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The a-helix configuration of the peptide chain proposed by  PAULIN(;, CORE',' 
AND BRANSON 1 is an exceedingly at t ract ive hypothesis  of protein structure. It  now 
seems almost certain tha t  synthet ic  polypeptides such as poly-y-methyl-L-glutamate 
and poly-v-benzyl-L-glutamate can be obtained in a form which has a structure made 
up of a hexagonal  array of a-helices. Structures involving the a-helix are the most  
convincing so far proposed for fibrous proteins such as wool and hair. 

LINDLEY AND ROLLETr 2 have recently proposed a structure for zinc-insulin which 
is based on the a-helix and which seems to be in general agreement with chemical, 
physical, and crystallographic evidence. All tha t  can be definitely said of these results 
so far is tha t  they  are compatihle with the idea that  the a-helix configuration is an 
impor tant  par t  of globular protein structure.  

There are a number  of observations which indicate some possihle limitations of 
tire a-helix as applied to protein structure and thus suggest the kind of modifications 
tha t  may  be necessary. I t  has already heen shown that  a straight a-helix is incom- 
patible with the X-ray  pat terns of a-keratin and recourse has been had to compound 
helices or "coiled coils" in which the axis of the a-helix itself is helical a,4. X-ray data  
on the structure of haemoglobin have been interpreted as implying that  the a-helix, 
if present, must  be bent  several times through I8o ° . Tire only suggestion so far put 
forward to achieve this involves proline residues and it is known that  there are 
insufficient of these in the haemoglobin molecule to account for the extensive bending 
required a, even if only one proline residue were required for each I8o bend. 

More specific problems are raised bv the mode of incorporation of L-proline and 
l.-cystine into the a-helix. L-Proline will not fit into a L.H. (left-handed) a-helix at all, 
and only fits an undistorted R .H.  (right-handed) a-helix when it is one of the first 
three residues from the end of the chain carrying the free amino group. I t  is certain 
from chemical da ta  on proteins that  other s tructural  possibilities nmst exist. 

Wi th  the elucidation of the complete chemical structure of insulin bv S \N(;t~.R 
and co-workers two possil)ilities for the incorporation of L-cystine into proteins must  
be regarded as proved 6. These are the interchain disulphide bond and the intrachain 
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disulphide bond in which the two halves of the cystine molecule are separated by 
comparatively few amino-acid residues. The interchain bond is difficult to reconcile 
with the elastic properties of wool and hair. Specifically the evidence suggests that  
a-fi transformation which occurs on stretching hair is not accompanied by rupture 
of (presumed) interchain sulphur bonds. However it would seem probable that  con- 
version of an a-helix structure to the fl-form would impose considerable rotational 
strain on any interchain sulphur bonds unless some very definite structural relation- 
ship is assumed such as that  all the sulphur bonds are separated by both an integral 
number of turns of the helix and an odd number of residues. The general problem 
of intrachain disulphide bonds has been discussed by LINDLEY AND ROLLETT 2, who 
have pointed out that  no such bond involving L-cystine can be formed on an un- 
distorted a-helix. 

I t  has often been assumed, more particularly on chemical evidence, that  these 
difficulties can be explained as due to specific side-chain effects, but no concrete 
structural possibilities for achieving this have been presented. The purpose of the 
present paper is to present specific ways of modifying the a-helix configuration by 
the use of hypothetical amino-acid sequences to illustrate how some of the limitations 
of the simple a-helix may be circumvented. 

