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Automatic methods were used to search the Cambridge Crystallographic Data File for all compounds 
containing a nucleoside fragment. 99 references were found to structures with atomic positions on file and 
from these the molecular geometry was calculated for 110 occurrences of the fl-riucleoside fragment (78 
derived from ribose, 19 from 2'-deoxyribose and 13 from arabinose). Factor analysis of the torsion angles 
showed that there were only three independent factors in the variability of the conformation: two concerned 
with the ring and one with the C(4') side chain. Interpretation of the ring factors showed two pathways for 
conformational interchange: pseudorotation and ring flattening. When the most accurate data (about 55%) 
were selected, small bond- and torsion-angle variations were seen to be linked to pseudorotation and it was 
possible to describe these by periodic functions whose constants were determined by regression analysis. 

Introduction 

The retrieval and analysis of molecular geometry by 
methods described in the preceding papers (Murray- 
Rust & MotherweU, 1978; hereafter MM; Murray-Rust 
& Bland, 1978; hereafter MB) is well suited to investi- 
gating the structural units of maeromoleeules. Any 
relationships which may exist between the geometrical 
parameters of a monomer can be of use in model- 
building techniques, particularly for the interpretation 
of electron density maps, e.g. in tRNA vhe (Jack, Klug 
& Ladner, 1976). Accordingly we have studied the unit 
common to all nucleic acids, the t-l ' -aminofuranoside 
fragment (I); this occurs in both ribose and 2'- 
deoxyribose derivatives. 
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A discussion of the relevance of our findings to 
nucleic acid conformation will be published elsewhere 
and we shall not elaborate this aspect. Here we describe 
the detailed procedures used for the screening of data 
and for the discovery of relationships between 
parameters. The operations described below follow 
closely the general strategy put forward in MM and 
MB. They have been divided into two groups: one 

concerned with searching and screening and the other 
concerned with analysis of the retrieved molecular 
geometry. Because of the iterative use of screening in 
analysis, this division is somewhat arbitrary, and may 
not always be as clear-cut. 

Searching and screening 

We wish to retrieve data for compounds which contain 
any of the three fragments (II); these are, respectively, 
derivatives of ribose, 2-deoxyribose and arabinose 
which all contain the sugar as a furanosyl ring. We 
want only fl-nueleotides but will accept both D and L 
derivatives of the sugars above. (Only t) sugars occur in 
nucleic acids but since enantiomers are isometric, L 
sugars can be used for the analysis of molecular 
geometry.) It is important that the searching be totally 
efficient and that only compounds belonging to 
categories (II) are accepted. Since there will be many 
data, we can afford to exclude all structures flagged as 
error sets, i.e. containing one or more uncorrected typo- 
graphical errors. At this stage we retain all error-free 
sets (in the above sense) although some of these may 
contain large experimental errors. It is often valuable to 
postpone the rejection of inaccurate data sets until after 
preliminary statistical analysis, since if the observed 
variance is very large [as is found for the torsion angles 
in (I)1 even structures of very limited accuracy can be 
used. Unless very large files have to be set up, screening 
on accuracy is therefore usually an integral part of the 
iterative analysis of molecular geometry. 
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All the screening processes described in M M  were 
used (Fig. 1). It would have been possible to omit  the 
bibliographic search but  its simplicity and efficiency as 
a pre-screen for the connect ivi ty  screen saved con- 
siderable computer  time. As with the accuracy  screen 
(on raw data)  the derived-data screen (on con- 
formation)  was delayed until after the format ion  of  the 
molecular-geometry  system file. Because unexpected 
effects and relat ionships may  be revealed in statistical 
analysis  the system file should be as comprehensive  as 
possible in terms of  the number  of  parameters  for each 
f ragment  and the number  of  f ragments  themselves. 

jBibl iographic File ~ 
une 1977 (16776 entries V 

AT1 C 3 (a)l Bx ER | 
l(bibliographic | AT2 C 3 
L search) | AT3 C 3 

[ AT4 C 3 
Q221 hits ) AT5 C 2 
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File dune 1977 / ' + ' AT8N 1 

( I14 entries ) A T 9 0 1  
with coordinates A T I 0 0  1 

l BO8 1 
(b) BO 1 7 

BO74 
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MOLECULAR GEOMETRY ~ DEF A10 
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#, 
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Fig. 1. Progress of the searching and screening of data; (a)--(e) DEF A14 
refer to the text and to Table 1. Abbreviations: R, ribose; A, DEF T01 
arabinose; D, 2'-deoxyribose. DEF T02 
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(a) Bibliographic search 

This is very simple (Table l a) since all f ragments  
(II) will occur  in class 47 (nucleosides and nucleo- 
tides). It lets through about  13% of  unwanted  struc- 
tures, for example 2 ' ,Y-dideoxy derivatives, C- 
nucleosides, halogeno-subst i tuted compounds  [at C(5 ' )  
or C (2')1 and pyranosides .  Abou t  hal f  the hits (a hit is a 

Table 1. Details of  screens 

(a) Bibliographic screen (program BIBSER). (All nucleosides are 
given this classification.) 

Q *CLASS '47' 

(b) Connectivity screen (program GEOM) 

6 0 . . 5  7 N 8 

3]---[2 
© © 

10 9 
(III) 

This retrieves ribose and arabinose derivatives. 

A similar input with the omission of AT9 and the 
alteration of AT2 to AT2 C 2 E retrieves 
2'-deoxyribose derivatives. 

(c) Geometry calculation (program GEOM). 
The atom numbering is shown in (liD; thus the quantity A03 is the 
C(3')-C(4')-O(1') angle and T02 is the C(2')-C(Y)-C(4')-  
O(1') torsion angle. The 14 bond and 15 torsion angles are input 

systemfile as A01 to A14, and T01 to TI5. 

1 2 3 DEFT03 3 4 7 1 
2 3 4 DEFT04 4 7 1 2 
3 4 7 DEF T05 7 1 2 3 
47 1 DEFT06 8 174 
7 12 DEFT07 8 123 
8 1 7 DEF T08 9 2 1 7 
8 12 DEFT09 9 2 3 4  
9 2 1 DEFT10 10 3 2 1 
9 2 3 DEFTl l  I0 3 4 7 

10 3 2 DEFT12 5 4 3 2 
10 3 4 DEFTI3 5 4 7 1 
5 4 3 DEFT14 3 4 5 6 
547  DEF T15 7 4 5 6  
456  
1 2 3 4  
2 3 4 7  
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Table 1 (cont.) 

(d) Raw-data screen (using the SPSS package). The error flag is 
listed by GEOM; a value of 1 indicates an error set. 

SELECT IF (ERR NE 1) 

(e) Stereochemical screen (using the SPSS package) 
The following torsion angles are enough to define all the con- 
figurations (VAR LABELS is an SPSS card giving a glossary of 
variables). 
VAR LABELS T05 O(1')--C(1')---C(2')-C(3') 

TORSION ANGLE 
VAR LABELS T01 C(I')-C(2')-C(Y)-C(4') 

TORSION ANGLE 
VAR LABELS T04 C(4')-O(1')-C(1')-C(2') 

TORSION ANGLE 
VAR LABELS T06 C(4')-O(I')-C(I ')-N 

TORSION ANGLE 
VAR LABELS T02 C(2')-C(3')-C(4')-O(1') 

TORSION ANGLE 
VAR LABELS T08 O(1')-C(1')-C(2')-O(2') 

TORSION ANGLE 
VAR LABELS T10 C(I')-C(2')-C(Y)-O(Y) 

TORSION ANGLE 
VAR LABELS TIE C(2')-C(Y)-C(4')-C(5') 

TORSION ANGLE 

The configurations at C(I') to C(4') are found (Ql to Q4 are all 
initially set to 1, corresponding to fl-o-ribose). 

IF (T04 LT T06) Q l = - 1 
IF (T08 LT T05) Q2 = - 1 
IF (T10 LT T01) Q3 = - 1  
IF (T02 LT T 12) Q4 = - I 

If Q4 is negative, this corresponds to an L sugar and the signs of all 
torsion angles are changed. 

