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ABSTRACT 
The processes of spontaneous mutation are known to be influenced by neighboring DNA. Imperfect 

nearby repeats in the neighboring DNA have  been  observed to mutate to form perfect  repeats. The 
repeats may be either direct or inverted. Such a mutational process  should create perfect  direct  and 
inverted  repeats in intergenic DNA. A larger than expected number of direct  repeats has generally 
been  observed in a wide range of species in both  coding  and  noncoding DNA.  Simulations are carried 
out  to  determine how this  process  might influence the repetitive structure of  genomic  DNA. These 
simulations show that small repeats  created by this  kind of a mutational  process can  explain the excess 
number of repeats in intergenic DNA. The simulations  suggest  that this mechanism may be a common 
cause of mutations,  including  single-base  changes. The influences of the distance  between  imperfect 
repeats and of their degree of similarity are investigated. 

S PONTANEOUS  mutations are caused by a  variety 
of unspecified mechanisms. Most of the  muta- 

genic  agents  that  have  been  investigated in  vitro will 
generate  nonrandom  and  often highly unique  spectra 
of mutations. These  demonstrate  that  the  common 
practice  among many scientists of bestowing on mu- 
tations  a  regularity and consistency that is normally 
attributed  to radioactive decay is quite misleading. 

One unusual pattern of  mutation  that has been 
observed are mutations  that involve short  repeats in 
the DNA.  A typical DNA  sequence will contain  many 
short  repeats  in its sequence. It has  been  found  that 
when  two  imperfect  repeats are  near each other they 
may mutate to become  perfect  repeats.  A typical ob- 
servation would be  that  prior  to  mutation,  an imper- 
fect  repeat exists that differs by one  or  more nucleo- 
tides and may additionally  differ by insertions or 
deletions.  After  a  mutational  event the  repeats  are 
identical in sequence. 

This  pattern has been  observed  in  a wide variety  of 
organisms ranging  from  humans, yeast, Escherichia coli 
to T4 bacteriophage  (RIPLEY and GLICKMAN 1983; 
DRAKE, GLICKMAN and RIPLEY 1983; HAMPSEY et al. 
1988; PAPANICOLAOU and RIPLEY 1989; SOLOV’EV, 
ROGOZIN and KOLCHANOV 1989; HARTNETT et al. 
1990).  That  imperfect  repeats may mutate  to become 
perfect  repeats has also been  observed to  occur in 
vitro (KUNKEL  and ALEXANDER 1986; KUNKEL and 
BEBENEK 1988). This mechanism is also reflected in 
the types of substitutions that  are  fixed  through evo- 
lution (GOLDING and GLICKMAN 1985, 1986). These 
mutations are  the results  of  a  polymerase or some 
other repair  enzyme  using an incorrect  but  preexist- 
ing template. Hence this  type of  mutation has been 
termed sequence directed mutagenesis. The actual 
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mechanisms behind  these  mutations are unknown but 
possibilities include  incorrect error  repair,  template 
slippage during synthesis (STREISINGER et al. 1966), 
strand switch during replication (PAPANICOLAOU and 
RIPLEY 1989)  or some  kind  of small conversion  event. 
We will call these  mutations  either  sequence  directed 
or small repeat  conversions  but  this  terminology is 
meant  to reflect only the results  of the mutational 
event  and is not  intended  to reflect  a  discrimination 
among mechanisms. 

Mutations that  occur via such a  process  have many 
consequences for  the  structure of DNA. For  example, 
these processes imply that mutational  events will often 
involve several base changes and occasionally a mix- 
ture of base changes  coincidental with deletions/inser- 
tions.  HAMPSEY et al. (1988)  estimate that as much as 
10% of yeast mutations involve multiple  events and 
feel that  the majority  of  these are candidates for this 
type of mutational mechanism. 

