  the insulin mole- 
cule is constructed from two types of peptide chain. One, the A chain, has the 

I 2 3 4 5 6 7 8 9 IO II  12 
sequence of 2I residues, gly-ileu-val-glu(OH)-glu(NH~)-cys-cys-ala-ser-val-cys-ser- 

I3 I4 I5 I6 17 I8 I9 20 2I §§ 

leu-tyr-glu(NH2)-leu-glu(OH)-asp(NH2)-tyr-cys-asp(NH2) .. The B chain, which con- 
I 2 3 4 5 6 7 8 9 

tains 30 residues, has the sequence phe-val-asp(NH2)-glu(NH~)-his-leu-cys-gly-ser- 
Io I~ I2 13 I4 I5 I6 x7 I8 19 20 2I 22 23 24 25 26 27 28 

his-leu-val-glu (OH) -ala-leu- tyr-leu-val-cys-gly-glu (OH) -arg-gly-phe-phe-tyr-thre-pro- 
29 3 ° 

lys-ala. More recently SANGER and co-workers 3 have shown that  sulphur bridges 
occur between A 7 and B 7, A2o and BI  9, and A6 and AII .  Following HARFENIST 
AND CRAIG 5, SANGER interprets these results in terms of a unit of molecular weight 
ca.  6,000 composed of one A and one B chain. Neglecting initially all questions as 

* T h i s  i n v e s t i g a t i o n  w a s  a i d e d  b y  a g r a n t  f r o m  t h e  N a t i o n a l  F o u n d a t i o n  for  I n f a n t i l e  P a r a l y s i s .  
** O n  l e a v e  of a b s e n c e  f r o m  t h e  W o o l  T e x t i l e  R e s e a r c h  L a b o r a t o r i e s ,  C .S . I .R .O . ,  M e l b o u r n e ,  

V i c t o r i a ,  A u s t r a l i a .  
** ~ P r e s e n t  a d d r e s s ,  L a b o r a t o r y  of C h e m i c a l  C r y s t a l l o g r a p h y ,  T h e  U n i v e r s i t y  M u s e u m ,  Ox fo rd ,  

E n g l a n d .  
§ C o n t r i b u t i o n  No .  1992. 

§ § T h e  a b b r e v i a t i o n s  g l u ( O H ) ,  a s p ( O H )  d e s i g n a t e  g l u t a m i c  a n d  a s p a r t i c  ac ids  r e s p e c t i v e l y :  
g l u ( N H 2 )  a n d  a s p ( N H 2 )  d e s i g n a t e  g l u t a m i n e  a n d  a s p a r a g i n e .  
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1{} the molecular  weight {}f the insulin molccu]{', we set out  to c{mstruct a m{Mcl {}f 
the (i,{}{){) unit.  There havv I)ven previous  a t t e m p t s  to eonstr l lct  mo(hqs of th{' insulin 
mol{,eule<r but  t hey  har t '  be{'n based e i ther  {m a. I2 ,ooo/ l l l i t  o f  f{}lll7 chains c{,vah'ntlv 
l inked through sulphur  b{}nds {}r (}n a n  i n c o r r { ' c t  glleSS ~lt the in t rachain  sulphur  link. 
Our own init ial  invest igat i (ms proved sufficic, n t ly  {qlc(}tll-agila< ft}r 11> t{} vXtCll{l thv 
model  fllaallv to the i2,o{}{} dimer,  but  we hav{~ not a t t e m p t e d  any invvsti<ati{)n {}t 
the 36,ooo or 48,ooo unit  a l though our m{}del suggests ways in whi('h such a m{}l{,culc 
could be formed from thv r2,ooo unit .  

lI. DESCRIPTION OF THE TYPE OF MODEL BUILDING UNITS ]~MPI.(}YEI} 

The type  of model  used has been deve loped  in these labora tor ies  by  Professors 
PAULIN<; AND COm~.Y, and because of the  advan tages  of s t rength  and r ig id i ty  has 
p roved  ex t remely  useful for the inves t iga t ion  of possible modes {ff folding of the 
pep t ide  chain.  

The models  a r t  of the  non-spacefi l l ing t ype  cons t ruc ted  on a scale of r" ~ I : \ ,  
and  are made  of a luminium.  The amide  bonds  are single p lanar  uni ts  with provis ion 
for a t t ach ing  two main  chain bonds  and two hydrogen bonds. These uni ts  correspond 
with the  dimensions quoted  by  COREY AND PAUHNG s, which are reproduced  in 
Table  I. Covalent  bonds  are steel  dowel  pins of the  correct  length and H bonds  have 
a universa l  joint  a t  the posi t ion corresponding to the  oxygen a tom so tha t  the  
or ien ta t ion  of the  recep tor  group is not  restr ic ted.  Rigid  a t t a c h m e n t  of the  bonds  
is ensured b y  set screws. Two types  of a tom covered al l  r equ i rements  for the  model.  

