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Renaturation Rate Studies of a Single Family of Interspersed Repeated
Sequences in Human Deoxyribonucleic Acid'

Frank P. Rinehart, Thomas G. Ritch, Prescott L. Deininger, and Carl W. Schmid*

ABSTRACT: We have investigated the renaturation kinetics of
a single family of cloned interspersed repeated sequences
isolated from human DNA. Cross-renaturation studies of
individual cloned sequences reveal heterogeneity in both the
renaturation rate and the thermal stability of heteroduplexes
formed from members of this family of sequences. However,
cloned members of this family all renature with approximately
the same number of copies in the human genome, demon-
strating that they are a single family of sequences by the
criterion of DNA renaturation kinetics. When a single cloned
member of the family is renatured with total human DNA as
a function of temperature, the thermal stability of the rena-

’]jhe presence of repeated sequences in eukaryotic DNAs was
first recognized by their relatively rapid rate of duplex rena-
turation (Britten & Kohne, 1968). To a first approximation,
the genomic copy number of these repeated sequences is ex-
pected to be proportional to their second-order renaturation
rate constant (Britten & Kohne, 1968; Wetmur & Davidson,
1968). Unfortunately, interpretations of this measurement
are complicated by the evolutionary divergence of repeated
DNA sequences (Britten & Kohne, 1968). Repeated se-
quences are not necessarily exact copies of the same sequence,
but are usually similar base sequences which have diverged
from a common ancestor. For this reason it is useful to regard
a group of repeated sequences as a family of related but distinct
members. It has always been recognized that renaturation
kinetics might provide a different definition of a family of
sequences than some other criterion, such as base sequence
(Britten & Kohne, 1968).

Intuitively, the sequence divergence of members of a family
would slow down the rate with which they cross-renature. This
retardation of the renaturation rate would lead to an under-
estimate of the family’s copy number and a corresponding
overestimate of its sequence complexity. Several laboratories
have calibrated the effect of base pair mismatching on the
renaturation rate of DNA (Hutton & Wetmur, 1973;
McCarthy & Farquhar, 1972; Bonner et al.,, 1973; Marsh &
McCarthy, 1974). Most of these calibrations were performed
on chemically modified DNAs to simulate mispairing. The
results of these studies are in fair agreement with each other.
As a rough rule, a 10% mispairing in the renatured hetero-
duplex corresponds to a 2-fold reduction in its renaturation
rate (Bonner et al., 1973).

Although the results of these calibrations agree, they do not
completely explain anomalies in the renaturation rates of
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tured heteroduplexes is found to be independent of the rena-
turation temperature over the range 25 °C below to 4 °C above
the melting temperature. Further, the number of genomic
copies with which this cloned family member reacts is also
independent of the renaturation temperature from 25 °C below
up to the melting temperatures. These observations demon-
strate a remarkable degree of homogeneity in the evolutionary
sequence divergence of members of this family. These results
also demonstrate that renaturation kinetics can accurately
measure the number of genomic copies of interspersed repeated
DNA sequences.

several clustered repetitive DNAs. For example, Southern
(1970) found that guinea pig satellite DNA has a renaturation
rate corresponding to a complexity of 10° nucleotides (nt),
whereas the pyrimidine tracts of this satellite correspond to
a ten-nucleotide ancestral sequence. The number of copies
of African green monkey « satellite estimated from its rena-
turation rate is also about 2 orders of magnitude too low
(Singer & Donehower, 1979). It is conceivable that chemically
modified DNAs may be a poor model system to simulate
mispairing in evolutionarily modified DNAs. As one illus-
tration of this point, two related Drosophila satellites, which
consist of a tandem array of a seven-nucleotide subunit, share
five out of seven bases (Gall et al., 1973). Although these
satellites share 72% homology, they do not cross-renature
under normal renaturation conditions, and by the criterion of
renaturation they are segregated into separate families of
sequences (Blumenfeld, 1973). Special sequence effects of this
type could result in an underestimation of the copy number
of repeated DN As and an overestimation of their complexity,
even when their renaturation rates are corrected according to
the calibrations deduced for chemically modified DNAs.
We have recently found that most of the 300 nucleotide
interspersed repeats in human DNA belong to a single family
of sequences, the Alu family (Houck et al., 1979). Although
DNA renaturation kinetics provided the first clue for the
existence of this family, it is not certain that all members of
the family can cross-renature. It is also possible that the
renaturation kinetics of the interspersed repeats might be
subject to the same anomalies and special effects described
above for satellite DNAs. For example, the presence of the
Alu family in both hamster and mouse is strong evidence for
its presence in the rodent genome (Jelinek et al., 1980; Krayev
et al., 1980). However, careful studies of the renaturation rate
of rat DNA do not reveal the presence of a single ubiquitous
Alu family of repeated sequences (Pearson et al., 1978).
The issue to be tested is whether a group of interspersed
repeats, which are identified as a single family by their base
sequences, are also identified as a single family by DNA re-
naturation. One way to approach this issue is to determine
whether classes of sequences are homogeneously or hetero-
geneously diverged from their common ancestor (Bendich &
Anderson, 1977). In the case of homogeneous divergence, each
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Blur 1/Blur 8

Tx20x3xx3xx 1x3xxxx12xxx6xx4xxTx2x2xT11x7dx4 (101 bases overlap, 76% homology).

Blur 2/Blur &
Tx1xx5x6xx3%x3xx3x2x 3x10xx8x2x 15x 1 Tx 16x4xx5xxx2xx4x2x10x 1 1x3x6x3x4 1x5xXx22% XX

1xx3x2d712xx6x4x16 (265 bases overlap, 81.5% homology).

