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The Crystal Structure of pL-Proline Hydrochloride

By Yukio Mitsui, MAsAMICHI TsuBOI AND YOICHI [ITAKA
Faculty of Pharmaceutical Sciences, University of Tokyo, Hongo, Tokyo, Japan

(Received 22 December 1968)

The crystal structure of pL-proline hydrochloride (CsHsNO,.HCI) has been determined by X-ray dif-
fraction methods. It crystallizes in the monoclinic space group P2;/a, Z =4, with unit-cell dimensions

a=1249, b=671, c=870 A

, and $=93°25". Refinement was carried out by the full-matrix least-

squares methods including anisotropic thermal parameters. Both the imino and carboxyl groups in
the molecule are found to be protonated. The pyrrolidine ring is puckered at the « carbon atom which
deviates about 0-5 A from the best plane formed by the four remaining atoms. The molecules are
held together by a system of hydrogen bonds, with O - -Cl of 2:96, N - -Cl of 3-14 and 3-18 A. The
bond lengths and angles are compared with various related compounds.

Introduction

Proline is a very important amino acid because of its
unique conformation which may affect the structure of
proteins, in particular collagen. However, unit-cell and
space group examinations have so far been reported
only for L-proline (Wright & Cole, 1949) and L-proline
monohydrate (Sasisekharan, 1959). The crystal struc-
ture of the former has recently been reported by Kayu-
shina & Vainshtein (1965). We have undertaken a three-
dimensional crystal structure analysis of DL-proline
hydrochloride in order to compare the mode of puck-
ering of the pyrrolidine ring with other crystals con-
taining proline or proline residues.

Experimental

Crystals of DL-proline hydrochloride were obtained by
dissolving a powder of DL-proline in an excess of con-

centrated hydrochloric acid and keeping the resulting
solutions in a CaCl, desiccator. The salt of the racemic
mixture was gradually crystallized from the solution
after a few days, while that of L-proline prepared in the
same way remained in the state of viscous solution even
after one month. The crystals of DL-proline hydrochlor-
ide were colourless plates with well developed {100}
faces, with the longer edge parallel to b and the shorter
edge parallel to ¢. The clear cleavage surface was (001).
The crystals were cut into rods of diameter less
than 0-2 mm and were sealed in Lindemann glass
tubes.

Unit-cell dimensions were determined from preces-
sion photographs. The crystal system is monoclinic,
with lattice constants, a=12-494+0-02, b=67140.01,
c=870+0-02 A, $=93°25" + 10". The density measured
by flotation in a mixed solution of carbon tetrachloride
and toluene was 1-37; g.cm=3; the value assuming four
units of CsHoNO,. HCl percellis 1-:38,g.cm=3. The syste-

Table 1. Fractional coordinates of the atoms and their standard deviations

x 10%0(x) y 104a(y) z 1040(2)
Cl 0:1340 2:0 1-0508 39 0-1911 30
C) 0-4398 7-6 1-0053 13-6 0:1717 11-6
C2 0:4142 68 0-7895 14-3 0-2079 104
C@3) 0-4041 87 0:7514 19-5 0-3813 10-7
C4 0-3371 11-5 0-5647 25-1 0-3762 13-0
C(5) 0-2756 8-3 0-5512 197 0-2226 12:2
N 0-3121 53 0-7266 11-1 0-1291 84
Oo(1) 0-3894 54 1-1012 10-3 0-0695 7-9
02 0-5188 4-8 1-0786 11-0 0-2627 7-1

Table 2. Final anisotropic temperature factors of the atoms (% 10%)

The temperature factor term is of the form

exp [— (h2B11 + k2B22 + 12833+ 2hk P12+ 2kiB23 + 2hiB13)] .

Bu B2z B33
Cl 3-97 9-03 872
C(1) 3:42 10-69 9:65
C(2) 276 9-85 7:34
C@3) 7-34 27-88 324
C@ 15-22 54-59 8-95
C(5) 6:36 18-61 13-93
N 2-28 875 7-03
o(1) 6-:01 15-61 9-96
0@ 410 1693 1009

b2 b3 Bas
1-88 1-46 1-13
1-57 2-85 —0-67
—055 0-63 116
—7-06 —1-29 3-49
—22-76 —2-89 11-55
-375 —0-28 9:50
—1:25 —0-23 1-44
—1-48 0-26 395
~3:29 -115 —-0-44
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Table 3. Observed and calculated structure factors

