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NUCLEOSIDES & NUCLEOTIDES, 9 ( 4 ) ,  479-488 ( 1 9 9 0 )  

THE EFFECT OF EXOCYCLIC SUBSTITUENTS ON 
BASE-PAIR PROPELLER TWIST 

C C Wilson 

Neutron Science Division, lSlS Facility, 
Rutherford Appleton Laboratory, Chilton, Didcot, Oxon OX1 1 OQX, UK. 

Abstract 
Base-pair propeller twists for a series of small nucleic acid fragments calculated excluding 

the exocyclic base atoms are found to be slightly reduced on average. This reduction is more 
pronounced for pyrimidine than for the more aromatic purine bases. However, the magnitude of twist 
for base-pairs without exocyclic atoms included in the mean planes remains very significant, 
showing this to be an intrinsic property. 

Introduction 
There has been much recent interest in the extensive local variation in helix twist angles 

exhibited in single crystal structures of oligonucleotides. Earlier fibre studies had led to the 
determination of average conformational parameters and the elucidation of average 
sequence-dependent changes, thus leading to models of regular A and 6 DNA helices. However 
there is evidence that biological activity can be closely correlated with variations in local helical twist 
and thus the quantification of such sequence-dependent parameters in the single crystal studies 
can be of crucial importance in trying to understand the mechanisms by which such activity 
manifests itself. Structurallo2 and elastic beam mechanical3 explanations for these variations have 
been given. These explain these parameters in terms of steric hindrance or clash between purines 
on opposite strands of the helix at adjacent base-pairs. 

One of these parameters, base-pair propeller twist, is defined4 as the angle between the two 
base planes in a hydrogen bonded base-pair viewed along the axis joining them (Figure 1). The 
agreement between the sequence-derived sum function relating to propeller twist (Z,) and the 
actual measured propeller twist variation shows the weakest correlation of the parameters 
considered in these analyses. Coupled with the fact that propeller twist in fact worsens the 
cross-chain steric clash between purines in double helices, the existence of significant propeller 
twist values in oligonucleotides points strongly at the intrinsic nature of the phenomenon. 

One of the most instructive ways of investigating effects such as these is to extract as much 
geometric and conformational information as possible from studies of mononucleoside and 
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Direction of 
helical axis  
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Propeller tvis t ' 
(defined as positive) 

0 .- hydrogen bonds 
FIGURE 1 - Schematic view of propeller twisting in a base-pair 

mononucleotide structures, which can Serve to give important information on the disposition of 
base-pairs and indicate how much of the local geometry is intrinsic to a base-pair and how much is 
due to the duplex structure. Among the data available in this type of small molecule study are 
propeller twist ep, buckle, C1 '-C1' separation and the detailed hydrogen bonding parameters. 

Recently the presence of significant magnitudes of propeller twist has been demonstrated in 
several classes of nucieic acid fragments, among them single crystals of nucleosides and 
nu~leotidess~e and co-crystal complexes of nucleic acid bases5,'. In these materials there were 
found to be average twist magnitudes of 14.7" and 4.4" respectively. As discussed earliep these 
calculations of propeller twist magnitude were performed assuming that the exocyclic atoms on the 
two component bases were an integral part of the base-pair system. This would appear reasonable 
since the hydrogen bonding system holding the pair together tends to intimately involve these 
exocyclic atoms. 

The obvious question following from this is the extent to which including these exocyclic 
atoms distorts the base-pair from the geometry which would be adopted were only the planar 
heterocyclic components of the bases to be considered. If the propeller twist in these compounds 
results primarily from distortions of these exocyclic atoms then it may be that a base-pair can be 
regarded as truly planar, a result which would be of great significance in our understanding of 
base-pair geometry. To this end the earlier analyses were extended to include the case of exclusion 
of exocyclic atoms. 
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BASE-PAIR PROPELLER TWIST 481 

Classification of base-pairs 
There are several convenient groupings into which base-pair types can be placed. Wilson 

and Tollins use the following : 

VWI) Pyrimidine-Pyrimidine (Y-Y) Watson-Crick: Y(pyr)..Y(pyr), Y(pyr)..Y(pyr). 
W-UII) Purine-Pyrimidine (R-Y) Watson-Crick: R(pyr)..Y(pyr), R(pyr)..Y(pyr). 

WT(Iv) Purine-Pyrimidine (R-Y) Hoogsteen: R(pyr) . .Y (pyr) , R( imidazole) . .Y (pyr). 
w w  Purine-Purine (R-R) Hoogsteen: R(pyr)..R(pyr), R(pyr)..R(imidazole). 
WVI) Purine-Purine (R-R) : R(pyr). . R(imidazole), 

wT(III) Purine-Purine (R-R) Watson-Crick: R(PYr). .R(PYr), R(PYr)..R(PYr). 