"l'.\ bHA'2 I 
D I M E N S I O N S  U S E D  F O R  "FHI~2 A M I D E  G R O U P S  I N  T t q F  M ( } I ) I ~ . I ~  ~ 

l ) i m e n s b } n  l r a l m  " 

Ca C 1.53 

C ( )  E.-'  3 

C - N t . 3 - '  

N C,, [ .47 
N - - -  O -'. 7-' 
(~,~ C () 1 2 [ 

C,~ C N l ]  ,t 
O : C N ~ ' 5  : 
C . . . . . . . . .  {',~ I -'o 
C N II  ia{} 
t t  -- N - (2,1 I 2(}  

A regular  t e t r ahed ra l  a t om was used for t e t r ahed ra l  carbon and ni t rogen (as in 
-NHa~ ) and  was sufficiently accurate  to be used for oxygen (as in OH) and sulphur .  
P lanar  t r igonal  a toms  with z2o ° bond  angles were also used:  these al lowed con- 
s t ruc t ion  of benzene rings and were used for bo th  carbon and oxygen in ca rboxy l  
groups and carbon and ni t rogen in the  guanido group of arginine. The special  p roblem 
of his t idine was overcome b y  using the same t r igonal  a toms  and bending  the  con- 
nect ing bonds  to the  correct  angle. For  the  dimensions of the  main  po lypep t ide  chains 
overal l  errors not  exceeding 2% m a y  be expected.  Tile appearance  of models  of this  
t ype  should be made  clear b y  Fig. 2, which will be descr ibed below. 
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III. NOMENCLATURE 

No systematic nomenclature for describing the various types of helical peptide 
chain structures has so far been published. PAtlLING has used a nomenclature in 
which the numbers of atoms in rings closed by H bonds from successive NH groups 
are given. For an a-helix this implies regarding the chain as commencing from the 
CO0- end. In this system an a-helix is described as 13, 13, 13, 13, 13 - - and  a y-helix 
as 16, 16, 16, 16, 16-- .  In general this nomenclature is satisfactory, but it would 
also be helpful to have some direct indication of which [wo residues are linked by 
H bonds. In an alternative nomenclature x - y  represents an H bond from the CO 
of residue x to the NH of residue y. The numbering follows chemical convention, i.e., 
starts from the NH3+ end of the chain. An a-helix thus becomes 1-5, 2 6, 3-7, 4-8, 
5-9, 6-1o, etc. Other nomenclature used is self-explanatory except perhaps in con- 
sideration of the 12,ooo dimer where A, A' and B, B' are used to distinguish the 
pairs of A and B chains. 

IV. THE A CHAIN 

The a-helix of PAULING, COREY AND BRANSON 4 is well established as the basis 
of the structure of such synthetic polypeptides as poly-y-methyl-L-glutamate. The 
evidence for its existence in the structures of proteins, and particularly of globular 
proteins, is less convincing. The particular case of the A chain of insulin offers a 
special difficulty since it is not possible to construct any intra-chain disulphide link 
on an undistorted a-helix. The a-fl  carbon-carbon bonds emerge at a constant angle 
from the axis of the helix and no two fi carbon atoms are close enough to one another 
to be joined by a - S - S -  link with the accepted configuration 9. 

Attempts were made to devise other kinds of helix to get over this difficulty 
by causing the a-fi  carbon-carbon bonds to lie at different angles to the axis of the 
helix for different residues. In particular, helices were constructed in which the 
direction of the N H - - O  main chain H bonds was not uniform but in which sequences 
of N H - - O  vectors pointed towards either end of the helix. All such helices were 
unsatisfactory because of distorted bond angles, decreased van der Waals attraction 
as for the y-helix or because side chain fl-carbon atoms approached the main chain 
too closely. 

A return was therefore made to consideration of the a-helix as the fundamental 
pattern with minor modifications designed to accommodate the A 6 - A I I  disulphide 
link. 

A model of a right handed a-helix was constructed in which the 6 residue was 
the D-half of meso cystine. It was, however, not possible to form a 6-11 intrachain 
disulphide link. There is moreover no conclusive evidence for the occurrence of meso- 
cystine in proteins. 

