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TRIPLE helical structure for collagen was

A proposed from this laboratory more than
six years ago.l This consisted of three poly-
peptide chains, each having 5 three-fold screw
symmetry (3, for L-type residues) which wore
linked together by hydrogen bonds approxi-
mately perpendicular to the length of the chains.
A very satisfactory feature of this structure was
that every third residue in it must necessarily
be a glycyl residue, for there was no space in
it for a side group (or even the 3-carbon atom)
to be attached to the corresponding a-carbon
atom. This particular feature, namely, that
33% of the residues are glyceyl, is universally
frue of collagen from different sources. The
structure could readily accommodate proline and
hydroxyproline residues (the latter in parti-
cular being known to be characteristiec of
collagen alone), besides being in agreement with
the infra-red dichroism and other properties of
collagen.

It soon became apparent that, although the
structure was basically correct,
required modification, for an analysis of the
X-ray pattern of stretched collagen? indicated
that the number of residues per turn in collagen
1s nearly 31/3 and not 3. The presence of such
a non-integral number of residues per turn
required that the three chains must all be fur-
ther coiled around. Consequently, z coiled coil
structure was put forward for collagen, which
retained the essential features of the earlier
one.? The structure was made to have as many
hydrogen bonds as possible, namely, two hydro-
gen bonds for every three residues, although
this led to some short contacts.

This structure has however been criticized
because of the occurrence of these few short
contacts* and it has been suggested that only
structures with one hydrogen bond for cvery
three residues can be built up which are {ree
of short contacts. It appears to be generally
taken for granted following the above-mentioned
eriticism of Rich and Crickt that a two-bonded
structure is impossible for collagen. But, as
stated by Ramachandran,’ such an one-bonded
structure is really unsatisfactory as a set of
hydrogen bonds are not formed and a number
of imino hydrogens are systematically left
unbonded. It is possible, however, that these
hydrogens may take part in bonding through a
water molecule, but a careful study is required

the details

of this question, and such a bond need be postu-

‘lated only if a direct hydrogen bond is impossible.

The whole question has been re-examined
recently in this laboratory, and it has been found
that it 1S not impossible to bring the short con-
tacts to permissible values while still retaining
the fwo hydrogen bonds. The purpose of this
communication 1S to show that a structure with
two hydrogen bonds for every three residues is
a possible one and is consistent with the
physical and chemical properties of collagen.

Such a structure became possible essentially
because a close study made in this laboratory
of the available data on various organic struc-
tures showed that the exigencies of the situation
in several cases may demand (interatomic)
contact distances much shorter than the sum of
the corresponding van der Waals’ radii. Many
examples can be cited in which the contact dis-
tances are much shorter than the criteria stated
by Rich and Crick in their papert (wiz, C....
C=36 to 4¢0A and C....0=32 to 3-5A).
Thus an examination of the reported crystal
structures shows that not only are C....C dis-
tances of the order of 3-2 A (the value found
in our earlier structure) observed in a humber
of cases, but that they can even be smaller, down
to 2-3A. So also C....0O contacts are found
to be less than 31 A in a number of cases and
values down to 2-7 A have been reported. Also,
if Rich and Crick’s criteria were adopted, some
of the known structures, for example the
a-helix, would be unacceptable. (The full data
will be given in a detailed publication.)