"double Hoogsteen" R(imidazo1e). .R(pyr). 

where (pyr) represents an atom on the six-membered part of the base and (imidazoie) 
represent an atom on the five-membered ring (only for purine bases). 

In the Hobsza and Sandorfy classification8 the base-pairs are divided into 29 types, as 
summarised below 

VPe 
HS(GG I) 
HS(GG CC) 
HS(GG Ill) 
HS(GG Iv) 
HS(AA I) 
HS(GG II) 
HS(AA II) 
H S W  Ill) 
H S F  II) 
HS(AA Ill) 

HS(GC WC) 
HS(GC II) 
HS(AC I) 
HS(GA I) 
HS(GT I) 
HS(GC I) 
HS(TA RWC) 
HS(GT II) 
HS(TA RH) 
HS(TA WC) 
HSVA H) 
HS(GA II) 
HS(GA 111) 
HS(GA Iv) 
HS(TC I) 
HS(TC II) 
HS(AC II) 

HsW 1) 

Base 1 - Base 2 

Guanosine-Guanosine 
Cytosine-Cytosine 
Guanosine-Guanosine 
Guanosine-Guanosine 
Adenosine-Adenosine 
Guanosine-Guanosine 
Adenosine- Adenosine 
Thymidine-Thymidine 
Thymidine-Thymidine 
Adenosine- Adenosine 
Thymidine-Thymidine 
Guanine-Cytosine 
Guanine-Cytosine 
Adenine-Cytosine 
Guanine-Adenine 
Guanine-Thymine 
Guanine-Cytosine 
Thymine- Adenine 
Guanine-Thymine 
Thymine-Adenine 
Thymine-Adenine 
Thymine- Adenine 
Guanine- Adenine 
Guanine-Adenine 
Guanine-Adenine 
Thymine-Cytosine 
Thymine-Cytosine 
Adenine-Cytosine 

H bonds (Bl..B2) 

: N1..06. 06..Nl. 
: N3..N4, N4..N3. 
: N1 ..N7, N2..06. 
: N2..N3, N3..N2. 
: N1 ..N6, N6..N1. 
: N1..06, N2..N7. 
: N1 ..N6, N6..N7. 
: 02..N3, N3..02. 
: N3..04, 04..N3. 
: N6..N7, N7..N6. 
: N3-02, 04..N3. 
: 06..N4, Nl..N3, N2..02. 
: N1..02, N2..N3. 
: N6..N3, Nl..N4. 
: 06..N6, N1 ..N1. 
: 06..N3, N1..04. 
: N3..N4, N2..N3. 
: N3..NlI 02..N6. 
: 06..N3, N1..02. 
: N3..N7, 02..N2. 
: 04..N6, N3..N1. 
: 04..N6, N3..N7. 
: N3..N6, N2..N7. 
: 06..N6, N1 ..N7. 
: N3..N6, N2..N1. 
: N3..N3, 02..N4. 
: 04..N4, N3..N3. 
: N6..N3, N7..N4. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
0
8
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



482 WILSON 

Finally, the most obvious classifications by base-type have been examined. These are 
division into purine (Pur) and pyrimidine (Pyr) structures and into e.g. adenine (A), thymine (T) etc. 
bases. The equivalence of all the classifications used is shown below. 

wT(I1I) 

Wilson- Hobsza- 
Tollln Sandorfy 

W(I) HS(CC) 
HSCrr 1) 
H S P  II) 
H S P  Ill) 
HS(TC I) 
HS(TC II) 
HS(GC WC) 
HS(GC 11) 
HS(AC I) 
HS(GA I) 
HS(GT I) 
HS(GC I) 
HS(TA RWC) 
HS(GT II) 
HS(TA WC) 
HS(GA Iv) 
HS(GG I) 
HS(GG Iv) 
HS(AA I) 
HSVA RH) 
HS(GA II) 
HS(GA 111) 
HS(AC II) 
HS(GG 11) 
HS(GG 111) 
HS(AA II) 
HS(AA 111) 

Base 
names 

c-c 
T-T 
T-T 
T-T 
T-C 
T-C 
G-C 
G-C 
A-C 
G-A 
G-T 
G-C 
T-A 
G-T 
T-A 
G-A 
G-G 
G-G 
A-A 
T-A 
G-A 
G-A 
A-C 
G-G 
G-G 
A-A 
A-A 

