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S u m m a r y .  H u m a n  i m m u n o d e f i c i e n c y  v i ru ses  
(HIVs)  show extensive genetic var ia t ion.  This  fea- 
ture is the fundamen ta l  cause o f  pathogenic i ty  o f  
H I V s  and  thwarts  efforts to deve lop  effective vac-  
cines. T o  unders tand  the m u t a t i on  m e c h a n i s m  o f  
these viruses,  we analyzed nucleot ide sequences o f  
e n v  and  g a g  genes o f  the viruses  by  use o f  molecu la r  
evo lu t ionary  m e t h o d s  and  es t imated  the direct ion 
and  f requency o f  nucleot ide substi tut ions.  Results  
ob ta ined  showed tha t  the f requency o f  changes be- 
tween A and  G was ex t remely  high and  the m u t a t i on  
pa t te rn  o f  H I V s  was dist inct  f rom those o f  nuclear  
genes o f  their  host  cells. This  dist inct ion m a y  be 
caused by  the characteris t ics  o f  the reverse t ran-  
scr ipt ion o f  HIVs .  The  m u t a t i on  pa t te rn  ob ta ined  
would be helpful to construct  effective ant ivira l  
drugs. 
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Fo r  HIVs ,  c o m p a r a t i v e  studies o f  nucleotide se- 
quences o f  their  genomes  showed tha t  the rate o f  
nucleot ide subst i tut ions o f  these viral  genes are also 
app rox ima te ly  10-Vsi te /year  (Hahn  et al. 1986; Yo-  
k o y a m a  and  Go jobor i  1987; Sharp and  Li 1988). 
Exper imenta l  data  suggest that  the hypermutab i l i ty  
o f  H I V s  p robab ly  originates in the e r ror -prone  fea- 
ture o f  the vi ra l  reverse t ranscr iptase (Preston et al. 
1988; Rober t s  et al. 1988; Ricchet t i  and  Buc 1990). 

The  high rate o f  nucleot ide subst i tut ions o f  H I V  
genomes  causes immunolog ica l  hypervar iabi l i ty .  
This  is an obstacle  for  mak ing  effective vaccines  for 
the p reven t ion  o f  AIDS.  We  recently p roposed  an 
idea for the sys temat ic  d e v e l o p m e n t  o f  an  H I V  vac-  
cine by  use o f  the pa t te rn  o f  a m i n o  acid subst i tut ions 
in the enve lope  prote in  (Gojobor i  and  M o r i y a m a  
1990). Here  we describe detai led analyses for  a pat-  
tern o fnuc leo t ide  subst i tut ions o f  H I V  genes. These  
da ta  p rove  helpful in unders tanding  the mu ta t i on  
m e c h a n i s m  o f  H I V s  and  p rov ide  a basis for  the 
sys temat ic  cons t ruc t ion  o f  ant ivira l  drugs. 

Introduction 

H u m a n  immunodef i c i ency  viruses  (HlVs)  are the 
etiological agents o f  A I D S  (acquired i m m u n e  deft- 
ciency syndrome)  in humans .  H I V s  as well as o ther  
re t roviruses  have  R N A  genomes  and  are t ranscr ibed 
by  their  own reverse transcriptase.  I t  has been known 
tha t  the R N A  genomes  o f  re t roviruses  evo lve  at  a 
rate  app rox ima te ly  a mil l ion t imes  as great as that  
o f e u k a r y o t i e  nuclear  genomes  (Hol land et al. 1982; 
Go jobo r i  and  Y o k o y a m a  1985, 1987; T e m i n  1989). 
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Methods 