DO REPEAT XT =T01TOTI5 
IF (Q4 LT 0) XT = -XT 
END REPEAT 

Configurations are compared with those in D-ribose 
SELECT IF (Q3 EQ Q4) (rejects xylose and lyxose) 
SELECT IF (Q1 EQ Q4) (rejects tt-nucleosides) 
IF (Q1 EQ Q2) TYPE = 'ARAB' 
IF (Q 1 NE Q2) TYPE = 'RIBO' 

file entry fulfilling the conditions of a search question) 
had no atomic coordinates on the C C D C  file. This 
discrepancy was due in small part to the lag between 
the C C D C  processing the small amount of biblio- 
graphic information for a structure and typing and 
checking the large numbers of atomic coordinates. A 
more serious and regrettable cause is the preliminary 
publication of many structures without atomic 
coordinates. 

(b) Connectivity screens 

At this stage a chemical connectivity search 
(CONNSER) including bond type would normally be 
run. For a fragment as large as (I) where different bond 
types are not expected, the fragment definition in 
GEOM is as efficient as CONNSER and considerable 
computer time can be saved by proceeding directly to 
the molecular-geometry calculations. These were car- 
ried out (Table lb) for both ribose/arabinose (IIa and 

IIb) and 2'-deoxyribose (IIc); the hits were subsequent- 
ly merged. The connectivity screens are almost totally 
efficient but the specification for AT5 is later shown to 
be not quite precise enough. Among the 99 hits are 
some relating to independent studies of the same crystal 
form of  a compound. 

(c) Molecular-geometry calculation 

For this study the only desired data required were 
bond angles and torsion angles. (Bond-length variations 
were thought to be relatively unimportant at this stage, 
but might well be included in a further study. Since 
system files are allowed to be very large it is normally 
advisable to include all the parameters that might 
conceivably be used in a subsequent analysis.) All the 
bond angles and most of the torsion angles were 
calculated (Table 1); the atoms are referenced by their 
number in the connectivity search. 

(d) Raw-data screen for  errors 

Data sets with error flags were rejected auto- 
matically (Table ld). It is probable that some of them 
contain no errors in the coordinates of  the atoms in the 
fragment (I) but since there are enough other data it is 
simplest to exclude them without further consideration. 

(e) Stereochemical screen 

Fragment (I) has four chiral centres and it is 
essential that all of them have the correct con- 
figurations (IIa--c) or the mirror images. The con- 
figurations can be compared with fl-D-ribofuranoside 
by using the ring and substituent torsion angles (Table 
le). In some cases the configuration at C(4')  was that 
of  an L sugar (although the authors still named the 
sugar as D) and for these data sets the signs of all 
torsion angles were changed (to give the isometric 
enantiomer). If either of the configurations at C(3 ')  or 
C( I ' )  was opposite to ribose the fragment was 
excluded; this occurred in six cases of a-nucleosides 
such as vitamin B~2. The 2'-epimer type (coded as 
variable TYPE) is added to the system file, which 
allows us to calculate statistics for any required subset 
of the data for a particular isomer (e.g. arabinose 
derivatives). 

Molecular geometry for ribose and arabinose deriva- 
tives is merged with that for 2'-deoxy compounds. The 
system file is now complete and contains the infor- 
mation in Table 2. For the 2'-deoxy derivatives the 
variables involving 0 ( 2 ' )  are irrelevant. These are given 
a flag of 999, recognized later by the MISSING 
VALUES card, which ensures that statistical analysis 
involving (say) angle C ( 1 ' ) - C ( 2 ' ) - O ( 2 ' )  is not in- 
validated by the 2'-deoxy data. Since S P S S  system files 
can have 500 variables, it would have been possible to 
write all bond lengths, angles and torsion angles to file 
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Table 2. Original systemfile after 
screening 

Variable Format 

NAME A8 

2 A01 F8.1 

1"5 AI4 F8.1 
16 T0I F8.1 

30 TI5 F8.1 

31 TYPE A4 

32 ERR F 1.0 
33 RFACTOR F8.1 
34 AS F1.0 

searching and 

Notes 

Cambridge reference code uniquely 
identifying the structure (but not 
the fragment). 

A01 (see Table 1) representing the 
C(1 ' ) -C(2 ' ) -C(3 ' )  angle. 

A 14: the C(4 ' ) -C(5 ' ) -O(5 ' )  angle. 
TO 1: the C ( I ' ) - C  (2 ' ) -C (3 ' ) -C (4') 

torsion angle. 
TI5 :the O(1 ' ) -C(4 ' ) -C(5 ' ) -O(5 ' )  

torsion angle. 
'ARAB', 'RIBO' or 'DEOX'; 

identifying the sugar. 
1 represents an error set. 
Lowest reported R factor. 
E.s.d. category (I, 2, 3, or 4). 

( S£~LE OF BOND AND 
TORSION ANGLES, ACCURACY~ 
FLAGS AND CHEMICAL TYPE ill 0 cases 

c o ~ 1 ~ z  I 
(on~ic~a/ statistics)| 

I 
FACIDR ~LYSIS ~e [ 

o r  TORSI0~ | 
ANGLES and FACIORS ] 

I 
IEI~CATI01q OF fACtOrs AS I 

~ R O T A T I 0 t ~  AND S]])E- I 
( ~  ROT~0N I 

I 
DEP,/VEDRLYG FLATTEN'fNG I 

{ ' coEua'~0N OF smE I 
Crml'N C0NTOP~.AYION I 
WITH PS"~UDOROTATr0N ! 

I~ ,~%~%T ~ 7 ' ~  [ 
F CH~4ICAL TYPE 

Fig. 2. Progress of the statistical analysis. 

in case they might have been used later. In a similar 
way chemical information (such as N M R  parameters) 
could have been added at this stage. 

Subsequent statistical analysis may, of course, reveal 
an effect for which extra geometrical information is 
required (such as inertial axes). This necessitates 
recreation of the system file, and is to be avoided if 
possible by including all conceivable output from 
GEOM. In particular, if orthogonal atomic coordinates 
are output to the system file it is possible to calculate 
any intramolecular distance or angle with SPSS (Nie, 
Hull, Jenkins, Steinbrenner & Bent, 1975). 

Statistical analysis of the conformations of nucleosides 

There is considerable literature on the conformations of 
nucleosides and nucleotides which might suggest 
several models against which to test the data. In the 
account that follows, however, we have taken a naive 
approach and assumed no previous knowledge of this 
literature, preferring to process the data in an objective 
phenomenological manner. This apparent perversity 
has the merit of avoiding preconceptions which might 
result in a biased treatment of the data. In the present 
study we find an unreported pathway for deformation 
of nucleosides. 

Table 3. Means, standard deviations and variances of 
variables 

(a) SPSS  input. Note the exclusion of data from 2'-deoxy 
compounds related to four angles. 