Another consequence involves the  rate of muta- 
tional  change.  A  molecular clock was suggested to 
exist by ZUCKERKANDL and  PAULING (1965)  whereby 
the  rate of  evolution is constant  and reflects  a  constant 
rate of mutation.  This hypothesis gains support  from 
the  neutral  theory of molecular  evolution  (KIMURA 
1983).  A  large  body of protein  data was initially 
suggested to prove  that such a clock exists (WILSON, 
CARLSON and WHITE 1977).  However, GILLESPIE 
(1984) has suggested that  the  rate of evolution  does 
not follow a clocklike behavior  but  rather  that  the 
long  time spans involved simply mask the fluctuations. 
Analyses of  molecular  sequences  have shown that  the 
rate of  evolution is significantly overdispersed, with a 
variance that is much  larger  than  expected  from sim- 
ple clocklike behavior.  Hence  a neutral model (with 
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constant  rates of mutation) can not apply. If,  however, 
neutral  mutations do not  occur via a simple mutational 
mechanism then  the basic assumptions  of  a  molecular 
clock can be  questioned.  When  mutations  occur via a 
sequence  directed mechanism this leads to  an inflated 
variance to mean ratio of substitutional  changes 
(GOLDING 1987).  Repeat  induced  point  (RIP)  muta- 
tions will cause a similar phenomenon (CAMBARERI et 
al. 1989). This suggests that some of the episodic 
nature of evolutionary  change (GILLESPIE 1986; see 
also TAKAHATA 1987) may be  explained simply by the 
pattern of mutation. 

Still another consequence of this mechanism would 
be  the steady production of repeats in intergenic 
DNA. These would be  created by sequence directed 
mutagenesis and  then would slowly be eliminated by 
other types of mutations. It has been  observed for 
some  time that  there are often excess numbers of 
direct  and  inverted  repeats in  genomic DNA (KARLIN 
et al. 1983;  KARLIN and GHANDOUR 1985). We ex- 
amine  here  the  number of repeats in intergenic DNA 
and confirm that  the  number of direct  repeats is larger 
than expected. Simulations are used to  determine if 
sequence  directed  mutagenesis  could  explain  this  ex- 
cess and  to  determine what  some  of the  properties of 
such  a process might  be. 

MATERIALS  AND  METHODS 

Calculation of the expected number: To confirm that 
repeats  are  present within intergenic  DNA sequences in 
unusually large  numbers, observed numbers  were  compared 
to expectations  calculated from  random sequences.  Since 
the base bias in intergenic DNA can be significant and since 
this  can  affect the  expected  number of repeats,  the observed 
base bias was matched in the  randomly  generated sequences. 

This was done using biased choices for each nucleotide 
depending  on  the  range of a random  number. For example, 
inserting  a G if the  number is less than  0.25,  an A if the 
number is between 0.25  and 0.5, a T if the  number is 
between 0.5 and  0.75,  and a  C if the  random  number is 
larger  than  0.75 will give a 1:l:l:l  ratio of G:A:T:C. A base 
bias similar to  that  found in human rS/@-globin intergenic 
DNA can be matched using random  numbers such that a G 
is inserted if the  random  number is  less than  0.194,  an A if 
the  number is between 0.194  and  0.493, a T if the  number 
is between 0.493  and 0.800, and a  C if the  random  number 
is larger than 0.800. This collection of numbers is not  the 
only collection that would give the observed bias. This 
particular collection was found by trial  and  error using 
another  program.  This  other  program simply iterates a 
matrix of equations describing the  frequency of bases over 
time with mutation.  This collection  of numbers is one which 
did not alter  the observed base frequencies  after many 
generations. 

In this way sequences  were randomly  generated with the 
same base bias as an observed  sequence. Five hundred such 
sequences were generated  and  the  number of 100% identi- 
cal direct  repeats were counted  for  each sequence. The  
mean and  standard  error of the  number of direct  repeats 
was compared  to  the observed values. 

Simulation of repeat conversions: The  effect  of small 
direct  repeat conversion on a  randomly mutating  sequence 

was simulated by permitting  both of  these processes (in their 
simplest forms) to  occur simultaneously. All simulations 
started with IO00 base pairs  (bp)  of  observed intergenic 
DNA. The  number of repeats in this DNA was followed 
over  time as both  point  mutations  and as small repeat 
conversions occur. 

Again the simulation  accounts for differences in overall 
base composition. The  base composition is taken from  the 
observed value of 1000  bp of intergenic DNA. Throughout 
the simulations, the  number of point mutations and  the 
number of mutations caused by sequence directed mutagen- 
esis are  recorded. The  rates  and  the  ratio of repeat conver- 
sion events  to  point  mutations can be altered by varying 
parameters. 

Point  mutations  are  permitted  to  occur  at a given rate 
each generation.  This  rate is set such that  the average 
number of point  mutations is either  ten  or  four  per  gener- 
ation. The simulation is continued  for  2000  generations. 

Every ten  generations, all of the  repeats in the sequence 
are found  including  those  repeats which are 75% imperfect 
matches. Then small repeat conversions are  permitted  to 
occur between  these repeats  at a rate  determined by the 
particular model considered (see below). Conversions be- 
tween imperfect  repeats will cause mutational  changes to 
create  perfect repeats. 

