Subscriber access provided by JRD Tata Memorial Library | Indian Institute of Science

Structural Investigations on Poly(4-hydroxy-L-proline). 1. Theoretical Studies
Manju Bansal, Samir K. Brahmachari, and V. Sasisekharan
Macromolecules, 1979, 12 (1), 19-23 • DOI: 10.1021/ma60067a005
Downloaded from http://pubs.acs.org on January 30, 2009

More About This Article
The permalink http://dx.doi.org/10.1021/ma60067a005 provides access to:
•
•

Links to articles and content related to this article
Copyright permission to reproduce figures and/or text from this article

Macromolecules is published by the American Chemical Society. 1155 Sixteenth Street
N.W., Washington, DC 20036

12, No. 1, January-February 1979
DoskoEilovl, S. Sgkora, J. Jake&,and M. Kollnskg, J . Polym.
Sci., Part C, 22, 1073 (1969), and references cited therein.
W. E. BilluDs and A. N. Kurtz. J . Am. Chem. SOC..90. 1361
(1968); W. E. Billups, A. N. Kurtz, and M. L. Farmer; Tetrahedron, 26, 1095 (1970).
J. L. Pierre. H. Handel. and R. Perraud. Tetrahedron., 31.2795
,
(1975).
(a) M. S. Newman, G. S. Cohen, R. F. Cunico, and L. W.
Dauernheim, J. Org. Chem., 38,2760 (1973); (b) L. A. Paquette
and P. C. Storm, ibid., 35, 3390 (1970), and references cited
therein; (c) C. W. Jefford, D. Kirkpatrick, and F. Delay, J . Am.
Chem. SOC.,94,8906 (1972); (d) C. W. Jefford, U. Burger, M.
H. Laffer, and N. Kabengele, Tetrahedron Lett., 2483 (1973);
(e) J. Hatem and B. Waegell, ibid., 2023 (1973); (f) H. Yamanaka, T. Yagi, K. Teramura, and T. Ando, J . Chem. SOC.D,
380 (1971); (g) H. Yamanaka and K. Termaura,Mem. Fac. Ind.
Arts, Kyoto Tech. Uniu. Sci. Technol., 22, 92 (1973); Chem.
Abstr., 81, 2 4 7 5 1 ~(1974); (h) Y. Kusuyama and Y. Ikeda,
Nippon Kagaku Kaishi, 290 (1977);Chem. Abstr., 86,1892532
(1977).

Structural Investigations on Poly(4-hydroxy-~-proline)19
M. Hauptschein, A. J. Saggiomo, and C. S. Stokes, J.Am. Chem.
SOC.,78, 680 (1956); R. S. Dickson and G. D. Sutcliffe, Aust.
J . Chem., 25, 761 (1972).
(a) J. D. Cotman, Jr., J . Am. Chem. Soc., 77,2790 (1955); (b)
H. Batzer and A. Nisch, Makromol. Chem., 22, 131 (1957).
T. Suzuki, Pure Appl. Chem., 49, 539 (1977).
A. A. Frost and R. G. Pearson, "Kinetics and Mechanism",
Wiley, New York, N.Y., 1961, pp 166-168.
D. J. Carlsson and K. U. Ingold, J. Am. Chem. Soc., 90,7047
(1968).
G. L. Grady, T. J. Danyliw, and P. Rabideux, J . Organomet.
Chem., 142, 67 (1977).
However, see R. C. Fort, Jr., and J. Hiti, J. Org. Chem., 42,3968
(1977).
(a) K. B. Abbhs and E. M. Sorvik, J . Appl. Polym. Sci., 20,2395
(1976); (b) unmhlished results.
C. Baker, W. F. Maddams, G. S. Park, and B. Robertson,
Makromol. Chem., 165, 321 (1973).
K. B. Abbhs. J. Macromol. Sci.. Phvs.. 14. 159 (1977).
E. M. Sorvik, J . Appl. Polym. hci.,"21;2769 (1977).

