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The structure of poly-T,-proline is completely worked out by X-ray and optical diffraction methods. 
The polymer chains are arranged in a hexagonal cell with a = 6.68 and c = 9.36 A. The space group 
is P32. The coordinates of the atoms were determined by accurate graphical methods. The correctness 
of the structure was also verified by intensity calculations. For this arrangement of the polymer 
chains, there are the least number of short contacts, the only one which occurs being a C-H • • • O 
hydrogen bond. From packing considerations also the structure arrived at is seen to be the best. 

1. Introduct ion  

This paper and the succeeding one on the structure of 
poly-L-hydroxyproline deal with the crystalline struc- 
ture of certain forms of the two polypeptides which 
are related to the structure of the protein, collagen. 
Collagen is characterized by a large abundance of these 
imino-acid residues and, in particular, it is the only 
protein in which hydroxyproline occurs to a significant 
extent. A study of these two polypeptides is therefore 
likely to help in working out fully the structure of 
collagen. 

Unfortunately, neither poly-L-proline nor poly-T,- 
hydroxy proline has a unique structure in its solid 
state. Even the powder pattern of the precipitate 
shows appreciable changes according to the solvent 
used and the way in which the precipitate was ob- 
tained. Changes in optical activity with time in water 
and other solutions have already been reported for 
poly-L-proline (Kurtz et al., 1956, 1958; Harrington 
& Sela, 1958; Blout & Fasman, 1958). A paper on 
the structural changes in these two polypeptides as 
revealed by X-ray, optical activity and other studies 
made by the author, will be published elsewhere. In  
this paper and the next one, the discussion is restricted 
to one modification of each of the two polypeptides, 
which are somewhat similar to each other. Both give 
X-ray patterns broadly resembling each other. Both 
also show a large negative rotation (specific rotation 
is [a]~)5=-400 ° in water and [c¢]~7=-260 ° in acetic 
acid for poly-n-proline II  and poly-L-hydroxyproline 
A respectively), similar to collagen and gelatin. 

A triple helical structure for collagen is now gener- 
ally accepted (Ramachandran & Kartha,  1955; l%ama- 
chandran, 1956; Rich & Crick, 1958) and it is reason- 
able to suppose that  these two polypeptides will also 
have similar chains in the unit  cell. In fact, at about 
the t ime Ramachandran  & Kar tha  (1955) put forward 
their first model of collagen, Cowan & McGavin (1955) 
suggested a hexagonal structure for poly-n-proline II  
with a helical chain of three residues having a three 
fold screw axis symmetry  per unit  cell. The helix is a 
left-handed one (space group P32) with an axial repeat 

of 9"36 J~ about the unique (fibre) axis. The sense of 
the helix is uniquely fixed from the absolute configura- 
tion of the groups around the a-carbon atom as found 
in L-amino acids (Bijvoet, Peerdemann & van Born- 
reel, 1951; Raman,  1958). I t  is found that  a right- 
handed helix cannot be built with the dimensions 
required to fit the X-ray data. 

Although Cowan & McGavin (1955) showed that  a 
left-handed helix can be constructed with a c axis 
repeat of 9.36/~ and made discussion on the two pack- 
ing positions of the helices in the unit  cell, they gave 
no definite values of the atomic parameters. No further 
work appears to have been reported about the ar- 
rangement of the chains in the unit cell or regarding 
the detailed check of calculated and observed inten- 
sities. This is done in the present paper. 

We assume that  the configuration of a single chain 
of the polymer is as mentioned above and we are 
interested in finding out how the chains are packed 
in the unit  cell. The nitrogen atoms of the prolyl 
residues carry no hydrogen atoms to form N - H . . . O  =C 
hydrogen bonds. Therefore, other stereochemical fac- 
tors should play an important  role in determining the 
molecular arrangement. I t  is actually found that  there 
is an arrangement of the polymer chains in the unit  
cell with uniform density of packing which could at 
the same time account for the intensities of the X-ray 
reflections as well. For this arrangement, there is a 
short contact of the order of 3"0 A between the 

carbon of the prolyl residue of one chain and carbonyl 
oxygen of another chain. There is no other short 
contact of any sort. It  appears that  the structure of 
this polypeptide is stabilized by the formation of 
C- I - I . . .  O hydrogen bonds, one for each oxygen 
present. 