Base 
types 
Y-Y Homo 
Y-Y Homo 
Y-Y Homo 
Y-Y Homo 
Y-Y Het 
Y-Y Het 
R-Y Het 
R-Y Het 
R-Y Het 
R-R Het 
R-Y Het 
R-Y Het 
Y-R Het 
R-Y Het 
Y-R Het 
R-R Het 
R-R Homo 
R-R Homo 
R-R Homo 
Y-R Het 
R-R Het 
R-R Het 
R-Y Het 
R-R Homo 
R-R Homo 
R-R Homo 
R-R Homo 

Calculations 
The data were extracted from the Cambridge Structural Database and analysed as described 

earliep using the programs CSSRQ, PHELIX’O, HELIX” and ROLLl2. The 54 base-pairs from Ref. 6 
and the 37 from Ref. 7 (Table 1) were analysed for propeller twist excluding the exocyclic atoms from 
the base system. The results of the analysis are summarlsed in Table 2 which shows the average 
values of propeller twist for the various classifications of base-pair. 

Possible systematic effects on the calculations due to different crystallographic refinement 
procedures have been ignored, since the general trends found in the calculations should not be 
dependent on these unless a particular class of compounds has been treated in a unique way. This 
is unlikely, since for single crystal studies of molecules as Small as nucleosides and nucleic acid 
bases, all atomic positional parameters tend to be refined independently. If one were to study larger 
molecules such as oligonucleotides and attempt to draw concluslons from the removal of one ortwo 
exocyclic atoms in these, then the results would be less likely to be valid, since often bases may be 
constrained as a rigid unit in refinements of such large structures. 
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BASE-PAIR PROPELLER TWIST 483 

Results 
The most noticeable feature of the data presented in Table 2 is the very small but systematic 

reduction of the average propeller twist value in the base-pairs analysed when exocyclic atoms are 
removed from the base-pair system. This implies that although the exocyclic atoms tend on average 
to be fairly close to coplanarity with the mean base plane, a reasonable conclusion since these are 
oflen involved in delocalised electronic systems with the ring atoms, these exocyclic atoms do tend 
to deviate more than the others from the mean plane - again a not unreasonable conclusion. The 
overall reduction in twist is slight and the average propeller twist magnitudes for base-pairs, even 
with exocyclic atoms excluded, remain very significant, in agreement with the earlier w0rk5~S.~. The 
more sophisticated analysis presented here does, however, contradict the earlier results which 
appeared to indicate a marginal increase in average propeller twist value when exocyclic atoms 
were excluded from the calculation. 

Of particular interest is the fact that the average propeller twist decreases more on exclusion 
of exocyclic atoms for the least aromatic bases (pyrimidines) than for the more aromatic purines. 
The average reduction for pyrimidines is some 13(3)% (maximum of 22(2)% for U..U) whereas that 
for purines is only 4(1)% (maximum of 6(2)% for A..A). This result again agrees with the conclusion 
that exocyclic atoms show an additional deviation from the plane of the base to which they are 
attached. In addition it seems that this deviation is on average further out of the plane of the 
base-pair, as opposed to just the plane of the parent base. If this exocyclic atom deviation were 
solely related to single base geometry, It might be expected that such deviations of exocyclic atoms 
from a base plane might reduce the calculated propeller twist in as many cases as they would 
increase it. On average this does not happen - the propeller twist increase due to these exocyclic 
atoms is systematic - perhaps reflecting the effect the formation of a base-pair has on the structures 
of the component bases, probably via both steric and electronic mechanisms. 

Discussion 
The existence of propeller twist within duplex structures appears to be crucial to the stability 

and function of such molecules. In single Crystal oligonucleotide studies the twist tends to have a 
magnitude in the range 10-20'. The results from earlier work on single crystals of 
rnononucleo~ides5~~~7, suggest that a non-zero propeller twist is oflen an intrinsic property of a 
base-pair in such monomeric structures. We have seen here that while this twist is to a small extent 
magnified by deviations from coplanarity of the exocyclic atoms in the bases, even when these are 
excluded the intrinsic propeller twist remains of significant size (Figure 2). 

The evidence in the current work seems to reinforce earlier conclusions that base-pairs are 
intrinsically distinctly non-planar units. In terms of the original ladder analogy of DNA structure, the 
rungs are twisted about their long axes, and the degree of twist is only held reasonably constant by 
the forces introduced by the sugar-phosphate backbone and by cross-chain interactions. 