Structural Investigations on Poly(4-hydroxy-~-proline).
1. Theoretical Studies+
Manju Bansal, Samir K. Brahmachari, and V. Sasisekharan*
Molecular Biophysics Unit, Indian Institute of Science, Bangalore 560012, India.
Received February 21, 1978

ABSTRACT: Model building studies on poly(hydroxypro1ine) indicate that in addition to the well-known
helical structure of form A, a left-handed helical structure with trans peptide units and with h = 2.86 A and
n = 2.67 (i.e., 8 residues in 3 turns) is also possible. In this structure which is shown to be in agreement with
X-ray data of the form B in the next paper, the y-hydroxyl group of an (i + 1)th Hyp residue is hydrogen
bonded to the carbonyl oxygen of an (i - 1)th residue. The possibility of a structure with cis peptide units
is ruled out. It is shown that both forms A and B are equally favorable from considerations of intramolecular
energies. Since form B is further stabilized by intrachain hydrogen bonds, we believe that this is likely to
be the ordered conformation for poly(hydroxypro1ine) in water.

Synthetic polypeptides containing L-proline and 4Poly(hydroxyproline) is also more stable in solution than
hydroxy-L-prolinehave been extensively studied as models
PP 11, as indicated by the greater resistance of P H P to
for the fibrous protein collagen, which contains large
disruption by calcium chloride when compared to PP II.'
amounts of these imino acid residues. In spite of the close
The greater stability of an ordered P H P structure in
structural similarity between these residues, there are
solution can be either an intrinsic property of the isolated
certain basic differences in their conformational features,
helix or the result of stabilizing intermolecular interaction,
as manifested in their homopolymers, viz., polyproline (PP)
as in the solid state.6 Other experiments, including our
and poly(hydroxypro1ine) (PHP). Polyproline undergoes
own, which are discussed in the subsequent paper, indicate
mutarotation in water and acid, from the form I (PP I)
that the polymer in solution does not form an aggregated
structure with all peptide bonds in the cis conformation,
structure but occurs as individual single chain helices. We
to the form I1 (PP 11), in which all peptide bonds are in
should therefore be able to account for the extra stability
the trans conf~rmation.l-~
Similar transformations have
of P H P in terms of intramolecular stabilization offered in
also been observed for poly(o-acetyl-~-hydroxyproline).~~~some fashion by its hydroxyl group. This, in turn, might
On the other hand, P H P does not dissolve in most of the
also explain the absence of mutarotation in PHP.
organic solvents, except strong acids like dichloroacetic
Further, we found that, contrary to what has been
acid.5 Hence the type of transformations observed for PP
stated, the presence of the y-hydroxyl group does not
in solution have not been observed for PHP. However,
stereochemically hinder the formation of a PP I type
X-ray diffraction studies have indicated that P H P exists
structure, with all peptide bonds in the cis orientation.
in two forms, designated as forms A and B.5 Form A was
Therefore, the possibility of hydrogen-bond formation
shown to bear a general resemblance to PP 11,but unlike
involving the y-hydroxyl group was investigated for
the latter, the P H P structure is stabilized by a series of
structures with all-trans peptide bonds as well as all-cis
interchain hydrogen bonds between chains, involving
peptide bonds. Both direct hydrogen bonds and watery-hydroxyl group^.^ Since the X-ray pattern of form B was
bridged hydrogen bonds, as proposed for the collagen
rather diffuse, it was not characterized in detail.5
s t r u ~ t u r e ,were
~ - ~ explored. A systematic conformational
analysis was carried out and the various possible ordered
conformations for PHP were, a t each stage, checked
+Contribution No. 124 from the Molecular Biophysics Unit, Indian
Institute of Science, Bangalore, India.
against not only earlier experimental data but also our own
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Table I
Relevant Data Regarding the Two Possible Ordered
Conformations of Poly(hydroxypro1ine)

conf B'J

conf Aa

unit height, A
unit twist, deg
no. of unitslturn
tilt of the peptide
unit,c deg

3.05
.- 120
- 3.0
95

dihedral angles
- 79,151,180
(@&,w 1, deg
energy, kcal/(mol - 7.9
of residue) (only
nonbonded +

2.86
- 135
- 2.67
60
-60,110,180

- 9.5

electrostatic +
backbone tor-

sional)
hydrogen-bond
parameters:
(only intrachain
H bond)
length, A

Figure 1. A projection of a single helix of poly(hydroxypro1ine)
(form A) with intrachain hydrogen bonds via water molecules.
The region in which the water molecules can occur is shown
hatched. A representative water molecule Ow linking the yhydroxyl group of residue 3 to the carbonyl oxygen of residue 1
is shown.

studies, using spectroscopic techniques and X-ray diffraction. For the sake of convenience, the results of the
theoretical studies are presented in this paper. The details
of the experimental studies are given in the succeeding
paper.

