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NUCLEOSIDES & NUCLEOTIDES, 6 ( 3 ) ,  643-653 (1987)  

PROPELLER TWISTING I N  SINGLE CRYSTALS OF NUCLEOSIDES 

C C Wilson(+)* and P T o l l i n  
Carneg ie  Labora to ry  of P h y s i c s ,  U n i v e r s i t y  of Dundee, 

Dundee, DD1 4HN, Sco t l and  

(+I  P r e s e n t  addres s :  Neutron D i v i s l o n ,  
Ru the r fo rd  Appleton Labora to ry ,  C h i l t o n ,  

Didcot ,  Oxon, OX11 OQX, England 

ABSTRACT 

P r o p e l l e r  t w i s t s  were measured f o r  base-pa i red  n u c l e o s i d e s  and 
n u c l e i c  a c i d  bases .  The occur rence  of p r o p e l l e r  t w i s t  o u t s i d e  a double  
h e l i c a l  framework is shown, and c o n c l u s i o n s  drawn on t h e  r e l a t i v e  
magnitude of t h e  e f f e c t  i n  s i n g l e  nuc leos ides .  

INTRODUCTION 

The importance of secondary  s t r u c t u r e  i n  t h e  s t a b i l i t y  of n u c l e i c  

a c i d s  has  become i n c r e a s i n g l y  a p p a r e n t  i n  r e c e n t  y e a r s ,  and v a r i o u s  

pa rame te r s  have been d e f i n e d  t o  a s s i s t  in t h e  a n a l y s i s  of such  

s t r u c t u r e .  Among t h e s e  pa rame te r s ,  t h e  concept  of p r o p e l l e r  t w i s t  is 

d i s c u s s e d  by Dickerson( ' )  and s u b j e c t e d  t o  a mechanica l  a n a l y s i s  by 

Ca l l ad ine ( ' ) .  P r o p e l l e r  t w i s t  is d e f i n e d  as be ing  t h e  a n g l e  between t h e  

p l a n e s  of two b a s e s  in a base -pa i r ,  when viewed a long  t h e  l o n g  a x i s  

j o i n i n g  them (F igure  1). 

F i b r e  s t u d i e s  of DNA samples  had sugges t ed  a v a l u e  of around 2" 

f o r  t h i s  pa rame te r ,  b u t  i n  r e c e n t  s i n g l e - c r y s t a l  s t u d i e s  of 

o l i g o n u c l e o t i d e s  p r o p e l l e r  t w i s t i n g  is found t o  have a much larger 

va lue .  In a l l  such  s i n g l e - c r y s t a l  s t r u c t u r e s  s t u d i e d  t o  d a t e ,  t h e  

p r o p e l l e r  t w i s t  magnitude has  been i n  t h e  range of about  10-17O, and t h e  

magnitude of t w i s t  is found t o  be independent  of t h e  number of hydrogen 

bonds i n  t h e  b a ~ e - p a i r ( ~ ) .  A l l  of t h e s e  twists have been of p o s i t i v e  

magnitude ( s e e  F igu re  1 ) .  
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644 WILSON AND TOLLIN 

D i r e c t i o n  of 
h e l i c a l  axis 

P r o p e l l e r  twist ' 
(de f ined  as p o s i t i v e )  

0 ,= hydrogen bonds 

FIG. 1 (a) - Schematic view of p r o p e l l e r  t w i s t i n g  
i n  a base -pa i r ,  showing convention for 
t h e  s ign of the twist .  

I n  t h e  o l i g o n u c l e o t i d e  s t u d i e s ,  and i n  a n a l y s e s  of t h e  parameters  

involved  i n  secondary s t r u c t u r e  d e t a i l s ,  t h e  appearance  of p r o p e l l e r  

t w i s t i n g  has  been w i t h i n  t h e  framework of a double h e l i x .  The 

appearance and magnitude of p r o p e l l e r  t w i s t i n g  would appear  to  be a 

consequence of t he  secondary s t r u c t u r e  of t he  h e l i x  (backbone geometry 

and base-pa i r  sequence) and ,  t o g e t h e r  w i th  v a r i o u s  o t h e r  parameters  such  

as base r o l l ,  t i l t ,  s l i d e  and h e l i x  t w i s t ( l ) ,  p l a y s  an impor tan t  r o l e  i n  

t h e  packing of bases  a long  t h e  a x i s  of t he  double h e l i c a l  s t r u c t u r e .  

The e f f i c i e n t  s t a c k i n g  of bases ,  e s p e c i a l l y  pu r ine  b a s e s ,  16 an 

impor tan t  a spec t  of n u c l e i c  a c i d  s t r u c t u r e  and p r o p e l l e r  t w i s t i n g  i s  one 

of t he  means by which a f avourab le  c o n f i g u r a t i o n  can be a t t a i n e d .  