2. R e d e t e r m i n a t i o n  of the  m o l e c u l a r  s t ruc ture  
of a s ing le  chain  

Before finding the best orientation of the chains, the 
coordinates of the atoms in a single chain were re- 
calculated fairly accurately by graphical methods. 
X-ray powder and oriented-film patterns were ob- 
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rained by  the  au thor  for the  sample of poly-L-proline 
I I ,  k indly  supplied by  Prof.  Katchalsk i .  These results 
confirmed the  space group and  uni t  cell of poly-L- 
proline I I  a l ready  reported.  The unit-cell dimensions 
are a - - 6 . 6 8 / ~ ,  which is slightly higher t h a n  the  value 
previously reported,  viz. a = 6 - 6 2  /i,  and  the  fibre 
axis repea t  distance c = 9 . 3 6  /l. The X - r a y  powder  
pa t t e rn  is shown in Fig. 1 and  the  observed and  
calculated d spacings of the  reflections are given in 
Table 1. The observed dens i ty  was 1.32 g.cm.-a which 
agreed well with the  calculated value 1.34 g.cm. -3. 

Fig. 1. X-ray powder pattern of poly-L-proline I I  
taken with a cylindrical camera of radius 5"73 era. 

I n  deriving the  coordinates of the  backbone,  the  
pept ide dimensions as given by  Corey & Paul ing  (1953) 
were str ict ly adhered  to. The residue height  is 3.12 A. 
As there should be three  residues per  turn ,  the  radius 
of the  helix on which the  a -carbon  a toms lie is 1.25 J~. 
This fixes the  positions of the  a -ca rbon  atoms.  The 
or ientat ion of the  proline residue depends upon the  
or ientat ion of the  pept ide  with respect  to the  helical 
axis. The pept ide should be ro ta ted  abou t  the  line 
aCx-aCg,  th rough  near ly  90 ° from the vert ical  posi- 
t ion (as for instance in the  a helix) so t h a t  the  bond 
angle NI-aC1-C~ is wi thin  the  range  105 ° to 115 °. 

Table 1. Observed and calculated d spacings of the 
reflections of poly-L-proline I I  

No. do (h) dc (A) hlcl 
1 5.76 5-77 100 
2 4.90 4.90 101 
3 3.65 3.64 102 
4 3.35 3-34 110 
5 3.13 ~ 3.12 003 

( 3.14 111 
6 2.88 2.89 200 
7 2.75 2.74 103 
8 2.71 2.72 112 
9 2.45 2.46 202 

10 2.28 2.28 113 
11 2.15 ~ 2.17 104 

( 2.13 211 
1.93 300 

12 1 "93 1.92 114 
1.78 302 

13 1.79 1.79 213 

14 1.58 ~ 1-57 222 
( 1.58 31I 

15 1.50 1.51 312 

I f  the  pept ide  is ro ta ted  exact ly  through 90 ° from 
the  vert ical  position, this bond angle is 110 ° 30'. For  
this position, the  unbonded  distance N102 within the 
cha in  is 2.80 A which is just  the  normal  contact  
distance between N and  O. I f  the  bond angle is re- 
duced, then  the  N102 distance is also reduced. On 
the  other  hand,  if the  bond angle N~-aC1-C~ is in- 
creased, the  position of the  fl carbon of the  proline 
residue has to be moved considerably out  of the  plane 
containing the  remaining four a toms  of the  ring, 
though the  unbonded  distance N102 increases. Other- 
wise, there will be a short  contact  between 02 and  
tiC1 within the  chain. When  the  bond angle is 110°30 ', 
the  fl carbon has  to be moved about  0.40 A out  of the  
plane such t h a t  the  distance between 02 and  tiC1 
within a chain is 3-25 A. This seems to be reasonable,  
and  for this position the  coordinates of the  a toms in 
the  pept ide  were determined.  

The proline residue could then  be easily a t t ached  
to the  backbone.  F i rs t  a model based on the  coor- 
dinates of the  proline residue as given by  Mathieson 
& Welsh (1952) was used. In  this model the  ? carbon 
a tom is ve ry  much  above the  plane containing the  
remaining four  a toms in the  ring. A chain based on this 
could not  be accommoda ted  in a uni t  cell of a =  6"68 A 
and  c = 9 . 3 6  /~, for there  were severe short  contacts  
between the  var ious a toms of different  chains. The 
s t ra in  is relieved if the  height  of the  ? carbon a tom 
above the  plane containing the  remaining a toms is 
decreased. In  fact ,  if a p lana r  residue is a t t ached  to 
the  backbone,  the  chains can be packed well  in the  
uni t  cell. In  the  model  shown in Figs. 4 and  5 the  
proline residue is a lmost  p lanar  except  for the  tiC 
which is about  0.4 A above the  plane. The ? carbon 
a tom is ve ry  slightly pushed below the plane. 