I. I8o ° bend in the a-helix 

Fig. I illustrates how a L. H. a-helix might be turned through 18o °. The amino- 
acid sequence involved is - ser -g ly-X-X-glu(NH2)-asp(OH)-gly- .  The two glycine 
residues are necessary because of the close approach of the a-helices at this point, 
but the bend is not quite planar so that  these are the only two positions which 

Fig. I. D i ag ram of a possible  conf igura t ion  of a 18o ° bend  in a L .H .  a-hel ix  invo lv ing  the  amino-  
acid sequence - s e r ( i ) - g l y ( 2 ) - X - X - g l u t a m i n e ( 3 ) - a s p a r t i c ( 4 ) _ g l y ( 5 ) _  ' The serine side chain  (I) 
forms an OH.  • .O bond wi th  the  ca rbony l  group of the  g l u t a m i n e  (3) res idue which canno t  be 
shown c lear ly  because  of over ly ing  a toms.  The close approach  of the  chains  a t  one po in t  which 

necess i ta tes  the  glycine  residues (2 and  5) can however  be c lear ly  seen. 
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approach  so closely. I t  is n - t  suggested tha t  this  is the only mamler  in which a IM<) 
bend can occur on an a-helix. 

It does i l lus t ra te  some impor t an t  points, however.  Thus it util ises (rely amin(,- 
acids which occur in re la t ive ly  high propor t ion  in most  proteins  and st)ecificall 3 it 
does not  involve L-proline. 

This  is of impor tance  since there has been a t endency  to regard prolinc as the  
pr ime cause of bend ing  of a-helices despi te  the fact tha t  in the case ~f haeluoglobin 
there  are not sufficient prol ine residues to al low even one to each l~end of the a-helix 
requi red  from X-ray  s t ruc tu ra l  invest igat ions .  There is no evidence for the occnrrenc(~ 
in haemoglobin  of the  specific sequence suggested here, but  it is of interest  that  
haemoglobin  conta ins  more than  sufficient glycine, serine, g lu tamic  and aspar t ic  
acids for th is  sequence to account  for the numl)er  of bends of ,x-helix which arc 
requi red  (if indeed the a-hel ix is the  basic s t ruc ture  of haemoglol)in). 

One o ther  aspect  of the s t ruc ture  is wor thy  of ment ion.  I t  can be thought  of 
as being der ived  from a s imple s t ra igh t  a-hel ix b y  the rup tu re  of four main-chain  
N H . .  "O bonds.  However  in the  final s t ruc ture  there are formed five new N H . - - O  
bonds  from the g lu tamine  and aspar t ic  side chains and also one O H - . .  O bond from 
the serine residue. Energe t i ca l ly  therefore  the  configurat ion would be super ior  to 
a s imple a-helix, which is not reinforced b y  side chain H-honding.  This is t rue for 
all s t ruc tures  which can be regarded  as der ived  from the a-helix in which more than  
half  of the  broken  main  chain H-bonds  can 1)e compensa ted  by  forming new H-bonds  
wi th  react ive  side chains,  and  thus  o ther  s t ruc tures  involving less complete  H-bonding  
of main  chain carbonyl  and  imino groups than  the ()tie i l lus t ra ted  in Fig. I could 
be energet ica l ly  favourable  compared  to the a-helix. 

F ina l ly  it may  be po in ted  out  tha t  this  t y p e  of configurat ion is p robab ly  only 
possible wi th  a L .H.  a-helix.  For  a R. H. a-hel ix  the  R groups emerge from the helix 
po in t ing  away  from the hend and compensa t ion  of the broken main chain H-bonds  
l)y side chains is more difficult. 