MISSING VALUES A08, A09, T08, T09 (999) 
CONDESCRIPTIVE A01, TO A14, T01 TO T14 
STATISTICS 1, 5, 6 

(b) Statistical quantities for all 110 fragments 

Standard 
Mean deviation 

Variable (Pu) (/)j) (trj) Variance 

A01 C(1 ' ) -C(2 ' ) -C(3 ' )  101.6 ° 1.4 ° 1.9(°) 2 
A02 C(2 ' ) -C(3 ' ) -C(4 ' )  102.6 1.2 1.4 
A03 C(3 ' ) -C(4 ' ) -O(1 ' )  105.0 1.4 2.1 
A04 C(4')--O(1')--C(1') 109.4 1.6 2.6 
A05 O(1')-C(1')--C(2') 106.4 1.4 1.9 
A06 O(I ')--C(I ')--N 108.4 1.2 1.5 
A07 N - C ( I ' ) - C ( 2 ' )  113.0 3.0 9.0 
A08 C( I ' ) -C(2 ' ) -O(2 ' )  109.7 3.1 9.4 
A09 C(3 ' ) -C(2 ' ) -O(2 ' )  111.5 3.4 11.7 
A10 C(2')-C(3')--O(3') 111.2 3.3 11.0 
A l l  C(4 ' ) -C(3 ' ) -O(3 ' )  110.8 2.6 6.8 
Al2 C(3 ' ) -C(4 ' ) -C(5 ' )  114.9 2.2 4.7 
A13 O(1 ' ) -C(4 ' ) -C(5 ' )  109.8 1.7 2.8 
AI4 C(4 ' ) -C(5 ' ) -O(5 ' )  110.9 2.8 7.6 
T01 C (1 ' )-C(2 ')-C(3 ')--C (4') - 3  34 1155 
TO2 C(2 ' ) -C(3 ' ) -C(4 ' ) -O(1 ' )  - 2  30 906 
T03 C(3')--C(4')--O(1')--C(1') 6 19 356 
T04 C (4 ' ) -O(1 ' ) - -C(I ' ) -C(2 ' )  - 8  18 333 
T05 O ( I ' ) - C  ( I ' ) - C ( 2 ' ) - C  (3') 7 30 870 
T06 N - C ( I ' ) - O ( I ' ) - C ( 4 ' )  -130  19 386 
T07 N-C( I ' ) -C(2 ' ) - -C(Y)  126 29 856 
T08 O(2 ' ) -C(2 ' ) -C(1 ' ) -N  54 210 44379 
T09 O(2 ' ) -C(2 ' ) -C(3 ' ) -C(4 ' )  -111 183 33550 
T10 O(3 ' ) -C(3 ' ) -C(2 ' ) -C(1 ' )  115 37 1373 
T l l  O(3')--C(3')-C(4')--O(1') -120  34 1137 
TI2 C(5 ' ) -C(4 ' ) -C(3 ' ) -C(2 ' )  -122  30 906 
T13 C(5 ' ) -C (4 ' ) -O(1 ' ) -C(1 ' )  130 19 371 
T14 O(5')--C(5')--C (4 ' ) -C (3') 72 71 5072 
T15 O(5 ' ) -C(5 ' ) -C  (4')--O(1') - 46  71 5045 

(c) Quantities for 78 ribose fragments for the four angles relating to 
C(2') 

Standard 
Variable Mean deviation Variance 

A08 C(1 ' ) -C(2 ' ) -O(2 ' )  109.5 ° 2.9 ° 8.6(0) 2 
A09 C(3 ' ) -C(2 ' ) -O(2 ' )  l l  1.6 3.5 12.5 
Tog O(2')--C(2')--C(1')--N 121 34 1188 
T09 O(2 ' ) -C(2 ' ) -C(3 ' ) -C(4 ' )  -114  38 1454 
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For molecules less studied than nucleosides objec- 
tivity in approach may  be essential, not only to discover 
relationships but also to make sure none has been over- 
looked. Schematic progress of the analysis is shown in 
Fig. 2. 

Variability of individual parameters 

The means, standard deviations (s.d.'s) and variances 
of the 29 parameters are listed with the C O N D E S -  
C R I P T I V E  routine (Table 3), and several effects are 
immediately apparent. The variance in torsion angles is 
much greater than that expected from experimental 
errors (which although not known exactly is not likely 
to exceed 3--4°). The large variance and s.d. of T08 
and T09 are a consequence of  combining arabinose 
and ribose derivatives; in subsequent analysis these 
angles are either excluded or the two sets of data  are 
treated separately. The results for ribose derivatives 
alone are also given in Table 3. 

Torsion angles for acyclic bonds [e.g. T14 and T 15 
which relate to C(4 ' ) - -C(5 ' ) ]  present a problem 
because of their periodic nature. The difference between 
values of, say, +180 and - 1 8 0  ° will have a serious 
effect on the statistical analysis. I f  the distribution is 
continuous over the whole rotational range, no corre- 
lations can easily be carried out. For  other distri- 
butions it is essential that the ends of  the range do not 
fall near modes. The distributions of T 14 and T 15 are 
trirnodal and the ends of  their ranges have been 
adjusted to fall between the two smallest modes. 

Whilst the variance in torsion angles is clearly 
structural, the variance in bond angles is due in con- 
siderable part to experimental errors. Since structures 
of low accuracy are still present, standard deviations of  
up to 2 ° might be expected. It will be seen in later 
analysis that structural effects are also important in 
bond-angle variance, especially when inaccurate data  
sets are excluded. 

Factor analysis of torsion angles 

The 15 torsion angles cannot be independent [relation- 
ships for five-membered rings have been derived from a 
geometrical point of  view, e.g. by Dunitz (1972)1. 
Factor  analysis reveals the dimensionality of  the 
problem and shows the best viewpoints for further 
investigation of  variance. Standardized data  (z-scores) 
are computed for the torsion angles 

z u - -  ( p l j - p j ) / a  y (1) 

where Po  and aj are listed in Table 3; the z I are distri- 
buted with zero mean and unit variance and all 
quantities derived in the factor analysis relate to them. 
To refer factors directly to torsion angles retrans- 
formation by (1) would be necessary. 

Table 4. Factor analysis 

(a) SPSS input. Note the exclusion of T08, T09 belonging to two 
different populations. For rotation of factor axes NOROTATE is 
replaced by VARIMAX. 

MISSING VALUES T08, T09 (999) 
FACTOR VARIABLES = T01 TO T07, 

T10 TO T15/TYPE = PAl/ROTATE 
= NOROTATE/FACSCORE/ 
MINEIGEN = 1.0/ 

(b) Eigenvalues of the correlation matrix (i.e. absolute values of 
factors) and the percentage of variance each explains 

Factor Eigenvalue Percentage of variance 

1 7.98 61.4 
2 3.03 23.3 
3 1.95 15.0 
4 0.02 0-1 
5 0.009 
6 0.004 
7 0.002 
8 0.002 
9 0.0009 

10 0.0001 
11 0.00007 
12 0.00005 
13 0.00003 

(c) The three significant factors (i.e. the eigenvalue-weighted 
eigenvectors). The components (loadings) are shown for the 
thirteen torsion angles. Lines represent approximate blocks. 

Variable F 1 F 2 

TO 1 - 1.00 0.06 
T02 0.97 0.22 
T03 --0.66 -0.73 
T04 --0.53 0.84 
T05 0.93 --0.35 
T06 --0.48 0.86 
T07 0.93 -0.36 
T10 --1.00 0.04 
Tll  0.97 0.23 
TI2 0.98 0.20 
T13 --0.67 --0.72 

TI4 0.03 0.26 
Tl5 0.03 0.26 

(d) Rotated-factor matrix 

f 3 

-0.01 
0.04 
0.13 

-0.15 
0.06 

-0.13 
0.06 
0.01 

-0.6 
-0.04 
-0.13 

0.96 
0.97 

The rotation matrix, found by varimax, is: 

0.85 -0.52 0.02 
0.51 0.83 0.22 

-0.13 -0-08 0-97 

Postmultiplication of the matrix in (c) gives the rotated-factor 
matrix, which has almost exact block structure. 

Variable GI G2 

T01 --0.82 0.58 
T02 0.95 --0.32 
T03 --0.96 -0.29 
T04 0 1.00 
T05 0- 61 --0- 79 
T06 0.04 0.99 
T07 0.60 --0.80 
T10 --0.83 0.56 
T11 0.95 --0.31 
T12 0.94 -0.34 
TI3 -0.96 -0.27 
TI4 0.03 0.03 
T15 0-03 0.03 

G3 

-0.01 
0.03 

-0.04 
0.03 
0 
0.05 
0 
0 
0.01 
0.02 
0.05 
1-0 
1.0 
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The analysis is shown in Table 4. Variables T08 and 
T09 are excluded and the principal components of the 
distribution found for the other 13 torsion angles. It is 
strikingly apparent that only three eigenvalues are 
significant, showing a reduction in dimensionality by 
10. (This could perhaps have been predicted from 
geometrical considerations in the present case, but in 
general it may be difficult to derive relationshiPs for 
flexible molecules.) The first three factors are tabulated 
(Table 4c) and we attempt to explain them in chemical 
terms (reification). As suggested in MB there is often a 
close parallel with normal coordinates in molecular 
vibrations and reification of factors is similar to the 
identification of group frequencies. Thus F 1 and F 2 can 
be labelled ring-puckering factors and F 3 side-chain 
libration/rotation if the small coefficients are considered 
unimportant. Indeed the factors show an almost 
blocked structure, analogous to the near-independence 
of group frequencies in many vibrating molecules. 