The  program finds all imperfect  direct  repeats  ranging 
in size from 5 to  25  bp in a  sequence and stores the location, 
length  and  percent identity of these repeats in an  array. 
Repeats  must be  at least 75% identical to be considered as 
imperfect  repeats  and must have no terminal mismatches. 
Note  that a repeat of length x is not considered if it is part 
of  a repeat of length x + 1. In addition  repeats must be 
within 100 bp of  each other. 

This  repeat  information is used to simulate  sequence 
directed mutagenesis.  Since the actual mechanism of this 
process is not known, it is difficult to  determine  the factors 
that  might influence it. Two  parameters  that will probably 
affect the likelihood of mutation  are  the distance between 
two imperfect  repeats  and  the  degree of similarity between 
the two repeats. Again however, the actual  functional  rela- 
tionship  between  these two parameters  and  the probability 
of mutation  are unknown. As a first approximation we will 
assume that  there is a  linear  relationship  between the  prob- 
ability of mutation  and  the distance and  the  percent identity 
of the repeats. 

Each individual repeat is considered for a possible repeat 
conversion event based on  certain conditions. For each  pair 
of repeats, if a random  number is  less than a critical value 
then  either  the first sequence of the  repeat is changed  to 
that of the  second, or vice versa. Which repeat is changed is 
determined by a  second random  number being greater or 
less than a half. The critical value for  the first random 
number is determined  from  three quantities: (i) the overall 
rate of  mutation  desired  for  sequence  directed mutations, 
(ii) the  degree of similarity between the  repeats  and (iii) the 
distance  between the  repeats.  Hence, a  mutational event 
will occur if the  random  number is  less than p where 

p = K{(3*G + 2*A)/(3*M) - ( D / L ) ]  

where  K is a parameter  to  determine  the overall rate  of 
mutation. If it is large  more  repeat conversions will occur 
than if it is small. 

G and A are  the  number of G/C and  A/T  matched bases 
between the two repeats.  This provides  a  measure of  the 
percent identity  between the two repeats. 
M is the maximum repeat  length  permitted (25). 
D is the distance  between the first base of each repeat. 
L is the  length of the  sequence  (1 000). 
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The first  term ( K )  can be  used to  adjust  the  ratio of point 
mutations  to  sequence  directed  mutational  events. 

The second  term  measures the degree of  similarity  be- 
tween  two  imperfectly  matched  repeats  weighted by the 
number of hydrogen  bonds. The ratio of hydrogen-bonds 
is calculated by multiplying the number of G/C’s by 3 and 
the number of A/T’s by 2 and  dividing by the total  number 
possible if all 25 ( M )  bases  were G or C. This gives a linear 
relationship of the  probability of a repeat  conversion  to the 
number of  possible H-bonds which  could  form  between the 
two  repeats. 

The last term is a measure of the distance  between the 
repeats.  Only  repeats  within 100 bp  of  each other are 
considered  for  potential  conversion. The ratio of this dis- 
tance  to  the  total  sequence  length is subtracted  from the 
critical  value. This provides a linear  relationship  between 
distance  and  the  probability of repeat  conversion. The more 
distant  the  repeats,  the less  likely a repeat  conversion. 

This formula is not  meant to be  an accurate  representa- 
tion of the true biological situation.  Rather it is meant  only 
to provide  flexibility to the model  and to  permit the influ- 
ence of  each  of  these  factors to  vary. To determine how the 
structure of  genomic DNA may respond  to  variations in 
each  of  these  factors, the simulations  were  run with different 
mixtures of dependencies  on  distance  and  percent  identity 
between the repeats.  Simulations  were  run with no  repeat 
conversion ( K  = 0), with a dependence on  both  distance  and 
percent  identity, with a dependence only  on  identity (re- 
moving the last term of the  equation), with a dependence 
on  distance  only  (replacing the first  term with 1 .O), or with 
a random  likelihood  of repeat  conversion  that  did  not  de- 
pend on either distance or percent  identity (the only factor 
considered was K). The simulations  were  run  ten  times  for 
each  of  these parameter  combinations.  For  each  run  data 
are collected  every  ten  generations  for a total of 200 per 
run. The overall  rates  were  adjusted  such that there was a 
ratio of either 4:1, IO:] or 10:0 point  mutations  for  each 
repeat  conversion. A total of 10 X 9 90 runs were done 
with each  run  taking  approximately 5 hr CPU time  on a 
Sun  Sparcstation. The means  of  each run were  tested  for 
significant  difference  from either the  starting values or from 
the grand mean  of  all runs  without  repeat  conversion  using 
Student’s t-tests. 