Table 2. Cylindrical coordinates of the atoms in a single 
residue of poly-L-proline II ,  obtained by the author and 

by Cowan & McGavin 

Author Cowan & McGavin 
r 

Atom r(A) 0(°) z(A i r(A) 0(°) z(A) 
aC 3 1.25 0 ° 00' 0.00 1.30 0 ° 00" 0.00 

C 1 0.27 20 ° 30" 1 .16  0.32 12 ° 30' 1.14 
N 1 1.01 --75 ° 30' 1 . 9 4  1.01 --76 ° 00" 1.95 
O I 1.18 112 ° 30' 1 . 3 3  1.14 109 ° 30' 1.28 

~C 1 1.25 -- 120 ° 00' 3.12 1-30 -- 120 ° 00' 3.12 
~C 1 2.65 - -  105 ° 30' 3.44 2.68 - -  103 ° 30" 3.44 
?C 1 3.19 --81 ° 00' 2.78 3.17 --77 ° 00" 2.86 
( ~ C  1 2 . 4 7  - -  64 ° 30' 1 -70  2.44 - 63 ° 00" 1.75 

The positions of the  a toms as determined by  the 
au thor  are given in polar  coordinates in Table 2 along 
with  the  coordinates der ived by  Cowan & McGavin 
(1955). The discrepancy in the  coordinates of the a toms 
in the  pept ide  plane m a y  be a t t r ibu ted  to the  fact  
t h a t  the  earlier au thors  might  not  have  s tr ict ly adhered 
to the  Corey-Pau l ing  dimensions for the  peptide. Or 
perhaps  the  coordinates were obta ined from model 
building and  not  from accura te  graphical  construc- 
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t ions.  I n  a n y  case, t he  s t ruc tu re  of t he  i nd iv idua l  Table  3. List of short contacts as the helix is rotated from 
chains is v e r y  s imilar  in  both .  

3. D e t e r m i n a t i o n  of the coordinates  of the a t o m s  
in the unit cell  wo 

0 
Since the  n i t rogen  a toms  carry,  as a l r eady  m e n t i o n e d ,  
no h y d r o g e n  a toms  for N - H  • • • O = C h y d r o g e n  bonds  
to  be formed,  t he  molecu la r  a r r a n g e m e n t  is chiefly 
d e t e r m i n e d  by  o the r  s t e reochemica l  factors.  To s t u d y  
these ,  t he  poly-L-prol ine chains  were  r o t a t e d  abou t  t he  5 
f ibre axis in t h e  un i t  cell a n d  t he  shor t  con tac t s  
b e t w e e n  the  ne ighbour ing  chains  were  all l isted. The  
s t e reochemica l ly  bes t  s t ruc tu re  could  t h e n  be p i cked  
out .  

10 

(a) Listing of short contacts 
To s ta r t  wi th ,  t he  chains were k e p t  w i th  an  c¢ carbon  

15 
a t o m  ly ing  on t he  a axis. This  m a y  be d e n o t e d  by  an  
angle  y~= 0 ° as shown  in  Fig. 2. F r o m  this  posi t ion,  
t he  helices were  t h e n  t u r n e d  t h r o u g h  in te rva l s  of 5 ° 20 
in  the  clockwise d i rec t ion,  t h e  shor t  contac ts  be ing  
l is ted for each va lue  of yJ, n a m e l y  0 °, 5 °, 10 °, . . . ,  55 °. 25 
I n  t he  p resen t  s tudy ,  these  d is tances  were  d e t e r m i n e d  
by  p ro jec t ing  t he  molecules  on  to  t he  ab plane  a n d  
p lo t t i ng  t he  a toms  on a scale of 2 in. equa l  to  1 J~. 3o 
Measur ing  off t h e  p r o j e c t e d  d i s tance  a n d  k n o w i n g  t he  
d i f ference  in t he  z coordinates ,  t he  d i s tance  b e t w e e n  35 
two a toms  can be calculated.  I t  is enough  to  ro t a t e  
t h e  cha in  t h r o u g h  60 ° in  all to  t a k e  in to  accoun t  all 4o 
possibili t ies.  I n  Table  3 are l i s ted t he  var ious  shor t  
con tac t s  a n d  i t  will be seen t h a t  no pos i t ion  is corn- 45 
p le te ly  devo id  of shor t  contacts .  A t  t h e  beg inn ing  
(for smal l  y~) t he re  are shor t  con tac t s  b e t w e e n  t he  