H K L JF(oRs) F(CAL)
0 @ 1 51.53 55.85 [ 7 % 0 7,64 23,37 2 ¢ 16 2 -4 6.46 -2.7
: "2 8399 -97.00 0 7 1 1 3420 30,99 ¢ 2 10 2 -3 6.58 5.81
3 6n.8n -59,53 0 71 2 3.0 -3.68 2 2 102 -2 19,41 15,63
0 0 4 1%, 11,78 0 7T 13 24,37 222,08 ¢ 2 102 -
9 N 5 a5 An 43,71 0 7 1 a R.35  -6,7n P 10 2 o0
[ I 6,32 0,79 ] 7 1+ 5 25.12  26.59 ¢ v w2 g
0 0 7 22,21 -22,64 1 7 1 6 29.an  21.70 P 1w 2 2
0 0 8 9.38 -7.53 1 7 4 2 X . PR w2
0 0 9 10,74 -11,14 1 7 1 a PR o2 a4
[CIRY 7.45 10,04 1 7 e ¢ 2 1w 2 5
0 011 5.A7 9.05 1 a o7 ¢ 2 o2 e
2 -1 4,70 4,97 1 A s o2 02 2
2 0 -9 22,27 -21.6%1 1 8 1.5 ¢ 2 12 -6
2 1 8 1 -4 s 2 1 2 -4
2 t 8 1 -3 s 11 2 -2
2 i 8 1 -2 5 2 1 2 -
2 1 A 1 5 Mmo2 o
2 1 8 n s 2 1 ? X
2 1 R« s 2 12 2 -A
2 1 8 1 2 s 2 12 2 -5
2 1 8+ & 32 12 2 -3
2 1 8 1 7 3 2 12 2 -2
2 1 8 1 8 s 2 12 2 8
2 1 9 1 -0 s 2 1@ 2 1
2 1 9 1 -8 s 2 12 2 2
2 1 9 1 -7 s v 12 203
2 2 9t -4 s . 1@ 2 s
2 2 9 1 -5 52 AETE AT
2 2 9 v o-a s 2 18 2 -5
. 2 9 v -3 4 z- 18 2 -a
4 2 9 v 4 2 1 2 -3
4 2 9 1 a0 <« 0 18 2 -2
. 2 e 1 a > 132
4 2 9 2 4 v 15 2 a
2 v o0 9 1 3 a2 13 2 2
2 1 o 4 « . 15 2 1
2 v 2 9 15 4 > 15 2 s
4 2 v 3 9 1 7 4 > 14 2 -5
a 2 1 4 10 1 -8 a 2 14 2 -3
« 2.1 5 10 1 -6 4 2 14 2 -2
4 2 1 6 10 -5 a 2 14 2 0
a 2 1 7 10 1 -4 4 14 2 s
4 2 U @ 10 1 -3 4 2 14 2 3
. 2 1 9 10 1 -2 a2 18 2 a
. 2 119 101 - a 2 15 2 =%
4 3 -1 10 1 a0 5 2~ 15 2 -1
. 3 1 -9 w oo 5 > 15 2 n
4 3 1-8 10 v 2 5 2 15 2
« 3 17 w4 5 2 LLINE I
4 3 1-6 1 5 5 2 oSy
6 3 1-5 10 1 6 5 2 [
& 3 1 -4 1 1 -8 5 2 w3 N
L) 3 1 -3 1§ -7 5 2 vy e
6 3 1 -2 11 1 -5 5 2 [
6 311 111 -3 5 2 003 7
6 310 1M1 -2 s 2 )
6 3 01 1 111 -1 5 2 v 30
® 31 2 Moy 5 2 13-
6 313 12 5 2 PR
6 3 1 4 1Moo 5 2 13 -8 5.21  =1.6%
6 3 15 Mo os 5 2 1 3 -a 7.8y -8.35
. 301 6 1o s s 2 133 9.22  -6.23
6 317 Mmooz 6 2- 103 -2 7.32 6,24
6 3 18 12y -7 6 2 13 .1 938y 13,82
PY 3 1 9 12 1 -6 6 > 13 b
6 4 1 -9 12 ¢ -5 6 2 13
s 4 1 -8 12 1 -4 6 2 13
s 4 15 12 1+ -2 6 2 13
8 4 1 -a 12 1 -1 6 2 13
8 4 1 -3 12 v 6 2 13
L] 4 1 -2 12 1 8 6 7 13
8 4 - 13 1 -s 6 2 13
8 4 10 13 1 -5 6 2 13
Iy 4 11 13 1 -4 6 2 13
8 4 12 13 1 -3 6 2 e 3
8 4 1 e 13 01 -2 6 2 ¢ 3
8 4 15 13 1 -t 6 2 2 3
8 0 0 a1 os 13 0 6 2 2 3-8
8 0 1 4 3 7 1301 2 6 ? ¢ % -5
8 0 2 4 1 9 13 s 72 2 % -4
84 a 3 5 1 -9 13 1 a 7 2 2 8-
8 o 4 5 1 -8 13 1.8 7 2 2 3 -2
8 0 6 5 1 .7 14 1 -5 7 2 2 3.
8 0 7 S 1 -6 14 1 -4 7 2 ¢ 3
8 0 &8 s 1 -5 1“2 7 2 2.3
8 0 9 S 1 -4 14 1 -1 72 204
18 6 -9 5 1 -3 15 4 -3 12 24
10 0 -8 5 1 -2 15 1 -2 72 2
10 0 -7 5 1= 5 1 0 72 z 3
10 0 -5 5 10 15 1 72 23
10 0 -4 5 1 o1 ¢ 2 0 72 23
10 0 -2 5 1 2 6 2 3 7 2 2 3
10 0 -1 5 + 3 0 2 2 r 2 53
10 0 0 5 1 4 0o 2 3 72 $ 3
10 0 1 5 1. 5 0 2 a4 8 2 503
10 90 2 5 1 6 [ 8 2 s -5
10 0 3 5 1 8 0 2 6 8 2 54z
10 0 4 5 1 9 0 > 7 8 2 s 03 -3
10 0 % 6 1 -9 o 2 8 8 2 sy -2
10 0 6 6 1 -8 P2 9 8 2 33
0 0 7 6 1 -7 1 2 -9 8 2 $ 08
10 0 8 6 1 -6 12 -7 8 2 s 3
12 0 -6 6 1 -5 12 -6 8 2 3
12 0 -5 6 1 -a 12 -5 a 2 s s
12 0 -4 6 1 -3 1 2 -4 8 2 s 3
12 0 -2 6 1 -2 12 -3 8 2 s 3
120 -1 6 1 -1 12 -2 9 2 s 3
12 0 o 6 1 9 12 -1 9 2 LN
12 0 1 6 1 12 9 2 s 3
12 6 2 6 1 2 12 1 9 2 a 3
12 0 3 6 1 3 1?2 2 9 2 a3
12 6 5 6 1 4 12 3 [ a3
14 0 -5 6 1 5 1 2 4 @ 2 4 3 -6
14 0 -4 6 1 6 1.2 5 9 2 4 3 .5
14 0 -3 61 7 12 & 9 2 4 % o-a
14 0 -2 7 1-10 1208 9 2 4 32
14 0 -1 701 -8 12 9 9 2 4y
14 0 0 701 -7 1 210 o 2 3
14 0 1 7 01 -6 2 2-10 ° 2 ‘3
14 9 2 7 1-5 2 2 -9 9 2 a3
14 0 3 71 -4 2 27 9 2 a3
14 0 4 71 -3 2 2 -6 1w 2 4 3
001 1 71 -2 2 2-5 . w2 b
0 v 2 71 2 2 -4 41,02 -37,08 10 2 4 3
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Table 3 (cont.)