The other ecriticism that has been made is
that the two-bonded structure (two hydrogen
bonds for every three residues) cannot accom-
modate the sequence gly-pro-hypro, which
appears to be of frequent occurrence in hydro-
lysates of collagen, for at the second a-carbon
atom, there 1s no NH now to be hyvdrogen bonded.
However, this does not mecan that one must
swilch over from a two-bonded to a completely
one-bonded structure. It is obvious that in
those regions where proline does not occur, a
siructure in which the imino group is bonded
is preferable to one in which it is not. In our
latest approach both hydrogen bonds are made,
but where the sequence gly-pro-hyvpro occurs,
the residues slightly rotate around to accommao-
date these side-chains,
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Another factor which helped in working out
a satisfactory two-bonded structure is that an
examination of the known structures of amino-
aclds and peptides revealed appreciable devia-
tions either from planarity of the peptide group
or from the standard bond lengths and bhond
angles in the group in almost every case.
Obviously, such variations occur because the
situation demands it, e.g., some hydrogen bond
1s made shorter or more straight thereby, or
somewhere a short contact is relieyved. This
suggests that provided the structure proposed
has wvalues for the bond distances and angles
within the observed range in various known
crystal structures, 1t should be considered satis-
factory. In the latest structure, whose co-ordi-
nates are glven below, small deviations of the
peptide groups from planarity occur, but the
bonad lengths and angles are all well within the
normally observed range.

Another interesting factor revealed by a survey
of the literature which helped in working out
the two-bonded structure was that the hydrogen
pond distance from an aemide NH fto a carbonyl
oxygen (O = C) is invariably larger than 2-9 A.
It is found that for hydrogen bond distances
lving between 3:'0-3-05 A, the infra-red fre-
quency 1s about 3,350 cm.-1! which is nearly the
same as found in collagen (actually for collagen
1t is close to 3,330 cm.~1). This is rather import-
ant, since it is found very difficult to reduce
the bond lengths to less than 30 A in the two-
bonded structure. On the other hand, it is, in
the one-bonded structure, rather difficult to
increase the bond length to greater than 2-85 A
if the condition that every third residue shouid
be glycine is assumed. Thus 1nira-red data
show that most of the hydrogen bonds in
¢ollagen are weaker than in other profeins and
polypeptides and this is in good agreement with
the two-bonded structure.

One of the main results of our present study
is that, while the two-bonded structure is highly
specific and can only occur for helical para-
meters close to what are actually found in
collagen, the one-bonded structure can occur
over a very wide range of configurations. Alsg,
a fact which seems to have been overlooked
previously is that there 15 no reason why the
exact rational value 10/3 should occur for the
number of resgidues per turn (n) In the minor
helix. In view of this, following Rama-
chandran’s paper,’ careful measurements were
made on X-ray patterns of both natural and
stretched collagen and these showed that the
value of n is close to 3-28 and not 3-33 (10/3),
;.e. the twist for three residues t is only about
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30° and not 36°, as has been assumed so far.
In addition i1t was also found that the residue
height h for unstretched collagen is 2-95 A rather
than 2-86 A. These wvalues, #viz., h=295A,
n=3-28, t = 30° should replace the older values
h =286 A, n=23-33 1= 36°

These changes are really significant from the
point of wview of the stereochemistry of the
structure, for it is actually found that a two-
bonded structure based on the new wvalues is
superior to the one hased on the old values with
respect to short contacts and hydrogen bond
angles.

A prolection of the new two-banded structure,
the so-called standard structure, arrived at after
a careful study, is shown in Fig. 1 and the co-

FIG. 1.
gen along the fibre axis.
very three residues are shown by dottel lhnes.

Projection of the standard structure of colia-
The two hydrogsan bonds. for

ordinates are given Iin Table I. The inter-
atomic distances and bond angles for this struc-
ture are not significantly different from the
Pauling-Corey parameters. The two hydrogen
bond lengths, wviz., N;H, (B)....0, (A) =
3:00 A and NyH,(A)..O (B) = 3-05 are agree-
ing well with the infra-red data and the angle
beiween NH and NO is less than 30° for both
the bonds. The only short contacts found in
the structure are (1) O, (A)....0,(A) = 2-T3 A,
(2) C,(B) ....0,(A)=2904A, (3) C, (A)
L O(BY=3-10 A, (4) C, (A).... 04 (B) =
3-03 A, and (5) C; (A) ....C, (B)=330A.
The structure is thus seen to be satisfactory in
every respect.