Results and Discussion
(i) Intrachain Hydrogen-Bond Scheme in the
Structure of Form A of Poly(hydroxypro1ine). The
structure of form A of poly(hydroxypro1ine) is a lefthanded helix with three residues in the basic repeating
unit. The individual residues are also related by an approximate helical symmetry. The structure is stabilized
in the solid state by the formation of interchain hydrogen
bonds linking the y-hydroxyl group in one chain to a
carbonyl oxygen in a neighboring chain? An investigation
of the atomic coordinates of this structure revealed that
the y-hydroxyl group cannot form any direct intrachain
hydrogen bond. Recent conformational studies on P H P
have also indicated that it is not possible for the y-hydroxyl
group of hydroxyproline to form any intrachain hydrogen
bond either with a carbonyl oxygen or with a y-hydroxyl
group of a neighboring residue.'O
The possibility of hydrogen-bond formation via a water
molecule as an intermediary was therefore explored. An
examination of the detailed atomic coordinates showed
that the distance of the y-hydroxyl group of an (i + 11th
residue in the chain to a carbonyl oxygen of the (i - 1)th
residue is of the correct order for the formation of a
water-bridged hydrogen bond. This scheme of intrachain
hydrogen-bond formation is similar to that proposed for
the collagen ~ t r u c t u r e . ~A~projection
~
of the helical
structure of poly(hydroxypro1ine) form A, along with a
water molecule, is shown in Figure 1. The possible location for the water molecule was obtained such that it
forms good hydrogen bonds with the y-hydroxyl group as
well as the carbonyl oxygen. It was found that the water
molecule can occur over a fairly wide region and still serve
to link the two groups. The whole region in which it can
occur is shown (as cross-hatched) in Figure 1. One typical
location of the water molecule is also shown in this figure.
The hydrogen-bond parameters and other relevant details

angle, deg
OW-HWAOW.. .O

= 10

short contacts ( A ) p,.
* .H6zz(1.76)
Ha,. . H b z z (1.83
unit cell parame- a = 12.3
a = 15.75
ters, A (hexac = 9.15
c = 22.88
gonal unit cell)
This is the conformation described by Sasisekharan,6
in which the repeating unit consists of three hydroxyproline residues related by approximate threefold screw sym
metry. The data given are the average for the three residues.
This is the new structure obtained from purely
theoretical considerations. Angle between the helical
axis and the plane of the peptide unit.
of the structure are given in Table I.
The water molecule, in the region shown, does not give
rise to any steric hindrance with other atoms in the polypeptide chain. According to the hydrogen-bond scheme
shown in Figure 1,the water molecule acts as an acceptor
for a hydrogen bond from the y-hydroxyl group and as a
donor for the hydrogen bond with the carbonyl oxygen.
It may be mentioned that, as in the collagen structure, the
water molecule can also act as a donor for both of the
above-mentioned hydrogen bonds, leaving the proton of
the y-hydroxyl group free to form an interchain hydrogen
bond, as in the solid state.
(ii) Consideration of a Structure with Cis Peptide
Units. Conformational analysis of poly(hydroxyproline),
taking into consideration the possibility of occurrence of
cis peptide units also, was carried out by Hopfinger and
Walton." They apparently found that the presence of the
y-hydroxyl group sterically prohibits the formation of the
polyproline I type of helix. However, an investigation of
the detailed structure proposed for PP I,I2 in which all the
peptide bonds are in the cis conformation, revealed that
the presence of a y-hydroxyl group does not cause any
steric hindrance to other atoms in the polypeptide chain.
The y-hydroxyl group is oriented away from the core of
the helix in this structure, as can be seen from Figure 2,
in which a projection of the structure of PP I is shown with
a hydroxyl group attached to the y-carbon atom, in the
trans orientation. The puckering of the pyrrolidine ring
and the orientation of the hydroxyl group are very similar
to that observed for the hydroxyproline residue in the
crystal structure of cyclo(Pro-Pro-Hyp), which has all three
peptide bonds in the cis conformation.13 Hence it can be
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Figure 2. A projection of the polyproline I structure with hydroxyl groups attached to the C' atoms in a trans orientation.
The y-hydroxyl groups are oriented away from the core of the
helix and hence cannot form any intrachain hydrogen bonds.