4“3 7 S.29  -2.27 [} 9 4 .a
4 3 a 12,00 -12,44 [ 5 4
4 3 9 11,A9 -14.98 0 4 9 a s
s 3-10 .68 -6.72 1 9 4.5
5 3 -9 R 1 e 9 4 -3
5 3 1 4 9 e -2
s 3 1 e o 4oy
s 3 1 9 4 0
5 3 14 9 a4 3
53 14 9 & >
5 3 1 e 9 a3
5 3 1 e 9 4 4
s 3 14 9 a4 &
s 3 1 4 10 4 -7
5.3 e 10 4 -5
5°3 1 W 4 -4
5 3 1 e W 4 -2
5 3 1o W4 -y
s 3 1. 0 a0
6 3 14 W 4 1
6 3 1 4 10 4 2
6 3 2 a 10 4 4
6 3 2 e 10 4 5
6 3 2 11 4 -6
6 3 2 e 1 4 -
6 3 2 e 1 e -3
6 3 2 4 11 4 -2
6 3 2 e 41
6 3 2 4 1 4 0
6 3 2 e 1m e
6 3 2 e 11 a3
6 3 2 e 11 4 4
73 2 4 12 4 -3
73 2 e 12 4 -2
73 3 12 & 0
73 3 e 12 4 a
73 3 e 13 4 -4
73 3 e 13 4 -3
73 3 4 13 4 -2
73 3 4 13 a4 g
73 3 e 13 4
78 3 e 13 4 2
73 3 13 4 3
7 3 3 14 4
73 3 e 14 4 3
73 34 0 5 1
8 3 3 4 0 8 2
8 3 3 4 05 3
83 3 005 a
8 3 3 a 0 5 5
e 3 3 e 005 6
8 3 4 05 7
8 3 “« 1 5 -8
8 3 4 15 -6
8 3 4 4 1 %5 <5
8 3 4 a 1 5 -a
s 3 .« 105 .3
s 3 “« e 105 -2
8 3 4 e 151
s 3 4 e LS5 0
8 3 4 4 1.5 1
83 4 4 15 2
9 3 4 4 1 5 3
903 4 4 1 5 a
9 3 4 e 15 s
9 3 e 15 &
® 3 5 4 2 5 -8
° 3 5 4 2 5 7
9 3 5 4 2 5 -6
9 3 5 4 2 5 -8
9 3 5 4 2 5 -4
9 3 5 e 2 5 -3
93 5 4 2 5 -2
M 5 4 2 5 -1
10 3 S e 2 5 ¢
0 3 5 4 2 5 1
16 3 5 4 2 5 2
10 3 5 4 2 53
10 3 5 a 2 5 a
10 3 5 a 2 5 s
10 3 5 a 2 5 6
10 3 5 205 7
10 3 S e 2 5 8
10 3 6 4 3 5 -8
10 3 6 & 3 5 -7
10 3 6 e 3 5 -6
10 3 6 4 3 5 -a
10 3 6 4 3 5 -3
10 3 6 4 3 5 -1
1 3 6 4 $ 5 00
1 3 6 4 3 5 1
1 3 6 4 3 5 2
13 6 4 3 5 3
1 3 6 4 3 5 4
11 3 I 35 5
1 3 7 4 3 5 6
11 3 7 4 3 5 7
12 3 7 4 4 57
12 3 7 4 5.
12 3 7 e 4 55
12 3 7 4 4 5 -4
12 3 7 e 4 5.3
12 3 7 e 4« 5.2
12 3 7 4 4.5 -1
12 3 7 4 4.5

12 3 7 4 a 5

12 3 7 P

13 3 7 e P

13 3 7 4 4 5

13 3 7 4 4 3

13 3 7 4 4 5

13 3 7 4 4 5

13 3 8 4 5 5

133 8 4 5 5

13 3 8 4 5 5

13 3 8 4 5 5

14 3 8 4 5 5

14 3 8 4 s 5

14 3 8 4 5 5

14 3 8 4 5 5

8 e 8 4 5 5

[ 3 4 5 5

0 8 a 6 5

[ 8 a 6 5

matic absences 0k0 when & is odd and A0/ when A is odd
indicated the space group P2,/a.