RESULTS 

The expected  and observed numbers  of  100% iden- 
tical repeats are shown in Table 1. The expected 
number is derived  from 500 simulations  of  randomly 
generated sequences with the same base bias. The 
observed  data are  from  human  intergenic DNA near 
the amylase gene,  from  human  intergenic DNA be- 
tween the 6- and @-globins, from Drosophila intergenic 
DNA  between the hsp23 and hsp27 heat shock loci, 
from  intergenic  DNA  near  the chick crystallin gene, 
intergenic DNA from Xenopus Zaevis histone gene,  and 
intergenic DNA near  the Zea mays tubulin  gene.  These 
regions show intergenic  DNA with low, intermediate 
and high numbers of  perfect  direct  repeats.  A  partic- 
ular 1-kilobase (kb) region was chosen based on a 
visual inspection to  exclude  regions  that  have  simple 
runs of  nucleotides (e .g . ,  ‘CACACACACAC’) and  are 
not known to have  any  coding or otherwise  selected 
function. 

It will be  noted  that  the  expected value for  direct 
repeats  longer  than 10 bp is  less than  one yet there 
are several  such  repeats  observed. In  general  the 
observed values are larger  than  the  expected (30 out 
of 36 times for  repeats less than  11 bp) and usually 
more  than  the  expected plus one  standard deviation 
(25 out of 36 times). Only the  human amylase inter- 
genic  region shows numbers close to  that  expected 
and its repeats of length 5,  7 and 8 are all larger  than 
expected. 

Three examples  of the  data shown in Table 1 are 
plotted in Figure  1 on a semi-log plot. The observed 
values are indicated by the circles and  the  expected 
value by a “+” with associated standard deviations. A 
log linear  relationship  between the  expected  number 
and  repeat  length is  easily observed. This is to  be 
expected  from  the results of KARLIN et aZ. (1 983). The 
excess of  direct  repeats is more easily seen here. A 
consistent excess of imperfect  repeats (75% identical) 
is also observed  (data not shown). 

The simulations to observe the effects of mutations 
via repeat  conversions generate  data  on  repeats of 
length 5 and  larger. The results  from one simulation 
run  for  repeats of length 5 ,  8,  and  10  are shown in 
Figure 2. These  are generally  representative of the 
results for  repeats with other lengths. These  graphs 
give the  number of perfect  repeats every 10 genera- 
tions. The horizontal  line  indicates the observed val- 
ues for  human globin intergenic DNA and were used 
as the initial values for  the simulation. The curves are 
an indication of trends in the  data  and  are cubic splines 
drawn  to  the median of every 20 sequential  points. 
Since  these splines are forced  to fit the data  they may 
dip below zero. The first  result that can be  concluded 
from this data is that  there is a great  deal of  variation 
in the  number of repeats  found in DNA over  time. It 
can also be seen that  an equilibrium  expected number 
of  repeats is very quickly reached.  Repeats  of  length 
10  do  not usually occur in a 1000  bp sequence  without 
sequence  directed  mutation  and  hence  the value of 
many points on this graph is zero. This is clearly shown 
by the position of the spline. Repeats  of  length 5 seem 
to have  a great deal more noise associated with their 
number  due  to  their small length. The pattern shown 
by the  repeats of  length 5 ,  8 and  10  are typical of all 
runs with repeats  of  other lengths. Despite the fact 
that  these  simulations all begin with the observed 
number of  repeats  found in human globin intergenic 
DNA (shown by the horizontal  line), in all cases they 
tend  to quickly fall below this number. Clearly the 
repeats  of  length 5 and 8 are well below the initial 
value. The same is also true  for repeats  of  length  10 
but is  less apparent  due  to  the smaller number of such 
repeats. These results  again  indicate the excess num- 
ber of  repeats  found in intergenic  DNA  and confirms 
the results  of KARLIN et al. (1 983). 
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TABLE 1 

Comparison of the observed us. expected number of repeats in 1000 bp of intergenic DNA 

Human  amylase  intergenic  region  Human  globin  intergenic  region  Drosophila  heat  shock  intergenic 
Repeat 
length Obs. Exp.  Std.  Obs.  Exp. Std. Obs. Exp. Std. 

region 

5 329  274.0 17.7 363  329.0 25.3 474 406.2 38.2 
6  68  68.1  8.3  99 85.5 10.8 198  11 1.4 15.3 
7 18 17.0 4.3 31 22.3 4.9  68 30.2 
8  6 4.2 2.2 11 5.8 2.5 15. 8.2 3.1 

