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Abstract 

'l'he size and arra:n r:emen t of re pet i. ti ve and tnv er I~ ed re­

peat (foldbaclc) sequences in rat U~A were studied by visuali­

zation of hybrid and heter·oduplex s truct ures in the eJectron 

microscope. 'i'he self-r·eas~;ociation of repetitive s equence­

bearinv, DHA strands oft en results in the formation of four­

ended 11 H11 structures, whose duplex reg i.ons equal the repeti­

tive sequence length and can be measured in the electron mic­

roscope. In this way, it was determined that the average size 

of the class of numerous short repetitive sequences is 

400 ± 1.50 nucleotides. Heterod.uplex structures were prepared 

between long total DHA single strands and short repetitive 

sequence-bearing strands. 11he analysis of these structures 

confirms that the size of the repetitive sequences is 400 

nucleotides on average. l,ength measurements between adjacent 

duplexes show that the average spacin~ between two inter­

spersed repeats is at least 1500-1800 nucleotides. Short and 

long period interspersion patterns of repetitive and unique 

sequences can be discriminated. By examining 29.4 kb single 

strands after brief renaturation the size and distribution of 

fold.back sequences were determined. Tt,ere are 1.9 x 105 f old­

bacl{ pal rs per rat genome, spaced. an average of 9. 7 kb a part 

throughout at least 73'. :~ of the DHA. Repetitive, inverted re­

peat and unique sequences are interspersed with each other 

in at least half the genome . 
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Introduction 

Interest in the problem of gene regulation has stimu­

lated extensive studies into the sequence organization of 

eucaryotic genomes, and these studies were pursued largely 

by methods employing the physical chemical properties of 

nucleic acid reassociation, investigated in detail by 

Britten and Kohne (1968) and Wetmur and Davidson (1968). The 

model of eucaryotic gene regulation advanced by Britten and 

Davidson (1969) makes several predictions about the arrange­

ment of repetit1ve and non-repetitive DNA sequences: among 

these are that repetitive sequences be interspersed with 

structural genes. Also because of the relative proportions 

of repetitive and non-repetitive sequences in animal genomes 

it is expected that the repeats be shorter than their 

neighboring structural gene sequences. 

Analysis of the kinetics of reassociation of animal 

DNA has revealed the existence of three sequence components 

present in a wide variety of organisms: repetitive sequences 

comprising approximately 20-40% of the genome, unique se­

quences accounting for 60-80%, and rapidly renaturing DNA 

composing the 5-15% remainder. Repetitive sequences may 

exercise a control function in gene regulation (Britten and 

Davidson, 1969) .. However, it is noteworthy that at least 

some structural gene sets, namely the histone genes (Kedes 

and Birnstiel, 1971), are transcribed from repetitive se­

quences. Campo and Bishop (1974) found that a substantial 
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proportion of mRNA molecules in rat cells is transcribed 

from repeated sequences. 

Most structural genes are unique sequences (Davidson 

and Britten, 1973; Lewin, 1975). Moreover, several isolated 

structural genes have been shown to be non-repeated, e.g., 

those coding for hemoglobin (Bishop et al., 1972), silk 

fibroin (Suzuki et al., 1972), and ovalbumin (Sullivan et 

al., 1973). 

The rapidly renaturing DNA can be composed either of 

highly reiterated DNA (Kram et al., 1972; Hennig et al., 

1970) or inverted repeat (foldback) sequences (Britten and 

Smith, 1970; Wilson and Thomas, 1974). 

A variety of physical chemical techniques have been 

used to obtain detailed information about the arrangement of 

repetitive, foldback and single copy sequences in eucary­

otic DNA. An increased rate of reassociation among DNA 

strand populations of increasing length assayed by hydroxy­

apatite chromatography indicates the physical interspersion 

of repetitive and unique sequences. Thus, reassociation of 

DNA fragments a few thousand nucleotides in length to a 

repetitive C
0

t results in HAP-bindable structures containing 

partly repetitive sequences in duplex and partly single­

stranded non-repeated DNA "tails." The actual amount of 

duplex in such reassociated preparations can be determined 

by S1 nuclease digestion, hyperchromicity measurements, or 

electron microscopic analysis. 
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A quantitative estimate of the lengths of single copy 

sequences bounded by repetitive sequences in the inter­

spersed portion of the genome can be made by computer analy­

sis of the corrected HAP binding of various DNA fragment 

sizes as a function of strand length. From such lines of 

study it has been shown that on the order of one half of 

the genomes of Xenopus (Davidson et al., 1973; Chamberlin 

et al., 1975), sea urchin (Graham et al., 1974) and Aplysia 

(Angerer et al., 1975) are organized in a "short period 

interspersed" pattern of single copy sequences approximately 

1000 nucleotides long bounded by repetitive sequences an 

average of JOO nucleotides in length. In the cases of 

Xenopus and sea urchin an additional pattern of "long per­

iod interspersion" comprising roughly one quarter of the 

genome has been identified. In this case the average size 

of the single copy sequences interspersed with repeats is 

at least several thousand nucleotides. 

