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CONFORMATIONS OF ACYCLONUCLEOSIDES: CRYSTAL STRUCTURE 
OF 9-(4-HYDROXYBUTYL)GUANINE, A N  ANALOGUE OF A C Y C L O V I R '  

I! George I. Birnbaum,* N i l s  Gunnar J o h a n s s o n , '  a n d  David  Shugar  

* D i v i s i o n  of B i o l o g i c a l  S c i e n c e s ,  N a t i o n a l  Research C o u n c i l  o f  Canada ,  
Ottawa, O n t a r i o ,  Canada K 1 A  OR6; 'Department of A n t i v i r a l  Chemotherapy,  

R e s e a r c h  & Develo  ment  L a b o r a t o r i e s ,  Astra Ltikernedel AB, 5-151 85 
S U d e r t g l j e ,  Sweden; 'Institute of B i o c h e m i s t r y  a n d  B i o p h y s i c s ,  Academy 

of S c i e n c e s ,  02-532 Warsaw, Poland  

ABSTRACT. 9-(4-Hydroxybutyl  ) g u a n i n e  is a n  a n a l o g u e  of  a c y c l o v i r  i n  
which t h e  e t h e r  oxygen is r e p l a c e d  by a m e t h y l e n e  group.  C r y s t a l s  of 
t h e  monohydrate  b e l o n g  t o  t h e  m o n o c l i n i c  s p a c e  group P21/2 w i t h  2 = 
4 . 3 5 0 ( 1 ) ,  b = 1 0 . 8 5 9 ( 1 ) ,  = 23.684(4)  A ,  B = 90.65(1)O.  X-ray i n t e n -  
s i t y  da ta  were measured  w i t h  a d i f f r a c t o m e t e r  and  t h e  s t r u c t u r e  was 
d e t e r m i n e d  by d i r e c t  methods.  L e a s t - s q u a r e s  r e f i n e m e n t  converged  a t  
R = 0.055 f o r  1982 r e f l e c t i o n s .  The s i d e  c h a i n  is f u l l y  e x t e n d e d  and 
almost p e r p e n d i c u l a r  t o  t h e  g u a n i n e  base. 
- 

I n  c o n t i n u i n g  i n v e s t i g a t i o n s  on t h e  s o l i d  s t a t e  a n d ,  i n  some in -  
s t a n c e s ,  s o l u t i o n  s t r u c t u r e s  a n d  c o n f o r m a t i o n s  of  a c y c l o n u c l e o s i d e s  

w i t h  s i g n i f i c a n t  b i o l o g i c a l  a c t i v i t i e s , 2 - 6  we r e p o r t  in t h i s  communica- 

t i o n  o n  the  c r y s t a l  s t r u c t u r e  of 9- (4-hydroxybuty l  ) g u a n i n e  ( H B G ) .  A s  

shown below, HBG is a s t r u c t u r a l  a n a l o g u e  of t he  p o t e n t ,  and c l i n i c a l l y  

l i c e n s e d ,  a n t i h e r p e s  a g e n t  a c y c l o v i r  ( A C V ,  a c y c l o g u a n o s i n e ) ,  i n  which 

t h e  e t h e r  oxygen of  t h e  a c y c l i c  c h a i n  of t h e  l a t t e r  h a s  been  r e p l a c e d  

by a m e t h y l e n e  group.  
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776 B I R N B A U M ,  J O H A N S S O N ,  AND SHUGAR 

A s  i s  thr :  case fo r  a c y ~ l o v i r , ~  HBG is a subs t r a t e  fo r  HSV-1 and 

HSV-2 thymidine k i n a ~ e s , ~ - ~  b u t ,  l i k e  other  analogues of acyclovir ,  i t  
is not a subs t r a t e  f o r  the  corresponding c e l l u l a r  kinase. ‘99 

v i t r o  systems (plaque reduction assays)  i t  i s  known t o  i n h i b i t  

r ep l i ca t ion  of HSV-1 and HSV-2 w i t h  I D , ,  concentrat ions i n  t h e  ranges 

0.1-16 pM and 1.5-13 pM, respec t ive ly ,  depending on the  v i r u s  s t r a i n  

and c e l l  l i n e  employed.9a I n  analogy t o  a c y ~ l o v i r , ~  t h i s  a c t i v i t y  i s  

due t o  i n t r a c e l l u l a r  phosphorylation of HBG-phosphate by c e l l u l a r  

kinases t o  the t r i p h ~ s p h a t e , ~ ”  which p re fe ren t i a l ly  i n h i b i t s  v i r a l  DNA 

polymerase as  compared t o  c e l l u l a r  p o l y m e r a ~ e s . ~ ~  

in-v i t ro  a n t l v i r a l  a c t i v i t y ,  we considered i t  worthwhile t o  determine 

the conformation of HBG by an X-ray ana lys i s  and  t o  compare i t  t o  t ha t  

of acyclovir.  