It is possible to rotate the factor axes so that the 
block structure becomes even more apparent. This is a 
common procedure in the social sciences but it must be 
used with caution in the present context. The original 
solutions to the analysis are the p non-zero factors F 
(principal components) where 

ZTmnZnm = amm = FmpFTm : (EmvZ~/ff) (2~/p2 E~m ). (2) 

If we rotate the p factors using a (p × p) matrix A we 
can get new factors G: 

Gmp : FmpApp (3) 

which still satisfy the equation 

Gmp GTm : Rmm (4) 
since 

Am, Aprv = Ipv. (5) 

Careful choice of A [by the varimax or quartimax 
methods; see, for example, Harman (1967)] will result 
in many of the factor components being small, thus 
aiding the interpretation of the factors. However, the 
new factor axes no longer lie along the eigenvectors 
(the directions of maximum variance) and the parallel 
with molecular vibrations is lost. We strongly recom- 
mend that rotation is only used in preliminary investi- 
gation of the problem; any quantitative results must be 
derived from unrotated factors parallel to the eigen- 
vectors. 

Rotation of the factors is shown in Table 4(d), where 
G 3 is shown to relate solely to T14 and T15. It is clear 
that this factor corresponds to side-chain conformation 
alone and is entirely independent of all the ring torsion 
angles. These other variables, however, are involved in 
the two factors G 1 and G 2 in a complicated manner and 
further analysis requires examination of the unrotated 
factor scores. These are the original z-scores (Z) 
referred to the factors F(i.e. the new axes are formed by 
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Fig. 3. Scattergram (for all 110 fragments) of the scores on the first 

two factors. The scales give a mean of zero and a standard 
deviation of unity for each factor. 

transforming the pj by E). The factor scores S are 
defined by: 

Snp = Znm Fmp. (6) 

Since the factors include weighting by the eigenvalues, 
the scores have unit variance (and zero mean). The 
scores are the best viewpoint for the data in the sense 
that no other p axes will show as much of the variance 
of the original m variables. A two-dimensional scat- 
tergram of $1 and $2 (scores of the n cases on F 1 and 
Fz) is shown in Fig. 3, which will show if there is any 
relationship between F 1 and F 2. Further progress is thus 
dependent on reification of this plot. 

Theoretical studies have shown a five-membered ring 
to have two degrees of freedom for out-of-plane 
deformation, usually represented by an amplitude 
(rmax) and a phase angle (P) (Kilpatrick, Pitzer & 
Spitzer, 1947). This concept of pseudorotation has been 
applied to nucleosides by Altona & Sundaralingam 
(1972) and a scatterplot (in polar coordinates) of Z'ma x 

against P (Fig. 4) is very similar to Fig. 3. Despite their 
near identity, however, the plots differ importantly in 
their fundamental construction. The pseudorotational 
formula is derived for small out-of-plane displacements 
of a symmetrical pentagon and is not strictly applicable 
to nucleosides (although the errors will be small). Fig. 3 
is a purely phenomenological description of the data 
unrelated to chemical theory. In the present case the 
two methods yield almost identical views of the data 
and reification of F l and F 2 is easily possible in terms of 
pseudorotation. A smooth pseudorotational pathway 
(corresponding to constant rmax) has been super- 
imposed on Fig. 4 and it can be seen that almost all 
points fall close to it. This further reduction of 
dimensionality can only be made by reification and is 
directly related to the pseudorotational concept. There 
are two points which deviate considerably from the 
pathway (one corresponds to a virtually flat ribose ring) 
and the significance of these outliers is discussed later. 
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Fig. 4. Pseudorotational plot for all 110 fragments. The radial 
coordinate is rma x (o), the angular coordinate is P (o), where r s = 
"Cma x COS (e  + 2Zy/5) and tan P = (r 2 + r 4 - r I - -  r3)/2r0(sin n/5 + 
sin 2r./5) (Altona & Sundaralingam, 1972). Note the similarity to 
Fig. 3, except for changes of scale. The variables are computed 
by the procedure in Table 5. The circular pathway corresponds 
to rma x ~ 39 °. Note the subsidiary pathway from P = 90 ° to P = 
270 ° through the origin. 

The reification of FI and F 2 allows us to make an 
important conceptual step and replace them by the 
pseudorotational parameters rma x and P. Since rma x is 
almost constant we use P alone to describe the ring 
conformation, excluding the two fragments with highly 
deviant values of rma x. Similarly we shall replace F 3 
with the side-chain conformation, represented by the 
torsion angle C ( 3 ' ) - C ( 4 ' ) - C ( 5 ' ) - O ( 5 ' )  (~'). The 
analysis may seem to have been slightly circular but it 
will not always be as easy to replace factors with 
known variables. In some cases the factors will 
represent unknown effects and may be used to define 
new chemical variables. Complicated molecular defor- 
mations may be revealed by factor analysis for which 
no chemical terminology exists at present. 

Derived-data screen 

We have reduced the ring conformation to a single 
variable P except for two structures. Since we shall use 
P as the sole measure of ring conformation in future 
analysis, these two outliers must be excluded by a 
derived-data screen. The value of rma x is calculated, and 
cases are rejected if this quantity is too low (Table 5). 
Since rma x is defined only for the pseudorotational 
concept it is a derived parameter, as is P. [It would be 
similarly possible to select particular ring confor- 
mations on this basis, e.g. C(3')-endo has 0 ° < P < 
36°.1 In all the subsequent analysis the derived-data 
screen has been applied. 

Table 5. Derived data and derived-data screens 

PHASE is the phase of pseudorotation and TAUMAX is the 
puckering amplitude (Altona & Sundaralingam, 1972). 

COMPUTE DTOR = 3.14159/180 
COMPUTE NUM = T03 + T05 -- T02 -- T04 
COMPUTE DEN = 2*T01*(SIN(3.14159/5) 

+ SIN(3.14159/2.5)) 
IF (DEN LT .0001 AND GT - .0001) DEN = .0001 
COMPUTE PHASE = ATAN(NUM/DEN)* 180/3.14159 
IF (DEN LT 0) PHASE = PHASE + 180 
IF (PHASE GT 360)PHASE = PHASE - 360 
IF (PHASE LT 0)PHASE = PHASE + 360 
COMPUTE TAUMAX = 0.2*(T01/COS(PHASE*DTOR) + 

T02/COS((PHASE + 72)*DTOR + 
T03/COS((PHASE + 144)*DTOR) + 
T04/COS((PHASE + 216)*DTOR) + 
T05/COS((PHASE + 288)*DTOR)) 

SELECT IF (TAUMAX GT 25) 

Correlation of ring and side-chain conformations 

Any dependence of side-chain conformation on ring 
conformation will be of use in predicting the shapes of 
polynucleotides. Since factors are orthogonal, F] and 
F 3 show no correlation and, similarly, P and ~ show no 
covariance (Fig. 5). The distribution has approxi- 
mately five modes and within any of these there is no 
local covariance of ~' and P. As far as the fl-amino- 
furanoside group (I) alone is concerned, the confor- 
mations of side chain and ring must be regarded as 
independent. [Altona & Sundaralingam (1972)have  
suggested that when the base type is taken into account 
there is a correlation between ~, and P.] 

Analysis of sub-population 

It is easy to repeat the analyses of ring and side-chain 
conformation using the three subsets of the data corre- 
sponding to ribose, arabinose and 2'-deoxyribose 
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Fig. 5. Scatterplot (for 108 fragments) of side-chain conformation 
(~) against angle of pseudorotation (P). 
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derivatives. This was done for the ring conformation 
showing that the pseudorotational pathway itself (i.e. 
the degree of  ring pucker) is independent of chemical 
type, but the position on the pathway (i.e. the pseudo- 
rotational angle) does show some correlation. The 
results will be discussed in a chemical context 
elsewhere. 

covariance of bond angle with P. This effect is most 
marked in the scattergram for the angle C ( 2 ' ) - C ( 3 ' ) -  
C(4') where any structural variance is almost totally 
obscured by errors and unique variance. 

Selection of accurate data is the obvious way to 
improve these plots and a raw-data screen (Table 6) 

Variability of  bond angles in the furanose ring 

Application of factor analysis to bond-angle variation is 
much less satisfactory than for torsion angles. The 
question of how many factors are significant is difficult 
to answer, and reification is almost impossible. There 
are two reasons for this. Firstly, much of the variance 
in the data is due to experimental error. Secondly, the 
variation will be seen later to be due in considerable 
part to unique variance in particular angles caused by 
specific chemical substitution patterns. 