regarded as a reasonable approximation for the ring geometry in a possible form I type of structure of PHP.
The y-hydroxyl group in this orientation cannot form
any direct intrachain hydrogen bond; therefore the possibility of hydrogen bonding via a water molecule was
examined for this structure also. It was found that the
distance between the y-hydroxyl group and a carbonyl
oxygen of a hydroxyproline residue two units farther away
(e.g., OY2-.O4 in Figure 2) is of the right order for the
formation of a hydrogen bond via a water molecule as an
intermediary. But if the water molecule is located so as
to form good hydrogen bonds with these groups, then it
gives rise to severe short contacts with other atoms in the
polypeptide chain. Hence, while it is stereochemically
possible for P H P to take up a helical structure with cis
peptide bonds, such a structure will not be stabilized by
any intrachain hydrogen bonds. It is also not possible for
systematic interchain hydrogen bonds to be formed in this
structure.
(iii) Structure of Poly(hydroxypro1ine) with Direct
Intrachain Hydrogen Bonds. The possibility of
poly(hydroxypro1ine)taking up a helical structure with the
y-hydroxyl group of the imino acid directly hydrogen
bonded to a carbonyl oxygen in the same chain was also
investigated. A model-building study showed that the only
possible intrachain hydrogen bond that can be formed is
between the y-hydroxyl group of an (i + 1)th residue and
the carbonyl oxygen of the (i - 1)th residue, as in the case
of the water-bridged hydrogen-bonded structure of form
A. Torchia14from NMR studies on poly(hydroxypro1ine)
had also suggested that such a hydrogen bond seems to
be possible in solution. The approximate ranges of values
for the dihedral angles 4 and were found (from the
models) to be -60 f 10" for $J and 110 f 10" for +. While
the value of 4 is within the generally observed range, the
value of is close to the lower limit for this dihedral angle,
as evaluated for poly(imino acid) structures from energy
cal~ulations.'~J~
Recent theoretical studies in our labor a t ~ r y , ~assuming
'
a flexible pyrrolidine ring, have,
however, shown that if the prolyl ring has a CY-exo

+

+

Figure 3. The structure of poly(hydroxypro1ine)with the yhydroxyl group involved in a direct intrachain hydrogen bond
with a carbonyl oxygen (conformation B).
Table I1
Coordinates of the Atoms in One Residue of
4-Hydroxy-~-proline
in Conformation B for
Poly (hydroxyproline p
atom

r, A

N

0.93
2.26
1.36
2.79
3.22
3.45
0.51
1.34
2.20
2.92
4.24
2.76
3.04
3.50
1.86

C6

Ca

d

CT
07

C
0
H61
H62
HTl
HT
Hpl
Hpz
H"

@,

deg

40.06
47.30
0.00
15.88
24.50
6.15
21.32
76.30
47.03
65.38
30.65
1.04
31.08
1.28
-35.33

z, A

x, A

y, A

-1.17
-1.78
0.00
0.09
-1.27
-2.18
1.24
1.74
-2.88
-1.45
-1.17
-2.87
0.83
0.37
-0.18

0.71
1.53
1.36
2.68
2.93
3.43
0.48
0.32
1.50
1.22
3.65
2.76
2.60
3.50
1.52

0.60
1.66
0.00
0.76
1.33
0.37
0.19
1.30
1.61
2.65
2.16
0.05
1.57
0.08
-1.07

The dihedral angles (@,$, w ) for the polypeptide backbone conformation have the values -6O", 110", and 180",
respectively.