A satisfactory solution to the problem of the intra-chain link which involves 
only L-cystine is a change of sense of the a-helix, from left handed to right handed 
at residue 9- This change of sense of the helix causes the a-fl  carbon-carbon bonds 
of the two halves of the L-cystine molecule to point towards each other so that a 
disulphide bond can be formed with an acceptable dihedral angle of ca. 9 °° . There 
are two ways of joining the two parts of the chain by H-bonds. One is more satis- 
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fac to ry  than  the  o the r  and this  f a v o u r e d  s t ruc tu re  invo lves  the  tn-cakaR~, of two 

main  cha in  N H - . .  O bonds.  The  N H  group  of res idm, z r po in t s  t owards  the  ca rbonv l  

o x y g e n  of res idue  6, bu t  the  N- - - O d i s t ance  (3.5 , \  approx)  is to() Freat  for the  hond  
to 1)e s t rong.  The  o t h e r  cu rbonv l  group,  t ha t  of res idue  S, can form an ( )1- [ . - . ( )  

bond  wi th  t he  h y d r o x y l  Group of t he  a d j a c e n t  ser ine res idue  ~. Icaving on ly  the 

N H  g roup  of res idue  I2  conl t ) le te ly  unbonded* .  1.'sing spacefi l l ing models  it can In, 

shown t h a t  th is  N H  g roup  can coo rd ina t e  a w a t e r  molecu le  v ia  an H - h o n d  bu t  th is  

is no t  obv ious  us ing the  non-space  fill ing t y p e  of model .  The  s t r u c t u r e  imposes  a bend 

of abou t  3 o~ in t h e  d i rec t ion  of the  helix.  Fig.  I is a d i a g r a m  of th is  sy s t em in which 

specific side cha ins  are  o m i t t e d  e x c e p t  for t he  d i su lph ide  bond.  The  res idue  n u m b e r s  

increase  f rom r igh t  to left  so t h a t  res idue  6 is the  r igh t  and  r i  the left  half  of th~ 

d i su lph ide  l ink.  The  a -ca rbon  a t o m  of res idue  (~, at the  change  (,f sense, at)pears 

d i r e c t l y  above  the  S a t o m  of res idue  , I .  

5 
Fig. ~. I)iagram of proposed configuration of (t-t~elix with change of sense to allow formation of 
an intrachain disulphide bond between residues equivalent to A6 and AI I in insulin. The point 

of change of sense is the a-carbon atom vertically aboxe the left hand sulphur atom. 

The  h a n d  of each  pa r t  of t he  A cha in  a -he l ix  is t h u s  u n i q u e l y  def ined  hy  the  

abso lu t e  conf igu ra t ion  of t he  L-amino  acids  and  b v  the  shor t  ]~-carbon to /3-carbon 

d i s t ance  in t he  cys t ine  l ink.  Res idues  A I  A 9 fo rm a L . H .  he l ix  and  res idues  A 9 A2I  

a R . H .  hel ix.  In  t i le  n o m e n c l a t u r e  of PAULING the  s t r u c t u r e  can be desc r ibed  as 

I3,  z3, I3,  I3, I3 ,  I3,  I3,  I3,  r3, a, I6,  Io ,  I3, I3, I.~, L~, I3. 
The  first 13 refers  to  the  H b o n d  f o r m e d  bv  the  m a i n  cha in  N H  of a spa rag ine  

(A2I),  the  I6  to  the  3.5 A l ink and  " a "  r ep re sen t s  t he  u n b o n d e d  N H  group  of res idue  

I2.  In  the  a l t e r n a t i v e  n o m e n c l a t u r e  t he  s t r u c t u r e  can be desc r ibed  as I - 5 ,  z 6, 3 7, 

4 -8 ,  5 9, 6 - z I  ( this is t i le  b o n d  of l eng th  ca. 3.5 A), 7 - t o ,  8 no t  bonded ,  9 r3, ro -~4 ,  
I t - x 5 ,  etc., up  to  I7  2r.  T h e  CO of 8 is b o n d e d  to the  h y d r o x y l  of ser ine (A9) and  
t h e  N H  of I~  is free. W h e n  such  a m o d e l  of t he  A cha in  is c o n s t r u c t e d  wt r ious  
poss ib i l i t ies  of side cha in  i n t e r a c t i o n  appear .  H o w e v e r ,  de t a i l ed  cons ide ra t ion  of these  
poss ibi l i t ies  is ou t  of p lace  here,  b u t  i t  m a y  be p o i n t e d  ou t  t h a t  t he  y - c a r b o x y l  g roup  

of A 4 can  c o m p e n s a t e  t he  free NHa~ of t he  t e r m i n a l  g lyc ine  res idue  (AI).  