6.6 

9 0 1.1 1.1 1 1.6 1.3 15 2.2 1.5 
0 0.3 0.5 1 0.4 0.6 8  0.6 0.8 
0 0.1 0.3 0  0.1 0.3 7  0.2 0.5 

12 0 0.0 0.1 0 0.0 0.2 1 0.1 0.2 
13 0 NA  NA 0 NA  NA 0 0.0 
14 

0.1 
0 0.0 0.1 0 NA  NA 1 NA  NA 

15 0 NA  NA 0 NA  NA 2 NA NA 

10 
11 

Chicken  crystallin  intergenic  re- Xenopus laeuis histone  intergenic 
gion Zea mays tubulin  intergenic  region region 

5 368 300.2 21.0 372 316.0 24.3 306 271.4 16.3 
6  83 76.7 9.9 97 81.0 9.9 70 67.3 8.2 
7 37 19.6 4.4 27 21.1 5.1 28 16.9 4.2 
8 8 4.9 2.2 10 5.6 2.4 1 1  4.2 2.1 
9  1 1.2 1.1 1 1.3 1.1 3 1.1 1.1 

10  1 0.3 0.6 3 0.3 0.5 2 0.3 0.5 
11 0 0.1 0.3 0 0.1 0.3 0 0.1 0.3 
12 0 0.0 0.1 0 0.0 0.2 0 0.0 0.1 
13 0 NA NA 0 0.0 0.0 0 0.0 0.0 
14 1 NA NA 0 0.0 0.1 0 NA NA 

15 0 NA NA 0 NA NA 0 NA NA 

I n  addition, the Drosophila sequence also had one  direct  repeat of length 17 bp. An NA indicates that repeats of this length were not 
observed i n  500 simulated sequences. 
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I I G U R ~ :  1 .-Number of repeats observed and expected in the intergenic region around (A) human amylase genes, (B) human globin genes 
and (C) Drosophibd heat shock genes. Drosophila heat shock genes also have one repeat of length 17. The observed values are indicated by 
circles and  the expected values by a dash with standard deviations. 

All ten  independent  runs of the simulation give Figure 3. Note that  there is variation over time within 
similar results to those in Figure 2. The results for a single sequence and also variation in the  number of 
five of the  runs for repeats of length 10 are shown in repeats  between runs of the simulation. Again the vast 
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FIGURE 2.-The  number of perfect repeats of length 5,  8 and 

10 for  a simulation which ran for 2000 generations. The horizontal 
line gives the number of perfect repeats observed in human globin 
intergenic DNA and  the initial value for the simulation. The curve 
is a spline to show the general trends in the data. The number of 
repeats is tabulated every 10 generations. 

majority of  the  data points fall well below the observed 
number of repeats in human globin intergenic DNA 
(the initial value of the simulations). 

When sequence  directed  mutations are included the 
number of both  imperfect and perfect  repeats  can be 
increased.  Figure 4 gives the  number of perfect re- 
peats of length 10 for  a single run when point  muta- 
tion occurs at a rate of 10: 1 relative to  repeat  conver- 
sions and  at a rate of 4:l. Again, while the  data 
presented  are only from  a single run, they are very 
representative of the  other simulations. A  ratio of 
10: 1 implies that  repeat conversions are relatively 
common and  represent approximately 10% of all mu- 
tations. Yet even at this level, the  number  of  repeats 

still generally falls  well short of the initial/observed 
value. Only when the  repeat conversions represent 
one fifth of the mutations  does the  number increase 
to a level similar to  that  found in globins. The average 
number of repeats is shown in Figure 5 for a 1O:l 
ratio (solid line), a 4:l ratio (short  dashed line) and 
the observed values (diamonds,  connected by a  long 
dashed line excluding  repeats of length 9 which ap- 
pear  to  be  under  represented in the observed  data). 
The number of repeats of  all lengths are  too few  with 
a 1.O:l ratio  but closely approach  the  observed values 
with a 4:l ratio.  A 3:l ratio of point  mutations to 
repeat conversions begins to overshoot the observed 
numbers of repeats  particularly  for the  larger  repeat 
lengths. Since there  appears  to  be  a  difference in the 
slope of these lines, the simulations appear  to  be biased 
toward  preferentially increasing repeats of larger 
length and having less effect on smaller repeats. 