I n  

I n  view of i ts  

-- 

E XP E RIME NTA L 

H B G ,  o r ig ina l ly  synthesized by Yamazaki,l0 was prepared by a 

condensation of 4-bromobut yl ace ta t e  w i t h  2-ami no-6 -chloropur i n e  , 
followed by acid hydrolysis.  A more r eg iose l ec t ive  synthes is  of HBG 

has recent ly  been described. 1 1  

Crys ta l s  of HBG monohydrate, C,H, ,N,O, .H,O ( f  .w. = 241.251, 

obtained from aqueous ethanol ,  a r e  th in  plates .  One of them, measuring 

0.55 x 0.40 x 0.05 m m ,  was used f o r  photography and data  co l lec t ion .  

Precession photographs showed systematic absences corresponding t o  the 

space group E2,/4. 

diffractorneter,  and the  following data were obtained: 

Monoclinic, - a = 4.350(1),  

90.65(1)O, 
1.54056 A ) ;  F(000) = 512, p(CuKa1 = 8.8 cm-’. 

The c rys t a l  was then mounted on a CAD-4 

= 10.859(1),  2 = 23.684(4) A ,  B = 

= 1118.5 A’ ,  p, = 1.43 g cm”, 2 = 4 ( 2 O o C ;  C U K C L ~ ,  h = 

In t ens i t i e s  were measured w i t h  Ni - f i l t e red  CuKa r ad ia t ion ,  using 

w / 2 8  scans with var iab le  scan ranges and speeds. There were 2352 Unique 

r e f l ec t ions  with 28 6 152O; of those,  1989 had t 3o( I )  and were con- 

sidered observed. The i n t e n s i t i e s  were corrected f o r  Lorentz and polar- 

iza t ion  f ac to r s ;  absorption cor rec t ions  were considered unnecessary. 

computer program MULTAN78.12 

tangent refinement,  t he  so lu t ion  w i t h  the highest  combined f igu re  of 
merit  yielded an E map on which a l l  atoms of the HBG molecule could be 

The s t ruc tu re  was determined by d i r e c t  methods with the a id  of the 

O f  the 8 s t a r t i n g  sets subjected t o  
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9-(4-HYDROXYBUTYL)GUANINE 7 7 7  

located.  The water oxygen atom was f o u n d  o n  a d i f f e r e n c e  F o u r i e r  map. 
The atomic p a r a m e t e r s  were r e f i n e d  by b l o c k - d i a g o n a l  least  s q u a r e s  w i t h  

a n i s o t r o p i c  t e m p e r a t u r e  p a r a m e t e r s .  All hydrogen  atoms, e x c e p t  one  
b e l o n g i n g  t o  t h e  water m o l e c u l e ,  were f o u n d  o n  d i f f e r e n c e  F o u r i e r  maps 
and t h e i r  c o o r d i n a t e s  and  i s o t r o p i c  t e m p e r a t u r e  p a r a m e t e r s  were re- 
f i n e d .  The s c a t t e r i n g  fac tors  were t a k e n  from t h e  I n t e r n a t i o n a l  Tables 

f o r  X-Ray C r y s t a l 1 0 g r a p h y . l ~  

z l ( l ~ o / - [ ~ c l ) 2  was minimized and  a fac tor  of 0.8 was a p p l i e d  t o  a l l  

Throughout  t h e  r e f i n e m e n t  the f u n c t i o n  

s h i f t s .  The f o l l o w i n g  w e i g h t i n g  scheme was used  d u r i n g  t h e  f i n a l  

s t a g e s :  _w = W ~ . _ W ~ ,  where 

and  w2 = s i n 2 e / 0 . 3  f o r  s i n 2 6 < 0 . 3 ,  _w2 = 1 f o r  ~ i n ~ B L 0 . 3 .  

made t h e  a v e r a g e  v a l u e s  of _ w ( A E z )  i n d e p e n d e n t  of lIol a n d  s i n 2 € ) .  After 

t h e  f i n a l  c y c l e  t h e  a v e r a g e  p a r a m e t e r  s h i f t  e q u a l l e d  0.050 a n d  t h e  

l a rges t  o n e ,  f o r  t h e  water hydrogen atom, 0.70. The c o n v e n t i o n a l  

r e s i d u a l  i n d e x  
o b s e r v e d  r e f l e c t i o n s  ( s e v e n  low- a n g l e  r e f l e c t i o n s  s u f f e r e d  from 

s e c o n d a r y  e x t i n c t i o n  and were g i v e n  z e r o  w e i g h t s ) .  A f i n a l  d i f f e r e n c e  

F o u r i e r  map showed no s i g n i f i c a n t  f e a t u r e s .  The atomic c o o r d i n a t e s  are 
l i s ted  i n  TABLE 1 .  