Analysing nucleic acid fragment geometry reinforces the possibility that non-coplanarity of 
bases in base-pairs is the most naturally adopted conformation. This calls into question the 
common assumption that isolated base-pairs should be coplanar and that propeller twist is 
introduced solely as a response to purine base stacking along a single strand of a double helix. The 
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TABLE 1 - Bibliographic details for structures analysed. 
3018 BRAMM 8-BROMO-2',3'41SOPROPYLIDENE-ADENOSINE MONOHYDRATE : S.FUJII,T.FUJIWARA,K.TOMITA 

3059 BRINOSlO 8-BROMOINOSINE : H.STERNGLANZ,J.M.THOMAS,C.E.BUGG 
8445 DXCYTD 2'-DEOXYCITIDINE : D.W.YOUNG,H.R.WILSON 31 961 (i575) ACTA CRYST. ,SECT.B 
10256 GUANSHlO GUANOSINE DIHYDRATE : U.THEWALT,C.E.BUGG,TE.MAFSH 

12378 LEUAURlO 5-(N-(GLEUCYL)AMINO)URIDINE HYDRATE : P.NAPAYA",H.M.BEW 2 2047 (1977) ACTA 

12652 MADENSlO 2'4METHYLADENOSINE : P.PRUSINER,M.SUINGAM 32 161 (1976) ACTA CRYST.,SECT.B 
20558 TGUANSlO 6-THIOGUANOSINE MOWHYDRATE : U.THEWALT,C.E.BUGG c 8 8 9 2  (1972) J.AM.CHEM.SOC. 
21061 T7-EADSlO 5'-METHYLTHIO-ADENOSINE : N.BORKAKOTI,R.A.PALMER 34 867 (1978) ACTA CRYST.,SECT.B - 21650 T P T W  CHLORO(TERPYR1DYL) PLATINUM( TI ) ADENOSINE-5'-MONOPHGPHATE HYDRATE 

22834 IPAtXJS 2',3'4ISOPROPYLIDENE-ADENOSINE : S.SPRANG,D.C.ROHRER,M.SUNDARALINOAM 2 2803 
23154 AOMDPM ADENOSINE-5'4METHYLPHOSPHATE METHANOL SOLVATE : 

24352 CYADOT 8,2'-CYCLOADEWSINE TRIHYDGE : S.NEIDLE,G.L.TAYLOR,P.C.COWLING 708 (1979) 

- 24383 DMURID 5-DIMETHYLAMINO-URIDINE : E.EGERT,H.J.LINDNER,W.HILLEN,H.G.GASSEN 35 920 (1979) 

24812 7ADENHlO 2-AZA-ADENOSINE HEMIHYDRATE : P.SINGH,D.J.HOM;SON 35 973 (1979) ACTA CRYST.,SECT.B 

- 
3 1985 (1976) NUCLEIC ACIDS RES. 

33 2097 (1977) ACTA CRYST. ,SECT.B - - 2 1089 (1970) ACTA - 
CRYST. ,SECT.B 

CRYST.,SECT.B 
- 
- - - 

: 
Y.YKING,S.J.LIPPARD 824 (1977) J.CHEM.SOC.,CHEM.COMM. 

(1978) ACTA CRYST.,SECT.B 

J.D.HOOGENDORP,G.C.VER5CHOOR,C.ROHERS 34 3662 (1978) ACTA CRYST.,SECT.B 

ACTA CRYST.,SECT.B 

ACTA CRYST. ,SECT.B 

- 
- 

- 
28133 ARFUAE 9ALPHR-D-AflABIWFVSYLrADENINE : S.J.CLINE,D.J.HOESON 56, 540 (1979) 
B1OCH.BIOPH.ACTA 

29458 AHOADB 3'-CYCLOBUTYLAMINC+3'-DEOXYADENOSINE METHANOL SOLVATE : W.S.SHELDRICK,M.MOFR 
36 2328 (1980) ACTA CRYST.,SECT.B 

29z9 AHOAIX 
(1980) ACTA CRYST.,SECT.B 

29794 CORDCP 3'-DEOXY-ADENOSINE (CORDYCEPIN) : M.M.-,H.R.WILSON 2 2185 (1980) ACTA 
CRYST.,SECT.B - 31814 THPSUR 4-THIC-PSEUWURIDINE: C.L.BARNES,S.W.HAWKINSON,P.W.WIG~R 36 2299 (1980) ACTA 
CRYST.,SECT.B 

33789 BADPEB (S)-ADENOSYL-(L)-HOMX!YSTEINE HYDRATE (FORM 11) : 
T . I S H I M , H . M O R I ~ , M . I N O O E , T . ~ J ~ ,  K.-1.TOMITA 671 (1981) J.CHEM.SOC.,CHEM.COMM. 