Figure  6 gives the  number of repeats of length 10 
when there is no repeat  conversion, with conversion 
dependent  on distance and identity, dependent  on 
distance  alone, dependent  on identity  alone and with 
conversion simply a  random choice among  repeats. 
The  relative rate of point  mutations to repeat  conver- 
sion mutations are 4:0,  4:1,  4:1,  4:l and 4:1, respec- 
tively. In each case the  number of repeats is increased 
by sequence  directed  mutations. In Figure 6D (a de- 
pendence only on identity) the simulated  number is 
significantly larger  than  observed.  In  the  other simu- 
lations with repeat conversion (Figure 6, B, C and E) 
the simulated number of repeats of length 10 are not 
significantly different  from  the  observed value. Note 
that  the  rate  at which repeat conversion must operate 
is quite  large.  With  relative  rates less than those in 
Figure 6, the  number of repeats actually observed in 
intergenic DNA can  not  be  matched. 

The results  of all runs  for  repeats of length 5 , 8  and 
10 are summarized in Table 2. Here  the  number of 
repeats  for  each simulation run  are compared  to  the 
number actually observed in human globin intergenic 
DNA. Because the  data  represent  time series data  and 
hence are  not statistically independent,  a t-statistic is 
used to approximately  compare the overall average 
from all 2000 generations to  the  number of repeats 
observed. The three  numbers in each column of Table 
2 represent  the  number of simulation runs  that were 
significantly higher,  not significantly different or sig- 
nificantly lower than  the  observed. 

The repeats of length 5 are significantly less than 
observed  for all parameter values used. Observed 
values fluctuate drastically but generally stay below 
their initial value. For  repeats of length 6 or larger, 
repeat conversions will cause an increase in repeat 
numbers. 

Without  repeat conversion the  number of repeats 
of length 8 and 10, in all ten  runs,  are significantly 
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FIGURE 4.-The number of perfect repeats of length 10 when point mutations and repeat conversion occurs with a ratio of (A) 1O:l and 

(B) 4:l. The horizontal line gives the number of perfect repeats observed in human globin intergenic DNA and  the initial value for  the 
simulation. The curve is a spline to show the general trends in the data. The number of repeats is tabulated every 10 generations. 

lower than the observed  values.  With repeat conver- Table 3 compares the mean number of repeats with 
sion the number of repeats of length 8 and 10 are not conversions to the mean number expected without 
increased  until the  rate becomes quite large. Indeed conversions. These indicate that while the repeat con- 

identity the numbers of repeats of length 8 are still 
significantly  smaller  with both a 10: 1 and 4: 1 ratio. such  high  levels  as are actually observed, they do 

Repeat conversion events dependent only on the dis- significantly increase the number of repeats beyond 
tance or only on  the percent identity between repeats that expected in the absence Of sequence directed 
appear to increase the repeat number more effec-  mutagenesis. All of the repeats, including those of 

with conversion On distance and versions may not increase the number of repeats to 

tively. 
'1 

length 5 ,  show a  trend toward being  significantly 
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I I 
5 6 ; d 9 l b  

Repeat Length 

FIGURE  5.-The average number of repeats observed from the 
simulations with a 1 O : l  ratio of point mutations to repeat conver- 
sions (solid line),  a 4:l  ratio (short dashed line)  and  the  observed 
number of repeats (diamonds joined by a  long  dashed line-exclud- 
ing observed repeats of length 9). 

higher than expected in the absence of  any repeat 
conversion. 

The number of  bases changed per repeat conver- 
sion event, when repeat conversions are dependent 
on both the distance  between repeats and on their 
percent similarity, is shown  in Table 4. Note the large 
number of events that  alter only a single  base  between 
the two repeats. The distribution very  quickly  tails  off 
with  only a few repeat conversion events causing a 
large number of mutational changes. 

7 1 *  

No Convers ion 

DISCUSSION 

Unfortunately very little is known about the details 
of the mechanism or mechanisms that might  be re- 
sponsible for sequence directed mutations. Therefore 
a  computer simulation was used to study the genera- 
tion  of  small repeats in  DNA  by  this  process. The 
simulation  assumes that  the repeats are generated in 
a simple  fashion and ignores many  of the  other non- 
random features of spontaneous mutation. The sim- 
plistic  assumptions  made here about the  nature of the 
processes  involved  may introduce unknown  biases into 
the results. However, the results obtained should be 
quantitatively accurate for any  process  similar to  that 
observed for sequence directed mutations. The two 
main  assumptions are  that identity between the re- 
peats and  the distance between repeats will affect the 
probability that  a repeat conversion will occur. These 
assumptions are almost  certainly true.  It is also  as- 
sumed that  the sequences  of the repeat do not shift 
during  the repeat conversion event. Therefore, over- 
lapping repeats are not considered. First and last  base 
matches are arbitrary conditions used to establish the 
boundaries of a repeat. A 75% identity for imperfect 
repeats is also an arbitrary choice  chosen  simply to 
provide sufficient opportunity for repeat conversion 
without the necessity  of  keeping track of  all imperfect 
repeats. The degree of identity will certainly  affect 
the probabilities  of mutational events. In a study of 
deletions caused by direct repeats, it was found that 