Blur 11/Blur 8
14x7i8xx71xx10x10xx27x2x TxBx 1x15xx9x2x 1xxAx 1 3xx 10xIx5xx3x2x 1 1 1 x4xx15x5x2x

1xx3x3x3x21x9x21 (267 bases overlap, 83.5% homology).

Blur 19/Blur 8

Txx3xx1xxx4x1x2x5xxxxx3x6x3x6x3x411x12x14x2x 1xx 14ix1xx6xx2 (234 bases

overlap, 73% homology).

FIGURE 1: Map of heteroduplex structures formed by renatured Blur
clones as predicted from their base sequences. The numbers indicate
lengths of homologous runs and x indicates a base-pair mismatch.
d indicates where a clone has a deletion compared with Blur 8 and
i indicates an inserted base relative to the sequence of Blur 8. The

total number of overlapping bases between each clone and Blur 8 and-

the percent sequence homology are indicated at the end of each
heteroduplex map. The lengths of the clones determined by their
sequences are Blur 1, 156 bases; Blur 2, 301 bases; Blur 8, 266 bases;
Blur 11, 281 bases; and Blur 19, 241 bases.

sequence renatures with the same rate constant to form du-
plexes with the same extent of mispairing, so that all members
are identified as belonging to a single family. Increasing the
renaturation temperature affects the renaturation rate of all
members by the same factor but does not change the size of
the homogeneous family until the melting temperature of the
resulting duplex is exceeded. In contrast, individual members
of a heterogeneously divergent family cross-renature with
distinct rate constants. As the renaturation temperature is
increased, highly divergent family members of a heterogeneous
family no longer cross-renature to form highly mispaired low
thermal stability duplex structures. In effect the copy number
of a heterogeneous family decreases at higher renaturation
temperatures as it segregates into non-cross-renaturable sub-
groups. The two Drosophila satellites described above are
extreme examples of a heterogeneously diverged family;
Bendich & Anderson (1977) and Bouchard & Swift (1977)
have found that repetitive DNA from several plants is ho-
mogeneously diverged.

Materials and Methods

DNA Samples. Individual members of the human Alu
family of renatured interspersed repeats have been cloned into
the BamHI site of E. coli plasmid pBR 322 as previously
described (Rubin et al., 1980). The clones (Blur 1, 2, 8, 11,
and 19) were purified as closed circular molecules by two
rounds of ethidium bromide/CsCl density gradient sedimen-
tation equilibrium (Clewell, 1972).

The clone Blur 8 was arbitrarily selected to drive the re-
naturation of the radiolabeled cloned Alu family members as
described below. This driver DNA, which includes both the
plasmid and human insert sequences, was sheared by several
passages through a French press to a single-strand length of
350 nucleotides, as estimated by alkaline gel electrophoresis.
The heteroduplex structures formed between Blur 8 and the
other clones as predicted by their base sequences are depicted
in Figure 1.

Total human nuclear DNA was isolated from placenta as
previously described (Schmid & Deininger, 1975). This
sample was sheared in a French press to a single-strand length
of 450 nucleotides.
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The human inserts in the Blur clones were 32P end labeled
as follows: Plasmid clones were restricted with BamHI en-
donuclease to excise the human inserts. The resulting linear
molecules were end labeled with a mixture of the four deox-
ynucleotide [a-32P]triphosphates (Amersham) using the
Klenow fragment of E. coli DNA polymerase I (Friedman et
al., 1979). The resulting solution was fractionated on a
Sephadex G-200 column to separate the excluded DNA from
the included triphosphates. Human insert DNA was separated
from linear plasmid DNA by neutral agarose gel electropho-
resis.

Renaturation Studies and Melting Studies. Prior to re-
naturation, 32P-labeled inserts were mixed with an excess of
sheared human DNA, or the sheared Blur 8 driver DNA, or
for purposes of a self-renaturation control no added DNA. For
minimization of variability in renaturation studies, single stock
solutions of Blur 8 driver DNA and of sheared human DNA
were employed thoughout the project. Identical recipes and
time points were used for all the comparison studies of different
clones and for the temperature studies of individual clones.
In most cases the excess of driver Alu family complements to
tracer DNA was at least a 1000:1 molar ratio. In one case,
Blur 19, it was necessary to use a lower molar ratio (57:1) to
achieve the lower Cyf values. Even in the worst case of Blur
19 a molar ratio of 1500:1 was used for later Cyt points and,
as demonstrated by the control, self-renaturation of the tracer
was not a problem over the time interval studied. These DNA
mixtures in 0.025 M sodium phosphate buffer were denatured
by immersion in boiling water for 2 min and quenched on ice.
The samples were subsequently adjusted to 0.12 M sodium
phosphate and brought to the renaturation temperature.

The extent of renaturation was assayed by hydroxylapatite
chromatography. In most cases the column assay temperature
was identical with the renaturation temperature. However,
in the experiment of Figure 4 for which the renaturation rate
was studied at and above the DNA melting temperature, a
column assay temperature of 60 °C was employed. Cherenkov
counting was employed to monitor the radiolabel.

DNA melting temperatures were determined by thermal
elution of renatured DNA from hydroxylapatite. In most cases
the DNA was eluted in 0.12 M phosphate buffer; however,
in the experiment of Figure 5, 0.1 M phosphate buffer was
employed. As described by Martinson (1973), double-strand
DNA can desorb without denaturation from hydroxylapatite
at higher temperatures. The use of the lower buffer concen-
tration is expected to provide a more accurate and slightly
higher measure of the duplex melting temperature (Fox et al.,
1980). Bonner et al. (1973) employ the thermal elution of
duplex DNA from hydroxylapatite in deriving their empirical
calibrations of the effect of mismatching on the DNA rena-
turation rate. Since we use the same assay in this work, their
empirical calibrations should accurately apply to these results.