HIVs are classified into two major groups, HIV-1 and -2 (Go- 
jobori et al. 1990). At present, nucleotide sequences of 15 isolates 
(including 6 from New York) of HIV-ls are comparable to each 
other for env and gag genes. Comparing the nucleotide sequences 
of these viral genes, we can calculate the frequencies ofnueleotide 
substitutions for given nucleotide pairs. To estimate the direction 
of substitution, we used the phylogenetie trees for env and gag 
genes that were previously eonstrueted (Gojobori et al. 1990). 
The directions were inferred from the tree topology and the align- 
ment of nucleotide sequences (Fig. 1). First, we examined the 
nucleotide differences site by site in the aligned nucleotide se- 
quences of these isolates. At sites where differences existed, the 
direction of the change was inferred from the tree topology and 
majority rule. If two different directions were equally likely, a 
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Fig. 1. Estimation of the direction of nucleotide substitution 
from a phylogenetic tree. To evaluate the pattern of mutation for 
the e n v  gene of HIVs, we used the nucleotide sequences of six 
isolates of HIV-Is: BRU (Wain-Hobson et al. 1985; Alizon et 
al. 1986), BH8, BHI0 (Ratner et al. 1985a), HXB3 (Crowl et al. 
1985; Rather et al. 1985b), HXB2 (Rattler et al. 1985a,b), and 
pv.22 (Muesing et al. 1985). These isolates were chosen because 
they were all derived from patients in New York and seemed to 
be evolutionarily related. In fact, the phylogenetic tree of HIVs 
suggests that they have diverged from a common ancestor within 
only the past decade. For this reason, almost all nueleotide changes 
between two isolates could be attributed to single substitutions 
of nucleotides. Other isolates used and their geographical loca- 
tions: MAL, ELI (Alizon et al. 1986), Z6 (Srinivasan et al. 1987) 
(Zaire), CDC451 (Desai et al. 1986) (unknown), HAT3 (Ratner 
et al. 1985b; Starcich et al. 1986), WMJI, WMJ2, WMJ3 (Hahn 
et al. 1986; Stareich et al. 1986) (Haiti), and ARV2 (Sanchez- 
Pescador el al. 1985) (San Francisco). 

half-point (0.5) of a single substitution was given for each direc- 
tion. When three or more directions can be inferred, the site was 
excluded from the analysis. For example, as shown in Fig. 1, if 
HXB3 has nucleotide A and all the others have G at a particular 
site, we assumed that a single nucleotide substitution occurred 
from G to A. We could identify directions for a total of 80 
nucleotide changes in the 2,568 nucleotide sites compared. 

Next, we computed the relative substitution frequency for 
each direction of nucleotide substitution by Gojobori et al.'s 
(1982) method. It is the frequency of changes from a particular 
nucleotide to another in a hypothetical sequence of 100 nude- 
otides with equal amounts of each nucleotide base (25A, 25T, 
25C, and 25G). This value is more useful than the row frequency 
of nucleotide changes because it is unaffected by bias in the base 
composition in actual sequences. 

R e s u l t s  a n d  D i s c u s s i o n  

T a b l e  1 shows the  re la t ive  s u b s t i t u t i o n  f requenc ies  
for the  en t i r e  reg ion  o f  the  e n v  gene o f  H I V - l s .  T h e  
f r equency  o f  t r a n s i t i o n a l  changes  was  ve ry  high. I n  
par t icu la r ,  changes  b e t w e e n  A a n d  G were m u c h  

m o r e  f r equen t  t h a n  a n y  o the r  change.  W e  also 
c o u n t e d  the  n u m b e r  o f  n u c l e o t i d e  changes  at  the  
first, second,  a n d  th i rd  c o d o n  pos i t i ons  separa te ly  
t h r o u g h o u t  the  e n v  region.  F o r  all  th ree  c o d o n  po-  
s i t ions  in  the  e n v  region,  the  ra te  o f n u c l e o t i d e  sub-  
s t i t u t ion  b e t w e e n  A a n d  G was a lways  highest ,  fol- 

lowed  by  tha t  o f  s u b s t i t u t i o n  be tween  C a n d  T a n d  
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Table 1. Relative substitution frequencies of the e n v  a n d  g a g  

genes of HIV- I s 

A" T C G 

e n v  (all positions) 

A ~ -- 5.6 7.5 19.6 
T 2.7 -- 9.3 1.3 
C 9.5 5.7 -- 7.6 
G 24.4 d 0.0 6.8 -- 
[59.01 c 

g a g  (all positions) 

A -- 0.0 0.0 16.0 
T 0.0 -- 31.2 10.4 
C 0.0 10.0 -- 0.0 
G 32.4 0.0 0.0 -- 
[89.61 

e n v  (third position) 

A -- 0.0 5.8 17.3 
T 2.7 -- I 1.0 2.7 
C 4.1 4.1 -- 4.1 
G 38.6 0.0 9.6 -- 
[71.0] 

g a g  (third position) 

A -- 0.0 0.0 16.4 
T 0.0 -- 12.3 12.3 
C 0.0 15.1 -- 0.0 
G 43.8 0.0 0.0 -- 
[87.61 

Mutated nuclcotide 
b Original nucleotide 
Values in brackets represent the frequency of transitional changes 

d Underlined numbers represent the frequency of changes be- 
tween A and G 

b e t w e e n  C a n d  A. F o r  the  th i rd  c o d o n  pos i t i on ,  the  

ra te  o f  the  s u b s t i t u t i o n  b e t w e e n  A a n d  G was m o r e  
t h a n  twofo ld  tha t  o f  s u b s t i t u t i o n  b e t w e e n  C a n d  T. 