The satisfactory nature of this structure
explains the occurrence of h = 2-95 A in natural
collagen which is found to be remarkably con-
stant in specimens from a wide variety ol
SQUICES,
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TABLE 1

Atomic co-ordinates of the atoms in one set of
three residues of the proposed structure of
collagen. The
given gre with respect to the axis of the major
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So also attempts were made to build struc-
tures corresponding to twists t of 10° and 5§°
for three residues keeping h = 2:95 A, but these
were distinctly bad since one of the hydrogen
bonds became very long when short contacts

helix were avolded. This explains why collagen
forms a coiled coil structure, and alsoc why the
Atom v (A) (°) : (A) fgilézgr;?gze:fonds to a twist close to 30° for
- On the other hand for an one-bonded struc-
Cy 1-15 0-0 0+00 ture which can occur over a very wide range
Cy’ 2.27 12-0 1-00 0f configurations, no c¢olled coiling is needed
I%l 32‘; '3:;'_2 :{% and the residue height can also vary. It is
Hi 9.15 631 1-71 not specific and it cannot explain why collagen
Cy 3-52 354 2.72 has the paramecters for its structure which are

Cy’ 2:93 23-0 3-96 actually found.
IOJZ ;;g %gg iég Thus, in short, the two-bonded structure
H, 478 18-1 470 could explain several of the observed facts about

Cs 347 2.0 6:00 collagen such as
Cs’ 2-50 187 6-86 (¢) The observed height of about 2:95 A per
gi fgg 4;’2 ggg residue along the fibre axis and its relative
H, 9.99 D44 8.04 inextensibility ; (b) the occurrence of a coiled
C, 1-15 30-0 8-85 coll Instead of a simple triple chain and the
actual magnitude of the second coiling and

TaBLE II

The co-ordinates of the atoms in a set of three residues of the three chains A, B ; and B, of

the structure of collagen. For the chain A which accommodates the sequence gly-pro-hypro.

the co-ordinates of the side chain atoms of the proline and hydroxyproline residues are also
given. The co-ordinates given are with respect to the axis of the major helix

Atom » (A) (°) z (A) Atom 7 (A) (*) z (A)
Chain A Chain By —(Contd))
aC_s . 115 800 — 295 C’a . 2.93 2%.0) 3.6
C'--E 2.19 84'7 —]83 02 . 1+75 17-5 4+16
O_z . 2+9( 64-8 —1-38 N, .. 2.79 15-8 4.89
N_2 2.69 112+0 ~1-+41 H, . ‘e 4+78 18-1 4-70
3C_» 3:12 139-1 —-1-81 al 3 ‘e 3.-47 2.0 6-00
yCoo .o 4-58 136-9 - 137 C’s .. 2.50 187 688
BC_ o o 4-65 125+5 —-0-14 O3 2+ 68 45+5 650
ﬂ*C...l - 3'71 109'1 _0'33 N3 . 1-95 1-8 7.87
C’ .4 .. 2.99 99-1 0+89 H, .90 — D1.4 804
O, . 177 978 1:05- eCy . 1-15 200 B-85
N_4 e 3-83 893+5 1-83 Chain BY \
g . 6+ 28 95.2 1-80 aCy .o 3-47 - 138:0 0-10
yCo .y . 587 850 2.98 Co . 2-50 -121-3 0.08
Oy 6-28 728 2+09 O . 263 - 94.5 0- 60
AC. . 490 81-0 3.78 No 1-95 1382 1.97
aCy . 3+ 46 820 300 Ho ‘e 229 —164-4 2.14
C’y . 2+50 887 391 aC, 1-15 -~ 1100 2.95
Qo ‘e 2-68 126+5 385 C’, . 2.97 — 98.0 2. 05
No .o 1-06 81-8 492 0, . 3+ 20 -113-8 410
H, . 229 5656 509 Ny . 2:43 - 7].9 185
#Cy .o 1:15 110+0 5+80 H, . 2-15 -~ 4G-9 4+ 66
Chain By .o aCy . 3:52 - 74-6 567
T .o 1-15 0:0 0-00 C’. . 2:93 - B7:0 G+ 04
C;; “s 227 12-0 1-00 02 1474 - 910 7.14
Q{ » 3+26 - 348 }-15 Na 378 - D48 7.1
N, .o 2-43 38-8 170 Hy : 470 - 02+5 765
Fis . 2.15 83-1 171 aCy .o 347 - 1080 8:95
“cﬂ > 3'53 35'4 2'72
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(¢) the occurrence of 33% of glycine and a
large proportion of proline and hydroxyproline.