Theory and Analysis. The integrated rate equation for the
second-order renaturation of single strand DNA is

o (1 + k,Cyt)
where C is the concentration of single-strand DNA in molar
units, Cy is its initial concentration, k, is a second-order rate
constant, and ¢ is the time in seconds (Britten & Kohne, 1968;
Wetmur & Davidson, 1968).

In addition we are interested in the case where a radio-
labeled tracer DNA having a concentration 7 reacts with a
driver DNA having a much higher concentration, C. For this
case
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where kr is the second-order rate constant for formation of
a heteroduplex between the tracer and driver DNAs. We
assume that the tracer concentration is so low that its sec-
ond-order self-renaturation is negligible. The integrated rate
obtained after substituting eq 1 into eq 2 is

l _ 1 kt/ks )
T, - | U+ k,Con) 2
or
T —kr
In T, = 5 In (1 + k,Cyt) (3b)

where T, is the initial concentration of the tracer DNA
(Bonner et al., 1973; Hinnebush et al., 1978). One experi-
mental aim in this work is to estimate the ratio of rate con-
stants for heteroduplex and homoduplex formation. This ratio
is estimated as the least-squares slope of the straight line plot
suggested by eq 3b. In evaluating this slope we also allowed
for the presence of a nonrenaturable contaminant in prepa-
rations of the radiolabeled tracers. In most cases, this was a
small amount of the sample which could be accurately esti-
mated by exhaustively renaturing the tracer with total human
DNA. The maximum value for this contaminant, 19%, oc-
curred in the case of Blur 11. For other cases it was ~ 5%.
Except for this one independent estimate, which is a constant
for each preparation, there are no adjustable parameters in
the determination of the least-squares slope of the line cor-
responding to eq 3b. In a few cases there is systematic error
between early time renaturation points and the result of this
least-squares procedure which weights later time points more
heavily. Otherwise, the results of the simple theory of eq 3a
and the least-squares procedure to estimate kt/k, agree with
the experimental data (see Results). Although more accurate
representations of the data would be possible with more de-
tailed equations, we elected this method as being ideal for
detecting relative trends in the data; it is simple and unbiased
in application. Equation 3a is based on the assumption that
the driver DNA is depleted with second-order kinetics. This
is not exactly true (Smith et al., 1975). Single-stranded tails
on the ends of these renatured driver molecules may be
available for renaturation with tracer molecules. For well-
matched complementary sequences, the rate constant for the
renaturation of a single-strand tracer with these tails is typ-
ically retarded by more than an order of magnitude as com-
pared to its renaturation with a free single strand (Smith et
al., 1975). This retardation results from shorter sequence
complements and possibly steric effects on the single-stranded
tails of duplex molecules. Tails will only renature with ho-
mologous tracer sequences. When the DNA fragment length
is greater than the repeat length, the tails are expected to
contain homologous DNA less often. The analogous retar-
dation in rate constant has not been calibrated for the case
of imperfect complements but is presumably even more severe.
We have found (vide infra) that the renaturation data for
imperfect complements qualitatively resembles the shape of
curves drawn for eq 3a and does not resemble theoretical
curves predicted for the contribution of single-stranded tails
to the renaturation of tracer (Smith et al., 1975). This dif-
ference suggests that renaturation of single-stranded tails does
not make an important contribution to the formation of het-
eroduplexes and suggests that the rate of heteroduplex for-
mation with single-strand tails is severely retarded. Accord-
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ingly, we will ignore the possible contribution of these sin-
gle-strand tails toward the kinetics of heteroduplex formation.
This assumption may lead to an overestimate in the rate
constant for heteroduplex formation.

In a few cases we also measured the renaturation rate at
or above the duplex melting temperature where the reverse
reaction is significant and the overall process goes toward
equilibrium. For this case we find
C R 1
— + e + -
Co 201+1/R) " 2

C R 1
~ 4 -F
C, 20+1/R) 2
R 1
1+ ———+=
20+ 1/R) 2
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2
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and R is the mass ratio of single-strand and double-strand
DNA at equilibrium (Benson, 1960).

G

where

Results

The renaturation rate of a radiolabeled single member of
the Alu family, Blur 8 insert, driven with an excess of sheared
Blur 8 (plasmid and insert), was studied as a function of
temperature (Figure 2A). As expected for a single sequence
driving itself, the renaturation of this clone is accurately de-
scribed as a single second-order transition. The clone’s absolute
renaturation rate is consistent with its sequence complexity
(Britten & Kohne, 1968; Wetmur & Davidson, 1968). The
temperature dependence of its renaturation rate also agrees
with similar studies on other systems (Wetmur & Davidson,
1968; Bonner et al., 1973).

In contrast to Blur 8’s second-order kinetics of self-rena-
turation, the cross-renaturation of another labeled Alu family
member, Blur 2 insert, driven with Blur 8 shows marked de-
viations from second-order kinetics (Figure 2B). In these
experiments the self-renaturation of the driver, Blur 8, is a
second-order reaction which competes with the cross-renatu-
ration of the driver and the tracer, Blur 2. In effect the driver
concentration is rapidly depleted so that the renaturation
kinetics of the tracer lags behind. This deviation from simple
second-order kinetics becomes even more pronounced at higher
temperatures approaching the melting temperature of the Blur
2-Blur 8 heteroduplex (~72 °C; see below). An alternative
explanation of result of this temperature study is that only a
decreasing fraction of the probe is capable of heteroduplex
renaturation at higher temperatures. This explanation is
unlikely since the probe is a homogeneous DNA sample so that
all probe molecules should be equivalent in their renaturation
properties. It should also be noted that as judged by gel
electrophoresis the probe molecules remain intact during re-
naturation at even the highest temperatures.