* The less favourable configuration near the change of seuse involves a hydrogen bond front 
COO to NHIo.  This leaves NHI~, NHLz, CO7 and CO8 unbonded. CO8 can form an O H - . . O  
bond with serine 9 but CO 7 cannot be bonded by any side chain. NH1_, is in such a position 
that  it could form a bond to a water molecule but NH1 [ is completely masked by the/~-carbon 
of residue 6. We have not investigated the packing between this form of A chain and either 
right or left handed B chains. 
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V. THE B CHAIN AND THE A--B 6,000 UNIT 

There is no a priori reason why the B chain cannot be considered as a simple 
a-helix distorted only by the presence of a proline residue near the carboxyl end. 
However, the two possibilities of L.H. and R.H. 
helix remain to be considered. In general an L- 
proline residue imposes a R.H. configuration on 
an a-helix since it is not sterically possible to fit 
it to a L.H. helix. However, in this case the sole 
proline residue occurs only two residues from 
the carboxyl end of the B chain and it is possible 
to construct a satisfactory model in which the 
B chain is an L.H. a-helix. ARNDT AND RILEY 7 
claim to have shown from radical distribution 
curves on the isolated B chain that it is a R.H. 
helix. However, they also claim that intact insulin 
is a mixture of R.H. and L.H. helices. Acceptance 
of our proposed structure for the A chain and a 
R.H. a-helix for the B chain would imply that 
only Io % of the residues in insulin would be in- 
volved in a L.H. helix. This amount would almost 
certainly be undetected by the radial distribu- 
tion technique. Moreover from the work of 
LINDERSTROM-LANG AND SCHELLMAN 1° it would 
appear probable that the B chain as isolated by 
ARNDT AND RILEY was completely denatured. 

We have constructed models of the AB unit 
using the form of A chain described above with 
first a R.H. and then a L.H. a-helix for the B Fig. 2. Proposed model of the 6,000 

molecular weight unit of insulin. 
chain. For various reasons the first model appears 
to be preferable. For this preferred model the interchain disulphide bonds can be 

a___~ constructed with the correct dihedral angles and the A and 

Cy$ A.2(~ 

Leu A,16 

Leu A.13 

Cys A. 

/ / 

L.6 Cys 

B. 22 Arg 

B. 19 Cys 

B. 15 Leu 

B. II L e u  

B. 7 Cys 

A B 
Fig. 3. Diagram illustrating 
main interactions between 
A and B chains in suggested 

structure. 
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B chains lie almost parallel over most of their length with 
a separation of 9.5 A between centers. The shorter bent 
portion of the A chain also lies in the same plane. The two 
sulphur links bridge opposite faces of the molecule and the 
interchain space is filled exclusively with hydrocarbon side- 
chains which can be packed closely without, however, ap- 
proaching more closely than van der Waals contacts allow. 
The arginine residue (B22) can compensate the charge on 
the terminal carboxyl of the A chain (A2I). 

It  is still possible to construct an AB unit with sulphur 
bonds of the correct dihedral angle by use of the L.H. helix 
for the B chain. However, the A and B chains no longer lie 
parallel, the packing of side chains between the chains is 
not so extensive or regular and the arginine-asparagine 
(B22-A2r) salt-link can no longer be formed. 
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If the p re l iminary  in te rpre ta t ion  by  l . o w  H of the X-ray  da ta  on insulin sulphate  
is accepted,  tim molecule consists of a paral le l  a r rav  of rod-Ilk, '  structure's. This 
provides  fur ther  evidencv against  the t:{ chain being an I_H. helix and suppor ts  our 
favoured  model  with the R.H. helix 1-~ chain. A t)hot()graph (of a m(~(tel (Jr tht, Al l  
6,ooo unit  wi th  the favoured R.H. helical  configurat ion ()f the 1~ chain is sh(m:n in 
Fig. 2. Residue numbers  have been a t t ached  t() the  (t-carl)on a toms  and a black COl(,. 
wound  with a white  tape to indicate  the t rack  ()f the main chain, has I)een placed 
inside each helix. The pr inc ipa l  in terac t ions  between the A and 11 chains arv shown 
d i a g r a m m a t i c a l l y  in Fig. 3. 

VI. "I'HE 112,000 UNIT 

There has been some d ispute  whe ther  the  min imum molecular  weight  of insulin 
is 6,00o o r  I 2 , o o o  1'2, la. I t  seems to us tha t  these  two values represent  the  min inmm 
molecular  weights  of zinc-free- and  zinc-insulin respect ively .  The 6,0oo values  have 
all  been ob ta ined  b y  phys ica l  me thods  under  condi t ions where tile b inding  of the 
zinc to  the  pro te in  m a y  have been affected and amino acid analyses  do not  conflict 
wi th  this  min imum.  The most  definite evidence for the  m i n i m u m  of I2,ooo is S('OTT'S ~ 
de te rmina t ions  of meta l  contents  of var ious  forms of insulin (the work on zinc insulin 
has been confirmed by  T\NFORD AND EPSTEIN la) which demons t r a t e  t ha t  there  is 
one meta l  a t om per  I2,OOO unit .  