The present study approaches the sequence organiza­

tion of rat DNA using the heteroduplex method in the elec­

tron microscope (Davis, Simon and Davidson, 1971). This 

method consists of reassociating partly complementary and 

partly non-complementary nucleic acids to form "hetero­

duplex" structures, which can be visualized in the electron 

microscope. Analysis of the structures yields information 

about the localization of specific sequences. Wu, Hurn and 

Bonner (1972) used this technique in a study of Drosophila 
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DNA repetitive sequences; however, because the repeats in 

this organism are unusually long (Manning et al., 1975) and 

because the DNA used was much smaller than the average 

repetit.i.ve sequence, this study appears to have underesti­

mated the true avera~e repetitive sequence size. Nonetheless 

most animal genomes possess a numerous cl.ass of short re­

petitive sequences only a few hundred nucleotides long 

(cf. Davidson et al., 1975), and thus application of the 

heteroduplex method should be possjble. A preliminary study 

provided evidence for a class of short repetitive sequences 

interspersed with unique DNA in the rat by this technique 

(Bonner et al., 1973). 
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The Size of Repetitive Sequences in the Rat 
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Swmnary 

The size of the interspersed repetitive sequences in rat DNA was 

determined. mrA strands composed of repetitive sequences flanked on 

one or both ends by unique sequences were isolated in two fragment 

sizes. Foldback sequences were removed by discarding the DNA bound to 

HAP after a brief incubation to•low Ct; unique DNA was eliminated as 
0 

HAP unbound material when a second incubation to Ct 50 was conducted. 
0 

The self-reassociation of these strands often results in the formation 

of "H" structures and multiple duplex structures discernible in the 

electron microscope; these structures consist of a repetitive duplex 

region terminated by four single strand regions. Statistical data were 

derived from the structures. From the data we conclude that a numerous 

class of repetitive sequences 400 = 150 nucleotides on average is 

widely interspersed with unique DNA in the rat, and that a sparse class 

of much longer repeats is also interspersed with unique DNA. 
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Britten and Davidson (1969) have hypothesized that the repetitive DNA se­

quences found in eucaryotic genomESmediate the control of transcription 

of adjacent structural genes. Structural gene sequences are in most 

cases unique (reviewed by Lewin, 1975). Therefore, this hypothesis 

predicts that repetitive and unique sequences be widely interspersed. 

Further, since the amount of unique sequence in most animal DNAs exceeds 

the amount of repetitive sequences, it is expected that most interspersed 

repetitive sequences be shorter than unique sequences. These 

expectations have been confirmed by observations in numerous organisms 

(reviewed by Davidson et al., 1975). Most genomes possess short re­

petitive sequences 300-400 nucleotides long on average interspersed 

throughout the greater part of the DNA with unique sequences of from 

several hundred to several thousand nucleotides in length (Davidson, et 

al., 1973; Graham et al., 1974; Firtel and Kindle, 1975; Schmid and 

Deininger, 1975; Bonner et al .,1973). Drosophila, an organism whose 

repeat sequences are at least 5 kb on average (Manning, Schmid and 

Davidson, 1975), is the notable exception to this prevalent "Xenopus 

pattern" of sequence organization. 

Most studies of sequence organization have employed Sl nuclease and 

hydroxyapatite binding experiments to measure the size of repetitive and 

unique sequences. The electron microscope offers a means of directly 

raeasuring the distribution of these sequence lengths (Manning, Schmid 

and Davidson, 1975; Chamberlin, Britten and Davidson, 1975; Bonner et 

al~ , 1973). 
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Herein we report a detailed measurement of repetitive sequence 

length in the rat. Two size classes of DNA strands, nearly all of mich 

contain at least one repetitive sequence element, were isolated. Assum­

ing that the DNA was sheared'randomly, and that the strand size is 

greater than the repetitive sequence size, then many of the DNA strands 

should consist of a repetitive sequence flanked on each side by unique 

sequences. Reassociation of two such strands results in the formation 

of a repetitive sequence duplex.terminated at each end by two noncomple­

Qentary unique DNA single strands. When visualized in the electron 

nicroscope, the structures have the appearance of an "H." Length 

measilrement of the duplex region terminated at each end by the two 

single-stranded "tails" yields the length of the repetitive sequence. 