35768 BAYKER 2',3'4ISOPROPYLIDENE-5'-DEOXY-6(R),5'-CYC~5,6-DIHYDROURIDINE : 
Y.YAMAGATA,S.FUJII, T.PUJIWARA,K.-I.TOMITA,T.UEDA 654 242 (1981) BIOCHIM.BI0PHYS.ACTA 

39181 NAAMPHlO SODIUM ADENOSINE-(3'-5')-CYCLIC-MONOPHOSPHATE TETRAHYDRATE (MONOCLINIC FORM) : 
K.I.VARUGHESE,C.T.LIJ,G.KARTHA 104 3398 (1982) J.AN.CHEM.SOC. 

39226 SAHCYAlO S-ADENOSYGLHOMOCYSTEINE HYDRATE : H.-S.SHIEH,H.M.BER" 2 1513 (1982) ACTA 
CRYST.,SECT.B 

39293 BADPEBlO S-ADENOSYGLHOMOCYSTEINE HYDRATE (FORM 11) : T.ISHIDA,A.TANAKA,M.INOUE,T.FUJIWARA, 
K.-1.MMITA 104 7239 (1982) J.AM.CHEM.SOC. - 39594 BIWIL 2',3'4(TETRAISOPROPYLl,3-DISILOXANEDIYL)-CIDINE (AT 97 DEG.K) : 
J.D.HOO3ENDORP,C.ROMERS 38 2738 (1982) ACTA CRYSTAWGR.,SECT.B - 40769 BOPiTAZ PEXTA-AQUA-PENT~IS (MU-2-GwwOSINE-3 '-M!XJOPHOSPHATE )-TRI-COPPER( I1 HEPTAHYDRATE : 
W.S.SHELDRICK 38 16 (1983) Z.NATURFORSCH.,TEIL B 

2611 (1982) ACPA CRYST. ,SECT.B 

K.KITAMVRA,K.HAMADA,M.IKEHARA,K.-I.MMITA 39 745 (1983) ACTA CRYST.,C (CR.STR.COMM.) 

- 
3 '- (E-BENZYLN-METHYJAMINO)-3 '-DEOXYADENOSINE : W. S . SHELDRICK ,M.MORR z 2328 

- 

- 
- 
- 

41337 SAHCYB~O S-EI-~A-ADENOSYGGHOMXYSTEINE MONOHYDRATE : V.B.PE~,H.-S.SHIEH,H.M.BER" 2 
- 42685 BUKYAH 8,5'-ANHYDAO-B-HYDRO~-96ETA-~RIBOF~OSYL-ADENINE MONOHYDRATE : S.SUGIO,H.MIZUNO, 

- 42702 BULDER 3',5'-BIS(O-ACETYL)-5-BR~2'-~0XYURIDINE : J.N.IXIW 39 796 (1983) ACTA CRYST. ,C - 43305 BWPOX ( C1' -R, C3 ' -R, C4 '-R)-2 '-DEOXY-3 '4-ETHYL-3 '-THIOADEWSINE~AsSOLlFTE CONFIGURATION) : 
B. DIMKE , E. S C H L I m  ,V. ZABEL, W. SAENGER - 44306 ZZzADVOl 5'-DEOXY-5',6-EPITHI~5,6-DIHYD2',3'4ISOPROPYLIDENE-VRIDINE (TRICLINIC FORM) : 
N.GAUTIWM,T.P.SESHI,M.A.VISWAMITPA,S.A.SALISBURY,D.M.BR~ 39 1389 (1983) ACTA CRYST.,C - 44534 CALDEY 5-BROMO-2'-DEOX!K!fl'TDINE : J.N.roW,P.ToLLIN,D.W.YO= 0 1369 (1981) 
CRYST.STRUCT.COMMUN. 

45640 PSxRpAlO S'-DEOXY-5'-PHENYLSELENOXIDE-ADENOSINE : 
C.BOULWdS,N.ZYLBER, J. ZYLBER, J.GUILHEM,A.GAUDWR 2 759 (1983 ) TETRAHEDRON 

45745 BUKYAHlO 8,5'-ANWDRD-8-HYDROXY-9-BETA-D-RIBOFUPANOSYLADENINE MONOHYDRATE : S.SUGIO,H.MIZUNO, 
K.KITAMURA,K.HP+lADA,M.IKEHWA,K.-I.TOMITA 2 712 (1984) ACTA CRYST.,C - 49309 CABSLIT01 3',5'-DI4ACETYLTHYMIDINE ( 3',5'-DIACETYG5-METHYG2'-DEOXYURIDINE ) : 
C.C.WILSON,J.N.LOW,P.TOL,LIN,H.R.WIL.SON 40 1712 (1984) ACTA CRYST.,C - 49564 CIYTOT 

ATE) D3TRIACOWAHXDRATE : S.VIJAY-KUMAR,T.D.SAKORE,H.M.SOBELL 12 3649 (1984) NUCLEIC ACIDS RES. 