Complete three-dithensional intensity data for Cu K«
radiation were obtained from equi-inclination Weissen-

3.93 8,75
7.28
A.°28
18.R2
14,09

-6 16,41 18,54
-5 20.%7 20.19
-4 12.07  -11.55
-3 23,18 =22.31
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berg photographs taken about the b axis (up to the
5th layer) and the a axis (up to the 10th layer). The
multiple-film technique was employed and the inten-
sities were estimated by visual comparison with a stan-
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Table 4. Bond lengths and angles of the proline molecule with their standard deviations

C(1)-0(1) 1-239+0-012 A

C(1)-0(2) 1:323+£0-012
C(1)-C(2) 1:519+0-013
C(2)-C(3) 1-:543 +£0-013
C(3)-C(4) 1-506 £ 0-020
C(4)-C(5) 1:504 £ 0-016
C(5)-N 1:516 £0-014
N-—C(2) 1:4734+0-011

dard scale. These intensities were corrected for Lorentz
and polarization factors in the usual way, but no ab-
sorption correction was applied. The sets of intensities
for the two axes were scaled by correlating the common
reflexions. A total of 1239 independent observed struc-
ture factors, out of the theoretically allowed 1650 re-
flexions in the limiting sphere for Cu K« radiation, were
obtained, and they were put on an absolute scale by
Wilson’s (1942) statistical method.

Determination and refinement of the structure

A three-dimensional sharpened Patterson synthesis
yielded the coordinates of the chlorine atom. A three-
dimensional electron density map with signs deter-
mined by the chlorine atom showed seven out of the
nine atoms in an asymmetric unit. The second electron
density map, however, showed all nine atoms and this
structure was confirmed by the third Fourier synthesis.
The refinement was first carried out by five cycles of the
block-matrix least-squares calculations with isotropic
temperature factors. The R value reduced from 0-27 to
0-15. At this stage, five cycles of the full-matrix least-
squares refinement with the ORFLS program (Busing,
Martin & Levy, 1962) was started taking account of
anisotropic thermal vibrations for each atom. In this

C(5)H,

Fig.1. L-Proline molecule in pL-proline hydrochloride.

O(1)-C(1)-0(2) 124:5+09°
O(1)-C(1)-C(2) 1227+ 0-8
0(2)-C(1)-C(2) 1129+ 0-8
C(1)-C(2)-N 111-3£0-7
C(1)-C(2)-C(3) 1130408
N—-C(2)-C(3) 106:8 +0-7
C(2)-C(3)-C(4) 100-8 +0-8
C(3)-C(4)-C(5) 1092+ 1-1
C(4)-C(5)-N 106:0 + 10
C(5)-N——C(2) 1046 +0-7

calculation, the following weighting scheme was adop-
ted:

Yw=Fo/20, when F, <20,

Yw=20/F,, when 20 < F, < 80,

Yw=20x80/F2, when 80<F,.
The R values in the last three cycles were all around
0-124 excluding hydrogen atom contributions. The
positional parameter shifts at the final cycles were less
than 0-00024 A with an average value of 0-00008 A, ex-
cept those of the x and y coordinates of C(4) and C(1)
and of the z coordinates of C(5) and C(1), for which the
maximum shift calculated was 0-00064 A and the aver-
age shift 0-00050 A.

The atomic scattering factors used were those given
by Berghuis, Haanappel, Potters, Loopstra, MacGil-
lavry & Veenendaal (1955) for carbon, oxygen and ni-
trogen atoms, and that given by Dawson (1960) for the
chloride ion.

The final atomic parameters and their standard devi-
ations are listed in Table 1. Table 2 shows the final ani-
sotropic thermal parameters. Observed and calculated
structure factors are listed in Table 3.

Description of the structure

Fig.1 shows the structure of the L-proline molecule.
Intramolecular bond lengths and angles are listed in
Table 4 together with their standard deviations. In
Table 5 the internal rotation angles of the L-molecule
are shown. This angle for a series of atoms 4-B-C-D is
defined as follows: it is the angle formed by the pro-
jection of the A-B bond with that of C-D when the
projection is taken along the B-C bond; the angle is
taken as positive if the rotation to bring the projection
of A-Binto that of C-D would coincide with that of the
right handed screw advancing along the B-C bond.