Chamberlin et al. (1975) have used this technique to determine the re­

petitive sequence distribution in Xenopus. The repetitive sequenceJength 

has been measured in this manner by Manning et al. (1975) in Drosophila. 

Results 

Preparation of DNA 

~e prepared two repetitive sequence-bearing fractions of 1.7 and 2.5 kb 

average length (1 kb= 1000 nucleotides or nucleotide pairs) by the pro­

tocols shown in Figures 1 and 2. It should be noted that 1. 7 and 2. 5 kb 

correspond to the number average size of the input DNA strand, in the re­

association reactions described below. After completion of the reactions 

and upon visualization in the EM the average size of strands found in du­

plex structures bounded by four single-strand regions was unaltered. How;.. 
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ever, breakage during the reactions and mounting for EM re-

duced the mean sizes of the total strand pop-ulations to 1.2 

and 1.7 kb respectively for the DNA designated 1.7 and 2.5kb . . 

It has been determined by analysis of reassociation kinetics and 

by EM that rat DNA contains at least three major sequence components 

(Holmes and Bonner, 1974; Pearson, Wu, PoSakony and Bonner, .in 

preparation; Chapter 3). Unique sequences comprise 75% of this 

genome. Another 20% of the DNA is composed of a repetitive sequence 

component of overall repetition frequency 1800. However, there may be 

at least two frequency subcomponents in this class. Lastly, foldback 

sequences account for 5% of the DNA. The latter sequence elements 

are completely reassociable at very low Ct , (<J.o-3 ). The repetitive 
0 

component reassociates between Ct 0.005 and Ct 50. Single copy 
0 0 

sequence reassociation begins at about C t 50. '!1 hus, it is · possible 
0 

to isolate DNA strands of moderate size which contain only repetitive 

sequences or only repetitive and unique sequences on the same strand. 

This is done first by "stripping" the DNA of foldback sequences by 

discarding DNA bound to HAP after incubation to low C t. The unbound 
0 

D~A is reassociated to Ct 50 and then fractionated on HAP. The bound 
0 

yeak is eluted as the repetitive DNA fraction. We emphasize that this 

fraction contains repetitive and unique sequences on the same strand, 

as well as some strands composed exclusively of repetitive DNA. 

After elution from HAP in single-stranded form the repetitive 

fraction was reassociated again to Ct 50 to form hybrids, which were 
0 

spread for electron microscopy from 50% formamide. All incubations and 

HAP fractionations were carried out in 0.12 !i phosphate buffer at 6o0 c. 
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Details of the isolations, the average strand sizes at various 

stages in the experiment, and HAP binding data are presented in Figures 

1 and 2. After the DNA was "stripped" of foldback sequences and re­

associated to Ct 50, the 1.7 and 2.5 kb DNA preparations experienced 
0 

a"tout 40% binding to HAP as measured by optical absorbance. In gener-

al, we would expect greater binding to HAP at this step for 

the lar~er DNA preparation. However, as indicated earlier 

the overall mean lengtraof ~11 strands in the two preparations 

were 1.2 and 1.7 kb respectively after this fractionation 

step, so that a relatively small increment in binding could be 

expected. between the two preparations. That a small increment 

in binding was not observed may reflect the comparative in­

accuracy of optical absorbance determination of binding. 
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Recovery of Duplex Structures 

In the EM the DNA structures fell into four categories: (1) 4-ended 

or "H" structures, (2) 3-ended structures, (3) multiple duplex 

structures and (4) linear strands. The DNA on the grids was scanned at 

random. All the DNA observed was measured and interpreted, excluding 

only strands found on technically imperfect areas of the grids, e.g., 

those with contrast failure. Only 1% of the molecules were found in 

uninterpretable structures. 

A composite electron micrograph of some of the "H" structures 

studied is shown in Figure 3. The simplest form of multiple duplex 

structure results from the reassociation of three strands to form a two­

duplex hybrid. Figure 4 exhibits a number of these. When four or more 

strands participate in multiple duplex formation the resultant structu-es 

have the appearance shown in Figure 5. Statistical data on the recovery 

of duplex structures in the two experiments are given in Tables land 2. 

These results show that the strands engaged in "H" and multiple duplex 

structures are about the same size as the input DNA. 
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Length of Repetitive Sequences 

~able 3 shows the data pertaining to recovery of repetitive duplexes 

terminated by four single strand regions. The distributions of re­

petitive sequence lengths measured among the 1.7 and 2.5 kb DNA strands 

appear in Figure 6. The number average repetitive sequence length in 

the rat is 400 ± 150 nucleotides accordin_g to these data. The great 

majority of measurements fall within the limits of 100-500 nucleotides . 
. 