7 1 ~  

D i s t a n c e / I d e n t i t y  

. . . . .  . .. . . . . . . . . . . . . . . . . . .  -n 

7 1 ~  

I d e n t i t y   O n l y  

... 
. . . . .  

G e n e r a t i o n s   G e n e r a t i o n s  
FIGURE  6.-The number of perfect repeats of length 10 when point mutations and repeat conversions  occur with a ratio of (A)  4:0, (B) 

4: 1 with conversions dependent  on repeat distance and  identity, (C) 4: 1 with conversions  dependent  only on distance between repeats, (D) 
4: 1 with conversions dependent  only on the  percent identity between repeats and (E) 4:l with conversions randomly chosen  between repeats. 
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TABLE 2 

Results of Student’s  t-tests  comparing  the  means of ten 
simulations  to  the  observed  number of repeats 

point n~uta- 
Ratio of 

tion to  re- Repeats Repeats Repeats 
peat con- of length of length of length 
version 5 8 10 

N o  repeat conversion 4:O 01119 0/0/10  0/0/10 
Distance + identity 1O:l  O/O/lO O/O/lO O/O/lO 

Distance alone 1O:l 0/0/10  0/0/10  0/0/10 

Identity alone 1O:l 0/0/10  0/0/10  0/0/10 

Kandom repeat conversion 10: 1 0/0/10 0/0/10 0/0/10 

4:l  1/4/5 0/0/10  0/9/1 

4:1  1/2/7 01218  31611 

4: 1 11217 31512  10/0/0 

4:1  1/1/8 0 /5 /5  71310 

The first, second and  third  number in each column give the 
number of simulations that have significantly higher means, the 
nunlber that are not significantly different  and  the  number  that  are 
significantly lower than the observed number of repeats. 

altering 1 base  of a  14/17  bp  matching  repeat  de- 
creased  the  occurrence of deletions by an  order of 
magnitude (ALBERTINI et al. 1982). 

The linear  relationship used for  the probability of 
repeat conversion occurring was chosen for its sim- 
plicity, but is supported by the  literature.  A  linear 
relationship  between the  number of base matches and 
recombination has been  found by STEPHAN  (1989). 
Gene conversion events have also been shown to  de- 
cline linearly with sequence similarity (WALSH 1987). 
A  comparison  between DNA melting thermody- 
namics and DNA fidelity also indicates a  relationship 
between  identity and  the process of mutation  (PE- 
TRUSKA et al. 1988). The equation given in the meth- 
ods section is not  meant  to  accurately  represent what 
occurs in nature.  Rather it is meant to include the 
major  factors that might  influence  repeat conversions 
and  to permit  an  examination of how repeats may 
depend on these  factors. The results of Tables 2, 3, 
and  Figure 5 suggest that these simulations are biased 
toward  creating  larger  repeats  at  the  expense of 
smaller repeats. The observed  data suggest that  a 
larger  number of very short  repeats are somehow 

TABLE 3 

Results of Student’s  t-tests  comparing  the  means of ten 
simulations to the  grand  mean of all simulations  conducted 

without  repeat  conversion 

Ratio of 
point muta- 
tlon to  re- Repeats Repeats Repeats 
peat con- of length of length of length 
version 5 8 10 

Distance + identity 10: 1 21513  lO/O/O  71310 

Distance alone 10:l  2/6/2 10/0/0 9/1/0 

Identity alone 1O:l 1/81]  10/0/0  10/0/0 
4: 1 61212 10/0/0 10/0/0 

Random repeat conversion 10: 1 11613 1 O/O/O 1 O/O/O 
4:l 81111 10/0/0 10/0/0 

4:1  8/1/1 10/0/0 10/0/0 

4: 1 4/3/3 10/0/0 10/0/0 

The first,  second and  third  number in each column give the 
number of simulations that have significantly higher means, the 
number  that  are not significantly different  and  the  number  that  are 
significantly lower than  the observed number of repeats. 

generated  and  then destroyed by point  mutations. 
The differences  found in the simulations using differ- 
ent conditions of distance and identity  might  be use- 
fully exploited in order  to  find a  relationship  that 
better fits the observed pattern. 