TANFORD AND EPSTEIN la,16 have es tabl i shed  tha t  the zinc a t o m  is coord ina ted  
by  two of the  four his t idine residues of a I2,ooo unit  and have suggested tha t  this  
is a l ink between two 6,ooo units.  If our a s sumpt ion  tha t  the ma jo r  par t  of the B 
chain is an nnd i s to r t ed  R.H. a-hel ix  is correct,  then the two his t id inc  residues at  
B 5 and B I o  on the same chain are too far apa r t  to coordinate  the same zinc a tom 
and the bonding  of the  zinc mus t  l ink two 0,ooo units.  Fur the rmore .  it  would be 
difficult to account  for "l'.~.m:OR~ ANY EPS'rEIN'S resul t  t ha t  the p K  is different  in 
zinc and  zinc-free insulin for only  two of the four his t idine residues in a I2,ooo unit  
if both 1"I 5 and lgIo on every  1 ), chain  were coord ina ted  by  zinc. There are t lms three 
ways  of incorpora t ing  the zinc a tom;  by  bonding  B 5 - B '  5, B 5 I3'~o or Bl:o I~'ro. 

In our j udgmen t  the most sa t i s fac tory  s t ructure  is tha t  in which t3Io and 13'Io 
are jo ined  by the zinc and the two 1~ chains are ant iparal le l .  In this  model  the two 
his t id ine  (t3mo and 13'Io) and  two g lu tamic  ac id  residues (BI3 and B' I3)  sur round 
the zinc a tom t e t r ahed ra l ly  so t ha t  the  charges on the acid residues compensa te  that  
on the  zinc. The dis tances  assumed were Zn-N 2.o A, Zn-O 2. 7 A but the model  is 
not  sensi t ive to small  changes in these dimensions.  There is a twofold axis of sym- 
m e t r y  through the zinc a tom re la t ing  one 6,ooo unit  to the other,  so tha t  the pa t t e rn  
of in terac t ions  between the B chains is the  same on e i ther  side of the zinc. l~evond 
the h is t id ine-g lu tamic  acid region there are \Tan der  Waa l s  a t t r ac t ions  between 
leucine residues B6 and B'r  7. Fu r the r  out st i l l  it  is possible for a sal t  link to be 
formed between a te rmina l  amino grout) l~I and  a y -carboxyl  group at B'2~:, p rov ided  
tha t  I¢I is unwound from the c~-helix by  the b reakage  of one hydrogen bond. The 
N H  group so freed can be hydrogen bonded  by  a g lu tamine  side chain at I:{ 4 and 
the sal t  l ink is largely in a med ium of low dielectr ic  constant ,  being sur rounded  by  
two leucine (B6 and B'rT) and three  phenyl -a lan ine  (Br, B'24 and B'25) side chains. 

The separa t ion  of the two B chains bonded  in this  way is about  zo. 5 A and when 

7¢e/erc,ces p. ,93. 
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the A and A' chains are included the four chains lie very nearly in rectangular array. 
The density calculated from the model agrees very well with CROWFOOT'S 17 observed 
value of 1.3o. The rectangular array also fits Low's X-ray data on insulin sulphate 
crystals, although it is not certain that the 12,ooo unit is intact in this case. The 
only uncompensated charged side chains on the molecule are the two histidine (B5 
and B'5) residues and the two glutamic residues on the A chains (AI7 or A'I7). 
The only significant possibility of AA' interactions revealed by the model is a 
van der Waals interaction between tyrosine residues (AI4-A'I4). 

VII .  COMPARISON W I T H  CRYSTALLOGRAPHIC DATA 

It  is essential that any postulated structure for the molecule of insulin should 
fit into the unit cells determined for the air-dried protein by CROWFOOT 17 and for 
the wet protein by CROWEOOT AND RILEY TM. CROWFOOT TM has shown, by analysis of 
the Patterson diagrams for the two forms, that  the broad features of the structure 
are the same in both. We may therefore use the cell dimensions for either form in 
any particular test of a proposed structure, taking whichever value is more difficult 
to explain. The symmetry of the structure is the same in both forms, R 3 (C~), and 
the dimensions of the rhombohedral and triply degenerate hexagonal cells are given 
in Table II. 

T A B L E  I I  

UNIT CELL DIMENSIONS FOR WET AND DRY ZINC-INSULIN 17,18 

Dimension Wet Dry 

aR 49.4 A 44.4 A 
UR 114 ° 1 6 '  I I 4  ° 2 8 '  
a H 83.0 A 74.8 A 
CH 34.0 A 30.9 A 

If, as we assume, the B chain is an a-helix over most of its length, it is about 
44 A long and cannot therefore run parallel or nearly parallel to CH, whatever the 
form of the rest of the molecule. 

The particular form of the x2,ooo unit which we propose is approximately 3 ° A 
by 20 A by 20 A in size, with the carboxyl ends of the B chains projecting from 
this volume about I2 A in opposite directions parallel to the 30 A dimension. The 
unit cell contains threefold rotation and threefold screw axes running parallel to CH 
and at ca. 25 A from one another. The 12,ooo unit does not possess threefold symmetry 
and so cannot lie on a threefold rotation axis. It  must not, therefore, be so placed 
that it overlaps any such axis. Similarly, no part of the unit which is more than 
IO A in thickness may overlap a threefold screw axis. 