There appears to be a rather disperse, sparse population of longer 

duplexes. However, since the measured size of the larger duplexes is 

about the se!!le magnitude as the DNA strand length, there is the strong 

possibility of greatly underestimating the true average length of the 

larger repetitive duplex class. Further, in many cases the distinction 

between single- and double-stranded DNA was insufficient to rule out tre 

possibility that some structures interpreted as long "H II s-t.ruct:'Ures were 

a~tua1:J.y three-stranded structures. Micrographs of such structures are 

given in Figure 7. 
F'or the value of 400 nucleotides to accurately reflect the 

average size of the short repetitive sequences we must establish 

that the measured duplex lengths are independent of the lengths 

of the single strands on which they reside. If, for example, the 

average duplex size measured on a particular strand length in­

creased continuously with the resident strand length, the possi­

bility would exist that the true avera~e repetitive sequence size 

has been underestimated. Thus, the existence of a substantial 

population of longer duplexes could ~o undetected, because 



the reassociating strands were insufficiently long to permit 

formation of a long duplex with four tails. 'rhat this is not the 

case is shown in .fi'igure 8. 'l'he strands containing duplexes termi­

nated by four f, i.np.;le strand regions were divided into intervals 

of 500 nucleotides in length and matched with the average length 

of the duplex regions measured at each strand length. Figure 

8 shows that for both the 1.7 and 2.5 kb DNA the average duplex 

length does not vary consistently over a wide range of strand 

lengths (0-15 kb). 

We can calculate the fraction of the genome composed of short re­

?=titive sequences by a quantitative treatment owing to Chamberlin et al. 

(1975). The pe~cent of the genome composed of short repetitive se­

quences is equal to the product of the percent of the total DNA found 

in duplex and the fraction of the genome constituted by the isolated 

repetitive DrIA fractions. For the 1. 7 and 2. 5 kb DNA fractions these 

products were 6.0 and 8.6% respectively. The probability of formation 

of a duplex structure with four single strand regions at least 100 

nucleotides long each is (1 - (R + 200)/L)2 where R is the repetitive 
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sequence length and L the strand length (Chamberlin et al., 1975). 

The mean size of the strands engaged in duplexes terminated by four 

single strand regions was l._914 and 2. 526 kb in the two experiments. 

Using these nw::bers for Land 400 for R, we calculate the probabilities 

of formation and multiply them by 15%, which is the approximate pro;. 

portion of the genome comprised by short repeats (Pearson,Wu 

and Bonner, submitted for publication). The products repre­

sent the percent of the total DNA expected to be in duplex 

if recovery of repeated sequences is complete (100%). The re~ 

spective values obtained for the 1.7 and 2.5 kb fractions 

were 7.0 and 8.7% in good agreement with observation. 

Discusslon 

Sequence Organization in Rat DNA 

The data indicate that a numerous class of short repetitive sequences 

comprising 15% of the genome is, widely interspersed with unique DNA. 

The average sequence of this class is 400 ~ 150 nucleotides in length. 

Observations on the multiple duplex structures show that some re­

petitive sequences may be spaced very close to each other {<0.3 kb). 

ifoether such short spacings actually correspond to unique sequences 

cannot be established, since it is possible that the presence of two 

closely spac0d duplexes may sterically hinder the hybridization of a 

third repetitive sequence in between the two already hybridized. A 

treatment of the spacings between repetitive sequences in the rat is 

given in Chapter 2. 
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Comparison to Other Organisms 

The "Xenonus pattern" of interspersion of 300-400 nucleotide repeats 

with unique DNA prevails among eucaryotes (reviewed by Davidson et al., 

1975; cf. also ?irtel and Kindle, 1975; Schmid and Deininger, 1975). 

Our results show that rat DNA conforms to this pattern. 

Experimental Procedures 

Preparation of DNA 

DNA was prepared from rat ascites cells by extensive protease and 

RHAse digestions and repeated organic extractions with 25:24:1 phenol/ 

chloroform/isoamyl alcohol. Shearing of the DNA samples was performed 

in a Virtis homogenizer at 5°C in 0.05 !:!_ neutral phosphate buffer. 