S ince  p r o p e l l e r  t w i s t i n g  seems t o  be so s t r o n g l y  t i e d  i n  w i t h  t h e  

o v e r a l l  s t r u c t u r e  of a double h e l i c a l  o l i g o n u c l e o t i d e ,  most a n a l y s e s  

have examined the  e f f e c t  i n  such systems e x c l u s i v e l y .  I n  o rde r  to 

examine t h e  presence  or o the rwise  of p r o p e l l e r  t w i s t i n g  o u t s i d e  t h e  

double  h e l i c a l  f ramework, one must examine s i n g l e - c r y a t a l  s t r u c t u r e s  of 
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PROPELLER TWISTING 645 

B 

/ 

4 

FIG. 2 - Propeller twisting in the crystal structure of 
3r,5r-Di-O-acetylthymidine, viewed from the side. 

mononucleosides. In our own recent work, we have studied nucleosides 

with acetylated sugar groups, with a view to inducing base-pairing by 

interrupting alternative hydrogen bonding schemes. One aim of this work 
was to study propeller twisting and base-pairing patterns in such 

induced pairs. 

We have noticed, in several recently reported structures of 

acetylated nucleosides , a significant propeller twist within a hydrogen 
bonded base-pair. I n  3',5'-Di-0-acetyl-5-bromo-2'-deoxyuridine 

[ABDU](4), 3',5'-Di-O-acetylthymidine [AT](5) (Figure 2 ) ,  2',3',5'-Tri- 
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0 - a c e t y l g u a n o s i n e  [TAG](6) and 2' , 3 '  ,5'-Tri-O-acetyladenosine [TAA](7), 

t h e  p a r a m e t e r  is found t o  have v a l u e s  i n  t h e  r a n g e  2-17'. The e x i s t e n c e  

of p r o p e l l e r  t w i s t i n g  and shown by t h e s e  s i n g l e - c r y s t a l  s t u d i e s  o f  

n u c l e o s i d e e  prompted us t o  s t u d y  f u r t h e r  t h e  e f f e c t  in n u c l e o s i d e s  and 

n u c l e i c  a c i d  b a s e s .  

ANALYSIS OF CRYSTALLOGRAPHIC DATA 

F u l l  l i s t i n g s  of n u c l e o s i d e  and n u c l e i c  a c i d  b a s e  s t r u c t u r e s  were 

r e t r i e v e d  from t h e  Cambridge s t r u c t u r a l  d a t a b a s e ,  using t h e  Chemical 

Databank S e r v i c e  CSSR program('). Two t y p e s  of s i t u a t i o n  were s e l e c t e d  

for a n a l y s i s .  F i r s t l y ,  t h o s e  n u c l e o s i d e s  i n  which b a s e - p a i r i n g  is 

p r e s e n t .  These amounted t o  27 s t r u c t u r e s ,  p l u s  t h e  a c e t y l a t e d  

n u c l e o s i d e s  ABDU, AT, TAG and TAA mentioned above.  S e c o n d l y ,  t h o s e  

s t r u c t u r e s  among n u c l e i c  a c i d  b a s e  c o - c r y s t a l  complexes where base-  

p a i r i n g  was found: t h e s e  amounted t o  26 s t r u c t u r e s .  The d e c i s i o n  t o  

choose  o n l y  c o - c r y s t a l  complexes i n  t h e  l a t t e r  case was made b o t h  t o  

r e s t r i c t  t h e  amount of d a t a  t o  be a n a l y s e d  and t o  improve t h e  chances  of 

data b e i n g  a v a i l a b l e  for n o n - s e l f - p a i r e d  b a s e s .  
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PROPELLER TWISTING 649 

The resul ts  of t h e  s t u d i e s  are shown i n  Tab le  1, and were ana lysed  

a c c o r d i n g  t o  t h e  fo l lowing  d i v i s i o n s  : 

1. S e l f - p a i r e d  nuc leos ides .  

2. S e l f - p a i r e d  n u c l e i c  a c i d  bases .  

3. Non-self -pa i r ed  n u c l e i c  a c i d  bases. 

4. Nucleos ides  wi th  2 hydrogen bonds in a Watson-Crick t y p e  

a r rangement .  

5 .  Nucleos ides  wi th  2 hydrogen bonds i n  a Hoogsteen type  a r rangement .  

6. Nucleos ides  w i t h  2 hydrogen bonds i n  a "double-Hoogsteen" type  

a r rangement .  

The base -pa i r  t ypes  encountered  i n  t h i s  a n a l y s i s  are i l l u s t r a t e d  

i n  F igu re  3. Note t h a t  "double-Hoogsteen" r e f e r s  t o  t h o s e  p a i r s  i n  

which two p u r i n e s  are i nvo lved ,  and bo th  employ i n d o l e  N atoms i n  t h e  

hydrogen bonding scheme. F i g u r e  3 is not  i n t ended  t o  g i v e  t h e  p r e c i s e  

scheme of hydrogen bonding i n  each  s t r u c t u r e  a n a l y s e d ,  merely t h e  

g e n e r a l  arrangement  of t h e  bases  and t h e  number of hydrogen bonds 

p r e s e n t .  