The kinetics of heteroduplex formation in the presence of
a competing second-order reaction can be described by eq 3a
which is derived for this situation (Figure 2B) (Bonner et al.,
1973; Hinnebush et al., 1978). The renaturation rate constant
for heteroduplex formation between the driver, Blur 8, and
several labeled human inserts has been analyzed by use of this
equation as illustrated for the case of Blur 2 (Figure 2B). This
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FIGURE 2: (A) Renaturation of **P Blur 8 insert DNA with Blur driver
DNA in 0.12 M phosphate buffer. Data points are shown for studies
at 50 (O) and 70 °C (+). The data for other temperature studies
are omitted for clarity. The least-squares second-order rate constants
for these studies are 95 M1 571, 50 °C; 151 M5!, 60 °C; 210 M™!
s71,65°C; 206 M 57,70 °C; 140 M 71, 75 °C;and 115 M s7!,
80 °C. For comparison the melting temperature of the renatured
Blur 8 homoduplex is 88 °C. (B) Renaturation of 2P Blur 2 insert
DNA driven with Blur 8 DNA in 0.12 M phosphate buffer. Data
points are shown for studies at 50 (0) and 70 °C (+). The data points
at other temperatures are omitted for clarity. Curves in order of
decreasing rate are least-square solutions of 3b for 50, 55, 60, 65, and
70 °C studies. Values for the ratios of rate constant of Blur 8 driver
32p Blur 2 DNA heteroduplex to Blur 8 driver *2P Blur 8 homoduplex
in 3a are, respectively, 0.644, 0.452, 0.325, 0.239, 0.069. Points denoted
by S show the amount of self-renaturation of 3P Blur 2 DNA during
time periods equivalent to the value of Cyf at which they are plotted.
For comparison, the melting temperature of the renatured Blur 2 Blur
8 heteroduplex is approximately 72 °C.

quantity expressed as the ratio of the renaturation rates of
heteroduplex to homoduplex formation has been studied as
a function of temperature (eq 3b, Figure 3). The melting
temperature of each heteroduplex has also been determined
and is indicated as an intercept on the abscissa in Figure 3.

There is the possibility of considerable experimental un-
certainty in these estimates of the rate constant ratio. How-
ever, we believe the data are reliable enough to conclude that
there are differences in both the renaturation rates and the
thermal stabilities of the different Blur heteroduplexes (Figure
3). All rate constant ratios are less than unity. Further, there
is a general decrease in the rate ratio for a particular heter-
oduplex at higher temperatures. There is also a rough cor-
respondence between the heteroduplex melting temperatures,
the extent of base pair mismatching, and their renaturation
rates (Figures 1 and 3). All of these observations are quali-
tatively consistent with the known effects of sequence mis-
matching on the renaturation rate of DNA (Bonner et al.,
1973). There are, however, some quantitative differences
between these rate constant ratios and calibrations of the
effects of sequence mismatching on the renaturation rates.
When these ratios are corrected for both length effects and
base pair mismatching, the corrected ratios are significantly
greater than unity with an average value of approximately two.
The details of these corrections are described below (Bonner
et al., 1973; Hinnebush et al., 1978). The failure of these
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FIGURE 3: The points represent the ratio of the rate constant for
renaturation of the indicated 32P-labeled Alu family members driven
by Blur 8 driver to the rate constant for renaturation of 3P-labeled
Blur 8 DNA driven by Blur 8 driver. (O) Blur 11, (@) Blur 2, (0)
Blur 1, (¥) Blur 19. The lines intersect the abcissa at the melting
temperature of the 32P-labeled Alu family member Blur 8 driver
heteroduplex from hydroxylapatite. For comparison the homologous
duplexes would have a T, of approximately 88 °C.

55

corrections to adjust the observed ratios to exactly unity implies
there is some systematic error in either our data or the cali-
bration of the effects of mismatching or that these calibrations
do riot exactly apply to the system studied here. As described
under Theory and Analysis we ignore the contribution of tails
to the formation of heteroduplex structures. As a consequence
our values for these ratios should be regarded as potential
overestimates. As another potential source of error the cal-
ibrations for mismatching are based on studies of randomly
sheared DNA fragments which are modified at random sites,
whereas in this study rate constants for formation of specific
heteroduplexes are measured. This possibility has been pre-
viously discussed (Bonner et al., 1973). We do not know which
of these three possibilities correctly explains the 2-fold dis-
crepancy in the corrected rate ratio. This discrepancy does
not affect any of the conclusion which we draw from this study.
Marsh & McCarthy (1974) have also calibrated the tem-
perature dependence of the effect of duplex mismatching on
the renaturation rate. Comparing the results of their cali-
bration to the data of Figure 3, we find that in one case (Blur
11) the agreement is excellent but that in the other three cases
their calibration tends to underestimate the renaturation rate
depression by about 2-fold. Marsh and McCarthy used UV
hypochromism as a measure of both the renaturation rate and
duplex thermal stability, whereas Bonner et al. (1973) based
their calibrations in part on studies of radiolabeled DNA
samples and the use of hydroxylapatite binding assays. For
this reason it seems more appropriate to use the calibrations
proposed by Bonner et al. in interpreting the present results.