It is to be expected (Dunitz, 1972) that ring bond 
angles will change during pseudorotation and this is a 
useful model to investigate. Moreover, any outliers 
(whether caused by experimental errors or chemical 
forces) may become visible. Accordingly, scattergrams 
(input shown in Table 6) were plotted of ring angles 
with phase of pseudorotation; three of  these are shown 
in Fig. 6. It is clear that despite the vertical scatter of 
points considerable variation of the C ( 4 ' ) - O ( 1 ' ) - C  (1') 
angle occurs during pseudorotation but the exact form 
of the function is not clear. For a symmetrical ring a 
cosine function of period 180 ° (in P) is expected with 
minima when the ring is in the O(l')-endo (P = 90 °) or 
O(l')-exo (P = 270 °) conformations. The plots for 
O(I')-C(4')-C(Y), C(2')--C(3')-C(4'), C(1')- 
C(2' ) -C(3 ' )  (not shown) and O ( 1 ' ) - C ( 1 ' ) - C ( 2 ' )  (not 
shown) are less clear; although it is certain that the 
angles change by about 2-3  o, the form of the variation 
is not revealed. There is a scatter of points of about 3 -  
5 o in the vertical direction which obscures much of the 

Table 6. Production of scattergrams of angles with 
pseudorotational phase 

The first SCATTERGRAM CARD produces 12 plots for all the 
data; the second includes only accurate structures; the third only 
accurate ribose structures. 

VAR LABELS AS ACCURACY FLAG FOR AVERAGE 
E.S.D. 

SCATTERGRAM A01 TO A07, A10 TO A14 WITH PHASE 
(0,360) 

OPTIONS 4,7 
*SELECT IF (AS EQ 1 OR 2 OR RFACTOR LE 0.06) 
SCATTERGRAM A01 TO A07, A10 TO A14 WITH PHASE 

(0,360) 
OPTIONS 4,7 
*SELECT IF (TYPE EQ 'RIBO' AND AS EQ 1 OR 2 OR 

RFACTOR LE 0.06) 
SCATTERGRAM A08, A09 WITH PHASE (0,360) 
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Fig. 6. Scattergrams (for 108 fragments) offing angles against angle 
of pseudorotation (P). (a) A04 [C(19-O(1' ) -C(4' ) ] ,  one point 
omitted, (b) A03 [C(Y)--C(4')--O(I ')] ,  (c) A02 [ C ( 2 ' ) - C ( Y ) -  
C(4')1. 

0 360  
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was used to select structures with R below 6% or bond- 
length e.s.d.'s <0.01 /k. The scattergrams were 
repeated (Fig. 7) and show considerably smaller 
variance, confirming the cosine nature of the functions 
for C ( 4 ' ) - O ( 1 ' ) - C ( 1 ' )  and C ( Y ) - C ( 4 ' ) - O ( I ' ) .  
Similar effects were observed for C ( 1 ' ) - C ( 2 ' ) - C ( 3 ' )  
and O(1')---C(1')-C(2')  (neither shown). In contrast 
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A 0 3  o~ o 

1021 = I 
o (b) 18o po 36o 

there is almost no significant variation in C ( 2 ' ) - C ( 3 ' ) -  
C(4')  even when accurate data are selected (Fig. 7c). 
The improvement in definition allows regression on to 
cosine curves (Table 7). There is little evidence that 
much of the scatter is caused by the chemical 
differences between the three sugars, and it is much 
more likely to be due mainly to experimental error and 
unique variance. None of the plots had serious outliers, 
the greatest deviation from any curve being about 3 o. 

The analysis of ring angles has shown interesting 
variations which could not have been reliably obtained 
by looking at structures in isolation. This synoptic view 
reveals that ring angles show the variations in Table 7. 
It is easier to distort the angle at O than those at the C 
atoms but the particular stiffness of C ( 2 ' ) - C ( Y ) -  
C(4') is not easily explainable in chemical terms. [We 
shall see later that the exocyclic angles at C(Y) are 
much more flexible.] 

Variability of exocyclic bond angles 

Of the remaining nine bond angles, eight are centred on 
the C atoms in the ring, and might be expected to vary 
with pseudorotation. The function will have a period of 
360 ° and may be irregular in form; no attempt has 
been made to determine it. A further problem is that 
bond angles at C(2')  are likely to differ considerably 
between ribose and arabinose, requiring selection when 
C ( 1 ' ) - C ( 2 ' ) - O ( 2 ' )  and C ( 3 ' ) - C ( 2 ' ) - O ( 2 ' )  are 
analysed. Because of the improved results for ring 
angles accurate data were used throughout (Table 6). 

Scattergrams are shown in Fig. 8 and the problem of 
outliers is seen to be important. There is little 
systematic variation in the N--C(I ' ) - -C(2 ' )  angle (Fig. 
8a), except for four points about 13 ° below the curve. 

Table 7. Regression of bond angles on pseudorotational 
phase 
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Fig. 7. Scattergrams (for 60 accurate data) of ring angles against 

angle of pseudorotation (P). (a) A04 [C(1')-O(1')-C(4')1, (b) 
A03 [C(Y)--C(4')-O(I')], (e) A02 [C(2')-C(3')-C(4')]. The 
cosine curves obtained by regression (Table 7) have been added. 

A model for ring bond-angle variation during pseudorotation is 
assumed: A t -- A t + B t cos (2P + 72/), where i -- 0 for C ( 4 ' ) -  
O ( I ' ) - C ( I ' ) ,  1 for C ( 3 ' ) - C ( 4 ' ) - O ( 1 ' ) ,  etc. Regression analysis 
[ S P S S  input is shown in (a)] gives values for A i and B i with 
standard deviations (o) and the correlation coefficient (r). 

(a) C O M P U T E  P1 -- COS(2*PHASE*DTOR - 0.8*3.14159) 

COMPUTE P5 = COS(2*PHASE*DTOR - 0.4*3.14159) 
REGRESSION VARIABLES = A01 TO A05, P01 TO P05/ 

REGRESSION -- A01 WITH P 1/ 

REGRESSION -- A05 WITH PS/ 

(b) 
Variable J o(A) B tr(B) r 

A01 C ( 1 ' ) - C ( 2 ' ) - C ( 3 ' )  102.5 0.2 1.5 0.2 0.68 
A02 C ( 2 ' ) - C ( Y ) - C ( 4 ' )  102.8 0.15 0.6 0.2 0.34 
A03 C ( Y ) - C ( 4 ' ) - O ( I ' )  104.9 0.1 1.5 0.2 0-76 
A04 C ( 4 ' ) - O ( I ' ) - C ( I ' )  108.1 0.2 2.1 0.2 0.74 
A05 O ( 1 ' ) - C ( 1 ' ) - C ( 2 ' )  106.1 0.1 1.6 0.2 0-76 
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Fig. 8. Scattergrams of exocyclic bond angles with pseudorotation. (a) A07 [N-C(I')-C(2')] (60 data), (b) A10 [C(2')--C(3')-O(3')] 
(60 data), (c) A13 [O(1')-C(4')-C(5')1 (60 data)¢ (d) A14 [C(4')-C(5')-O(5')1 (60 data), (e) A08 tc(1')-c(2')-o(2')1 (51 data from 
ribose only). Outliers are circled and discussed in the text. 

These are independent measurements for (IV) 
( A H A R F U ,  CYURID),* with an arabinose ring 
cyclized to uridine. The five-membered ring is clearly 
responsible for the dramatic decrease in bond angle. 

* The Cambridge reference codes, see Table 8. 

Similar effects due to cyclization occur in the C ( 3 ' ) -  
C ( 2 ' ) - O ( 2 ' )  angle (not shown), observed in the cyclic 
2',3'-isopropylidene cyclic uracil (V) (AIPCUR01,  
AIPCUR10);  in the C ( 2 ' ) - C ( Y ) - O ( 3 ' ) a n g l e  (Fig. 8b) 
also observed in (V); and in the O ( 1 ' ) - C ( 4 ' ) - C ( 5 ' )  
angle (Fig. 8e) observed in the cyclic 3',5'-phosphate 
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(VI) (SCGMPT10). [Two outliers were also found in 
the scattergrams (Fig. 8d) for the C(4 ' ) -C(5 ' ) -O(5 ' )  
angle but these were due to a 5'-carboxylic acid (VII) 
(TYMCXA) which should have been excluded by the 
connectivity search. It is instructive to note that 
statistical analysis can thus serve in some cases as a 
final check on the accuracy of searches.] 