AL~aline denaturation of the DNA was largely according to Manning, 

Schmid and Davidson (1975). All incubations and HAP chromatographic 

procedures were conducted at 6o0 c in 0.12 M phosphate buffer . DNA 

bound to :HAP was eluted with 0 . 12 M Na
3
Po4 (pH 12.3) at 6o0 c. 
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Electron Microscopy 

n:rA was dialysed against 0.01 M Tris, 0.001 M EDTA (pH 8.5), made 50% 
.. 

in formamide and spread for microscopy by the modified Kleinschmidt 

technique of Davis, Simon Davidson (1971). The DUA was visualized in 

a Philips EM 201 electron microscope at an accelerating voltage of 

60 kV. The grids contained single and double stranded PhiXl.74 circular 

D!fA molecules as internal standa.z-ds of known length 5.25 kb. The 

difference between single and double strand PhiX length determinations 

was negligible, and no correction factor was applied for discrepancy 

between single and double strand measurements . Micrographs were re­

corded on 35 z:im film which was projected directly onto the electro­

sensitive platen of a Hewlett-Packard electronic digitizer. Digitizer 

measurements were stored in a PDP-10 computer for analysis. 

De.ta Analysis 

The photographic data were translated into a numerical code for 

computer analysis. Each hybrid was considered to be an array of alter­

nating single strand and duplex regions. The data were stored as 

number triplets comprised of the single strand length, the double strand 

length and an identifying number arbitrarily ass-igned t-a ;each ' duplex 

in a hybrid structure. In this way the computer could reconstruct the 

hybrid com~lexes and calculate various physical parameters. 
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Figure Legends 

Figure 1. Preparation of 1.7.kb Repetitive DNA 

Conditions of shearing, incubation and HAP chromatography appear in 

the experimental procedures section. All length measurements were 

made by electron microscopy at t,he point in the isolation designated 

in the flowchart. The mixing in of a trace amount of long DNA to the 

final reaction of repetitive strands pertains to heteroduplex formation 

experiments reported • in Chapter 2 ·: and does not affect 

the results herein. 
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Figure 2. Preparation of 2.5 kb Repetitive DNA 

See legend to Figure 1. 
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Figure 3. "H" Structures Formed among the 2.5 kb Repetitive DNA Strands 

A marker in the micrograph gives the equivalent length of 1 kb. 



Figure 4. Double Duplex Structures Formed among the 2.5 kb Repetitive 

D:N'A Strands 

T'nese six-ended structures were interpreted to be the equivalent of two 

"H" structures connected by a single strand. 



Figure 5. Multiple Duplex Structures Formed among the 2.S kb 

rtepetitive DNA Strands 

Scale line drawings of the interpretations placed on the structures in 

the composite cicrograph appear below; single lines are single strands; 

double, cross-hatched lines are duplex regions. When an ambiguity arose, 

e.g., an odd number of tails in the hybrid structure, one reasonable 

interpretation of the complex was recorded. In some cases, this 

required us to designate certain tails to be single-tailed structures 

. analogous to the three-ended molecule class; however, no duplex measure­

ment of one-tailed structures was attempted. We draw a short duplex 

and dotted line to indicate the presence of a one-tailed duplex 

structure. 
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Figure 6- Repetitive Sequence Lengths Measured from the l.7 and 2.5 kb 

Repetitive DNA Preparations 

Frequency is equivalent to the number of measurements made; the interval 

size is 150 nucleotides. 

(a) Duplex lengths from the 1.7 kb DNA. 

(b) Duplex lengths from the 2.5·kb DNA. 
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Figure 7. "H" Structures from the 2 . 5 kb Repetitive DNA Strands 

a .pparently having long a_uplex lengths . 



-Jl-

Fig-ure 8. Relationship of Duplex Length and Strand Length 

The leri.gths of the duplex regions of "H" and multiple duplex 

structures were matched with the lengths of the strands on 

which they resided. Only duplexes terminated by four single 

strand regions were scored. 'l'he strand lengths used were the 

average of the lengths of the two strands forming a parti­

cular duplex structure. The mean length of the duplex regions 

in each interval are plotted against the strand length; the 

interval size is 500 nucleotides. The data are derived from 

449 strands of the 1.7 kb DNA preparation and 763 strands of 

the 2.5 kb DNA. 

(a) Duplex vs. strand length plot of 1.7 kb DNA. 

(b) Duplex vs. strand length plot of 2.5 kb DNA. 
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Preparot!on of 1.7 KB Repetitive ONA 

Shear long rot DNA in Vlrtis 
at 5000 rpm, 45 min 

mean length = 3.332 kb 
med ion length = 3.50 kb 
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Unbound 
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mean length = I. 188 kb 
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Fig. I 
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Preparation of 2.5 KB Repetitive DNA 

Shear long rot DNA in Virtis 
at 2000 rpm, 45 min 

mean length = 8.086 kb 
median length = 7.00 kb 

Denature, pass over HAP 
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Unbound 
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FiQ. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Chapter 2. 