T h i s  scheme 

is 0.055 and  t h e  w e i g h t e d  i n d e x  2'  is 0.071 f o r  1982 

RESULTS A N D  DISCUSSION 

The  g e o m e t r i c a l  d e t a i l s  of the HBG m o l e c u l e  are shown i n  FIG. 1 .  

The s ide  c h a i n  is almost p e r p e n d i c u l a r  t o  t h e  mean p l a n e  of  t h e  p u r i n e  
m o i e t y ,  t h e  C8-N9-ClO-C11 t o r s i o n  a n g l e  b e i n g  86.8O. T h i s  c o n f o r m a t i o n  

is i n  accord with our p r e v i o u s  o b s e r v a t i o n s  and p r e d i c t i o n s .  2 '3 

s i d e  c h a i n  is f u l l y  e x t e n d e d  ( a l l - t r ans ) ,  a c o n f o r m a t i o n  which is  

s t e r i c a l l y  t h e  most s tab le  one.  A compar ison  of t h e  s i d e  c h a i n  
c o n f o r m a t i o n s  i n  HBG and i n  a c y c l o v i r  is p r e s e n t e d  i n  TABLE 2. O f  the 

three m o l e c u l e s  we f o u n d  i n  t h e  c r y s t a l  s t r u c t u r e  of a c y c l o v i r , *  o n l y  
m o l e c u l e  C had a f u l l y  e x t e n d e d  s ide  c h a i n .  I n  t h e  other  two 
m o l e c u l e s ,  t h e  two C-0 bonds were f o u n d  i n  t h e  g a u c h e  c o n f o r m a t i o n  
f a v o r e d  by the g a u c h e  e f fec t .  However, the  g a u c h e  effect  is n o t  s t r o n g  
enough t o  p r e c l u d e  a g a u c h e  r o t a m e r  i n  HBG i f  i t  was r e q u i r e d  f o r  

b i n d i n g  t o  a r e c e p t o r .  

The 

The bond l e n g t h s  and bond a n g l e s  i n  t h e  g u a n i n e  r e s i d u e  are i n  

e x c e l l e n t  agreement  w i t h  those found i n  a c y c l o v i r  a n d  w i t h  p r e v i o u s l y  
p u b l i s h e d  v l s t a n d a r d l v  ~ a 1 u e s . l ~  The e x o c y c l i c  bond a n g l e s  a t  N9 are 
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778 BIRNBAUM, JOHANSSON, AND SHUGAR 

a TABLE 1 .  F i n a l  atomic parameters -  

N1 
c2 
N2 
N3 
c4 
c5 
C6 
06 
N7 
C8 
N9 
c10 
c11 
c12 
C13 
01 3 
ow 
H1 
H721 
H722 
H8 
H101 
H102 
H1 1 1  
H112 
H121 
H122 
H131 
H1 32 
H013 
HW1 

951 6 
7672 
9705 
7846 
9870 
2471 

295 
744 
51 a 

97668( 1 4 )  
100605(17) 

92241 ( 1 4 )  
80600( 16 )  
76804 ( 1 6 
8581 O( 16)  
84153(13) 
64072( 1 4 )  
60395 ( 17) 
70007(14) 
691 07( 19) 
68473(18) 
67637 ( 19 1 
67067 (25 ) 
65946 ( 23 1 
981 22(38)  

1037(3) 
1 1  42(3)  
1 1  84 ( 3 )  
521 ( 2 )  
61 8 ( 3 )  
759(3)  
755(3)  
615(3)  
602(3 )  
745(3) 
601 ( 3 )  
745(3)  
658(4)  

1022( 9 )  

112593(16) 

--------I ------ 
72276 ( 6 1 350 
67888(7) 354 
66 903 ( 8 1 474 
64650( 6 )  358 
6621 2( 7)  324 
70518(7) 337 
73938(7) 333 
78048( 5 )  41 5 
70804( 6 1 366 
66779( 7)  378 
63842(6) 338 