1409 (1983 ) JIJSTUS LIEBIGS ANN. CHEM. 

- 

ETHYLENEDIAMINE-( 1 ,lO-PH&OLINE)-PLATINUM( IT) TETRAKIS(CYTIDINE-3'-MONOPHOSPH- 
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BASE-PAIR PROPELLER TWIST 485 

TABLE 1 ctd 

53945 DAHMII 2’,3’,5’-TRI4ACETYLOUANOSINE : C.C.WIISON,J.N.LOW,P.TOLLIN 41 1123 (1985) ACTA 
55540 DECDIY HEXA-AQUA-MAGNESIUM BIS((2-PYRIDINIUMYL)-(2-PYRIDYL)-AMINE) 
~(ADENOSINE-5’-TRIPHOSPHORIC ACIW,O’,O”J-MAGNESIUM(I1) WDECAHYDRATE : 

55541 DECWE HEX&-AQUA-CALCIUM BIS((2-PYRIDINIUMYL)-(2-PYRIDYL)-AMINE) 

- 
CRYST. ,C 

R.CINI,M.C.BVRLA,A.NUNZI,G.P.FOLI~RI,P.F.ZANAZZI 2467 (1984) J.CHEM.SOC.,DALTON 
- 

BIS(ADENOSINE-5’-TRIPHOSPHORIC ACIW,O‘,O“)-CALCIUM(I1) N O W D R A T E  : 
R.CINI,M.C.BURLA,A.NUNZI,G.P.POLIWRI,P.F.ZANAZZI 2467 (1984) J.CHEM.SOC.,DALTON 

1486 (1985) ACTA CRYST.,C 
56273 DEMXEY 8-METHYIGUANOSINE TRIHYDRATE : K.HAMADA,I.HONDA,S.FUJII,T.FUJIWAI(A,K.-1.MMITA 41 
57361 CICRAHlO BIS(ADENOS1NE 5’-TRIPHOSPHATO)-MANGANESE HEX&-AQUA-MANGANESE BIS( 2,2’-DIPYRIDYLAMTNE) 
YDECAHYDRATE : M.SABAT,R.CINI,T.HAROm,M.SVNDARALINGAM 24 7827 (1985) BIOCHEMISTRY 
58479 DIVPIH DIPOTASSIUM 2’-METHOXY-GRISEOLIC ACID T R I H Y G E  : 
~ T A K A H A S H I , F . N , K . K h W A Z O E , Y . P U R U K A W A , S . S A ~ , C . T ~ , A . ~ T O  38 830 (1985) J.ANTIBIOT. 
59676 DOGYED 

59740 WHSIC 

- 

CIS-THYMIDINE-( 3 ’-5’ )-CYCLIC-N,N-DIMETHYWHOSPHOFWUDATE ACETONE SOLVATE : 

TETRAKIS(ADENOSIN1UM) DIHYDRC-DECAVANADATE(V) GECAHYDRATE : 

- 
W.G.BENTRUDE,A.E.SOPCHIK,W.N.SETZER,R.B.BATES,R.B.ORTEOA 42 584 (1986) ACTA CRYST.,C 

M.V.CAPPARELLI,D.M.L.GCODGAME,P.B.HAYMAN,A.C.SKAPSKI 776 (1986) J.CHEM.SOC. ,CHEM.cOm. - 
3393 BURBAD l-METHYG5-BROMOVRACIL-9-ETHYL-8-B~PD-ADE~INE COHPLEX : 

3395 BVREAP l-METHYG5-BROMOURACIL-9-ETHYL-2-AMINOPURINE COMPLEX : F.MAZZA,H.M.SOBELL,G.KARTHA 2 
6729 CXTFUR CmY)SINE-5-FLUOROUIL COMPLEX MONOHYDRATE : D.VOET,A.RICH 91 3069 (1969) 

8609 EBAEBH 9-ETHYL-8-BROMOADENINE-9-ETHYG8-BROPD-HY~~INE : T.D.SAKORE,X.M.SOBELL 43 77 

- 8626 EBPETY 

- 8627 EBPMUR 

- 8791 EGMCYT10 9-ETHYLGUANINE-l-METHY*SINE COMPLEX : E.J.O’BRIEN 23 92 (1967) ACTA CRYST. 
8792 EGMFCY10 9-ETHYLGUANINE-l-METHYIr5-PLUORO~SINE COMPLEX : E.J.05RIEN 2 92 (1967) ACTA 
9252 ETABFU 9-ETHYLADENINE-1-METHYWYG5-FLUOROUFACIL : K.TOMITA,L.KATZ,A.RICH 2 545 (1967) 