Table 5. Internal rotation angles
of the proline molecule (L-form)

O(1)-C(1)-C(2)-C(3) 131-1°

0(2)-C(1)-C(2)-N — 1676
0(2)-C(1)-C(2)-C(3) —47-4
0(1)-C(1)-C(2)-N 110
C(1)-C(2)-C(3)-C(4) —1577
C(2)-C(3)-C(4)-C(5) 23-0
C(3)-C(4)-C(5)-N 38
C(4)-C(5)-N—C(2) —184
C(5)-N=—C(2)-C(1) 157-4
C(3)-C(2)-N-—C(5) 337
C(4)-C(3)-C(2)-N -35-0
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The root-mean-square displacement of the atoms
along the three principal axes of the thermal ellipsoids
and the angles between each principal axis and the
three cartesian axes are listed in Table 6. The latter

axes are related to the crystallographic axes as follows:
axes 1 and 3 are parallel to a and b respectively, and
axis 2 is defined in such a way that it completes a right
handed system with the other two axes. To illustrate

Table 6. Root mean square (r.m.s.) components of thermal vibrations along three principal axes and angles between
these and the cartesian axes

For definition of the latter axes, see text.

Principal R.ms. Angles with cartesian axes
axis component 1 2 3
1 0128 A 61° 90° 29°
Cl 2 0165 126 42 71
3 0203 49 - 48 111
1 0112 42 117 60
C(1) 2 0-167 111 69 31
3 0214 55 35 96
1 0-135 48 110 131
C(2) 2 0-156 138 102 129
3 0-172 86 24 114
1 0-101 87 10 81
C@3) 2 0175 138 93 48
3 0-307 48 99 43
1 0122 117 49 53
C4) 2 0193 125 137 67
3 0479 47 101 45
1 0125 71 123 141
C(5) 2 0217 148 122 88
3 0-289 115 50 129
1 0-116 42 93 132
N 2 0-144 123 129 124
3 0:176 113 39 120
1 0155 102 52 41
o(1) 2 0-208 134 130 70
3 0-232 46 117 56
1 0-138 41 69 124
0(2) 2 0:199 89 149 121
3 0-228 47 111 49
o(1)

C(4)

Fig.2. The vibrational ellipsoids for atoms of the p-proline molecule.
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the relation between the directions of the principal axes
of thermal vibration and the molecular structure, the
vibration ellipsoids are shown in Fig.2. This Figure was
drawn by the plotter program ORTEP (Johnson,
1965). The area covered by the ellipsoid is such that the
probability of finding the centre of the atom in it is
50%.

The nitrogen atom seems to be in the form of >NHJ,
as indicated by the hydrogen bond scheme described
later. The carboxyl group atoms C(2), C(1), O(1) and
O(2) are coplanar, with a maximum deviation of 0-008
A. The bond lengths of C(1)-O(1) and C(1)-O(2) indi-
cate that the hydrogen atom is attached to O(2).

The conformation of the pyrrolidine ring is unusual:
four atoms [C(3), C(4), C(5) and N] are coplanar within
0-02 A, while the fifth atom, C(2), is 0-5 A away from
this plane. In all six cases of related compounds [L-pro-
line (Kayushina & Vainshtein, 1965), hydroxyproline
(Zussman, 1951 ; Donohue & Trueblood, 1952), copper
proline (Mathieson & Welsh, 1952) the prolyl and hy-
droxyprolyl residues in tosyl-prolylhydroxyproline
(Fridrichsons & Mathieson, 1962) and in leucylprolyl-
glycine (Leung & Marsh, 1958)] the atom C(4) (of the
present numbering system) was found to be about
0-5 A away from the best plane formed by the remain-
ing four atoms.

Discussion:of the molecular structure

As shown in Fig.3(a), the nitrogen atom lies nearly in
the plane of the carboxyl group, the dihedral angle
between N-C(1)-C(2) and the carboxyl plane being
11-0°. This tendency seems to be a common feature of
the proline group. Thus, in L-proline the nitrogen atom
is 023 A from the carboxyl plane, whereas in hydroxy-
proline it is only 0-05 A. In leucylprolylglycine, though
in this case the proline residue forms a peptide bond,
the corresponding dihedral angle is about 17°. The only
exception is found at the terminal carboxyl group in
tosyl-prolylhydroxyproline, where the carboxyl plane
makes an angle of about 90° to the plane of the pyrro-
lidine ring.

The puckering of the pyrrolidine ring is the subject
to be considered next. From the study on cyclopentane
(Pitzer, 1945; Kilpatrick, Pitzer & Spitzer, 1947), the
puckering of the pyrrolidine ring seems to be a result

(HIC2)] . H(2yNy

C(1)OOH

C(3)

C(3)
(@) (b)