puckering, then the low-energy conformations for a diprolyl
unit occur for $J = -55" and = 110". Therefore, helical
structures were generated with the above-mentioned range
of values of the dihedral angles 4 and IJ for the polypeptide
backbone. The geometry of the prolyl ring was taken to
be that corresponding to the minimum energy conformation in the diprolyl cal~ulations.~'A hydroxyl group
was fixed in a tetrahedral orientation at the Cy atom, so
that it is trans to the carbonyl group. It was found that
the distance of the 0' atom of the (i 1)th residue to the
carbonyl oxygen of an (i - 1)th residue is about 3.1 A. By
varying the ring puckering and slightly shifting the 0'
atom from the exact tetrahedral orientation, the distance
between the 0' atom and the carbonyl oxygen could be
reduced to about 2.85 A, i.e., within the normally observed
range for an 0-H--0 type of hydrogen bond.'* The best
structure from stereochemical considerations was found
to occur for the values of the dihedral angles 4 and being
-6OO and l l O o , respectively. The helical parameters for
this structure are: unit height (h)= 2.86 A and unit twist

+

+

+
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can take up another type of left-handed helical conformation, with all peptide bonds remaining in the trans
conformation, hut with slightly different helical parameters. In this structure the y-hydroxyl group of an (i +
1)th residue is directly hydrogen bonded to a carbonyl
oxygen of the (i - 1)th residue, in the same polypeptide
chain?' This helical model is in agreement with the X-ray
data of form B. This is discussed in the subsequent paper.
It is seen from the energy values given in Table I that
the helical conformation for the B form is intrinsically
more stable than form A. The slightly higher energy value
obtained for form A is due to the H-H short contacts
occurring in this structure, and these can he relieved by
slight variations in the ring puckering. Hence both
structures for P H P are energetically almost equally favorable from intramolecular energy considerations.
However, a single chain in the form B conformation will
be further stahilized by the formation of the direct intrachain hydrogen bonds. Therefore, we believe this
conformation to he likely to he preferred in solution over
form A.22 The detailed physicochemical studies carried
out by us to confirm this hypothesis are given in the
following paper.23

Figure 4. A CPK model of poly(hydroxypro1ine)form B.

(t)= -135'. A projection of the structure down the helical
axis is shown in Figure 3 and a space-filling (CPK) model
of the structure is shown in Figure 4. The bond lengths
and bond angles, for the polypeptide hackhone, correspond
to the values for the standard Pauling-Corey geometry.
The geometry of the pyrrolidine ring is within the theoretically calculated low-energy region.Ig The helical parameters and other relevant data for this structural model
of poly(hydroxypro1ine) are also summarized in Table I.
The coordinates of the atoms in one imino acid residue are
given in Table 11. We will show in the following paper
that this structure is in agreement with the X-ray diffraction data for the form B observed hy Sasisekharan5and
also studied by us in detail. We henceforth refer to this
structure as the B form of PHP.
In order to compare the relative stabilities of the PHP
chain in forms A and B, energy calculations were carried
out, taking into consideration only the intramolecular
interactions. The energy values for both the molecular
models as well as the short contacts, less than the extreme
limit of the contact criteria?O are given in Table I. Hydrogen-bond energy has not been included in the energy
calculations.
Conclusion
In the form A structure of PHP, intrachain hydrogen
bonds can only be formed via water molecules as intermediaries. However, the water molecules occur on the
periphery of the helix (as can be seen from Figure 1) and
have a free proton pointing away from the core of the helix,
so they can he easily disturbed by the solvent medium.
We have also found that a PHP structure with all
peptide bonds in the cis conformation is stereochemically
possihle, hut it will not be stabilized by hydrogen bonds
of either the intra- or intercbain type.
From purely theoretical considerations we have shown
that, in addition to the well-characterized form A, PHP

Acknowledgment. We are grateful to Professor G. N.
Ramachandran for encouragement and invaluable advice.
We also thank Dr. V. S. Anauthanarayanan for helpful
discussions and MI. U. V. Pandya for making his data
available to us prior to publication. The work was financially supported by CSIR and SERC (DST), India, and
PL-480-USPHS Grant No. 01-126-N.
References a n d Notes
(1) J. Kurtz, A. Berger, and E. Katchalski, Nature (London), 178,
1066-1067 (1956).
Sasisekharan,J. Polyrn. S i ,47, 373-390 (1960).
(3) I. Z. Steinberg, W. F. Harrington, A. Berger, M. Sela, and E.
Katchalski, J. Am. Chem. S o t , 82, 5263-5279 (1960).
(4) J. Kmtz, A. Berger, and E. Katchalski in "Recent Advances in
Gelatin and Glue Research", G. Stainshy, Ed., Pergamon Press,
London, 1958, pp 131-135.
(5) V. Sasisekharan,J. Polyrn. Sci., 47, 391-396 (1960).
(6) V. Sasisekharan,Acto Crystallogr., 12, 903-909 (1959).
(7) W. L. Mattice and L. Mandelkern, Macromolecules, 3,199-201
(2) V.

f~.-.
i w n.,.i
G. N. Ramachandran, M. Bansal, and R. S. Bhatnagar, Biochirn.