9264 ETAMBUlO 9-ETHYLADENINE-l-METHYIr5-BROKXQ.ACIL COMPLEX : L.KATZ,K.MMITA,A.RICH 21 754 

9981 PUREAP ~-METHYG~-FLUOROURACIIF~-ETHYL-~-~NOPURINE COMPLEX : F.MAZZA,H.M.SOBELL,G.XARTHA 

9 9 G  FVRMCY 5-PLUOROURACIL-1-METLCXTOSINE COMPLEX : S.-H.KIM,A.RICH 42 87 (1969) J.MOL.BIOL. 
11629 IMUEAD BIS(l-METHY~5-1OWIJRACIL)-9-ETHYLADENI~ COMPLEX : T.D.SAXORE,S.S.TAVAtE,H.M.SOBELL 

13z3 M B W l O  l-METHYL-5-BROMOURACIL-9-METHYLADENINE : YU.D.KONDRASHW 

13949 M I U W 1 0  BIS(1-METHYL-5-IODOURACIL)-9-ETHYL-2,6-DIAMINOPURINE COMPLEX : 

- 
S.S.TAVRLE,T.D.SAKORE,H.M.SOBELL 43 375 (1969) J.MOL.BIOL. 

407 (1969) J.MOL.BI0L. 

J.AM.CHEM.SOC. 

(1969 ) J.MOL.BIOL. 

G.SIMUNDZA,T.D.SAKORE,H.M.SOBELL 48 263 (1970) J.MOL.BIOL. 

G.SIMUNDZA,T.D.SAKORE,H.M.SOBELL 48 263 (1970) J.MOL.BI0L. 

- 
- 
- 

9-ETHYG8-BROMO-2,6-DIAMINOPURINE-l-ETHYLTHYMINE COMPLEX : 

9-ETHYL-8-BROm)-2,6-DI~NOPURINE-l-METHYLURACIL COMPLEX : 

- 
CRYST. 

J .MOL. BIOL. 

(1966) ACTA CRYST. 

43 407 (1969) J.MOL.BI0L. 

- 
- 
- 
- - 

43 361 (1969) J.MOL.BIOL. 

2H.STRUKT.KHIM. 

T.D.SAKORE,H.M.SOBELL,F.MA7ZA, G.KARTHA 43 385 (1969) J.MOL.BIOL. 

2 399 (1966) - 

- 
14847 FrniMAD 9-METHYLADENINE-1-METHYLTHYMI5 COMPLEX : K.HOOOSTEEN 16 907 (1963) ACTA CRYST. 
14937 MEDAP BIS( l-METHYLTHYMINE)-9-ETHYL-2,6-DIAMINOPURINE COMPLEX MOOHYDRATE : 

19572 SVRFw)lO 1-METHYL-4-THIOURACIL 9-METHYGENINE : W.SAENGER,D.SUCK 60 87 (1971) J.MOL.BI0L. 
40182 BODZUP 3-(ADENIN-9-YL)-PROPIONAMIDE 1-METHYLTHYMINE DIHYDRATE : 

M.TAKIMOTO,A.TAKEN,Y.SASADA 55 2738 (1982) BULL. CHEM.SOC.JPN. 
44388 BuDvuRlO ADENINE 1-( 2-CARBOXYk%XL)-URACIL : S.FUJITA,A.TAKENAKA,Y.SASADA 56 2234 (1983) 
BULL.CHEM. S0C.JPN. 

49281 BULWAY10 9-(2--CARBOXYETHYL)-GUANINE l-METHYLcyMSINE : S.FUJITA,A.TAKENAKA,Y.SASADA 
(1984) BULL.CHEM.SOC.JPN. 

57027 DIBMEG 9-(2-CARaAMoYLETHYL)-GUANINE 1-METHYLCYKISINE : S.FUJITA,A.TAKENAKA,Y.SASADA 2 
508 (1985) BIOCHEMISTRY 

59459 W D W  CIS-(9-METHYLADENINE-N-7-)-(l-METHY~OSINE-N-3-)-DI~NE-P~TI~~II~ 
YPERCHLORATE mNOHYDRATE : R.BEYERLE-PPNUR,B.BROWN,R.PA~I~I,B.LIPPERT,C.J.L.LOCK 

T.D.SAKORE,H.M.SOBELL, F.WZA,G.KARTHA 43 385 (1969) J.MOL.BIOL. 
- 
- 
- 

27 1707 - 
- 

2 4001 
(1985) 1NORG.CHEM. 
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TABLE 2 - Comparison of average propeller twist values for systems including 
and excluding exocyclic atoms. 