In principle, the number and arrangement of base pair
mismatches in the Blur heteroduplexes (Figure 1) determine
the numbér and size of available nucleation sites for hetero-
duplex formation and could be used to predict the relative
renaturation rates as a function of temperature for various
clones (Wetmur & Davidson, 1968; Hutton & Wetmur, 1973).
In practice we have been unable to use this sequence infor-
mation to predict these renaturation rates accurately. It is
interesting that the thermal stabilities of the Blur clone het-
eroduplexes are in fair agreement with their base-pairing fi-
delity (Figures 1 and 3). Using the data of Figure 1 and taking
88 °C as the melting temperature of homoduplexes, we predict
melting temperatures of 64, 69.5, 71.5, and 61 °C for the
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Table I: Copy Number of Individual Members of Alu Family Measured by Renaturation with Sheared Nuclear Cell DNA

hydroxyl

apatite

melting

temp of DNA optimum base-pair

family rate constant? apparent renatured temp mismatch length corrected
member Mt 7Y copy no.? at 60 °C (°C) correction® correction®  correctidn® copy no.
Blur 1 23.9 0.49 x 10¢ 65 1.0 4.89 2.31 0.55 x 10°
Blur 2 75.8 1.57 X 10° 70 1.0 3.56 1.52 0.85 x 10°
Blur 8 55.7 1.15 x 10°¢ 70 1.0 3.39 1.68 0.62 x 10°
Blur 11 119 2.46 x 10° 73 0.9 2.83 1.61 1.01 x 108
Blur 19 34.2 0.71 x 10° 67 1.0 4.32 1.72 0.53 x 10¢

@ Measured in 0.12 M phosphate at 60 °C. ® The rate constant divided by the rate constant for 600 nt long single-copy DNA fragments in
0.12 M phosphate at 60 °C, k = 4.85 X 10~* (Schmid & Deininger, 1975; Holland et al., 1980). € Estimated from Figure 4 of Bonner et al.
(1973). Ty, of native (i.e., undenatured) Alu family members is 88 °C. 4 Based on an estimate of a factor of two decrease in the rate
constant for each 10 °C difference in the thermal stability of native and renatured DNA (Bonner et al., 1973). € Calculated from eq 7 of
Hinnebusch et al. (1978). Correcting the rate constant for a tracer of length L (Figure 1) driven by sheared nuclear DNA of length 450
nucleotides to a rate constant for a tracer of 600 nucleotides in length driven by sheared nuclear DNA of the same length; 600 nucleotides

was the length of sheared nuclear DNA used to measure the single-copy rate constant (Schmid & Deininger, 1975).
number times product of three correction factors (columns 3, 5, 6, and 7).

4 Apparent copy

heteroduplexes format between Blur 8 and Blurs 1, 2, 11, and
19, respectively, using the relationship of 1 °C depression in
melting temperature for each 1% base-pair mismatching
(Bonner et al., 1973). These predications compared favorably
with the values indicated in Figure 3.

The differences between the renaturation rates and thermal
stabilities of the heteroduplexes are a consequence of sequence
heterogeneity among Alu family members. As an extreme
result of such heterogeneity one might imagine that individual
members of the family may only renature with a select sub-
group of the entire family. In this event, renaturation rate
kinetics would not provide a meaningful measure of the copy
number of the family as illustrated by the example of the
Drosophila satellite DNAs described in the introduction.

To examine this issue we determined the renaturation rate
of each of the radiolabeled Blur clone inserts when driven by
total human DNA at 60 °C. In each case the kinetics are
accurately described by a single second-order reaction. The
rate constants for these reactions are listed in Table I along
with the corresponding heteroduplex melting temperatures.
The rate constants for five cloned inserts differ by 5-fold which
should correspond to a similar range in apparent copy number
(Table I). To estimate the true copy number there are at least
three corrections which must be applied to this apparent copy
number: First, the optimum temperature for renaturation of
a heteroduplex occurs at about 25 °C below the mean of the
heteroduplex and homoduplex melting temperatures; for a
homoduplex the optimum occurs at about 25 °C below its
melting temperature (Bonner et al., 1973). In this particular
experiment the renaturation temperature (60 °C) happens to
be 5 °C above the optimum for heteroduplex formation and
5 °C below the optimum for homoduplex formation so that
the correction is negligible (Table I). Second, the repetitive
heteroduplex structures are mismatched so that their renatu-
ration rate is slowed relative to the well-paired single copy
sequences. This is estimated to be a 2-fold reduction in the
renaturation rate for each 10% of base-pair mismatching in
a heteroduplex (Bonner et al., 1973). Third, there is a dif-
ference in the lengths of the Blur clone tracers and the length
of the fragments used to measure the single copy renaturation
rate (Schmid & Deininger, 1975). The effect of DNA frag-
ment length on the renaturation rate has been exactly for-
mulated (Hinnebush et al., 1978). Upon correcting the ap-
parent copy number for all three effects, we find only a 2-fold
range in the corrected copy number, (0.5-1.0) X 10 (Table
I). There is considerable uncertainty in our experimental

results as well as the corrections we applied to these results.
Consequently, a factor of 2 as the extreme range in the cor-
rected copy numbers may well be within experimental un-
certainty.