The se  features  were  t rue  no t  on ly  in  the  e n v  reg ion  
b u t  a lso in  the  g a g  reg ion  (Tab le  1). 

As  m o s t  o f  the  s u b s t i t u t i o n s  a t  the  t h i r d  c o d o n  

p o s i t i o n  do  n o t  change  the  a m i n o  acids,  the  n u d e -  
o t ide  changes  at  tha t  p o s i t i o n  are m o s t l y  free f rom 
f u n c t i o n a l  c o n s t r a i n t s  a t  the  p r o t e i n  level.  F o r  th is  
reason ,  the  pa t t e r n  o f n u c l e o t i d e  changes  at  the  th i rd  
c o d o n  pos i t i on  can  reflect the  m u t a t i o n  pa t t e r n  o f  
the  H I V  g e n o m e .  T h e  f r e que nc y  o f  changes  b e t w e e n  
A a n d  G was high,  as m e n t i o n e d  above ,  pa r t i cu la r ly  
a t  the  t h i r d  c o d o n  pos i t ion .  I t  is cons i s t en t  w i th  the  
pa t t e r n  o f  n u c l e o t i d e  s u b s t i t u t i o n s  in  o t he r  re t ro-  
v i ra l  oncogenes ,  b u t  is different  f r o m  those  o f  eu-  
ka ryo t i c  genes,  pa r t i cu la r ly  n u c l e a r  p se udoge ne s  
( G o j o b o r i  et al. 1982; Li et al. 1984; G o j o b o r i  a n d  
Y o k o y a m a  1985; see T a b l e  2). T h e  s u b s t i t u t i o n  pa t -  
t e rn  in  p seudogenes  c a n  be  t h o u g h t  o f  as the  m u -  
t a t i o n  p a t t e r n  o f  the  n u d e o t i d e s ,  because  the  pseu-  

dogenes  do n o t  code  for a n y  f u n c t i o n a l  p ro t e in s  a n d  
thus  can  a c c u m u l a t e  a n y  k i n d  o f  m u t a t i o n a l  change.  
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T a b l e  2. Relative substitution frequencies of the viral onco- 
genes (Gojobori and Yokoyama 1985) and nuclear pseudogenes 
(Gojobori et al. 1982) 

a)  
<Norn a l  > <Mut a t  i o n a l  > 

A a T C G 

Viral oncogenes (all positions) 
A b -- 3.5 9.5 14.2 
T 4.7 -- 15.6 1.6 
C 1.0 10.9 -- 2.0 
G 33.6 3.4 0.0 -- 
[74.3] c 

Nuclear pseudogenes 
A -- 4.7 5.2 11.4 
T 4.5 -- 6.2 4.6 
C 8.3 22.0 -- 4.7 
G 16.0 7.0 5.5 -- 
[55.61 

Mutated nucleotide 
b Original nucleotide 
c Values in brackets represent the frequency of transitional changes 

T h e r e f o r e ,  t he  h igh  ra te  o f  n u e l e o t i d e  s u b s t i t u t i o n  
b e t w e e n  A a n d  G a p p e a r s  to  he  speci f ic  for  r e t ro -  
v i ruses ,  i n c l u d i n g  H I V s .  I t  i m p l i e s  t h a t  t he  m u t a t i o n  
m e c h a n i s m  for  r e t r o v i r u s e s  is d i f fe ren t  f r o m  t h a t  
fo r  e u k a r y o t i c  genes .  