2. Change o~ seuse o / the  a-he l ix / rom L . H .  to R . H .  and the intrachain disulphide bond 

The reasons for pos tu la t ing  a change of sense of the  a-hel ix from L. H. to R .H.  
to accommoda te  an in t racha in  d isu lphide  bond  have been discussed 1)v LINDLt:~V 
AND ROLLETT 2 and thei r  paper  includes a d iagram of a proposed  s t ruc ture  of this  
k ind  for the  A chain of insulin. If we consider  for s impl ic i ty  a general  case s imilar  
to tha t  pos tu l a t ed  for the A chain of insulin in which residues ~ () form a L .H .  
a-hel ix  and residues 9 onward  a R .H .  helix, then the carbonvl  grout)s of residues 
6, 7, and 8 and the imino groups of res idues  Io,  I I ,  and  I2 are not involved in e i ther  
of the  a-helices. Theore t ica l ly  there  are thus  nine possible ways of forming one H-bond  
between the two segments  of hel ix as well as possibi l i t ies  of forming two H-bonds  
s imul taneous ly .  In  fact a number  of these theore t ica l  possibi l i t ies  are e l imina ted  on 
ster ic  grounds  when an a t t e m p t  is made  to cons t ruc t  models  of them. For  a L .H .  
to R . H .  change there  are p robab ly  only eight  possibil i t ies,  i.e., involving 6-~o, 6- r~ ,  
7-z2,  8 Io,  8 - r I ,  and  8 r2 bonds  and  the add i t iona l  6 - I I  -~ 8 ~o and 7 I2 + 8- ~I 
combinat ions .  I t  is difficult to  be dogmat ic  concerning possible in t racha in  cys t ine  
bonds  because the covalent  sulphur  bond  m a y  compensa te  energet ica l ly  for a number  
of H-bonds  and moreover  possible va r i a t ions  in d ihedra l  angles from 7 0  to r i o*  
have been repor ted  as well as an unusua l ly  long H-bond  for N.N 'd ig lycylcys t ineL 
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Within these limitations only the two intrachain disulphide bonds discussed by 
LINDLEY AND ROLLETT 2 have been found to conform to the rigid requirements of 
bond angles, bond lengths, and van der Waals distances. Other possibilities involving 
separation of the two halves of the cystine molecule by two, three or possibly five 
residues could probably occur if one or more of these requirements is relaxed. 

Fig. 2 is a diagram of the alternative intrachain disulphide bond which was 
rejected by LINDLEY AND ROLLETT 2 as a structure for the A chain of insulin on the 
grounds that it was less well H-bonded when constructed with the specific amino-acid 
sequence required. In Fig. 2 a more favourable amino-acid sequence has been chosen 
and both CO groups are bonded by one arginine residue. Neither of the main chain 
NH groups can be bonded by any side chain whatsoever. The structure shown has 
the merit of demonstrating how an arginine residue can be incorporated without 
the side chain projecting unduly from the helix and can in addition to H-bonding 
the main chain CO groups also form a very satisfactory intrachain salt link with 
a suitably placed glutamic acid residue. 

. 

l.Z~? tv 
t 

Fig. 2. A possible in t rachain disulphide bond involving a change of sense of an a-helix from 
L.H.  to R. H. The amino-acid sequence illustrated is - c y s - X - X - X - a r g - c y s - X - g l u - ,  and shows 
how the arginine residue may  form an intrachain salt link in addition to stabilising the sense 

change by H-bonding main chain carbonyl  groups. 

3. The incorporation o~ L-proline into the a-helix 

L-Proline does not fit into a L.H. a-helix at all and only fits well into an un- 
distorted R.H. a-helix if it is one of the first three residues from the amino-end. 
It is this fact which has led to various suggestions that the occurrence of proline 
in an a-helix results in its changing direction. However if one postulates a change 
of sense of the a-helix from L.H. to R.H. the result is virtually to create a new 
amino-end of a R.H. helix and proline fits naturally into such a structure. Fig. 3 
shows one possible way in which this can be achieved: for this particular sense change 
the proline might equally well be one residue further along the chain or both positions 
could be occupied by proline. The structure has been stabilised by using an arginine 
residue to bond both main chain carbonyl groups, but its use is somewhat different 
from that in the previous example. In this case the arginine is so situated that it 
could readily form an interchain salt link. Other possibilities of bonding the CO 

Re/erences p. 2Ol. 



lqS It. IANI)LI.-V X()L. 1 8  ( I t t 5  5 

groups exist and the N H  group could also be bonded by a sui tably placed side chain. 
The s t ructure  is of interest  in tha t  it involves proline (and could in fact inv()tvc 

prolyl-proline) wi thout  producing any change in direction of the a-h('lix. I~(,()1~¢,(1 :tt 

from this viewpoint  it may  he tha t  L-prolinu has two impor tan t  s t ructural  functi(m,, 

in proteins:  to bring about a change of sense of an a-helix from I.. tl. to R.H.  and 

perhaps more specifically to do this wi thout  leaving an unbonded N H ~roup. 