These restrictions make it impossible that the major portions of the axes of the 
a-helices in the model we propose should lie nearly at right-angles to CH. The only 
possible directions for these axes are at less than 5 °0 but more than about 4 °° to 
the allah plane, and packing considerations for an angle of about 45 ° from this plane 
indicate only one favorable position in which the molecule lies in the rholffbus-shaped 
area between two rotation and two screw axes and the direction of the helix axes 
projects onto the al lah plane at about 45 ° to an. The packing of molecules so placed 
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Glu (OH) B2I 

Leu B.17 

Glu (OH) 13 13 

HIs 8 I0 

Bfl Bf2 

(5 ~ v M  B:I3 GluIOH} 

I 

,o s ~--& 

B B" 

l:ig. 4" Diagram illustrating 
main interactions between tw{~ 
B chains  in sugges ted  s t ructure .  
Groups re la ted  by  the  twofold 
axis  t h rough  the  zinc a tom are 
only d rawn  once excep t  for the  
h is t id ine  and g lu tamic  acid 
residues d i rec t ly  a t t a c h e d  to 
zinc. The pheny l  a lan ine  side 
chains  near  B21 and BI are 

omi t t ed .  

is shown in Fig. 5 and it can he seen that no two 
a-helix axes approach within Io A ~f one another. 
There al-e several such possible structures diffcrin< 
bv rotations of tilt' molecule about the a-helix axis 
direction and no distinction has vet ])een nlade l)c- 
tween them. 

Tests have been made for the presence of a-helices 
in the three (symmetry related) orientations suggested 
hv these t)acking arguinents. PAUI.ING .\ND (~)REY 20 

have shown that  the Patterson interatomic vector map 
of a structure containing an a-helix may be expected 
to show peaks at 5 A, Ix.5 A and 16. 5 A from the 
origin in the direction of the helix axis. They correlated 
these with peaks in the haemoglobiu Patterson map. 
We are grateful to Mrs. DOROTHY CROWFOOT HODt;KIN 

for supplying us with a list of intensities and a copy of 
her (unpuhlished) three dimensional Patterson map 
for wet zinc-insulin. This map shows density at 5 A, 
I t .5  A and ]:6.5 A from the origin in the required 
direction aim so does not conflict with the structure 
proposed. 

Comparison between the features of a-helix trans- 
forms for these orientations and the strong reflections 

led to inconclusive results, because of the large fraction of the volume of the reci- 
procal lattice occupied by strong regions of at least one of the svmmetrv related 
a-helix transforms. 

/ / \ 

/ ;,>%., / 

'!..-- I l~¢?b~- j / ,,, 
\ \ \ , / / / \ " - ' ~ ' \  / 

Vig. 5. D iag ram of sugges ted  a r r a n g e m e n t  of molecules  in un i t  cell. Nmnber s  at  the ends  of lines 
r ep re sen t ing  hel ix  axes  give he igh ts  in A units .  

VIII.  DISCUSSION 

Undoubtedly this structure we propose for insulin is speculative but  it should 
be realised that it is based on extremely few assumptions. We have assumed the 
correctness of the amino-acid sequences established by SANGER et al. ; and of the 
a-helix configuration of the polypeptide chain proposed by PAt:LIX(; ,~NI) COREY; 
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that  our suggestion for the structure of the A6-AI I  sulphur bond is correct and 
that  two 6,000 units are linked by a zinc atom complexed by the two BIo  histidine 
residues. From this starting point we have made use of established principles of 
structural chemistry and the need for maximum charge neutralization and hydrogen 
bond formation. At each succeeding stage of the development of the structure this 
has led, in our judgment, to a general solution which was satisfactory structurally 
and made good chemical sense. 

The principal conclusion to be drawn from this work is that  it is possible to 
build a satisfactory model of a globular protein of known chemical constitution based 
substantially on the a-helix of PAULING, COREY AND BRANSON. This is of importance 
since although the a-helix has been generally accepted as the basic structure for 
fibrous proteins, doubts have been expressed regarding its applicability to globular 
proteins. The idea of a fundamental pat tern of molecular architecture common to 
both fibrous and globular proteins was first advanced by ASTBURY and was extended 
by PAULING AND COREY to their a-helix structure. 

The model also suggests ways in which this basic a-helix structure may  be 
modified. The change of sense of the helix which we postulate for the A chain may 
have general significance. We have used it in order to bring about a closer approach 
of the fl carbon atoms of the two halves of the cystine molecule, but the same principle 
could be used to bring other active side chains nearer together, or conversely by an 
opposite change of sense, to separate them more widely. 