T h e  r e p l i c a t i o n  m e c h a n i s m  u n i q u e  to  t he  r e t ro -  
v i r a l  l i fe cyc le  is  r e v e r s e  t r a n s c r i p t i o n .  T h i s  p r o c e s s  
s e e m s  to  be  e r r o r - p r o n e  ( P r e s t o n  e t  al.  1988; R o b e r t s  
e t  al .  1988; R i c c h e t t i  a n d  Buc  1990). T h e r e f o r e ,  t he  
h igh  r a t e  o f  m u t a t i o n  b e t w e e n  A a n d  G,  p a r t i c u l a r l y  
G to  A ,  m a y  ref lec t  t he  c h a r a c t e r i s t i c s  o f  v i r a l  re-  
v e r s e  t r a n s c r i p t a s e .  T h i s  c o n c l u s i o n  has  b e e n  sup -  
p o r t e d  p a r t i a l l y  b y  a n  e x p e r i m e n t a l  a n a l y s i s  (P res -  
t o n  et  al.  1988).  T h e  v i r a l  r e v e r s e  t r a n s c r i p t a s e  m a y  
r ecogn ize  p y r i m i d i n e s  p o o r l y  d u r i n g  r e p l i c a t i o n  o f  
t he  H I V  g e n o m e .  S u p p o s e  t h a t  n u c l e o t i d e  G is a t  a 
g i v e n  si te  o f  a v i r a l  R N A  g e n o m e  (Fig.  2a).  By re-  
v e r s e  t r a n s c r i p t a s e  ac t i v i t y ,  C s h o u l d  b e  i n c o r p o -  
r a t e d  a t  a c o r r e s p o n d i n g  s i te  for  t he  D N A  c o m p l e -  
m e n t a r y  sequence .  H o w e v e r ,  i t  s e e m s  t h a t  T i n s t e a d  
o f  C is m i s i n c o r p o r a t e d  there .  T h e n ,  o w i n g  to  t he  
R N A  p o l y m e r a s e  o f  t he  hos t ,  t he  c o r r e s p o n d i n g  s i te  
a t  t he  H I V  R N A  g e n o m e  o f  t he  nex t  g e n e r a t i o n  wi l l  
b e  o c c u p i e d  b y  A.  T h i s  n u c l e o t i d e  c h a n g e  is o b -  
s e r v e d  as  a s u b s t i t u t i o n  f r o m  G to  A (Fig.  2a). Thus ,  
v i r a l  r e v e r s e  t r a n s c r i p t a s e  s e e m s  to  r ecogn ize  p y r i m -  
i d i n e s  p o o r l y  w h e n  the  t e m p l a t e  is a pu r ine .  I t  ex -  
p l a i n s  w h y  p y r i m i d i n e  ana logues ,  p a r t i c u l a r l y  az i -  
d o t h y m i d i n e  (AZT) ,  a re  m o r e  ef fec t ive  t h a n  p u r i n e  
a n a l o g u e s  as  i n h i b i t o r s  o f  H I V  r e p l i c a t i o n  (Fig.  2a  
a n d  b). 

D a t a  o b t a i n e d  in  th i s  s t u d y  a re  v e r y  he lp fu l  t o -  
w a r d  u n d e r s t a n d i n g  the  m u t a t i o n  m e c h a n i s m  o f  
H I V s ,  w h i c h  is d i s t i n c t  f r o m  t h a t  o f D N A  g e n o m e s .  
T h e  m u t a t i o n  p a t t e r n  o f  H I V  g e n o m e s  s e e m s  to  
r e su l t  f r o m  the  c h a r a c t e r i s t i c s  o f  v i r a l  r e v e r s e  t r a n -  

R N A  ~ G - -  - -  G 

D N A  "-" C " "  ~ T 

R N A  ~ G ~ ~ A 

[ G - > A ]  

b)  
< N o r = a l  > < M u t a t i o n a l >  

R N A  ~ A ~ ~ A 

D N A  - ~  T ~ ~ C "-~ 

R N A  ~ A ~ - -  G 

EA- G3 

Fig. 2. Replication mechanism of viral reverse transcriptase. 
The normal and mutational processes of replication are shown. 
In the case of a, G is used as a template, and in the case of b, A 
is used. These mutational processes seem to take place much 
more frequently in the HIV genomes than in eukaryotie nuclear 
genomes as shown in Table 1. Analogues of thymidine such as 
AZT (3'-azido-2',3'-dideoxythymidine or azidothymidine) could 
inhibit the mutational process of a, and those of cytidine such 
as ddC (2',3'-dideoxyeytidine) could inhibit that of b. Because 
mutations from G to A occur at a higher rate than those from A 
to G (Table 1), AZT is expected to be an antiviral drug more 
effective than ddC. 

s c r i p t i o n  a n d  cause s  i m m u n o l o g i c a l  h y p e r v a r i a b i l -  
i ty  o f  H I V  p r o t e i n s ,  p a r t i c u l a r l y  t he  e n v  p r o t e i n  (Shi-  
m i z u  et  al.  1989). O n  the  o t h e r  h a n d ,  k n o w l e d g e  
a b o u t  t he  m u t a t i o n  p a t t e r n  is  a l so  usefu l  for  d e v e l -  
o p i n g  ef fec t ive  a n t i v i r a l  d rugs  a n d  vacc ines .  T h e s e  
a n a l y s e s  m a y  g u i d e  the  des ign  o f  a n t i v i r a l  n u c l e o -  
s ide  a n a l o g u e s  t h a t  a r e  p r e f e r e n t i a l l y  i n c o r p o r a t e d  
i n to  v i r a l  g e n o m e s  b y  r e v e r s e  t r a n s c r i p t a s e  o f  H I V s .  
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