5o 
carbon  a toms  wi th  a low va lue  of 3 . 20 /~  b e t w e e n  t he  
~C1 of t he  first  cha in  and  7C3 of t he  n e x t  chain.  
There  are also shor t  contac ts  b e t w e e n  t he  oxygen  and  55 
t he  carbon a toms.  The  oxygen  03 of t he  first  cha in  is 
a w a y  f rom the  (~C3 a n d  ~C3 by  3.07 ~ and  3.14 _~ 
respect ive ly .  As t he  hel ix  is r o t a t e d  t he  d is tances  

,-¢C~, 

Fig. 2. Projection of the molecular chain on the a, b plane. 
The position indicated is yJ=0 ° from which the chain is 
rotated through intervals of 5 ° . 

yJ=0  to ~#=55 ° 

C-C contacts greater than 3.6 A are omitted 

Atom in Atom in 
first chain second chain Distance 

}'C 1 ~C 3 3.40 
O 3 },C 3 3.14 

~C 1 }'C 3 3-20 
O 3 ~C 3 3"07 

}'C 1 /~C a 3.40 

yC 1 }'C 3 3"37 
}'C 1 /?C 3 3.40 
~C 1 }'C a 3"10 

03 }'C 3 3-40 
O a (~C 3 3"15 

}'C 1 yC 3 3-32 
~C 1 ~C 3 3-01 

O 3 (~C a 3"31 

}'C 1 yC 3 3"38 
~C 1 yC a 3"00 

($C 1 }'C 3 3"10 
}'C 1 yC a 3.55 

~C 1 }'C a 3"25 
yC 1 O 1 3"20 

($C 1 }'C 3 3"55 
7C1 O 1 3"00 

7CI O 1 2"85 

}'C 1 O 1 2"76 
~C 1 O 1 3"28 

}'C 1 O 1 2"75 
(~C 1 O 1 3" 14 

7C1 O 1 2"83 
~C 1 O 1 3"06 

(~C 1 } 'C 2 3"43 
yC I O 1 2"98 
(~C 1 O 1 3-03 

(A) 

b e t w e e n  t h e  oxygen  a toms  a n d  t he  carbon  a toms  
increase  whereas  t h e  d is tances  b e t w e e n  t he  carbon  
a t o m s  decrease.  I n  fact ,  a t  y~=15 ° t he  d i s t ance  be- 
t w e e n  ~C1 of one cha in  and  yC3 of a n o t h e r  chain  is 
as low as 3.00 A. A n d  the re  is no shor t  con tac t  be- 
t w e e n  t he  oxygen  a toms  a n d  t he  ca rbon  a toms.  As 
t he  hel ix  is fu r the r  ro t a t ed ,  t he  d i s tance  b e t w e e n  t he  
carbon  a toms  increases  whereas  t he  d i s t ance  b e t w e e n  
yC1 of one cha in  and  01 of t he  o the r  cha in  decreases.  
A t  yJ=35 °, th is  d i s t ance  is 2.85 /~ a n d  t he re  is no  
o the r  shor t  contac t .  This  va lue  decreases  and  reaches  
a m i n i m u m  at  yJ = 45 °, w h e n  t he  va lue  is 2 .75/~.  F r o m  
th is  s tage  onwards ,  6C1 of one cha in  is also close to  
01 of t he  other .  The  carbon  a toms  also come closer to  
each other .  Thus  we see t h a t  t he r e  are e i the r  shor t  
contac ts  b e t w e e n  oxygen  a n d  carbon  a toms  or be- 
t w e e n  carbon  a toms  t hemse lves  or b o t h  are present .  
I t  l ooked  as t h o u g h  it  m a y  no t  be possible to  ar r ive  
a t  t h e  bes t  s t ruc tu re  f rom s te reochemica l  considera-  
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Table 4. List of intensities of the reflections in the hkO and hO1 projections as obtained from 
the optical diffraction patterns for ~ = 0 ° to 55 ° positions 