! _ b l  

L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Fig. 3. This illustrates how L-proline (1) may be incorporated into an ~z-helix immediately following 
a L.H. to R.H. sense change. ] n this instance the change of sense is stabilised only by an arginine 
residue (2), and the way in which this occurs is shown very clearly in the (lower) elevation drawing, 
This also illustrates how the arginine is well situated to form an interchain salt link. The specific 

sequence involved is pro(I)-X-arg(2)--. 

4. Possible R . H .  to L . H .  eha~z.ges o~ sense 

We have seen how both the incorporat ion of L-proline and intrachain s.-cvstinu 

into an a-helix can 1)e most easily explained oll the basis of a change of sense of 

the a-helix from I.. H. to R .H.  If this is correct then the occurrence of more than 

one proline residue or int raehain sult)hur bond into a cont inuous pept ide chain can 

only be accomplished with an a-helical s t ructure  if changes of the opposite sense, i.e. 
from R . H .  to L .H. ,  also occnr. 

Jus t  as for the conw~rse change of sense there are a number  of ways in which 
this can be achieved. Fig. 4 i l lustrates one such way which makes use only of thu 
side chains of the dicarboxylic  acids and thei r  amides. The precise sequence involved 
i s - g l u - X - X - a s p - a s p ( N H 2 ) - - X - X - g l u ( N H ~ ) - - b u t  m a n y  other  possibilities could be 
invoked. No requi rement  in the way of a par t icular  amino-acid which necessitates 
this par t icular  sense change seems to exist however.  It is conceivable tha t  the L .H.  
hel ix is the na tura l ly  preferred type,  though no reason for this can be advanced.  
Rad ia l  d is t r ibut ion curves on proteins however  have been said to indicate that  most 
proteins  give be t te r  agreement  wi th  the a-helix with the/3-carbon a tom in posit ion 2, 
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i.e., corresponding to a L.H.  a-helix for L-amino-acids s. However it is difficult to 
see any theoretical justification for this assumption. The only obvious factor which 
might influence the relative stability of the L.H.  and R.H.  a-helices is the closeness 
of approach of the carbonyl oxygen and the adjacent fl-carbon atoms. This is con- 
siderably closer in the case of the L.H.  helix (2.75 A compared with 3.5 A for the 
R . H .  a-helix). 

, q 

_ _  
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IX - -  

12 . . . . . . . .  ,3 N N /" 
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Fig. 4. One possible configuration of a R .H.  to L .H.  sense change of an a-helix involving the 
amino-acid sequence -g lu t amic ( I ) -X-X-aspa r t i c (2 ) - a spa rag ine (3 ) -X-X-g lu t amine (4 ) - .  

DISCUSSION 

At the present state of our knowledge of protein structure, it would not be 
profitable to discuss in great detail a l l  the possible implications of the configurations 
described here. However it is worth considering a few of these inferences insofar as 
they can be construed as providing evidence to support the idea that  the a-helix 
configuration is a general feature of protein structure. 

From this standpoint probably the most important  conclusion which can be 
drawn is the wide variety of possible configurational effects which can be postulated 
as a result of incorporating the idea of a sense change into the a-helix configuration. 
This provides a simple way of modifying the rigid nature of the a-helix to allow its 
accommodation in the more flexible type of structure which globular proteins seem 
to require. More specifically this idea of sense changes in the a-helix provides a simple 
solution to the problems associated with the incorporation of proline residues and 
intrachain disulphide bonds of cystine. I t  could also be of some help in explaining 
the a-fl transformation which occurs when wool is stretched, since a turn of a L. H. 
helix and a turn of an R.H.  helix if extended together would produce no resultant 
torque on an intermediate interchain disulphide bond. 