Several points are apparent from the scattergrams. 
Regardless of which angle is involved, cyclization can 
cause changes of over 10 °. This is a well-known effect 
but it serves to emphasize the flexibility of bond angles, 
often overlooked in model-building. Even without 
cyclization there is a variation of several degrees in 
most angles, often in a systematic manner. The 
exocyclic bond angles at C(2') and C(Y) change by 
about 5 ° during pseudorotation, being largest in the 
endo conformation involving the particular C atom. 
The bond is then pseudo-equatorial and it would appear 
that torsional interactions can be reduced by this 
distortion. A similar effect makes the angle smaller in 
the exo conformation. A cosine curve of appropriate 
phase is not inconsistent with any of the seattergrams, 
although it is sometimes poorly defined, but since there 
is no theoretical basis regression has been omitted. For 
angles at C(4') a scatter larger than any experimental 
error is observed, probably due to steric effects 
involving the phosphate group; this again emphasizes 
the flexibility of bond angles. The angle at C(5') shows 
a similar scatter and also the decrease caused by 
cyclization in (VI), but it is uncorrelated with pseudo- 
rotation (as might be expected from the independence 
of ~ and P). 

Discussion of results 

There have been many studies of nucleoside (and 
particularly nucleotide) geometry, often concerned with 
relating the conformation of monomers to polynucleo- 
tides. This is not the primary aim of the present work 
which rather seeks to investigate the variability in 
geometry of the fragment (I). For this reason no 
attention has been paid to the types of substituent at 
5', 3' and 1' (especially the distinction between purines 
and pyrimidines). We have also included all recorded 
compounds containing (I), some of which [e.g. (IV)- 
(VI)I are not relevant to polynucleotide conformation. 
Nevertheless, there is some overlap with other studies, 
especially that of Altona & Sundaralingam (1972) who 
used crystal structure data to map ring and side-chain 
conformations of nucleosides and nucleotides, and 
suggested the idea of the rigid nucleotide. Their data set 
showed a sharply bimodal distribution of the pseudo- 
rotation parameter P and they concluded that con- 
figurations other than C(2')-endo and C(Y)-endo are 
energetically unfavourable. Our study uses a larger 
data set, partly because of those structures carried out 
in the meantime and partly because of a greater 
chemical variety of compounds containing (I). It is 
clear that a large part of the pseudorotational pathway 
is accessible and this must shed doubt on the rigidity of 
the nucleotide. It is still clear from Fig. 4 that the C (3')- 
endo and C(2')-endo conformations (P = 18 and 162 °) 
are the most favoured but that distortion from these is 
not energetically too difficult. 

A study of the glycosidic bond length [C(I')--N] in 
nucleosides and nucleotides (Lo, Shefter & Cochran, 
1975) is relevant to our findings. The idea of deriving 
reaction coordinates from crystal structures (Biirgi, 
Dunitz & Shefter, 1973) suggested a possible cor- 
relation of the C ( I ' ) - N  length with the ring confor- 
mation and with the torsion angle about the C ( I ' ) - N  
bond (;0. Data from 36 fragments with e.s.d.'s in bond 
lengths <0.012/k  showed a variation of about 0 .05/k 
in r[C(I ')--N], which correlated well with both 
conformational parameters. Though the form of the 
dependence was not explicit, periodic functions similar 
to those we have derived for bond angles seem 
appropriate. 

Since bond-length variations will cause smaller 
changes in atomic positions than variations in either 
bond or torsion angles, the relationships in Figs. 3-8 
and the information in Tables 3, 4 and -7 constitute a 
fairly complete description of the geometry of (I). There 
are two degrees of freedom, P and ~,, which account for 
most of the variation in geometry not due to experi- 
mental errors. For given values of P and q; the torsion 
and bond angles can be calculated with e.s.d.'s. 

What are the uses of such a model? Firstly, the 
reduction in dimensionality can be of value in the inter- 
pretation of electron density maps of nucleic acids or 



PETER MURRAY-RUST A N D  SAM MOTHERWELL 2545 

enzyme-bound nucleotides. In particular the variation 
of conformation can be accurately explored rather than 
simply fitting a rigid C(3')-endo configuration to the 
electron density. 

Secondly, we have information, such as Fig. 4, about 
the intrinsic deformability of the molecule. The idea 
that crystal structures can map dynamic processes of 
molecules has been fruitful in a number of fields (e.g. 
B/Jrgi, Dunitz & Shefter, 1973; Biirgi, 1973; Murray- 
Rust, Biirgi & Dunitz, 1975; Dunitz, 1977; and, most 
relevantly, Lo, Shelter & Cochran, 1975). The ring 
torsion angles define two pathways: the pseudo- 
rotation already discussed and a ring flapping process 
involving conformations with P = 90 or 270 °. This 
second pathway shows the value of inspecting outliers 
carefully because it involves the two points in the centre 
of Fig. 4. (A manual check was made on the original 
literature for these structures, the only time that a 
reference was made to coordinates in a journal during 
the study. There was no evidence for errors, abnormal 
thermal motion or other crystallographic effects and 
the structures must be considered to be as reliable as 
any of the other 108 data.) These two points taken with 
the four points at P = 270 ° and four at P -- 90 ° hint at 
an alternative pathway for ring deformation. Most of 
the 10 compounds contain an extra ring connecting 
C(2') and C(3') and are thereby prevented from 
pseudorotation. Any deforming forces appear to be 
relieved by a flattening of the ring [O(l')-endo = fiat 
ring = O(l')-exo]. Additional data will be needed to 
confirm the exact pathway but it seems clear that a flat 
ribose ring can be produced by crystal packing forces. 

The variation of bond angles with pseudorotation is 
encouragingly well defined. Mechanical models often 
lead to the mistaken idea that angle deformation 
involves much energy but it is clear that most bond 
angles at saturated C vary by up to 5 ° during pseudo- 
rotation, a process involving little energy change and 
small barriers. The form of the ring-angle variation has 
a theoretical geometrical basis (Dunitz, 1972)but the 
substituent movements must be determined by chemical 
forces, presumably torsional and non-bonded inter- 
actions. Variation at C(2') and C(3') can be inter- 
preted (in ribose) by consideration of the O(2 ' ) -C  (2 ' ) -  
C(3' ) -O(3' )  torsion angle. For tetrahedral C atoms it 
would be expected to be identical to C ( 1 ' ) - C ( 2 ' ) -  
C(3' ) -C(4' )  and this angle varies from - 4 0  to 40 °. 
The bond-angle variation at C(2') and C(3') results in 
O ( 2 ' ) - C ( 2 ' ) - C ( 3 ' ) - O ( 3 ' )  having a range greater by 
about 10 °, suggesting that torsional effects or non- 
bonded forces push 0(2 ' )  and 0(3 ' )  further apart. The 
variation at C(4') and C(I') is likely to be dependent on 
the size and conformation of the substituents at these 
positions. 

A knowledge of the position of a fragment on a 
pathway would allow complete prediction of its 
geometry but this problem has not yet been investi- 

gated. Some simple rules can be drawn up on the basis 
of chemical formulae (e.g. cyclization at 2' and 3' gives 
P = 90 or 270 °) but position on the pathway will often 
be totally due to crystal packing forces. The present 
data show that these are not unimportant. For example, 
most 2'-deoxy compounds have conformations in the 
range P = 140-210 ° but the disodium salt of 2'-deoxy- 
guanosine 5'-phosphate (SDGUNP) has P = 83 ° 
Even more striking is cytidine cyclic 2',3'-phosphate 

Table 8. Bibliography 

The searches were carried out in June 1977 on the version of the 
BIB file which contained 16 776 entries. The 110 fragments in the 
SPSS system file are referenced by 90 independent publications to 
each of which is assigned a unique reference code (e.g. 
ADENOS 10). In certain cases there have been independent studies 
of the same crystal (e.g. AIPCUR01 and AIPCUR10). This code, 
together with the shortened reference, uniquely defines each 
compound. 