We conclude that each of the labeled cloned inserts rena-
tures with the same large number of genomic copies of Alu
family members. The number is in fact large enough to ac-
count for essentially all of the 300 nt interspersed repeats in
human DNA (see Discussion). This implies that each member
of the Alu family can cross-renature with essentially all other
members. Thus, by the criterion of renaturation kinetics we
conclude that the Alu family is a single family of sequences
and its exact copy number can be estimated from its renatu-
ration rate (Discussion).

There is a possible contradiction between the results of
Figure 3 and those of Table I. The results of Figure 3 imply
that at least at some renaturation temperature some individual
Alu family members can no longer cross-renature so that the
overall family would consist of nonrenaturable subgroups. In
contrast, the results of Table I imply that at 60 °C each cloned
family member reacts with essentially the entire family. We
have distinguished between these alternatives by examining
the renaturation rate of Blur 8 with total human DNA as a
function of temperature.

The reaction between labeled Blur 8 and sheared human
DNA follows simple second-order kinetics when renatured at
50, 60 (data not shown), and 70 °C (Figure 4). Remarkably,
the resultant duplexes formed at these three renaturation
temperatures have indistinguishable melting profiles (Figure
5). Thus, the Alu family appears to be a homogeneously
divergent family of sequences. Heterogeneity in this family
would be revealed by both a decrease in the copy number of
the family at higher renaturation temperatures and an increase
in the thermal stability of those duplexes in the thermal sta-
bility of those duplexes which can renature at higher tem-
peratures (Bendich & Anderson, 1977). As discussed below,
the copy number of the family is also constant for renaturation
temperatures of 50-75 °C. In these experiments the melting
temperature, 75 °C, was measured in 0.10 M phosphate buffer
(Table II), whereas in previous experiments the melting tem-
perature, 70 °C, was measured in 0.12 M phosphate buffer
(Table I). This difference does not affect any of the conclu-
sions we reach in this work.

As an even more stringent test of the homogeneity of the
Alu family, we studied its renaturation at both the melting
temperature of 75 °C and above the melting temperature at
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FIGURE 4: Renaturation of 32P Blur 8 insert DNA with sheared nuclear
driver DNA in 0.12 M phosphate buffer. The data points shown are
for studies at 70 (O), 75 (+), and 78.8 °C (X). Rate constants for
these and other temperature studies are summarized in Table II. The
curve drawn for the 70 °C data is a least-squares second-order fit
(eq 1). The curves for the 75 and 78.8 °C data are for a second-order
approach to equilibrium (eq 4) with rate constants of 12.5 and 1.5
M1 57! and equilibrium single-strand to double-strand mass ratios
of 0.818 and 2.70, respectively.
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FIGURE 5: Thermal stabilities of 32P Blur 8 insert DNA sheared
nuclear DNA heteroduplexes renatured at various temperatures to
Cyt = 0.4, Thermal elution was performed in 0.1 M phosphate buffer
for reasons described in the text; consequently these melting tem-
peratures cannot be directly compared to the values cited in Table
I. The curves for the renaturation products formed at 50, 60, 70, and
75 °C are indistinguishable. A portion of the heteroduplex renatured
at 78.8 °C melts at a higher temperature as described in the text.
The dashed curve is for a Poisson distribution of mutations in Alu
family members which is described in the text.

78.8 °C (Figure 5). The renaturation at these high temper-
atures no longer follows simple second-order kinetics but
presumably is instead a reversible reaction which achieves an
equilibrium between single and double strands (Figure 4). The
kinetics at these temperatures can be satisfactorily represented
by eq 4, which is derived for this reversible case. The data
for the 78.8 °C renaturation are not very accurate because
of the small amount of renaturation and the obvious need for
very precise temperature control at this point in the thermal
transition of the duplex (Figures 4 and 5). We regard the data
at 75 °C as being more reliable. It is noteworthy that the
renaturation at 75 °C levels off to an equilibrium duplex
concentration, 55%, which is consistent with its thermal sta-
bility (Figures 4 and 5). The thermal stability of the 75 °C
renaturation product is indistinguishable from the duplexes
renatured at lower temperatures, 50~70 °C (Figure 5). Even
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Table II: Renaturation Rate of 3?P-Labeled Clone 8 Insert with
Sheared Nuclear DNA

optimum

rate temp corrected
renaturation  constant correction® Copy no.
temp (°C)  (M™! 571) 0 x 1073b

50 38.3 1.1 360

60 55.7 1 476

70 60 1.4 718

75 12.5 ~25 ~267

9 Estimated from Figure 4 of Bonner et al. (1973) taking 88 °C
as the melting temperature of the native, i.e., unrenatured, Alu
family. For the 75 °C correction it was necessary to extrapolate
the results of Bonner et al. so that the correction is approximate,
b Calculated as the rate constant (column 2) times the optimum
temperature correction (column 3) multiplied by the factor 1.68
X 2.46/(4.83 X 10°%). The value of 1.68 is the length correction
described in Table I. The value of 2.46 is a correction for base-
pair mismatching estimated from the rule of a 2-fold rate
reduction for 10% mismatching (Bonner et al., 1973). The value
of 4.83 X 107* is the renaturation rate constant of approximately
600 nt single-copy DNA fragments measured in 0.12 M phosphate
at 60 °C (Schmid & Deininger, 1975; Holland et al., 1980).

when the DNA is renatured at 3.8 °C above its melting tem-
perature, the duplexes which form have the same thermal
stability component (Figure 5). In addition, the 78.8 °C
renaturation product includes a minor high-temperature
component which we attribute to the self-renaturation of the
labeled Blur 8 tracer (Figure 5). Self-renaturation of the tracer
is expected to be more evident in the 78.8 °C renaturation
product, first because there is less total renaturation at 78.8
°C so that the relative amount of self-renaturation is enhanced
and second because the tracer concentration is not effectively
depleted by renaturation with human DNA so that it will
self-renature more extensively. Except for this minor exper-
imental problem, we conclude that the thermal stability of the
renatured Alu family duplex is independent of renaturation
temperature from 25 °C below to 4 °C above its melting
temperature. This is especially strong evidence that the Alu
family is homogeneous in its sequence divergence.