Biophys. Acta, 322, 166-171 (1973).
M. Bansal, C. Ramakrishnam, and G. N. Ramachandran, Proe.
Indian Aead. Sei., Sect. A, 82, 152-164 (1975).
B. J. Price, Ph.D. Thesis,'University of Michigan, 1975.
A. J. Hmfineer and A. G. Walton. J. Maerornol. Sci... Phvs..
" .

3, 195-268 (i969).
W. Trauh and U. Shmueli in "Aspects of Protein Structure",
G. N. Ramachandran, Ed., Academic Press, New York, N.Y.,
1963, pp 81-92.
(13) G. Kartha and G. Ambady, Acta Crystallogr., Sect. B, 31,
2035-2039 (1975).
(14) D. A. Torchia, Macromolecules, 5, 566-569 (1972).
(15) W. L. Mattice, K. Nishikawa, and T. Ooi, Macromolecules, 6,
442-44R
...... 11972)
~

(16) T. Ooi, D. S. Clark, and W. L. Mattice, Macromolecules, 7,
337-343 (1974).
(17) U. V. Pandya, personal communication.
(18)
. . J. Mitra and C. Ramakrishnan. Int. J. Peotide Protein Res..
9, 27-48 (1977).
(19) G. N. Ramachandran, A. V. Lakshminarayanan, R. Bslasubramanian, and G. Tegoni, Biochirn. Biophys. Acto, 221,165-181
I,
,&",07n1
",.
(20) G. N. Ramachandran and V. Sasisekharan, Ad". Protein Chem.,
23, 283-438 (1968).
(21) This type of hydrogen-bonding scheme is also of interest from
the point of view of the role of hydroxyproline residues in the
collagen structure. However, a preliminary study revealed that
the type of intrachain hydrogen bond proposed here, directly
linking the ?-OH of hydroxyproline and a carbonyl oxygen in

Poly(4-hydroxy-~-proline)23

Vol. 12, No. I , January-February 1979
a neighboring residue, is not possible for the triple-helical,
coiled-coil, collagen-type structure.
(22) The possibility of a conformation corresponding to $ = -60'
was also considered. Such a conformation cannot have any

intramolecular hydrogen bond. Also this structure is not
compatible with the X-ray and CD data.23
(23) S.K. Brahmachari, M. Bansal, V. S. Ananthanarayanan, and
V. Sasisekharan, Macromolecules, following paper in this issue.

Structural Investigations on Poly(4-hydroxy-~-proline).
2. Physicochemical Studies?
Samir K. Brahmachari, M a n j u B a n s a l , V. S. A n a n t h a n a r a y a n a n , and
V. S a s i s e k h a r a n *
Molecular Biophysics Unit, Indian Institute of Science, Bangalore 560012, India.
Received February 21, 1978
ABSTRACT: We report experimental studies which confirm our prediction, namely that the ordered structure
of poly(hydroxypro1ine) in solution corresponds to a left-handed helical structure with intrachain hydrogen
bonds. The CD studies show that the poly(hydroxypro1ine) molecule has essentially the same conformation
in aqueous solution and in the film obtained subsequently by evaporation. X-ray diffraction patterns of the
sample in this form (B form) have been recorded at different relative humidities. The patterns recorded a t
relative humidities over 66% can be interpreted in terms of a helical structure with intrachain hydrogen bonds.
These results lead us to conclude that the ordered conformation of poly(hydroxypro1ine) in solution is form
B and not form A. This offers a simple explanation for the greater stability of the poly(hydroxypro1ine) helix
in solution as compared to the poly(pro1ine) form I1 helix and also for the absence of mutarotation for
poly(hydroxypro1ine).