This relationship  might, in turn, be used to lend 
insights into  the mechanisms that cause sequence di- 
rected  mutations. Possible mechanisms include  a 
slipped mispairing of repeats (see LEVINSON and GUT- 
MAN 1987  for  a review) during replication.  For  repeat 
conversion to  occur, synthesis proceeds  up to  the 
sequence of the first repeat,  at which time the se- 
quence of the second  repeat becomes aligned with the 
first. Synthesis continues using the second repeat se- 
quence as a  template.  After synthesis the sequences 
are correctly  realigned and synthesis continues  nor- 
mally. In this way, the two sequences of the  repeat 
become 100% identical. 

Another possible mechanism involves the mismatch 
repair process. The  sequence of one  repeat may be 
“repaired” using the  sequence of the second repeat as 
a  template. There might be less constraint  on the 
distance between the sequences of the  repeat in this 

TABLE 4 

Distribution of the  number of mutations per repeat conversion event 

No. of 
Run 

~nuti~tions 1 2 3 4 5 6 7 8 9 10 Total (%) 

0 88 81 98 80 87 82 88 96 83 88 871  (4) 
1 1,076 1,074 1,067 1,056 1,079 990 966 1,060 1,079 1,041 10,488  (53) 
2 694 688 67 1 753 678 729 652 694 754 695 7,008 (36) 
3 113 104 121 101 118 97 85 98 92 114 1,043  (5) 
4 27 18 27 14 19 22 31 24 32 20 234  (1) 
5 14 3 8 5 7 9 1 4 5 3 59 (0) 
6 2 0 1 7 3 1 4 3 1 3 25 (0) 

2,014  1,968  1,993  2,016  1,991  1,930  1,827  1,979  2,046  1,964  19,728(100) 
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process, with the possibility  of interhelical  repeat  con- 
version occurring (LEVINSON and GUTMAN 1987; 
HAMPSEY et al. 1988).  Strand switching on  the  other 
hand would have a very strong  dependence on  the 
distance  between  repeats, since accidental  strand 
switches during replication  might  not  be  expected to 
span  large distances. Further studies of these processes 
will be  required to  determine  the mechanism or mech- 
anisms involved in small repeat  mutations. 

The larger  than  expected  number of small direct 
repeats in the  human sequence  agrees with previous 
theoretical calculations of the  expected values (KAR- 
LIN et al. 1983; KARLIN and GHANDOUR 1985). The 
observed  number of repeats of each  length generally 
exceeds the expected number of repeats of that 
length.  In  a  sequence of 1000 bases, the longest ex- 
pected 100% identical direct  repeat will be of length 
9 (KARLIN et al. 1983). This  agrees with the  expected 
values shown in Table  l/Figure 1 but  not with the 
observed values which extend  out  to observations 
including  repeats of length  17. 

The graphs showing the  change in the  number of 
imperfect  repeats  over  time  (Figures 2 through 6) give 
an indication of the  amount of variation involved. 
Further variation in nature may be caused by direc- 
tional mutation  pressures (SUEKA 1988).  This level of 
variation is sufficiently high that caution  should be 
exercised in overinterpreting  the  presence of a single 
direct  repeat  near  some  gene of interest. 

In  the presence of only point  mutations the  number 
of  imperfect  repeats falls  well  below that observed in 
intergenic DNA. The number of repeats is matched 
only when the  rate of repeat conversion is quite  large. 
A 4:l  ratio of repeat conversion to point  mutation 
may seem high, but this is only one of the  nonrandom 
patterns of spontaneous  mutation and many of the 
repeat conversions do not cause multiple  mutations. 
As shown in Table 4 more  than half of the  repeat 
conversions resulted in one or fewer base changes. 
Evidence for  repeat conversions would be compelling 
when multiple base changes  occur  but this mechanism 
would not normally be  invoked when single base 
changes  occur. Many of the  apparent single point 
mutations  observed in nature may therefore be  a 
result of a  repeat conversion event  rather  than a  point 
mutation  event. That  10% of mutations  observed in 
yeast involve multiple base changes (HAMPSEY et al. 
1988) would suggest that a  large number  of single 
base changes may be the result of this type of muta- 
tional mechanism. Thus sequence  directed  mutagen- 
esis may be much more common  than previously 
anticipated. 
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