The dependence of the copy number of the Alu family on
its renaturation temperature is also a measure of its homo-
geneity. Although the apparent copy number of the family
dramatically decreases at higher renaturation temperatures
(Table II), most of this decrease can be attributed to the
general effect of temperature on the renaturation rate of DNA
{(Bonner et al., 1973). By use of the calibration of Bonner et
al. (1973), the apparent copy number can be corrected to the
value which would be observed at the optimum renaturation
temperature. Upon applying this correction, we find that the
copy number is roughly constant over a 25 °C range in re-
naturation temperature (Table II). Heterogeneity in the se-
quence divergence of the family members would result in a
decreasing family size at higher renaturation temperatures
(Bendich & Anderson, 1977). This is further evidence that
the Alu family is essentially homogeneous in its sequence
divergence.

The finding that the Alu family is homogeneous in its se-
quence divergence does not necessarily mean that each member
of the family has diverged in sequence by exactly the same
amount. Instead, this finding implies that the family is not
segregated into discernable subgroups which cross-renature
at different rates. Base sequence studies of ten cloned Alu
family members show that they all share a recognizable
consensus sequence but that individual members have diverged
by an average of approximately 13% from this common se-
quence (Rubin et al., 1980; Dininger et al., 1980). Blur 8,
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as an example, shows 10.9% divergence form the consensus
sequence. The positions of the mutations within individual
member sequences occur at random positions and do not
identify discernable subgroups. The mutations in the Alu
family might be represented by a Poisson distribution of
mutations relative to their average consensus sequence. We
have estimated the number of base-pair mismatches in het-
eroduplexes constructed between the entire Alu family, which
is taken as a Poisson distribution of mutations having an av-
erage of 10% divergence, and a single clone of the Alu family,
which has arbitrarily been assigned a divergence of 8%. For
simplicity we have assumed that the number of heteroduplex
base-pair mismatches is the sum of the number of mutations
in both strands. [This assumption leads to a slight overestimate
in the number of mismatches in those heteroduplexes which
have the highest degree of mismatching. The thermal stability
of these heteroduplexes can be estimated by assuming a 1 °C
depression for each 1% mismatching in the duplex DNA
(Bonner et al., 1973).] The difference in melting temperatures
between the observed and predicted curves (Figure 5) is not
important for the present purposes but may be attributed to
some of the uncertainty in the rule of 1 °C depression for every
1% base-pair mismatching (Bonner et al., 1973). The width
of the melting range for a Poisson distribution of mutations
is even narrower than the observed melting range of the Blur
8 Alu family heteroduplexes (Figure 5). Because the widths
of the theoretical and observed transitions are approximately
equal, we conclude that a “homogeneously” diverged family
of sequences could be composed of member sequences which
have randomly diverged to different extents from a common
sequence. Our only requirement is that a homogeneous family
cannot be composed of special sequence variation subgroups
which discernably differ in their rates of cross-renaturation
and in heteroduplex thermal stability (Bendich & Anderson,
1977). In effect, the thermal stability and renaturation rate
studies do not distinguish between a homogeneously divergent
and a randomly divergent family of sequences.

Discussion

There are two principal results from this study: the Alu
family is found to be essentially homogeneously divergent in
base sequence, whereas heteroduplexes formed between in-
dividual members of the family are heterogeneous in both
thermal stability and renaturation rate. It is possible to rec-
oncile these findings. One case reflects average properties,
whereas the other case reflects individual distinctions. Base
sequence studies show that individual cloned 300 nt Alu family
members resemble a common consensus sequence (Rubin et
al., 1980; Deininger et al., 1980). These same studies also show
that mutations are randomly distributed throughout the se-
quence with an average mutational frequency of 10%. Pre-
sumably, there is a distribution of mutations among the
members of the Alu family. Heteroduplexes constructed from
individual cloned members of such a family would have dif-
ferent base-pair fidelities and would also be heterogeneous in
the positions of these mutations (Figure 1). Consequently,
we expect these heteroduplexes to differ somewhat in both their
thermal stabilities and renaturation rates, as is the case ob-
served here (Figure 3). Since individual clones resemble the
consensus sequence to different degrees, we also expect het-
eroduplexes formed between individual clones and the entire
Alu family to differ somewhat in both their renaturation rates
and thermal stabilities. This is also the observed case (Table
D.

In contrast to these two observations, the majority of het-
eroduplexes formed between an individual clone and the
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~600 000 members (see below) of the Alu family are rather
similar in their renaturation rate and thermal stability so that
the family appears to be remarkably homogeneous. Although
the effect of mismatched base pairs on thermal stability is large
(a 1 °C depression per 1% mismatched), the predicted melting
range of heteroduplexes with a Poisson distribution of muta-
tions is rather narrow. We would be unable to detect any
heterogeneity in the melting temperatures of such heterodu-
plexes. Renaturation rate kinetics, which undergoes only a
2-fold change for 10% mismatching, is even more insensitive
to the effects of mismatching than the thermal stability. It
is very unlikely that this heterogeneity would be apparent in
the temperature studies of the copy number (Table II). In
other words, when we compare any one cloned sequence to the
entire Alu family, most of the other family members have
diverged from it by exactly the same extent when assayed by
the crude techniques of melting temperature and renaturation
rate.