Sequence Or~anization of the Rat Genome 

by Electron Microscopy 
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Summary 

Heteroduplex molecules between long total rat DNA single strands and 

short, repetitive sequence-bearing strands were prepared. Because most 

of the repetitive sequences on the short strands are flanked on both 

sides by unique sequences, these heteroduplexes display short unique DNA 

"tails" demarcating the ends of the repeat sequences in the electron 

microscope. In this way both the size of the repetitive sequences and 

the unique DNA spacings between them could be directly determined. 

Foldback sequences form hairpin structures in the long DNA strands, and 

their size and distribution can also be measured. From the data we 

propose this model of the rat genome. A numerous class of repetitive 

sequences 400 ± 150 nucleotides long on average is interspersed with 

unique sequences of at least 1500-1800 nucleotide number average 

length throughout at least 90% of the genome. Foldback sequences are 

interspersed with repetitive and unique sequences throughout half the 

genome and with unique sequences alone in approximately 5% of the DNA. 

15% of the repetitive sequences are organized into doublets and a few 

triplets of contiguous sequences. Short and long period interspersion 

of repetitive sequences may be distinguished, each pattern accounting 

for equal fractions of the interspersed portion of the genome. 
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Introduction 

A desire to understand the structural basis of eucary­

otic gene rep;ulation has stimulated studies into the physi­

cal organization of DNA sequences. Detailed models of the 

Xenopus (Davidson et el., 1973) and sea urchin genomes 

(Graham et al ., 1974) have been derived from hydroxy-



apatite binding data by computational methods. In Xenopus for instance, 

half the DNA consists of repetitive sequences about 300 nucleotides long 

interspersed with unique sequences of 700 to 900 nucleotide average 

length. One quarter of the DNA is similarly arranged but with the 

average unique sequence length in excess of 4000 nucleotides. Regions 

of exclusively unique DNA and of clustered repetitive sequences comprise 

the remainder of the genome. In sea urchin the average unique sequence 

length in the short period interspersed portion of the genome is about 

l kilobase (1 kb= 1000 nucleotides or nucleotide pairs), though other­

wise this genome is organized much like that of Xenopus. Aplysia DNA 

also generally corresponds to this pattern (Angerer et al., 1975). 

An extension of the techniques of Wu, Hurn and Bonner (1972) can in 

principle provide direct measurements of repetitive and unique sequence 

length distributions. We chemically isolate short DNA strands, 

which are nonetheless larger than the average repetitive sequence, each 

containing repetitive DNA. The repetitive sequences embedded within the 

strands will be terminated with either one or two unique DNA flanking 

sequences. When this DNA is hybridized in vast excess to long, unsheared 

total DNA single strands, heteroduplex structures form. These structures 

consist of long DNA strands, whose repetitive sequences have hybridized 

to the complementary sequences among the driver DNA population. The 

unique DNA sequences flanking the driver strand repeats will in general 

be non-complementary to the sequences flanking the repeats to which they 

have hybridized. Therefore, these unique DNA "tails" will project from 

the long strands and be identifiable in the electron microscope. 

Measurement of the duplex regions terminated by two tails yields the 



length of repetitive sequences. Measurement of the single strand regions 

bounded by repetitive duplex structures gives the unique DNA sequence 

length. 

An additional feature of this technique is that it identifies 

inverted repeat, or foldback, sequences in the DNA. Foldbacks have been 

studied previously in the electron microscope (Wilson and Thomas, 1974; 

Schmid, Manning and Davidson, 1975; Cech and Hearst, 1975), because 

they form hairpin or looped hairpin structures easily distinguishable 

under formamide spreading conditions. The rat genome contains 1.9 x 105 

inverted repeat sequences of 0.71 kb number average length spaced an 

average of 10 kb apart throughout about three quarters of the DNA 

' . ( Chapter 3). Foldback duplexes fonn in a rapid, 

concentration-independent reaction, when DNA single strands are re­

natured under appropriate conditions. The long DNA strands used in this 

study of repetitive sequence arrangement can be anticipated to form 

hairpin structures in addition to heteroduplexes. Since these two types 

of structures can occur on the same long DNA strand, an assessment of 

the relative spatial arrangement of repeat and inverted repeat sequences 

can be made. However, in the case of unlooped hairpin structures there 

is ambiguity in interpretation, since these mey have the same appearance 

as repetitive hybrids with only one tail. We will not consider the 

unlooped hairpins further, therefore. 
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Results 

Preparation of DNA 

20% of the rat genome is comprised of repetitive sequences; 75% of unique 

sequences; 5% of foldback sequences (Holmes and Bonner, 1974; Pearson, 

Wu, Posakony and Bonner, in preparation; Chapter 31 Virtually 

all the repetitive sequences reassociate in the C
0
t interval 0.005-50. 