T h e  i n t e n s i t i e s  o f  t h e  h k O  a n d  h k O  r e f l e c t i o n s ,  a n d  h O l  a n d  h O Z  r e f l e c t i o n s  w e r e  r e s p e c t i v e l y  a d d e d .  
T h e  l a s t  c o l u m n  g i v e s  t h e  o b s e r v e d  i n t e n s i t i e s  o f  t h e  r e f l e c t i o n s  i n  t h e  X - r a y  p o w d e r  p a t t e r n  

R e f l e c t i o n  0 5 1 0  1 5  2 0  2 5  3 0  3 5  4 0  4 5  5 0  5 5  X - r a y  

1 0 0  s s s s s s s s s s s s s 

2 0 0  m m w w v w  v w  w w w m m m v w  

3 0 0  - -  - -  - -  w w m w w v w  - -  - -  - -  w 

4 0 0  - -  m m w - -  w w - -  w m w - -  - -  
1 1 0  w w w w m m w w w w w w v w  
1 2 0  m w w w w w w m m m w w - -  
1 3 0  w w m s m w - -  w m m w w - -  
2 2 0  s m w . . . .  w w - -  w m - -  
2 3 0  w m s m s m w w w - -  w - -  w 
0 0 3  . . . . . . . . . . . . .  
1 0 1  s m m s s s s s s s s s s 
1 0 2  m m m s s s s s s s s s s 

1 0 3  m m m m s s s s s s m m m 
1 0 4  w w m w w w w w v w  q.rw v w  v w  v w  

2 0 1  . . . . . . . .  v w  v w  v w  - -  - -  
2 0 2  v s  s m w w - -  v w  w m s v s  v s  v w  

2 0 3  - -  w m m s m w v w  v w  v w  - -  - -  - -  

2 0 4  m m m m w w - -  - -  - -  v w  w m - -  

3 0 1  v w  - -  - -  - -  w - -  - -  v w  v w  v w  w v w  - -  

3 0 2  w w v w  w v w  v w  v w  v w  w m w - -  q y w  

3 0 3  w - -  v w  v w  v w  v w  w w v w  w m m - -  

304 s s m m m v w  v w  v w  v w  v w  w m - -  

4 0 1  w w v w  v w  v w  v w  v w  v w  v w  v w  v w  w - -  

4 0 2  w w v w  w w w w w v w  v w  v w  v w  - -  

4 0 3  w - -  v w  - -  v w  w m w v w  w w w - -  

4 0 4  w - -  v w  - -  v w  - -  w m m m m w - -  

v s - - v e r y  s t r o n g ;  s - - s t r o n g ;  m - - m e d i u m ;  w - - w e a k ;  v w - - v e r y  w e a k .  

tions alone. Therefore, intensity calculations for these 
arrangements were optically made and compared with 
the X-ray data. 

(b) Optical transforms and their comparison with X-ray 
data 
The positions of the atoms in the twelve cases 

mentioned above were plotted on the ab and ac 
planes. Punched masks were obtained corresponding 
to these plottings and the diffractometer constructed 
in this laboratory (Aravindakshan, 1957) was used to 
obtain the optical transforms of the punched masks. 
The strongest reflections and other relevant facts 
obtained from the optical diffraction patterns of both 
hk0 and hO1 projections are given in Table 4. 

Among all the reflections observed in the X-ray 
powder pat tern (Fig. 1) the 100 and 101 reflections 
are the ~trongest in intensity while the 102 reflection 
is moderately strong. The reflections 112 and 103 
combine to form a broad ring and are of medium in- 
tensity. Among the hkO reflections 100 is the strongest. 
Reflections 300, 200 and 110 are weak and are of the 
same order. 

While comparing the X-ray pat tern with the optical 
diffraction data, one should bear in mind the fact 
tha t  the optical diffraction experiments directly give 
the square of the structure amplitude, whereas the 
intensities of the reflections in the powder pat tern 
are due to the product of the square of the structure 

amplitudes with Lorentz, polarization and temperature 
factors. 

On comparing the hk0 reflections, agreement be- 
tween the X-ray data and the optical patterns is seen 
to be good only for a range between yJ=25 ° and 
~v--35 °. At ~fl=30 ° the agreement is best. Comparing 
the hO1 reflections, it is observed tha t  there is agree- 

Table 5 

( a )  C o o r d i n a t e s  o f  t h e  a t o m s  i n  a s i n g l e  r e s i d u e  
o f  p o l y - L - p r o l i n e  I I  m o l e c u l e  

A t o m  x y z 

a C  1 1 . 1 0 8  - - 0 - 1 0 8  0 - 3 3 3  
C i  0 . 0 0 8  0 . 0 4 4  0 . 1 2 0  