Nucleosides and Nucleotides Nucleic Acid Bases 
Number Prooeller twist ( O )  Number Prooeller twist ( O )  

of base- With' exo Without 'exo of base- With'exo Without'exo 
Class pairs atoms atoms Class pairs atoms atoms 

All 

R- R 
Y-Y 

A 
G 
I 
C 
U 
T 

WT 
I 
I11 
V 
VI 

HS 
M I  
AAI I 
AAIII 
GGI 
GGIII 
cc 
TTII 
TTI I I 

- 

- 

54 

38 
16 

31 
6 
1 
6 
8 
2 

16 
4 
26 
8 

2 
21 
8 
2 
5 
4 
3 
4 

14.7 

15.7 
12.1 

16.8 
11.6 
8.2 
7.1 
14.9 
16.0 

12.1 
22.9 
14.7 
15.5 

23.3 
16.6 
15.5 
22.4 
6.6 
8.7 
22.8 
16.9 

14.0 

15.4 
10.5 

16.4 
11.5 
9.3 
6.9 
11.9 
15.9 

10.5 
23.5 
14.6 
14.0 

23.5 
16.6 
14.0 
23.5 
6.3 
9.2 
18.0 

A1 1 37 

Homo 12 
Hetero 25 

AU 8 
PU 5 
PT 3 
GC 4 
AT 2 
AH 1 
cu 2 

R-R Het 1 
Y-Y Het 2 
R-Y Het 22 

AA 5 
GG 3 
PP 1 
uu 2 
cc 1 

R-R Homo 9 
Y-Y Homo 3 

VT 
I 
- 15.0 

I1 
I11 
IV 
V 
VI 

AS 

TARWC 
TAB 
TARH 
TAWC 
GAIII 
M I  
M I  I 
AAIII 
GGIV 
TTII 

awc 

5 
12 
7 

11 
1 
1 

4 
2 
6 
4 
1 
1 
3 
1 
1 
4 
2 

4.4 

1.6 
5.8 

7.1 
6.0 
4.7 
4.4 
5.5 
5.1 
5.0 

5.1 
5.0 
5.9 

1.3 
1.6 
3.7 
0.7 
2.9 

1.6 
1.4 

2.9 
5.3 
1.7 
6.4 
1.7 
1.0 

4.4 
10.8 
9.9 
4.1 
4.6 
5.1 
1.2 
1.7 
1.0 
2.1 
0.7 

4.3 

1.3 
5.7 

7.2 
5.6 
4.9 
4.4 
5.4 
4.6 
5.0 

4.6 
5.0 
5.8 

0.9 
1.5 
3.2 
0.5 
2.3 

1.4 
1.1 

2.7 
5.3 
1.5 
6.4 
1.6 
0.0 

4.4 
11.2 
8.0 
4.4 
5.2 
4.6 
1.0 
1.6 
0.0 
1.9 
0.5 
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intrinsic problems of this viewpoint mentioned above - the cross-chain clash introduced by the twist 
and the poor agreement of propeller twist variation along an oligonucleotide chain with the 
predictions of Calladine’s mechanical analysis - are thus partly mitigated by postulating the natural 
adoption of propeller twist by base-pairs. The double helical framework is thus seen to modulate 
rather than create this twist. 

For theoretical work on isolated DNA fragments this lack of coplanarity of bases within a 
base-pair has serious implications. Calculations of base-pair geometry have normally been made 
on the assumption that a base-pair is a planar entity8 and it seems that in many cases this 
assumption is invalid. Most theoretical calculations concentrate on the optimisation of the 
electronic structure of the planar base-pair, and the models tend not to allow for a three-dimensional 
character of the pair. It is important that calculations, whether non-empirical or semi-empirical, take 
this into account in order to give results which are valid for the discussion of base-pair geometry in 
real systems. 

On a similar note, it is found that the propeller twists exhibited by nucleic acid bases tend to 
be considerably smaller than those in nucleosides. While in earlier work there was found to be no 
correlation between propeller twist in oligonucleotides and the degree of base-base stacking 
present’3, there is the possibility that the smallertwist found in nucleic acid bases is related to planar 
group stacking. This possibility is under investigationt4. The alternative to stacking effects is that the 
electronic properties of the bases in a nucleoside structure are significantly affected by the presence 
of the Nl/N9 sugar group. It is conceivable that thls change in electronic properties could affect the 
coplanarity or otherwise of the base-pair. Such considerations are, however, beyond the scope of 
the present work on structural geometry. 
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