Any change of sense of an a-helix can only be obtained at the expense of losing 
some main chain H-bonding. There may be circumstances where this is desirable. 
A number of enzyme models which have been investigated make use of a carbonyl 
or imino group as the specific active group. In general, however, it is probable that  
any carbonyl and imino groups which cannot be H-bonded to the main chain because 
of, e.g., a sense change, will t ry to H-bond with any group which is available, i.e., 
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a suitable side-chain group. This additional postulate of side-chain participati(m in 
main-chain H-bonding is one that  has often heen invoked on chemical grounds to 
explain aspects of protein chemistry such as for example "masked" groups and other 
denaturation effects, but n~) specific structures demonstrating this have cw'r been 
proposed. The structures discussed in this paper show how this side-chain partici- 
pation in main-chain H-bonding fits naturally with the idea of a st,use, change in 
the a-helix, and hence they provide definite specific structural possibilities for iuany 
effects which have hitherto been discussed only in general terms. A structure similar 
to that  shown in Fig. ~ but lacking the sulphur bond could serve as a model for 
reversible denaturation. Breakage of the salt link by lowering the pH would disrupt 
the specific configuration which, however, would have some chance of being re- 
formed if the pH were subsequently raised to a suitable value. 

This type of "explanation" could be extended to cover many other aspects of 
the chemistry and physical chemistry of proteins but enough has perhaps been said 
to justify the main contention of this discussion, namely that the structure of globular 
proteins may well be based on the a-helix configuration and that configurational 
deviations from the a-helix produced by the non-equiwdence of amino-acid residues 
need only be slight. Of these possible modifications the simplest one which can be 
postulated, that  of a sense change, could be especially important.  
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SUMMARY 

:Xn investigation has been made by use of atomic models of some possible simple modifi- 
cations of the R-helix configuration. I t  is concluded tha t  relatively slight nmdifications such as 
a change of senses of the helix permit  the formulat ion of specific s t ructures  which c i rcumvent  
some of the l imitat ions of the simple (z-helix wi th  respect to protein structure,  and fur thermore  
tha t  these specific s t ruc tures  accord well with m a n y  general ideas on protein s t ruc ture  which 
have been previously proposed on chemical and other evidence. 

RI~2SUMt~2 

Les auteurs  ont  6tudi6, au moyen de modhles atomiques,  quelques lnodifications possibies 
simples de la configuration en hdlice. On peut  conclure que des modifications re la t ivement  16g6res, 
relies qu 'un  changement  de sens de l'h61ice, pe rme t t en t  la formulat ion de s t ructures  sp6eifiques 
qui tournent  quelques-unes des l imitat ions de l'h61ice a simple dans le donmine de la s t ruc ture  
des protdines et en outre que les s t ruc tures  sp6cifiques sont  en bon accord a v e c l a  p lupar t  des 
id6es g6n4rales sur ia s t ruc ture  des protdines, qui ont  dt6 ant6r ieuremeut  propos6es h par t i r  de 
donn6es chimiques ou autres.  
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Z U S A M M E N F A S S U N G  

Die M6glichkei t  einiger e infachen  "~nderungen der  a -Sch raubenkon f igu ra t i on  wurde  an  
H a n d  yon  A tommode l l en  un t e r such t .  Es  k o n n t e  aus  diesen S tud ien  die Fo lge rung  gezogen 
werden,  dass  re la t iv  ger inge Anderungen ,  wie zum Beispiel eine A b w e i c h u n g  in der  Schrauben-  
r ich tung,  die Fo rmu l i e rung  yon  spezifischen S t r u k t u r e n  genehmigen ,  wodurch  einige t3eschrttn- 
k u n g e n  der  Fo rmu l i e rung  der  P r o t e i n s t r u k t u r  durch  die e infache a -Sch raube  au fgehoben  werden  
k6nnen.  Fe rner  konn t e  fes tgeste l l t  werden,  dass  diese spezif ischen S t r u k t u r e n  mi t  vielen, auf  
Grund  chemische r  und  andere r  Beweise fri iher vorgeschlagenen, allgemeinen Theor ien  tiber die 
P r o t e i n s t r u k t u r  i ibere ins t immen.  
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