-I ----- ----I-- - - - - - - ~  -.--- ----------_------------ 
a -The 5 c o o r d i n a t e s  and  U 
m u l t i p l i e d  by l o 4 ,  t h e  

atom p a r a m e t e r s  were m u l t i p l i e d  by l o 3 .  

v a l u e s  of t he  non-hydrogen atoms were 

A l l  hydrogen 
-e q 

and  - z c o o r d i n a t e s  by 10'. 

i d e n t i c a l .  T h i s  is also t h e  case i n  m o l e c u l e  C of a c y c l o v i r ,  t h e  o n e  
w i t h  t h e  f u l l y  e x t e n d e d  s i d e  c h a i n .  I n  other  a c y c l o n u c l e o s i d e s  
C8-N9-C1 t e n d s  t o  be s l i g h t l y  larger (0-3") t h a n  C4-Ng-Cl '. The 

geometry of t h e  s ide  c h a i n  is u n e x c e p t i o n a l  and  re f lec ts ,  i n  p a r t ,  
i n c r e a s e d  thermal motion wi th  i n c r e a s i n g  dis tance from t h e  a g l y c o n .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
2
4
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



0 
((1.243 

7 7 9  

FIG. 1 :  Bond l e n g t h s  ( t o p )  a n d  bond a n g l e s  ( b o t t o m )  i n  HBC. T h e i r  
estimated s t a n d a r d  d e v i a t i o n s  are 0.002-0.003 A and 0.15-0.18°, res- 
p e c t i v e l y .  A Newman p r o j e c t i o n  a l o n g  N9-Cl0 is shown i n  t h e  c e n t e r .  

TABLE 2. T o r s i o n  a n g l e s  ( d e g )  i n  HBC ( l e f t )  and  i n  a c y c l o v i r  ( r i g h t )  

________________^_____I_- -_  _L -_----- -----------------I - 
I---- -____-- ---_-- I ---- - ----- 

HBG A B C A c y c l o v i r  
I _-_____-- ~ --____--_---- -I-- -_---------------- 

C8 -N9-C 1 0-C 1 1 86.8 97.3 104.3 91.4 C8-N9-C1 '-01 ' 

N9-ClO-Cll-Cl2 179.5 -76.9 -66.3 -173.3 Ng-Cl '-01 '-C4' 

C1 0-C1 l-Cl2-Cl3 -1 79.8 173.2 -176.2 -171.9 Cl'-OI'-C4'-C5' 

C11 -C12-C13-013 -1 78.3 60.6 73.5 -174.4 01 '-C4'-C5'-05' 
___l_l__I-_____-- 
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780 BIRNBAUM, JOHANSSON, AND SHUGAR 

There a re  four protons i n  the  HBG molecule which can p a r t i c i p a t e  

i n  hydrogen bonds and t h e  water molecule i n  the  c rys t a l  l a t t i c e  has two 

more. A l l  of them do, i n  f a c t ,  take par t  i n  intermolecular hydrogen 

bonds; the  in te rac t ions  can be represented schematically a s  follows: 

ow.. 
‘H 0 H.. 

.H 0 H’ 
NI-H-**N7 N2-H- *?6 #?OW-H*--N3 

H 01 3 -; OW‘ 

The geometry of the  hydrogen bonds is given i n  TABLE 3.  The covalent 

N-H and 0-H bonds were normalized t o  t h e i r  nominal values of 1.04 and 

0.97 8 ,  respec t ive ly ,  i n  order t o  assess  the  s t rengths  of these  in t e r -  

ac t ions  more accurately.  Each water oxygen atom is i n  sho r t  contact 

w i t h  two others  across  centers  of symmetry.  Thus, the  proton involved 

i n  t h i s  OW-*.OW in te rac t ion  is too c lose  t o  the center of symmetry t o  

allow f u l l  occupancy of a symmetry-related proton. 

I t  appears, therefore ,  t h a t  t h i s  proton is being donated a l t e r n a t e l y  t o  

t h e  two other oxygen atoms which are r e l a t e d  by a t r a n s l a t i o n  along 2. 
We were unable t o  loca te  t h i s  proton on d i f fe rence  Fourier maps. The 

vibrat ion parameters of the other  two atoms of the water molecule a re  

r e l a t ive ly  high, r e f l e c t i n g  the disorder of the  water molecule. The 

in te rac t ion  between N2 and 013 is ra ther  weak but v e r y  l i k e l y  an 

a t t r a c t i v e  one. 