ABHPTB K o - - Z e A S A H I o  CHEMeLETTERS= ~ 1 1 9 7 ~ i 9 7 3 e  
ACADOS S e / e R A O e  JeAMEReCHEM.SOCo= 9 2 t 4 9 6 3 t 1 9 7 0 o  
ADENOSIO T o F , L A I t  ACTA C R Y S T o ( B ) t  2 8 t 1 9 8 2 t | 9 7 2 .  
ABOSHC K e S H I K A T A t  ACTA C R Y S T e ( B ) t  2 9 t 3 1 e 1 9 7 3 =  
&DPOSD MeSUNDARALINGAM~ ACTA C R Y S T , ~  2 1 ~ 4 9 5 ~ 1 9 6 5 e  
ADPQSM JoKRAUTw ACTA CRYSTe~ | 6 t T g w l g b 3 e  
ADURPOIO E e S H E F T E R t  ACTA C R Y S T o ( B ) t  2 5 o 8 9 5 t 1 9 6 9 e  
&GOPCD K , A O K I ~  ACTA C R Y S T . ( B )  t 3 2 ~ 1 4 5 4 t 1 9 7 6 .  
AHARFU L e T e J e D E L B A E R E w  ACTA C R Y S T e ( B ) ~  2 9 s 2 9 0 5 t | 9 7 3 e  
A l P C U R O I  PeCoMANORe B I O C H I M e B | O P H Y S o A C T A 0  3 4 0 t A 7 2 o 1 9 7 4 e  
A I P C U R I O  L t T e J e O E L B A E R E o  ACTA C R Y S T e | B ) t  3 0 t 1 2 4 1 t 1 9 7 4 e  
A N | N P H O |  K o A O K | t  B U L L e C H E M e S O C e J P N e o  4 8 t 1 2 6 0 J 1 9 7 5 e  
AP&PADIO D~SUCKI ACTA C R Y S T e ( B ) e  3 2 t 1 7 2 7 e 1 9 7 6 ~  
ARADENI 0 GoBUNICKe ACTA C ~ Y S T q ( B ) e  3 0 e | 6 5 1 o 1 9 7 4 o  
ARATURIO WoSAENGER0 J~AMERoCHEN.SOCmt  9 4 J 6 2 1 t 1 9 7 2 e  
ARBCYTIO PoTQUGARD~ ACTA C R Y S T o ( B ) I  3 0 e 8 6 e | 9 7 4 e  
ARFCYTIO J o S e S H E R F I N S K I t  ACTA C R Y S T o ( B ) .  2 9 ~ 1 9 2 t 1 9 7 3 e  
ARFUAB AeK~CHWANGt ACTA C R Y S T e ( B ) t  3 0 t 2 2 7 3 o | 9 7 4 .  
&RFUADOL T . H A T A e  B U L L o C H E M e S O C o J P N ~ t  4 7 ~ 2 7 5 8 t 1 9 7 4 e  
ASTHYNIO  ~eSAENGERt  ACTA C R Y S T . ( B ) t  2 7 t 2 1 0 S t 1 9 7 1 ~  
B E U R I D I O  E ~ A . G R E E N t  ACTA C R Y S T ~ ( B ) t  3 | t l O 2 t 1 9 7 5 ~  
BREDZN H . Y O S H | O K A t  TETRAHEDRON L E T T ~ e  ~ 4 0 3 | t 1 9 7 5 ~  
BRQXURIO J . | B A L L t  PROCeReSOCetA~ 2 9 5 t 3 2 0 e | 9 6 6 .  
BRURID IO  J~ I B A L L e  P R O C e R * S O C . ~ A t  2 9 5 t 3 2 0 ~ 1 9 6 6 .  
CLDOUR DeW.YOUNG. ACTA C R Y S T ~ ( B ) e  2 9 ~ 1 2 5 9 ~ | 9 7 3 e  
CL~URB H .STERNGLANZ~ ACTA C R Y S T ~ ( B ) ~  3 1 ~ 2 8 8 8 ~ ! 9 7 5 ~  
CLURZOIO S e ~ H A W K I N S O N ~  ACTA C R Y S T e ( B ) e  2 7 e 3 4 ~ 1 9 7 1 e  
CYTCY~20  C*L~COULTER~ J~AME~*CHEM~SQC~ 9 5 e 5 7 0 * 1 9 7 3 e  
CYT IAC  N~SUNDARAL|NGAM~ J ~ M O L E C . B Z Q L ~  1 3 5 9 1 4 5 1 9 6 5 e  
C Y T I A C O I  C~E~BUGG~ J ~ M O L E C o B I O L ~ ,  2 5 t 6 7 t 1 9 6 7 e  
C Y ¢ | D I I O  SeFURBERGt ACTA C R Y S T e t  1 8 t 3 1 3 t 1 9 6 5 o  
CYURID DeSUCK~ ACTA C R y S T ~ ( B ) ~  2 9 e 1 3 2 ] ~ 1 9 7 3 e  
BADPNHIO" BeSeREDDYt  ACTA C R Y S T ~ ( B ) ~  3 1 t l g t 1 9 7 5 ~  
OAZAONIO P~SINGHe JeAMeCHEMeSQC~t  9 8 ~ 8 2 5 t 1 9 7 6 o  
OHTHUR|O B ~ K O J I C - - P R O D I C t  ACTA C R Y S T ~ ( B ) t  3 0 m 1 5 5 0 t 1 9 7 4 ~  
DHURIDOI  D . S U C K t  ACTA C R Y S T ~ ( B ) t  2 8 t S g 6 t 1 9 7 2 e  
ONGUANIO T~BRENNANt  JeAMEReCHEMeSOCet  9 4 ~ 8 5 4 8 ~ 1 9 7 2 e  
OOCYPO MeAeVXSWAMITRA~ JeAMERoCHEMeSOC~t  9 3 ~ 4 5 6 5 e 1 9 7 | e  
DQCYPOOX H ~ A ~ V X S ~ A M I T R A ~  J .ANEReCHEM~SOCmt  9 3 ~ 4 5 6 5 t | 9 7 1 ~  
DOCYTC E*SUBRAMANIAN~ AC~A C R Y S T o ( B ) e  2 6 . 3 0 3 e 1 9 7 0 o  
DQUR[D A~RAHMANt ACTA C R Y S T * ( B ) t  2 8 e 2 2 6 0 ~ 1 9 7 2 ~  
OOXADM DeG,MATSON~ ACTA C R Y S T . ~  1 9 ~ 1 1 1 ~ 1 9 6 5 ~  
BTURIO  G e H o - - Y e L I N t  ACTA C R Y S T e ( B ) ~  2 7 t 9 6 1 t 1 9 7 1 *  
OTURIDOI  ~oSAENGER~ ACTA C R Y S T e ( B ) e  2 7 ~ 1 1 7 8 e 1 9 7 1 o  
DXCYTD D~W~YOUNGe ACTA C R Y S T * ( 8 ) ~  3 1 ~ 9 6 1 ~ 1 9 7 5 ~  
ERFIMP AeHe--J~WANG~ J ,AMER~CHEM~SOC~t  9 6 ~ 1 2 0 5 e 1 9 7 4 ~  
ESMINM N,NAG~SHIMA~ ACTA C R Y S T * ( B )  t 3 0 e l O 9 4 t 1 9 7 4 e  
FDOURD O . R . H A R R | S e  B I O P H Y S e J ~ t  4 t 2 0 3 t 1 9 6 4 e  
GUANPH ~eMURAYANAt  ACTA C R Y S T e ( B ) ~  2 5 e 2 2 3 6 ~ 1 9 6 9 e  
GUANSHIO U ~ T H E ~ A L T t  ACTA C R Y S T ~ ( B ) t  2 6 ~ 1 0 8 9 ~ | 9 7 0 ~  
GUOSBH PeTOUGARDe ACTA C R Y S T . ( B ) ~  3 0 . 2 | 4 t 1 9 7 4 ~  
HOTURDIO B . K O J I C - - P R O O | C t  ACTA C R Y S T ~ ( B ) t  3 2 e | O 9 0 t 1 9 7 ~ *  
H ICYTM B . K O J I C - - P R O D I C ~  ACTA C R Y S T e ( B ) ,  3 2 , 1 1 0 3 t 1 9 7 6 e  
HXURID UeTHEWALTt  ACTA C R Y S T e ( B ) t  2 9 t | 3 9 3 t 1 9 7 3 ~  
IDQXUR N.CAMERMAN~ ACTA C R Y S T ~ t  1 8 ~ 2 0 3 ~ 1 9 6 5 ~  
| N O S | N I O  A ~ R . | e M U N N S ~  ACT& C R Y S T ~ ( B ) e  2 6 ~ 1 1 0 1 ~ 1 9 7 0 ~  
INOSNDOI  A e R e l e ~ U N N S ~  ACTA CRYSTe ( B ) e  2 6 t l l 1 4 ~ 1 9 7 0 e  
INOSNDIO U e T H E ~ A L T t  ACTA C R Y S T e ( B ) t  2 6 ~ 1 0 8 9 t 1 9 7 0 ~  
| d R [ ~ N I O  A~RAHMANt ACTA C R Y S T e ( ~ ) .  2 6 ~ 1 7 6 5 . 1 9 7 0 e  
MAOENSIO PePRUSINER~ ACTA C R Y S T . ( B ) t  3 2 t 1 6 1 ~ 1 9 7 6 e  
MARAFC G.I,B|RNBAUM~ JeAMeCHEMeSOC~t  9 7 . 5 9 0 4 e ! 9 7 5 ~  
M~YTMSIO EeSHEFTERt  CRYSTeSTRUCT.COMMee 3 ~ 2 0 9 e 1 9 7 4 e  
MEUR|D D e J . H U N T ~  ACTA C R Y S T e ( B ) ~  2 5 ~ 2 | 4 4 ~ 1 9 6 9 ~  
MEYRID DeSUCKt  J~AM~ReCHEMeSQCe~ g A ~ 6 5 2 0 t l g 7 2 e  
MRFPUR TeTAKEDA~ ACTA C R Y S T e ( B )  3 1 t ! 2 0 2 ~ 1 9 7 5 ~  
N A I N P H I O  S~T .RAO~ JeAMEReCHEMeSOC~e 9 1 ~ 1 2 1 0 ~ 1 9 6 9 ~  
NEBULR T e T A K E D A t  ACTA C R Y S T e ( B ) t  3 0 t 8 2 S t 1 9 7 4 e  
RPPYPY20  PeNARAYANAN~ CARBOHYOReRESet  4 4 t 1 6 9 t 1 9 7 5 e  
SALCYS CeTAMURA~ CHEM~LETTERSe ~ ! 2 2 1 ~ 1 9 7 3 e  
SCG~PTIO AeK~CHWANG~ ACTA C R Y S T e ( B ) ~  3 0 t 1 2 3 3 ~ 1 9 7 4 e  
SOGUNP De~eYOUNGt  ACTA C R Y S T e ( B | ~  3 0 e 2 0 1 2 ~ 1 9 7 4 e  
SDGUNPOI T * P e S E S H A D R I ~  PRANAN~e 3 ~ 2 1 8 e 1 9 7 4 e  
S ~ R I D ~  MmA.V ISWAM|TRA~ ACTA C R Y S T o ( B ) m  2 8 ~ ! | 0 8 ~ ! 9 7 2 .  
TCYTOH G e H . - - Y e L I N t  JeANERoCHEMeSOCet  9 3 t 1 2 3 5 t 1 9 7 | ~  
T E A U R P l O  C ~ L ~ C O U L T E ~ t  ACTA C R Y S T e ( B ) t  2 5 t 2 0 5 5 ~ 1 9 6 9 e  
TGU&NSIO U . T H E ~ A L T t  JeAMER.CHEM~SOC~e 9 4 t 8 8 9 2 t | 9 7 2 ~  
T H | R O N I O  W.SAENGER, J e M O L E C . B I Q L . t  5 0 t 1 5 3 , 1 9 7 0 ,  
THOPADIO OeKENNARDt  J e C H E M e S O C e | B ) t  t 1 9 A O e 1 9 7 | ~  
T H ~ R | B  E . S H E F T E R t  J - P H A R M . S C I e t  5 7 ~ l 1 5 7 t 1 9 6 8 e  
THPYUR PeHeSTOTHARTe  ACTA C R Y S T e ( B ) ~  2 9 ~ 2 2 3 7 t 1 9 7 3 e  
THYOIN De~eYOUNGt  ACTA C R Y S T e ' ( B ) ~  2 5 t 1 4 2 3 t 1 9 6 9 e  
TRFBIM P e P R U S I N E R t  ACTA C R Y S T e ( B I t  2 9 o 2 3 2 8 t 1 9 7 3 e  
TY~CXA DeSUCK~ B I O C H I M ~ B I Q P H Y S e A C T A I  3 6 1 ~ 1 ~ 1 9 7 4 e  
URARAFOI J e S e S H E R F I N S K I ~  ACTA C R Y S T . ( B ) ~  3 0 ~ 8 7 3 ~ 1 ~ 7 4 ~  
URARAF|O P . T O L L I N ~  ACTA C R Y S T o ( B ) ~  2 9 * 1 6 4 1 t l g 7 3 e  
U R I D P S I O  IeSAENGER~ J ~ A M E ~ C H E ~ e S Q C o ~  9 2 ~ 4 7 | 2 t 1 9 7 0 e  
UROAME K e N O R I K A I A ~  ACTA C R Y S T e I B ) ~  3 1 t l O O 4 e 1 9 7 5 *  
V I R A Z L  P = P R U S I N E R t  ACTA C R Y S T e ( B ) e  3 2 ~ 4 1 9 t 1 9 7 6 e  
V | R A Z L O I  P e P R U S I N E R .  ACTA C R Y S T e ( B )  3 2 t A l g ~ 1 9 7 6 e  
XANTOS GeKOYAMAt ACTA C R Y S T e ( B ) e  3 2 t 9 6 9 t | 9 7 6 e  
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(CYTCYP20) which has two molecules in the asym- 
metric unit. One has a conformation on the pseudo- 
rotational pathway at P = 91 o, the other has the planar 
ribose ring already discussed. These conformations 
may differ in energy by up to 5 kcal mol -~ which can 
only be provided by differences in the local packing 
forces of the two fragments. Only by relation of the 
crystal environment of each fragment to P and ~, will 
complete prediction of molecular geometry become 
laossible. 