The serine side chain at A 9 in the proposed structure can partially compensate 
for a broken main chain H-bond by forming an O H . . - 0  bond to a main chain 
carbonyl oxygen. This is a principle which is potentially capable of considerable 
extension. Other active side chains such as those of aspartic and glutamic acids and 
their amides could be utilized to stabilize changes of direction or sense of the a-helix. 

The sequences deduced by SANGER et al. make it clear that  the B30 COO- group 
is near to the NH3+ of B29 (lysine). Similarly the NH3+ of AI (glycine) is not far 
from the 7 COO- of the glutamic acid side chain at A'4.  The proposed structure 
indicates an extension of this principle of neutralization of charges in that  the COO- 
of A2I is close to the positive arginine at B22 and the NH3+ at BI  can be linked 
to a COO- at B '2I  at the expense of one main chain H bond. 

This last link is the only one of the four which is important in maintaining the 
configuration of the 12,000 unit. I t  is noteworthy that  this link is shielded by three 
phenylalanine and two leucine groups from the dielectric effects of an aqueous 
medium 21. 

These observations suggest that  both intra- and inter-chain salt links occur in 
the structures of globular proteins although such structures may satisfy the electro- 
static valence rule of PAULING 22 to some extent by the binding of ions from the 
solutions from which they are crystallized. 

The proposed structure also provides a satisfactory explanation of some of the 
chemical properties of insulin, particularly its behavior on reduction. I t  is well known 
that  reduction of one third of the sulphur bonds of insulin causes complete loss of 
biological activity 2~, 34. Moreover it has been established that  the activity cannot be 
restored by re-oxidation, rather any residual activity of insulin samples in which the 
extent of reduction is less than one third is decreased further when any a t tempt  is 
made to re-oxidize the thiol groups to disulphide. Evidence obtained here by one 
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of us  (H.L.)  sugges t s  t h a t  l h e  m o s t  r e a d i l y  r e d u c e d  s u l p h u r  I~ond is l h c  A~ AI~ 

i n t r a c h a i n  hond*. I t  can  l)c r c a d i h  u n d e r s t o o d  w h y  r e - f o r m a t i o n  of t h i s  bond would 
be  di f f icul t ,  s ince  t h e  c o n f i g u r a t i o n  of t h e  c h a i n  a t  t h i s  po in t  is & , t ) e n d c n t  ,m t h i s  

b o n d  b e i n g  i n t a c t .  ( )nee  it is h r o k e n  I~\" r e d u c t i o n  it is p r o b a b l e  l h a t  th( '  anffle of 

b e n d  in t h e  A c h a i n  w o u l d  i n c r e a s e  to  a p p r o x i m a t e l y  4 5 '  a n d  t h e  " l o n g "  I, I ~ m a i n  

c h a i n  H - b o n d  c o u l d  b e  f o r m e d  a t  a m o r e  s t a b l e  l e n g t h .  T h i s  w o u M  raise  the  c h e r r y  

of a c t i v a t i o n  r e q u i r e d  for  r e - f o r m a t i o n  of t h e  o r ig ina l  d i s u l p h i d e  b o n d ,  R e - o x i d a t i o n  

w o u l d  t h e n  t a k e  p l a c e  p r e f e r e n t i a l l y  w i t h  t h e  f o r m a t i o n  of i n t e r c h a i n  d i s u l p h i d e  

b o n d s  b y  s o m e  n l e c h a n i s m  s i m i l a r  to  t h e  h y p o t h e s i s  of gel f o r m a t i o n  p u t  f o rwa rd  

b v  Huci(;INS, TAPLF:: AND JI-;NSE> -'a. I t  is n o t e w o r t h y  t h a t  r e d u c e d  i n su l i n  r e a d i l y  

a g g r e g a t e s  t o  h i g h  m o l e c u l ' t r  w e i g h t  p r o d u c t s  26. 

A(" KNOWI.EDGEMENTS 

It  is a p l e a s u r e  for  b o t h  a u t h o r s  to  e x p r e s s  t h e i r  g r a t i t u d e  to  P r o f e s s o r  R. B. 

(;OREY for  m a n y  h e l p f u l  d i s c u s s i o n s  a n d  e spec i a l l y  for  h i s  m a n y  v a l u a b l e  a n d  con-  

s t r u c t i v e  c r i t i c i s m s  d u r i n g  t h e  p r e p a r a t i o n  of t h e  m a n u s c r i p t .  T h a n k s  are  d u e  to  

Mrs. ADELHmD OBERHETTIN(;ER for  h e r  p r e p a r a t i o n  of t h e  d r a w i n g s  for  t h e  p a p e r .  

W e  s h o u l d  l ike  to  a c k n o w l e d g e  t h e  t e n u r e  of an  A r t h u r  A m o s  N o y e s  F e l l o w s h i p  ( H . L )  

a n d  t h e  s u p p o r t  of t h e  N a t i o n a l  F o u n d a t i o n  for  I n f a n t i l e  P a r a l y s i s  ( J .S .R. ) .  