It is possible to remove foldback sequences from the DNA by renaturation 

to low Ct 
0 

followed by removal of duplex-bearing DNA by hydroxy-

apatite chromatography. Unique DNA may be removed by renaturation to 

Ct 50 followed by isolation of hydroxyapatite bound DNA. This DNA now 
0 

contains only strands containing repetitive sequences. Most of these 

repetitive sequences have two unique DNA flanking sequences. 

We prepared two repetitive DNA fractions of O. 9 and 2 ._5 kb number 

average length. These lengths represent the average size of the input 

strands in the reassociation reactions described below. 

The details of the isolation are as follows: 

1.1 and 8.1 kb DNA strands were briefly renatured and applied to 

hydroxyapatite (maximum Ct= 0.16). Respectively, 20% and 60% of the 
0 

DNA bound. The unbound strands measured 0.9 and 2.5 kb on average 

after this procedure. These "stripped" preparations were then re­

natured to Ct 50 and fractionated on HAP. After chromatography the 
0 

DNA strands were 0.9 and 1.7 kb long on average. The respective percents 

bound for the two fractions were 42 and 38%. These two fractions we 

designate the O • 9 and 25 kb repetitive DNA fractions. The fractions 
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contain strands having repetitive sequences and unique DNA sequences 

flanking the repeats at one or both ends. We might expect the binding 

of the 2.5 kb fraction to be greater than that of the O. 9kb DNA at 

Ct 50, since a larger proportion of single copy sequence should be 
0 

bound to the column in this case. That the binding of the two fractions 

was essentially the same may in part reflect the inaccuracies of the 

optical absorbance determinations and partly the fact that the two 

preparations \€re of fairly similar size ( 0. 9 vs • 1 . 7 kb) after HAP 

chromatography. Angerer et al. (1975) also observed'similar· 

binding of two comparably sized Aplysia DNA preparations. 

The 0.9 kbrepetitive DNA fraction was hybridized to 29.4 kb long 

total DNA single strands in the following manner. Denatured repetitive 

and long DNA were mixed in a mass ratio of 100:1 and renatured to Ct 50 
0 

in 0.12 !1 phosphate buffer at 6o0 c. Since repetitive sequences comprise 

20% of the genome, (Holmes and Bonner, 1974; Pearson, Wu and Bonner, 

submitted) the C t was calculated to accommodate a 5-fold greater 
0 

relative rate of reaction. 

sequence excess was 500:1. 

This means also that the driver to tracer 

The Ct for tracer self-reassociation was 
0 

0.1. At the end of the reaction part of the DNA was prepared for 

electron microscopy, while the remainder was mixed with freshly alkali­

denatured and neutralized driver DNA. The driver DNA from the first 

phase of the reaction was considered to be inert with respect to further 

reaction. In this second phase of reaction the mass and sequence ex­

cesses of fresh driver to tracer were 1700:1 and 8500:1 respectively. 



The reaction was carried to Ct 50 as before. The tracer Ct was 0.1. 
0 0 

These DNA samples were mounted for electron microscopy at 25°c from 

50% formamide by the modified Kleinschmidt method of Davis, Simon and 

Davidson (1971). This formamide concentration maintains the criterion 

of duplex formation equivalent to 0.12 M phosphate buffer at 6o0 c. 

2.5 kb repetitive strands and long DNA were renatured to Ct 50 
0 

in mass and sequence excesses of 120:1 and 600:1 respectively. The 

tracer C t was o. 05. React ion conditions were as above. No second 
0 

reaction of the repetitive and long DNA hybrids was performed.. 

Recovery of Hybrid Structures 

The grids containing the various DNA preparations were scanned at random 

to the exclusion only of areas of obvious technical imperfection. All 

the DNA in the scanned regions was photographed and interpreted. A 

detailed description of the self-reassociation products of the driver DNA 

appears .in Chapter 1. 

Uninterpretable structures accounted for 1% of the total DNA and were 

disregarded. To collect additional repetitive/long ,DNA hybrid structures 

we scanned the grids further, photographing only the strands sub­

stantially longer than the largest of the driver molecules. 