Conclusion 

The approach outlined in these three papers is 
applicable to any molecular fragment provided that 
enough examples are available on file. [Fragments in 
totally inorganic structures will have to be retrieved 
manually; see, for example, Murray-Rust, Bfirgi & 
Dunitz (1978).] When a fragment can show symmetry 
[for example a phosvhate group may show Ta 
symmetry (or any subgroup of Ta)] the factor analysis 
involves group-theoretical considerations (to be pub- 
lished later). It is important that the total data file of 
retrieved fragments is made clear (see Table 8) so that 
the analysis can be independently verified. Equally 
important is the publication of the algorithms for 
screening (particularly on derived data) so that results 
are seen not to be due to biased rejection of cases. 

The present study was accomplished over a few 
weeks and future analyses will be considerably quicker. 
Compared with manual methods, which would require 

several months, the computer retrieval and analysis can 
be seen as a new tool in crystallography and structural 
chemistry. As experience is gained and more software 
is written (particularly for examining crystal environ- 
ments) major increases in understanding crystal struc- 
tures and the geometry of molecules will be possible. 
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The Camphoroxime System. I. An X-ray Study of (-)-Camphoroxime (m.p. 118°C) 
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(-)-Camphoroxime (m.p. 118°C) is monoclinic, P2 i, with a = 12.06 (2), b = 11.81 (2), c = 7.16 (2) A, p = 
99.81% Z = 4. The structure was determined from 1491 independent intensities and refined to R = 0.052. 
Except for one intramolecular distance, C(6)-C(5), there are no significant differences between the 
conformations of the two molecules of the asymmetric unit, which are linked by hydrogen bonds. 

Introduction 

This work is part of a program concerned with the 
study of enantiomorphic compounds, the phase 

diagrams of which seem to predict the existence of solid 
solutions. Such solid solutions are characterized by 
equilibrium diagrams of three types, named 
Roozeboom I, II and Ill. Examples (Baert & Fouret, 