A packing diagram (FIG. 2) shows a l t e rna t ing  regions of bases and 

a l ipha t i c  chains. A s  i n  acyc lovi r ,  t h e  guanine bases a r e  joined by 

N1-H-. .N7 and N2-Ha -06 hydrogen bonds i n t o  i n f i n i t e  shee ts .  

Translat ion of molecules along _a r e s u l t s  i n  base s tacking  and the  

distance between adjacent bases is 3.40(1) A .  

The s imi l a r i t y  i n  conformation of K 3 G  t o  molecule C of acyclovir  

is of obvious i n t e r e s t  i n  r e l a t ion  t o  the a f f i n i t i e s  of these molecules 

f o r  the herpes v i r u s  thymidine kinases. The a f f i n i t y  f o r  HSV-1 
thymidine kinase of HBG ( K i  = 2 pM) is much higher than t h a t  of 

acyclovir  (K = 173 U M ) . ~  i 
former is only l o % ,  a s  compared t o  27% f o r  acyclovir ,  r e l a t i v e  t o  the 
r a t e  of phosphorylation of thymidine i t s e l f .  The high a f f i n i t y  of HBG 

fo r  HSV-1 thymidine kinase is fu r the r  t e s t i f i e d  t o  by i t s  e f f ec t ive  

But the r a t e  of phosphorylation of the 

I i nh ib i t i on  of phosphorylation of acyclovir  by t h i s  enzyme. 
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9-(4-HYDROXYBUTYL)GUANINE 781  

TABLE 3. D i s t a n c e s  and a n g l e s  f o r  hydrogen  bonds 

OW-H2W' *OW 1-2,2-y,  1-2 2.682 

In t h e  case o f  HSV-2 t h y m i d i n e  k i n a s e ,  t h e  K i  v a l u e s  f o r  HBG and  

a c y c l o v i r ,  30 pM and 140 pM, r e s p e c t i v e l y ,  o n c e  a g a i n  p o i n t  t o  t h e  

h i g h e r  a f f i n i t y  of t h e  former f o r  t h i s  enzyme. F u r t h e r m o r e ,  i n  t h i s  

i n s t a n c e  t h e  ra te  of  p h o s p h o r y l a t i o n  o f  HBG is 6 5 % ,  a n d  of a c y c l o v i r  

o n l y  58, r e l a t i v e  t o  t h a t  f o r  thymidine. '  

ACV a l so  d i f f e r  i n  t h e i r  i n h i b i t i o n  o f  HSV DNA polymerase .  The 

i n h i b i t i o n  v a l u e s  (Ki)  a g a i n s t  DNA p o l y m e r a s e s  for  b o t h  HSV-1 a n d  HSV-2 

are a b o u t  0.12 pM f o r  HBGTP and 0.0015 pM f o r  ACVTP. 

The t r i p h o s p h a t e s  o f  HBG and  

9b 

B e a r i n g  i n  mind t h e  f l e x i b i l i t i e s  of t h e  a c y c l i c  c h a i n s  i n  b o t h  

HBG a n d  a c y c l o v i r ,  t h e  d i f f e r e n c e s  i n  a f f i n i t i e s  f o r  t h e  v i r a l  thymi-  - 
d i n e  k i n a s e s  a p p e a r  u n l i k e l y  t o  be due t o  c o n f o r m a t i o n a l  factors .  I t  

a p p e a r s  more p l a u s i b l e  t h a t  t h i s  is d u e  t o  e l e c t r o n i c  e f f e c t s  r e s u l t i n g  

from r e p l a c e m e n t  o f  t h e  e t h e r  oxygen i n  a c y l c o v i r  by a m e t h y l e n e  g r o u p .  

D u r i n g  t h e  course of a s t u d y ,  s t i l l  i n  p r o g r e s s ,  on  t h e  i n h i b i t o r y  

p r o p e r t i e s  of v a r i o u s  HBG and  a c y c l o v i r  a n a l o g u e s  ~9 p u r i n e  n u c l e o s i d e  

p h o s p h o r y l a s e  from calf s p l e e n ,  we have  f o u n d  t h a t  HBG is a m a r k e d l y  

s u p e r i o r  i n h i b i t o r  (K. -40 WM) t h a n  a c y c l o v i r  (Ki -90 pM). 
1 
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FIG 2: Stereoscopic view of molecular packing i n  t he  c rys t a l .  The 
d i rec t ions  of the axes a re  5 o ,  1 +, 2 *. 
( top  l e f t )  shows base stacking. 

A molecule t r ans l a t ed  by 2 
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