The Blur clones studied here were isolated as 300 nt het-
eroduplexes from S, digests of renatured repeated human
DNA (Rubin et al., 1980). It is conceivable that this pro-
cedure selects for a subset of the Alu family which forms
especially well-paired 300 nt S, resistent heteroduplexes.
Further, this heteroduplex is corrected to a homoduplex by
the E. coli repair system so that the final sequence is probably
an average of the two heteroduplex sequences. Both the iso-
lation and repair of the Blur clones could select for sequences
which more closely resemble each other than random members
of the Alu family. According to this argument the Blur clones
would provide an underestimate of the observed heterogeneity
in renaturation rate and thermal stability of Alu family het-
eroduplexes. In base-pairing studies with total human DNA,
however, the entire complement of Alu family members is
available for renaturation with the Blur clone. Consequently,
the finding that the entire family is homogeneously divergent
is not likely to be affected by this possible bias in selecting the
Blur clones.

The finding that heteroduplexes of individual cloned se-
quences differ in their thermal stability and renaturation rate
is of technical interest. It is useful to employ individual cloned
sequences as hybridization probes to detect other members of
a repetitive sequence family. It is possible, particularly at
higher temperatures, that certain cloned sequences would not

. cross-hybridize and would not be recognized as belonging to

the same family of sequences.

The finding that the entire family of sequences is homo-
geneously divergent is of some biological significance. One
could imagine sequence subgroups of the family would be
fine-tuned to perform specialized functions. If such subgroups
were identified by gross modifications of certain regions in the
sequence, the Alu family would be heterogeneously divergent.
Instead we find here that the Alu family is, practically
speaking, homogeneous in its divergence. Presumably, these
putative subgroups could still be distinguished by minor or
highly localized specific sequence modifications. Members
of a homogeneous family have all experienced the same evo-
lutionary history, such as random mutational divergence from
a common ancestral sequence (Bendich & Anderson, 1977).

The effect of base-pair mismatching is to slow the renatu-
ration rate of DNA (Britten & Kohne, 1968; Bonner et al.,
1973; Marsh & McCarthy, 1974). For a homogeneously
divergent family of repeated sequences, the renaturation rate
of each member would be slowed by about the same amount
(Bendich & Anderson, 1977). For a homogeneously divergent
family, we can therefore in principle estimate its true copy
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number by correcting its observed renaturation rate for the
effects of base pair mismatching.

We have estimated a broad range in values, 0.27 to 1.0
million copies, for the repetition frequency of the Alu family
in the human genome (Tables I and IT). In addition to this
broad range of values, there is the additional possibility of some
systematic error in either our data or one of the several cor-
rections we employed to adjust the apparent copy number. The
cause of our concern is that, when we apply the same correction
factors to the renaturation rates of the heteroduplexes formed
between Blur 8 and the other Blur clones, we find that the
corrected rate is up to 2-fold too fast. Accordingly, our range
of 0.27 to 1.0 million copies for the Alu family might also be
up to a factor of 2 too large. Keeping the possibility of a
systematic error in mind, we find an average value of 0.6 *
0.2 (rms) million copies of this sequence (Tables I and II).

600000 Alu family sequences could account for all of the
interspersion of 300 nt repeats in human DNA. This repetition
frequency corresponds to 7.2% (0.6 X 10¢ X 300 bp/2.5 x 10°
bp) of the human genome which is taken to have a complexity
of 2.5 X 10° bp (Lewin, 1974). This value of 7.2% agrees with
our previous estimate that the 300 nt long interspersed repeats
in the “50000”-fold repetitive sequences class, which includes
the Alu family, would make up at most only 7% of the genome
(Houck et al., 1979). If these 0.6 X 10° copies were randomly
distributed throughout the genome they would be spaced at
an average distance of 4200 bp [2.5 X 10° bp/(0.6 X 10%)].
For comparison, there are at least 7 Alu family members
located within a 65 000-bp region of the human $-globin gene
cluster corresponding to an average spacing of about 9000 bp
(Fritsch et al.,, 1980). However, the interspersion of 300 nt
repeats is not uniform throughout the human genome. About
60% of the human genome is occupied by close interspersion
of 2000 nt single-copy sequences with 300 nt repeated se-
quences; repeated sequences are more distantly interspersed
in the remainder of the genome (Schmid & Deininger, 1975;
Deininger & Schmid, 1976). If we restrict the 0.6 million Alu
family sequences to 60% of the genome, they would then have
an average spacing of 2500 nt [0.6 X 2.5 X 10° (0.7 X 10%)].
We conclude from these comparisons that the copy number
of the Alu family is sufficient to account for all of the inter-
spersion of 300 nt repeated sequences in human DNA. This
does not preclude the existence of other 300 nt interspersed
repeated sequences in human DNA but merely indicates that
they are much less abundant than the Alu family members.

As discussed in the introduction, it is reasonably certain that
Alu family sequences are found in the rodent genome. How-
ever, the renaturation rate of rat DNA, selected as a partic-
ularly well-studied rodent example, does not suggest the
presence of a highly abundant Alu family of sequences
(Pearson et al., 1978). Since in this work we find that carefully
interpreted renaturation rates can be an accurate if not precise
measure of the copy number of the human Alu family, we
must conclude that Alu family sequences are either much less
abundant in rat than in human DNA or that the renaturation
rate of the rat Alu family is subject to some anomaly which
does not influence the renaturation rate of human DNA.
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