Fig.3. Internal rotation relationship around the axes (a)
C(1)-C(2) and (b) C(2)-N.
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of the repulsion of non-ring atoms bonded to adjoining
ring-atoms, which would result from the planar struc-
ture, since in the planar structure these non-ring atoms
are forced to occupy an eclipsed position. In the present
case, the puckering of the atom C(2), which has a bulky
carboxyl group, would provide more relief than that of
other ring atoms having only hydrogen atoms. To make
this point clearer, the conformation around the C(2)-N
bond is shown in Fig.3(b). (Note that the carboxyl
group lies nearly perpendicular to the surface of the
paper.) If it is first assumed that the conformation
around C(1)-C(2) is fixed as Fig. 3(a), the following ex-
planation of the origin of the puckering is possible.
First, we consider the usual case in which C(4) is puck-
ered. Since C(3)-C(2)-N-C(5) are coplanar in this case,
the carboxyl group and H(1) attached to N would be
eclipsed. This would make H(1) approach O(l) at a
distance as short as 2-2 A (about 0-4 A shorter than the
sum of normal van der Waals radii). To avoid this
short contact of H(1) and O(1), the group H(1), H(2)
and C(5) should be rotated around the C(2)-N axis to
increase the angle «, and this inevitably leads to the
puckering of C(2) as is observed in the present struc-
ture. In the case of hydroxyproline (Donohue & True-
blood, 1952) and L-proline (Kayushina & Vainshtein,
1965), on the other hand, the apparently unfavourable
eclipsed conformation described above does occur and
this results in the puckering of C(4) instead of C(2),
where the internal rotation angles of C(3)-C(2)-N-C(5)
are —5-2°and — 13-7° respectively, instead of 33-7° as
in the present structure. In these two cases, one of
the ionized carboxyl oxygen atoms is situated at a dis-
tance as shortasabout 21 A from the positively charged
imino hydrogen atom and it seems that the electrostatic
attraction between these atoms stabilizes the eclipsed
conformation. Fig.4(a), (b) and (c) shows the stereo-
graphic projections indicating the relationship between
the angles of internal rotation around the C(2)-N
bonds and the directions of the intramolecular N. ..
O(1) vectors. The O(1). . . H distances are also shown in
these Figures. The hydrogen atoms in DL-proline hydro-
chloride are at the assumed positions. In these Figures
the directions of the intermolecular N...O or N...Cl
vectors are also shown with the hydrogen bond distan-
ces. The strong hydrogen bonds would reduce the in-
ternal rotation angle, C(3)-C(2)-N-C(5) in hydroxy-
proline, while in DL-proline hydrochloride they seem to
stabilize the present conformation. On the basis of
the data available at present, it may be said that pyrrol-
idine ring is rather flexible and its conformation seems
to be affected by various factors including intermole-
cular interactions.

The principal-axis analysis of the temperature factor
ellipsoids revealed that the atoms C(3), C(4), C(5) and
especially C(4) have an unusually large vibrational am-
plitude in the direction roughly perpendicular to the
best plane of the pyrrolidine ring (Table 6 and Fig.2).
This may be interpreted by consideration of one of the
following alternatives: (1) puckering vibration of C(4)
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with two equilibrium positions on both sides of the
plane; (2) simple but non-localized vibration such as
the oscillatory vibration of the plane C(3)-C(4)-C(5).
In an analysis of leucylprolylglycine, Leung & Marsh
(1958) assigned the two ‘half atoms’ to C(4) (their Ce)
of the pyrrolidine ring, and the puckering of the ring
seems to occur mainly at C(4) rather than at other posi-
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tions. In this case, the difference electron density map
based on the model in which a single atom is put at the
average position of the two ‘half atoms’ showed two
predominant (1-0~ 1:25 e.A~3) peaks on either side of
the assumed position of C(4). These peaks remained
even after the anisotropic temperature factor was ap-
plied to Fe. In view of these facts, we calculated the dif-

()]

(©

Fig.4. Stereographic projection showing the arrangement of oxygen and chlorine atoms around the nitrogen atom. The
direction of the C(2)-N bond is taken as a polar axis. The interatomic distances are also shown. Broken lines indicate
hydrogen bonds. (@) pL-Proline hydrochloride (present study). (Note that O(1) is a carbonyl oxygen atom.) (b) L-Proline
(Kayushina & Vainshtein, 1965). (¢) L-Hydroxyproline (Donohue & Trueblood, 1952).
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ference Fourier synthesis with the final atomic coordi-
nates and anisotropic temperature factors. No signi-
ficant peak (more than 0-3 e.A-3) appeared in the vi-
cinity of C(3), C(4) and C(5). This, however, does not
necessarily exclude the possibility of puckering. In the
usual least-squares refinement, although a thermal vib-
ration with only one equilibrium position is assumed, a
puckering vibration with two equilibrium positions
may well be approximated by an apparent vibrational
ellipsoid which is unusually elongated in the puckering
direction. The following point, however, seems to fa-
vour the second alternative. Two atoms adjacent to
C(4), namely C(3) and C(5), also have large amplitudes
perpendicular to the best plane of the pyrrolidine ring.
This may be best explained by assuming out-of-plane
vibrations in which the atoms C(3) and C(5) are vibra-
ting either in phase or 180° out of phase with respect to
C(4). The latter mode of vibration involves only de-
formation of the internal rotation angles within the
pyrrolidine ring and it seems to be very plausible.
However, the former mode consisting of an oscillatory
vibration of the C(3)-C(4)-C(5) plane as a rigid body
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around the axis lying parallel and near to the C(2)-N
bond would also be possible, probably as part of the
librating motion of the molecule and this accounts well
for the magnitudes of the root mean square displace-
ments of the largest vibrations of the three atoms.
There is always another possibility, that the statistical
distribution of various distorted molecules over the
crystal also results in the apparently large ‘temperature
factor’. Distinguishing between this and the real vibra-
tion is beyond the power of the present method.

Finally, it must be mentioned that such a large move-
ment of atoms tends to give a bond length shorter than
the true value (Busing & Levy, 1964). The slightly short
C-C distances involving C(4), namely 1-:506 A of C(3)-
C(4) and 1-504 A of C(4)-C(5), might be a result of this
effect.