SUMMARY 

An investigation by model building techniques has shown tha t  it is possible to build a model 
of the insulin molecule based on the ¢r-helix structure and conforming to SAXOER'S chemical 
formulation. The model does not apparent ly  conflict with chemical, physical or crystallographic 
evidence, but  at  present it can only be regarded as a possible trial structure which lacks any 
positive proof. 

R]2 s I "M]:: 

Les auteurs ont montrd qu' i l  est possible de construire un modble de la moldcule d'iusuline 
fon(td sur la s tructure en hdlice et conforme ~t la formule chimique de SA,NGER. Ce mod6le est 
apparemment  en accord avec les donndes chimiques, physiques ou cristallographiques, mais it 
l 'heure actuelle on ne peut  le considdrer que comme une structure d'essai possible qui n 'est  6tavd 
par  aucune preuve positive. 

z USAMM ENFA SSI TN G 

Die MOglichkeit, ein Modell des Insulinmolekfils auf Grund der (z-Schraubenstruktur, und 
entsprechend der SASmERschen chemischen Formulierung, zu bauen, konnte (lurch eine Unter- 
suchung an Hand  yon Modellbautechniken bewiesen werden. Das Modell s teht  zwar in keinem 
sichtlichen \Viderspruch zu chemischen, physikalischen oder kristallographischen Befunden, kann 
jedoch gegenw~rtig nur als eine mOgliche Versuchsstruktur,  ohne jegliche positive Beweise, 
angef;ehen werden. 

* This work is being prepared for publication as a short con]munication in .1. Am.  ('hem. Noc. 

Re/erem:es p. 19.;, 



VOL, 18  (1955) INSULIN STRUCTURE 193 

R E F E R E N C E S  

1 F. SANGER AND H. TUPPEY, Biochem. J., 49 (1951) 463 • 
e F. SANOER AND E. O. P. THOMPSON, Biochem. J., 53 (1953) 353; 

F. SANGER, E. O. ~P. THOMPSON AND R. KITAI, Biochem. J., 59 (1955) 509 • 
3 F. GANGER, L. F. SMITH AND R. KITAI, ProP. Biochem. Soc., (1954) vi. 
4 L. PAULING, R. B. COREY AND H. R. BRANSON, Proc. Nat. Acad. Sci., 37 (1951) 205- 
5 E. J. HARFENIST AND L. C. CRAIG, J, Am. Chem. Soc., 74 (1952) 3087 • 
8 C. ROBINSON, Nature, 172 (I953) 27. 
= U. \V. ARNDT AND D. P. RILEY, Nature, 172 (1953) 245. 
8 R. B. COREr AND L. PAULING, Proc. Roy. Soc., B 141 (1953) IO. 
9 E. ~V. HUGHES AND H. L. YAKEL, z'lcla Cryst., 7 (1954) 291. 

lO Z. LINDERSTROM-LANG AND J. A. SCHELLMAN, Biochim. Biophys. deta, 15 (I954) 156. 
11 B. XN. Low, Nature, 169 (1952) 955. 
12 E. FREDERICQ, Nalure, 171 (1953) 570. 
13 H. GUTFREOND, Biochem. J., 50 (1952) 564. 
14 D. A. SCOTT AND A. M. FISHIER, Biochem. J., 29 (1935) lO48. 
15 C. TANFORD AND J. EPSTEIN, J. Am. Chem. Soc., 76 (1954) 217o. 
1~ C. TANFORD AND J. EPSTEIN, J. Am. Chem. Soc., 76 (1954) 2163. 
17 D. CROWFOOT, Proc. Roy. Soc., d 164 (1938) 580. 
18 D. CROWFOOT AND D. P. RILEY, Nature, 144 0:939) I o l r .  
19 D. CROWFOOT, Cold Spring Harbor Symposia O, uant. Biol., 14 (1949) 65. 
20 L. PAULING AND R. B. COREY, Proc. Nat. dcad. Sci., 37 (1951) 282. 
21 j .  A. SCHELLMAN, J. Phys. Chem., 57 (1953) 472. 
99 L. PAULING, The Nature o/ the Chemical Bond, Cornell Universi ty Press, i thaca,  N.Y., I948, 

p. 384 • 
2a O. SVINTERSTEINER, J. Biol. Chem., lO2 (1933) 473- 
24 j .  LENS AND J. NEUTELING, Biochim. Biophys. Acta, 4 (195 o) 5Ol. 
25 C. HUGGINS, D. F. TAPLEY AND E. V. JENSEN, Nature, i67 (I95I)  592. 
9~ G. L. MILLER AND K. J. 1. "kNDERSON, J. Biol. Chem., 144 (1942) 465 . 

Received April 3oth, 1955 

13 