N 1 0 . 1 6 8  0 . 0 4 4  0 . 2 0 7  
O 1 0 . 2 0 2  - - 0 - 0 7 8  0 . 1 4 2  

t i C  1 0 . 3 2 1  - -  0 . 1 2 2  0 - 3 6 8  
y C  1 0 " 5 1 5  0 " 0 8 6  0 - 2 9 7  
d C  1 0 . 4 2 6  0 " 1 8 3  0 . 1 8 2  

(b)  L i s t  o f  b o n d  l e n g t h s  a n d  b o n d  a n g l e s  i n  t h e  p r o l i n e  r e s i d u e  
o f  t h e  c h a i n  

B o n d  L e n g t h  A t o m s  A n g l e  

a C l - f l C  1 1"52  A a C 1 - N 1 - 6 C  1 1 1 5  ° 0 0 "  
a C 1 - N  1 1"47  N 1 - - 6 C 1 - ~ C  1 1 0 3  0 0  
f l C I - ~ C  ~ 1"51 d C I - ~ C I - f l C  1 1 1 1  0 0  
~ C I - d C  1 1 " 5 0  ~ C l - f l C l - a C  1 1 0 7  0 0  

d C 1 - N  1 1"51 C ~ - - a C I - f l C  1 1 1 2  0 0  
# y 

C 2 - a C 1 - N  x 1 1 0  3 0  
C ~ - N 1 - 6 C  1 1 2 5  0 0  

T h e  b o n d  a n g l e s  a n d  b o n d  d i s t a n c e s  i n  t h e  b a c k b o n e  o f  t h e  

p e p t i d e  a r e  a s  g i v e n  b y  C o r e y  & P a u l i n g  ( 1 9 5 3 ) .  
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hlc0 pro jec t ion  

--> 25 ° 

i P  : 

O e  

~ e  

30 ° 35 ° 40 ° 

hOl pro jec t ion  

--~ 25 ° 30 ° 35 ° 40 ° 

Fig. 3. Opt ica l  d i f f ract ion pa t t e rns  cor responding  to the  posi t ions  of ~ = 25 °, 30 °, 35 °, and  40 ° 
for bo th  hkO and  hOl pro jec t ions  respect ive ly .  

ment  between the  X- ray  da ta  and  the optical diffrac- 
t ion da ta  for a range from ~ = 25 ° to ~ = 40 °. The best 
agreement  seems to be at  ~ =  35 °. The optical trans- 
forms corresponding to ~ = 2 5  °, 30 °, 35 °, and  40 ° for 
the two projections are shown in Fig. 3. 

I t  is clear tha t  the a r rangement  of the  molecules 
in the uni t  cell should be between the  ~ = 30 ° and  35 ° 
positions. Referr ing to Table  3, i t  is observed t ha t  
these positions correspond also to the m i n i m u m  num- 
ber of short  contacts. In  fact, there is only one such 
short  distance between the  7C1 of one chain and  01 
of another  chain in both  cases (leaving aside the  
~C1-7C a distance of 3-55 J~ for yJ = 30 °, which is close 
enough to 3.6 J~, the accepted value). Of the  two, 

i~_2c, .. 

""-.. 

c~ 

Fig.  4. S t r u c t u r e  of poly-L-prol ine I I  p ro j ec t ed  on the  a, b 
plane.  C - H ' ' '  O h y d r o g e n  bonds  are shown b y  dashed  
lines. 

yJ=30 ° position is preferable as the distance from 7C1 
of one chain to O1 of another  chain is 3.0 J~ longer 
t h a n  for yJ=35 °. Thus  there migh t  be a hydrogen 
bond between the  CH9 group and an  oxygen atom, 
since it  is apprec iab ly  shorter  t h a n  the  unbonded  
C-O distance. Assuming tha t  the  hydrogen bond 
exists, the  bond angles were calculated to be as 
follows: At  ~ =  30 ° the angle (5C1-7C1-O~ is 106 ° and  
flC1-7C1-O~ is 108 ° (O~ indicates O1 of another  chain). 
At  ~0 = 35 ° the angle ~C1-7C1-O~ is 101 ° and  
flC1-7C1-O~ is 117 °. At  ~ =  40 ° ~C1-7C1-O~ is 95 ° and  
flC1-7C1-0~ is 130 °. Thus it  is observed tha t  the bond 
angle is also favourable  for such a hydrogen bond to 