In view of the importance of deducing standard struc-
tural parameters for the proline residue, the bond
lengths and angles determined in the present study are
compared with those of five other analyses in Table 7.
For all but copper proline the parameters were deter-
mined by three-dimensional analysis; among these,

Table 7. Comparison of bond lengths and angles found in the compounds of proline and hydroxyproline

DL-Pro- Hydroxy-
Compound line. HCI L-Proline L-proline
Method 3D* LSQ 3D LSQ 3D LSQ
Residue
Bond lengths (A)
C(1)-0(1) 1-239 1-28 1-254
C(1)-0(2) 1-323 1-26 1-269
C(1)-C(2) 1-519 1:52 1-516
C(2)-C(@3) 1-543 1-52 1-532
C(3)-C@) 1-:506 1-54 1-503
C(4)-C(5) 1-504 153 1-524
C(5)-N 1-516 1-48 1-482
C(2)-N 1:473 1-53 1-503
Estimated error STD 0-014 0-:012 0-009
LE 0-03
Bond angles (°)
O(1)-C(1)-0(2) 124-5 120 126-1
O(1)-C(1)-C(2) 122-7 119 118:5
0(2)-C(1)-C(2) 112-9 121 115-4
C(1)-C(2)-N 111-3 107 110-8
C(1)-C(2)-C(3) 1130 112 113-3
N—C(2)-C(3) 106-8 106 104-5
C(2)-C(3)-C@) 100-8 101 107-6
C(3)-C(4)-C(5) 109-2 102 103-9
C(4)—C(5)-N 106-0 107 105-5
C(5)-N—C(2) 104-6 107 109-4
Estimated error STD 0-8 0-8
LE 10
State of N NHz* NH,+ NH*
State of carboxyl -COOH -COO- -CO0O-
Reference €3] ) 3)

(1) Present study
(3) Donohue & Trueblood (1952)
(5) Fridrichsons & Mathieson (1962)

L-Leucyl- Copper
L-prolyl- Tosyl-L-prolyl- pro-
glycine L-hydroxyproline. H,O line.2H,0
3D LSQ 3IDF 2D
prolyl prolyl hydroxyprolyl
1-236 1-24 1-19 1-24
— — 1-41 1-24
1-519 1-51 1-52 1-50
1-497 1-56 1-53 1-52
1-512 1:56 1:54 1-50
1-:504 1-56 1:54 1-52
1-458 1-50 1-43 1-53
1-452 1-49 145 1-52
0015 —
003 0-06
— — 124-7 122
121-4 — 123-4 120
— — 140-8 118
1112 109-3 117-6 108
113-3 100-7 114-7 112
103-7 98-8 103-7 108
106-9 115-2 1030 97
105-7 95-1 1066 109
103-4 107-8 98-3 96
113-3 111-6 1162 108
1-0 — —
2:0
NH-CO- NH-SO; NH-CO- NH---Cu
-CO-NH- —-CO-NH- -COOH -COO---Cu
@ (&) (6)

(2) Kayushina & Vainshtein (1965)
(4) Leung & Marsh (1958)
(6) Mathieson & Welsh (1952)

* Abbreviations: 2D, two-dimensional analysis; 3D, three-dimensional analysis; LSQ, least-squares method; F, Fourier

method; STD, standard deviation; LE, limit of error.
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parameters of hydroxyproline and leucylprolylglycine
were refined by least-squares methods, while those of
tosyl-prolylhydroxyproline were obtained by Fourier
methods.

Crystal structure

The b and ¢ axis projections are shown in Figs.5 and 6,
respectively. The positions of the molecules are as fol-
lows: I(x,y—1,2); II(X+%,y—3%,2+1), III(x+1,5+2,
Z4+1); IV(x+13,7+32,2), with the x, y and z coordinates
as given in Table 1. The subscript attached to the
molecular number indicates translations along the three
edges of the unit cell. Molecule I is drawn as the D-
molecule. The packing scheme may be described as
follows: a series of molecules, ...Iy1, Cl, IVqg, Cl,
Lig:. . ., form a zigzag chain extending along the a axis,
connected by hydrogen bonds No. 1 and No. 3 (Table
9); another series of molecules, ...II, Cl, III, CI,
I,00. . ., form the same type of chain. The two chains
are connected by hydrogen bonds of type No. 2 to form
a sheet extending parallel to (001). In addition to these
hydrogen bonds there are many van der Waals con-
tacts between the molecules in the sheet. All these con-
tacts less than 4 A are listed in Table 8. In contrast to
the close contacts within the sheet, the packing of the
sheets is surprisingly loose. There is no hydrogen bond
and only one kind of contact less than 4 A is found be-
tween CI(I) and C(4)(II). This fact explains the (001)
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cleavage mentioned earlier and to some extent the un-
usually large temperature factors observed for atoms
C(3), C(4) and C(5).