In t h e preceding paper1 i t has been shown that t w o
ordered s t r u c t u r e s (A and B ) a r e possible for poly(hydroxyproline) ( P H P ) . Both structures a r e left-handed
helices, with all peptide bonds in the t r a n s conformation.
The form A is obtained b y precipitation from an aqueous
or acidic medium and has been well characterized by X-ray
s t u d i e ~ .In
~ ~the
~ solid state, f o r m A has been shown t o
have a regular helical structure with three residues per turn
and stabilized b y interchain hydrogen bonds involving the
y-hydroxyl groups.2 In this structure, intrachain hydrogen
bonds c a n only be formed via water molecules as intermediaries.l Another form of PHP was obtained b y slow
evaporation of an aqueous solution, b u t since i t gave a very
diffuse X - r a y pattern, i t was n o t studied i n detail.3 We
h a v e proposed i n the previous p a p e r that t h i s B form of
PHP has a nonintegral helical structure, with the yhydroxyl g r o u p directly hydrogen bonded t o a carbonyl
oxygen in the same chain. We have further suggested that
t h i s is also the ordered conformation m o s t likely to exist
i n solution. PHP is soluble only i n aqueous or strongly
acidic m e d i a and hence physicochemical studies c a n b e
carried o u t only i n these solvents. Previous studies have
indicated that the PHP molecule has a left-handed helical
s t r u c t u r e i n solution and that only one regular s t r u c t u r e
is observed, viz., no mutarotation occurs for PHP.4,5
In this p a p e r t h e details of t h e experimental studies
carried o u t b y u s a r e described. We have carried o u t the
following physicochemical studies: (i) m e a s u r e m e n t of
molar ellipticity value at various concentrations, to see
whether molecular association o r aggregation occurs in
solution for P H P ; (ii) ORD studies in acid/water mixtures
to s t u d y the order-disorder transition; (iii) IR studies of
d r y and wet pastes, t o check for the presence of b o u n d
water molecules; (iv) CD studies i n aqueous solution a n d
films to see whether PHP undergoes a n y structural change
on going from solution to solid state; (v) X-ray diffraction
studies to characterize the B form i n detail; and (vi) X-ray
Contribution No. 125.
0024-9297/79/2212-0023$01.00/0

studies at different conditions of humidity, to understand
the structural transformations occurring for PHP, i n t h e
solid state.
All these studies confirm our hypothesis that the ordered
conformation of PHP in water is form B and n o t form A.
E x p e r i m e n t a l Section
Materials and Methods. Poly(4-hydroxy-~-proline)
samples
of mol w t 17 000 and 27 000 were obtained from Sigma Chemicals
Co. The ORD and CD measurements were carried out using a
JASCO Model 5-20 spectropolarimeter. Films were cast on
demountable quartz cells and IR studies were carried out using
UR-10 Infrared spectrophotometer with KRS-5 plates. Concentrations of the samples used for CD and ORD studies were
varied from 4 to 0.0067 mg/mL. Path lengths varying from 5 cm
to 0.1 mm were used. Optical densities were measured by SP-700
spectrophotometer. Ellipticity values for film are expressed in
millidegrees. Dichloroacetic acid (DCA) was obtained from Riedel
(Germany) and was dried over anhydrous Na2S04before distillation under vacuum.
X-ray diffraction studies were carried out for unoriented films
and pastes. Powder patterns were recorded using a Cu K a radiation source (40 kV, 20 mA) and a flat plate cassette, the
specimen to film distance being varied from 4 to 5 cm. To record
patterns a t two different humidities (66% and >98%) the P H P
sample was kept at one end of a sealed Lindemann tube, with
a column of a solution of standard humidity (saturated NaNOz
and distilled water) at the other end. The sample was allowed
to equilibrate for several hours before the X-ray pattern was
recorded.

Results and Discussion
( i ) Absence of Aggregation in Solution. Poly(hydroxyproline) has been f o u n d t o be more stable than
poly(pro1ine) form I1 in aqueous solution. To verify
whether t h e greater stability of PHP in solution is d u e to
interchain interactions leading to association, as observed
for form A i n t h e solid s t a t e , the molar ellipticity values
were measured at 225 nm, for a wide range of concentration
( P H P gives a characteristic positive CD band at t h i s
wavelength). There was not very m u c h variation in the
molar ellipticity value &, which was within t h e range 6600
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