" 1 ~  1 0 a  

02 d3C, ~Cn 

Fig.  5. S t ruc tu re  of poly-L-proline I I  p ro jec ted  on the  a, c 
plane.  The  C - H  • • • O hyd rogen  bond  is shbwn b y  a dashed  
line. 
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be formed, and  the various angles at the carbon atom 
are close to the te t rahedral  angle at ~v=30 °. If  we 
assume tha t  the bond angles should be close to 110 ° 
for the hydrogen bond, i t  will be deduced tha t  the 
structure of poly-T,-proline I I  should correspond closely 
to the yJ=30 ° position, where ~CI-~,C1-0~= 106 ° and 
flC1-~C1-O~=108 °. In  tha t  case the bond distance 
C - H  • • • 0 will be 3.0 A. The ar rangement  is shown in 
Figs. 4 and 5. The coordinates of the atoms thus 
arrived at are given in Table 5. 

4. C o m p a r i s o n  between  calculated and observed 
intens i t ies  

Using the coordinates of the atoms for the ~v=30 ° 
position given in Table 5, the above conclusions regard- 
ing the X- ray  intensit ies were verified by  in tens i ty  
calculations. The intensit ies of all the possible reflec- 
tions which can occur with M +/c ~ < 18 and with 1 index 
up to 4 were calculated. 

The scattering factors for C, N, and 0 atoms were 
taken  from the reported values (Viervoll & Ogrim, 
1949). Because of the hexagonal  symmetry ,  the inten- 
sities of the hO1 series are identical  with the intensit ies 
of the corresponding reflections of the 0/cl series. The 
calculated values of the intensit ies of the reflections 
are t abu la ted  in Table 6 along with the observed 
intensities. The calculated values have been mul- 
t ipl ied by  Lorentz and polarization factors and  also 
by  an isotropic tempera ture  factor with B = 4/~e, the 
value usual ly  found in organic crystals. The agreement  
between the calculated and observed intensit ies is seen 
to be good. In  no case has a strong reflection predicted 
by  calculation not  been observed. In  the last column 
of Table 6 are also given the calculated squares of the 
structure factors for comparison with the optical 
diffraction da ta  for the ~ = 3 0  ° position (Fig. 3). 

5. Conclus ion 

The structure of poly-T,-proline I I  has thus  been 
completely worked out. The fract ional  coordinates of 
the atoms in one residue with the bond lengths and 
bond angles corresponding to the structure at  ~v = 30 ° 
are given in Table 5. The bond angles and  bond 
distances are wi th in  normal  limits. No further  a t t empt  
to refine the coordinates has been made in the absence 
0f accurate intensity data. 

A C-H • • • 0 bond of length 3"0 • is found to occur 
in this structure.  Such a bond is in fact to be expected, 
for there is no other a t t ract ive  forces to connect the 
polymer  chains to one another  and thus stabilize the 
structure. Otherwise the strong electronegative car- 
bony1 oxygen is left unbonded.  Such C-H • • • 0 bonds 
have, in fact, been previously reported (Hunter,  1946; 
Donohue & Trueblood, 1952). 

F rom packing considerations also, the ar rangement  
shown seems to be the best. In  no place is there a 
region of low density.  The protuberances of one chain 

Table 6. Calculated and observed intensities of the 
reflections of poly-L-proline I I  

T h e  c a l c u l a t e d  h~tensi t ies  a re  m u l t i p l i e d  b y  L o r e n t z  a n d  
p o l a r i s a t i o n  f a c t o r s  a n d  a t e m p e r a t u r e  f a c t o r  w i t h  B = 4  /~2. 
T h e  las t  c o l u m n  gives  t h e  c a l c u l a t e d  s q u a r e s  of t h e  s t r u c t u r e  
f a c t o r s  fo r  c o m p a r i s o n  w i t h  t h e  o p t i c a l  d i f f r a c t i o n s  fo r  yJ---- 30 ° 