Table 8. Packing distances less than 4 A

From To of Transla-
moleculeI  atom molecule tion Distance
N C(5) II 001 386 A
o(1) Cl 1 3-44
cl v 000 394
Cl I 001 377
C(5) I 010 3-62
C(5) I 3-19
N I 00T 3-08
C?2) I 3-62
C() I ofT 3-16
o(1) 1 3-37
0Q) 111 3-39
0(2) C(3) I oTo 3-39
C(5) v 3-36
c() I ofT 3-89
o(1) 111 3:39
Cc) Cl 1 3-85
cl v 000 3-84
cQ) III 3-43
0(1) III olT 3-16
0o2) 11 3-89
C(2) Cl 1 000 391
C} v 010 3-58
C I 3-84
o(1) I 01T 3-62
C(3) 0oQ2) 111 oTo 3-39
Cl v 3-96

Fig.5. Projection of the crystal structure along the b axis. Hydrogen bonds are indicated by single or double broken lines.
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molecule I

C4)
C(5)

I
II
I
v

Table 9. Hydrogen bond distances and angles
Atoms belong to molecule I unless otherwise specified.
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Table 8 (cont.)
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Table 9 (cont.)

To Of Transla- Angle
atom  molecule  tion Distance C(1)-0(2)- - -Cl 122:4+1-9°
Cl 1 000 376 C(2)-N---Cl 1087 % 0-5
cl 11 010 376 C(5)-N---Cl 101-8%0'5
Cl I 000 379 Cl (I1,17) N+ --Cl 126:7 02
cl I oTo 3-80 C(2)-N-"-Cl (I ;) 1072+0-5
o) I 0% 362 C(5)-N---Cl (Ily 1+ 105-8 %06
0(2) v 110 336
Cl 11 - 3-84
N 11 01T 3-86
o(1) 11 3-19 Hydrogen bonds
Operations Hydrogen bond distances and angles are listed in
X, y—1, z Table 9. All three hydrogen bond distances are close
E+h y—3, I41 to the lower limit of their usual range. This is quite
’;ii’ ﬁif’ §+ 1 natural considering that they involve the ionized group
9 2

>NHj and the ionized atom Cl-. The hydrogen bond
O@2)-H...CI(IV) seems to be, within experimental
error, completely linear as suggested by the angle C(1)-
O(2)...Cllisted in Table 9. The hydrogen bond scheme
around the nitrogen atom is shown in Fig.4 by use of

Nlo' O@)-H---Cl aV) 2I~)9153£§a:f:007 A the stereographic projection. Both acceptor Cl atoms
2 N-H---Cl (I, 1) 3.135+ 0-008 lie nearly in tetrahedral directions and we can conclude
3 N-H---Cl 3-180 + 0-007 that the nitrogen atom is in the form >NH3. In addi-
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Fig.6. Projection of the crystal structure along the ¢ axis.
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tion, there are two other short contacts, namely
N...O1) (ILyp), 3084 A and N...O(1), 2:75, A. The
atom O(1) belongs to the same molecule while the
atom O(1) (I,5y) lies approximately on the line C(2)-N.
The arrangement of this latter type is very similar to
that of carbonyl oxygen [O(1")} around the —NHj"
group in valine hydrochloride (Parthasarathy, 1966) or
in y-glycine (Iitaka, 1961).

The authors wish to express their gratitude to C.
Itoh Electronic Computing Service Co. Ltd. for the use
of a CDC 3600 computer. This work was supported by
a research grant from the Ministry of Education.
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Least-Squares Refinement of the Crystal and Molecular Structures of DNA and RNA
from X-ray Data and Standard Bond Lengths and Angles

BY STRUTHER ARNOTT, S.D.DOVER* AND A.J. WONACOTT}

M .R.C. Biophysics Research Unit and King’s College London Department of Biophysics, 26-29 Drury Lane,
London W.C.2, England

(Received 16 October 1968)

A method is described for producing molecular models (with standard bond lengths and angles) that op-
timally fit the low resolution X-ray diffraction data characteristically obtained from crystalline fibres.
The application of this linked-atom, least-squares method in the production of refined structures for
DNA and RNA complementary helices is discussed. Atomic coordinates and molecular parameters
are presented for these new standard polynucleotide models that not only have contemporary bonded
stereochemistry but fit the X-ray intensities to a substantially better degree. The geometrical proper-
ties of these new models are analysed in detail and compared with one another and with the confor-
mations found in monomers. In addition, the results of the refinements allow a decision to be made

that the RNA helices are eleven- and not tenfold.

Introduction

The alkali metal salts of native, double-helical poly-
nucleotides exist in a number of different, fully crystal~
line forms. In the 4 and B forms of deoxyribonucleic
acid (DNA) the polyanions have very different con-
formations (also called 4 and B) while in the « and f
forms of ribonucleic acid (RNA) the molecular confor-
mations are probably the same. Diffraction analyses of

* Present address: Laboratory of Molecular Biophysics,
Department of Zoology, The University, Oxford, England.

7 Present address: Department of Biological Sciences, Pur-
due University, Lafayette, Indiana, U.S.A.

all four structures have been published (Fuller, Wilson,
Wilkins, Hamilton, & Arnott, 1965 ; Langridge, Marvin,
Seeds, Wilson, Hooper, Wilkins & Hamilton, 1960;
Arnott, Wilkins, Fuller & Langridge, 19674, b; Arnott,
Wilkins, Fuller, Venable & Langridge, 1967).

These crystalline polynucleotides do not occur as
single crystals but as ordered arrays of microcrystals
in fibres. The number of X-ray diffracted intensities
obtainable from such systems is characteristically not
more than a few hundreds, and few represent periodici-
ties less than 2-5 A. To define atomic positions in these
molecules it is therefore necessary to supplement the
diffraction data with additional stereochemical in-
formation, mainly in the form of the expected bond