P r o p e l l e r  t w i s t  i n  t h e s e  s t r u c t u r e s  was measured i n  two ways, 

e x c l u s i v e  of and i n c l u s i v e  of t h e  s u b s t i t u e n t s  on t h e  base.  The l a t t e r  

is t h e  more c o r r e c t  d e f i n i t i o n ,  s ince  t h e s e  s u b s t i t u e n t s  a r e  wide ly  

involved  i n  t h e  hydrogen bonding scheme and a r e  u s u a l l y  r ega rded  as p a r t  

of t h e  base p l ane  for s t a c k i n g  purposes .  

The ave rage  p r o p e l l e r  twists i n  each  group are g iven  in Table 2. 

I n  a l l  c a s e s  i t  can be seen  t h a t  t h e  second method of measurement 

( i n c l u d i n g  s u b s t i t u e n t s )  g i v e s  a s m a l l e r  va lue  of t h e  t w € s t .  

RESULTS OF ANALYSIS 

From t h e  ave rage  va lues  i n  Table  2 ,  s e v e r a l  p o i n t s  a r e  worthy of 

no te .  

1. P r o p e l l e r  Twist is Non-Zero i n  Many Nuc leos ides  

There i s  a d e f i n i t e  non-zero p r o p e l l e r  t w i s t  shown by base-pa i red  
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650 WILSON AND TOLLIN 

Pyr-Pyr Watson-Crick 

Pur-Pur Watson-Crick 

pu r - Py r Watson- Cr i ck 

Q-Y--&? 
Pyr-Pur Hoogsteen 

Pur-Pur Hoogs teen Pur-Pur "double-Hoogsteen" 

(Pyr P Pyrimidine base, Pur = Purine base.) 

FIG 3 - Base pair types discussed in this paper. 

TABLE 2 

Average values of Propeller Twist 
for the groups detailed below ( i n  degrees). ........................................... 

2 9 0.3 0.2 

3 17 3.5 2.8 

4 15 7.7 7.0 
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PROPELLER TWISTING 651 

nucleosides in these single-crystal studies. While these values are on 

average lower than those found for complementary pairs in 

oligonucleotide structures, the result is significant in demonstrating 

the existence of propeller twist outside a double helical structure. 

2. Nucleic Acid Bases Exhibit Less Twisting 
There is almost no propeller twisting effect among self-paired 

nucleic acid bases and, while it is greater i n  cases where non-self- 
pairing is present, it is still substantially less than in nucleosides. 

3.  A Trend Within Nucleosides 
Within the group of self-paired nucleosides, the magnitude of the 

propeller twist increases from Watson-Crick + Hoogsteen + double- 

Hoogsteen. A s  yet no equivalent data is available i n  oligonucleotide 

structures for comparison with these results. I n  only two cases to date 
have oligonucleotide single-crystal structures contained Hoogsteen base- 

pairs(', 10). 

TWO RECENT EXAMPLES 

Since this study was carried out, we have found in our work two 

further examples of base-pairing which fit i n  well with the expected 
values from this analysis. 

1. An orthorhombic form of 2' ,3',5'-Tri-O-a~etylguanosine(~~), in 

which the propeller twist is found to be 9 " .  The pairing in this 

compound is of type 5 (Hoogsteen-like), and so the value found is in 

reasonable agreement with the average value found for this type of 

pairing. 

2 .  3-methylxanthine(12), being a self-paired nucleic acid base, would 

be expected to have no significant propeller twist and this was indeed 
found to be the case. 

CONCLUSIONS 

The most important point to emerge from this analysis is that 
propeller twists exist within base-paired nucleosides even outside a 
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652 WILSON AND TOLLIN 

doub le -he l i ca l  framework, and i n  a range  of c r y s t a l  packing  

environments.  However, t h e  r o l e  of backbone and sequence e f f e c t s  can be 

seen by the  f a c t  t h a t  i n  t h e  nuc leos ides  t h e  magnitude of t h e  t w i s t  is 

reduced ,  t h e r e  is a r a t h e r  l a r g e r  sp read  of va lues  of t h e  t w i s t  and t h e  

s i g n  of t h e  p r o p e l l e r  t w i s t  v a r i e s  when compared w i t h  t h e  

o l i g o n u c l e o t i d e s  ( s e e  Table  1). The o l i g o n u c l e o t i d e  r e s u l t s  show o n l y  

p o s i t i v e  r e s u l t s  f o r  t h e  parameter.  The e x i s t e n c e  of p r o p e l l e r  t w i s t  

does ,  however, appear  to  be common i n  base-pa i red  n u c l e o s i d e s  and it  is 

l i k e l y  t o  c o n t r i b u t e  t o  t h e i r  s t a b i l i t y .  

While e x t e n s i v e  o l i g o n u c l e o t i d e  d a t a  is as y e t  on ly  a v a i l a b l e  for 

Watson-Crick p a i r s ,  t h e  above r e s u l t s  sugges t  t h e  p o s s i b i l i t y  t h a t  

Hoogsteen p a i r s  may show an even g r e a t e r  magnitude of t w i s t ,  should  t h e  

mononucleoside r e s u l t s  c a r r y  over  i n t o  o l i g o n u c l e o t i d e  (double  h e l i c a l )  

mi l i eu .  
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