h k l  I o  Ic  × 10 -2 IF]~ 

100 s 1668 1632 
101 s 928 1310 
102 m s  422 1192 
110 v w  52 289 
0 0 3 }  { 2 4  99 
111 m 89 365 
200 v w  42 214 
201 - -  32 185 
103 I b r o a d  { 183 1071 
112 m e d i u m  206 1241 
202 v w  16 125 
113 v w  38 384 
210 - -  22 250 
1 0 4 }  { 2 4  280 
211 w 71 889 
203 - -  14 175 
212 - -  39 623 
300 I { 1 6  287 
114 w 39 698 
301 ~ 9 168 
204 - -  15 318 
2 1 3 }  { 1 8  412 
302 v w  6 143 
220 ~ 2 76 
221 - -  7 208 
303 ~ 11 345 
310 - -  2 57 
214 - -  7 239 
3 1 1 }  / 8 305 
222 v w  11 419 
312 w v  14 601 
304 ~ 2 80 
223 ~ 9 46 
400 - -  4 207 
401 - -  1 71 
313 - -  5 276 
402 - -  2 119 
224 ~ 8 585 
320 - -  3 223 
314 - -  8 670 
321 - -  3 244 
403 - -  2 135 
322 - -  5 424 
323 - -  2 258 
404 - -  1 114 
324 - -  3 454 

8 - - s t r o n g ;  m s - - m o d e r a t e l y  s t r o n g ;  m - - m e d i u m ;  
w - - w e a k ;  v w - - v e r y  w e a k  

nicely go into the vacan t  places left by  another  and  
so on. An even more uniform densi ty  of packing can 
be obtained if the helix is rota ted through 2 or 3 ° 
more from the position indicated.  However, such a 
ref inement  cannot be made with cer ta inty unti l  more 
exact  X-ray  da ta  are available.  

Thus the proposed structure,  in short, has the fol- 
lowing meri ts  : 

(a) Among all the possible orientations of indiv idual  
chains, it  agrees best with X-ray  in tens i ty  data.  

(b) At the same time, there are the least number  of 
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short  contacts, the only one which occurs being ac- 
tua l ly  a C-H • • • O hydrogen bond. 

(c) There is a uniform densi ty  of packing, the 
'knobs '  of one chain going into the 'holes' between the 
other chains. 

The author is indebted to Prof. G. N. Ramachan- 
dran and wishes to express his sincere gratitude to 
him for the keen interest, he took in this study. The 
author is also grateful to Prof. E. Katchalski of the 
Weismann Institute, Israel, for the sample of the 
polymer which enabled him to carry out this study. 
His thanks are due to the Government of India for 
the award of a fellowship during the tenure of which 
the work was carried out. 
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Structure of Poly-L-Hydroxyprol ine A 
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The structure of poly-L-hydroxyproline A is worked out from X-ray powder and oriented film 
patterns. The polymer chains are packed in a hexagonal lattice with a = 12.3 and c = 9.15 A. The 
space group is P32. The arrangement of the chains is shown to be very similar to that  of poly-T.- 
proline II. I t  is also shown that  the fundamental  unit of the structure requires three helices as in 
collagen. The correctness of the structure was also verified by intensity calculations. The agreement 
between the calculated and observed intensities is good. No further refinement is carried out in the 
absence of accurate intensity data. 

1. I n t r o d u c t i o n  
F rom the s t ructural  view point,  poly-L-proline and 
poly-L-hydroxyproline are of special interest.  Al though 
proline is a normal  component  of m a n y  proteins, 
hydroxyprol ine  is found characteris t ical ly in colla- 
geneous tissue proteins. These polymers  as a conse- 
quence of being imino acids, can only contr ibute to 
hydrogen bonded structures through their  C = O  
groups, since the nitrogen of the prolyl residues carry 
no hydrogen atoms. Also there is no free rotat ion 
between the imino group and the c~ carbon atom and 
this restricts the configurational possibilities. In  fact, 
the  restricted rotat ion of the N - C a  bond undoubted ly  
determines the way in which the proteins, collagen 
and  gelat in which contain high proportions of these 

imino acids, m a y  form folded structures in the solid 
state or in solution. The detailed invest igat ion of 
poly-L-proline II,  reported in the previous paper, 
has shown tha t  this  polymer  resembles collagen and 
gelatin in its X- ray  pa t te rn  and high optical rotation. 
As the polar properties of the hydroxyl  group of the 
hydroxyprol ine  residue are supposed to p lay  an im- 
por tan t  role in determining the behaviour  of collagen 
and  gelatin, an X-ray  invest igat ion of the structure 
of poly-L-hydroxyproline is of great interest.  

Poly-n-hydroxyprol ine  of high molecular weight has 
been synthesised recent ly by  Katchalsk i  et al. (1956). 
A sample of the polymer  was k ind ly  made  avai lable  
by  Prof. Katchalski .  A detailed s tudy  of the X- ray  
pa t te rn  and optical ac t iv i ty  of this mater ia l  made  by  