The one-bonded structure cannot explain any
of these properties except (c¢) since a wide
range 1s possible for it. The infra-red data
also completely support the occurrence of long
hydrogen bonds 3-0-3-05 A, found in the twoc
bonded structure.

Even when the sequence gly-pro-hypro occurs
in one of the three chains, or locally in all the
three chains, the standard structure can be
slightly modified to incorporate these. The co-
ordinates of the atoms in the three chains in
the former case are given in Table II and the
structure 1s shown in IMig. 2. Five hydrogen

§C-

TCH

FG, 2.
of collagen with five hydrogen bonds for nine residues.
For the chain “A’ whch accommodates the sequence
gly-pro-hypro, the positions of all the atoms of the proline
and bydroxyproline residues in the projecticn are also
shown.

Projection along the fibre axis of the structure

bondg are formed for every nine residues. The
atoms in two backbones of the chains are practi-
cally in the same positions as in the standard
structure, while in the third chain none of them
are displaced by more than 05 A. If all the
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three chains have the sequence gly-pro-hypro,
then only an one-bonded structure is possible,
but even in this case, the shifts of individual
atoms are less than 05 A.

Finally it may be mentioned that the calecy-
lated Fouriler transform (F.T.) of the standard
two-bonded structure is in good agreement with
observation. Also, the two-bonded structure is
distinctly in better agreement with the observed
X-ray pattern than the one-bonded structure.
Thus, its F.T. has a broad belt of intensity
centred at £ = 0-35, as actually observed, while
this belt 1is distinctly nearer the meridian
(£ = 0-30) for the one-bonded structure. So
also, the first maximum on the third layer is
much stronger with the two-bonded structure,
as actually observed. The position of the first
maximum on the fourth laver is closer to the
meridian for the two-bonded structure and
ceceurs close to the observed position. In the
sixth layer, there is a clear maximum in the
F.T. at £=0-66, as observed for this structure,
while there is no such maximum in the F.T. of
the one-bonded structure. Lastly, the strong
blob of intensity observed on the equator cor-
responding to d =44 A is explained by the
cccurrence of nearly parallel planar residues in
the backbones of neighbouring chains at this
distance apart. The corresponding distance jn
the one-bonded structure is 4-8 to 4-9 A and
does not agree with observation.

Details of these studies are given in a series
of papers in the Report of the Collagen Sympo-
sium held at Madras in November 1960 (under
publication). We wish to acknowledge the
assistance of Messrs. Y. T. Thathachari, B. R.
Lakshmanan and C. Ramakrishnan in part of
this work.
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LONG WAVELENGTH SPECTRUM OF SOLAR CORONA

SPECTRUM of the solar corona in the near

infra-red region 1#, was obtained by the
staff members of the Sternberg Institute of
Astronomy, USSR, during the solar eclipse of
February 18, 1961. A detailed study of the
emission line of wavelength 1:0747 micron
(10747 A) has been made in this region. This

line is emitted by strongly ionized atoms of
iron which have 12 electrong knocked out of
them under extremely high temperature. It is
reported that the obtained information warrants
definite conclusions concerning the physical con-
ditions of matter in the outer envelope of the
solar atmosphere— (USSR News).