The structures found under the electron microscope fell into 3 

main categories: (1) driver/long DNA hybrids with two tails, (2) duplex 

structures between driver strands and the tails of driver strands already 

hybridized to a long strand and (3) looped foldback structures. In 

addition, there was a substantial number of duplex structures with only 

one tail. These could represent either hybrids of repetitive strands 
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flanked only at one end by a unique sequence or foldback structures 

with no loops. There were in the data from the (j. ~ and 2. ,5kb fractions 

respectively 296 and 618 cases of two-tailed hybrid structures (Table 1) 

compared to 62 and 120 of the one-tailed events. 

Figure 1 shows hybrid structures between 0.9 kb repetitive and 

long DNA and our interpretations thereof. Similar structures, which 

include hybrids between driver strands and previously hybridized driver 

strand tails, are pictured in Figure 2. Micrographs of 2 . .5 kb re­

petitive/long DNA hybrids appear in Figures 3 and 4. 

The numbers of long strands scored and their molecular weights are 

listed in the last column of Table 5. Table 1 gives the recovery of 

all hybrid strands. 

Recovery of Repetitive Duplexes 

The length of the duplex regions demarcated by two tails equals the re­

petitive sequence length of rat DNA. Data in Chapter 1 have charac­

terizai a class of repetitive sequences 400 ± 150 nucleotides long in 

the rat from electron microscope res ulta. A similar conclusion has been 

reached by means of physical chemical techniques (Pearson, Wu and Bonner, 

submitted). The data on duplex recovery in these experiments 

displayed in Table 2 are consistent with this result. Fig • .5 shows 

the distribution of repetitive sequence lengths for the two experiments. 

Among the 2.5 kb/long DNA hybrids there were apparently a number of 

large repetitive duplexes (>2kb). However, any measurements on this 

larger class of sequences may strongly underestimate the true average 
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sequence length, since the average input strand is approximately the 

same size as the observed sequence length. Pearson, Wu and Bonner 

(submitted) present physical chemical evidence of a class of 

repetitive sequences in rat at least 2 kb long and comprising roughly 5% 

of the genome. If we eliminate such larger repeats from the 2~. kb 

data, the resulting size for the short repetitive sequence class is 430 

nucleotides. The 0.9kb data indicate 340 nucleotides as the number 

average size of this class of repetitive sequences. Both numbers are in 

good agreement with the findings in Chapter 1. 

Before we can proceed to the question of the average sequence length 

between repeats, we must establish whether the hybridization of 

repetitive sequences on the long strands was complete. The presence of 

an appreciable fraction of unhybridized repeats could result in a 

drastic overestimate of the actual length of unique sequences between 

repeats. We apply a treatment analogous to that of Chamberlin et al. 

(1975). The probability of formation of a two-tailed duplex structure, 

whose tails are at least 100 nucleotides long, i.e., sufficiently long 

to be identified under the electron microscope, is: 1 - (200 + R)/L, 

where Rand Lare the repetitive sequence and the fragment lengths 

respectively. Setting R equal to 400 nucleotides and using the values 

of L from Table 1, we calculate the expected percent of DNA in duplex 

for the 1,3 kb and the 2.4 kb hybrid experiments to be 8.2 and 11.2 

given then 15% of the genome consists o~~hort repetitive 

sequences (Pearson, Wu and Bonner, submitted). The observed 

values 10.1 and 10.2 are in good agreement with expectation. 
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We conclude that recovery of repetitive duplex structures 

was essentially complete. 

Recovery of Foldback Sequences 

Chapter 3 gives evidence for two classes of foldback sequences 

•in rat DNA: a numerous class of 0.30 average length containing 1.6% of 

total DNA and a disperse class of 6.1 kb long on average accounting for 

2.6% of total DNA. Approximately half the foldback structures contain 

loops. Table 3 cites the recovery of looped foldback structures in 

these hybrid structure experiments. The 0.4 kb average foldback duplex 

size in Table 3 indicates that the recovered foldbacks were mainly from 

the class of short foldback sequences. Since only half the total fold­

backs should have loops, we would expect to recover 1.6%/2 = 0.8% of the 

total DNA as foldback duplex. The actual recoveries were 1.0 and 0.9% 

respectively in the 0 . 9 and 2. 5 kb experiments in good agreement with 

expectation. 

Spacings Between Repetitive Sequences 

By measuring the single-strand contour length from the proximal tail of 

one two-tailed repeat to the proximal tail of an adjacent two-tailed 

repeat, we can detennine the length of the unique sequence between two 

repetitive sequences. The spacings measurements from the two experiments 

exhibit the distributions shown in Figure 6. The spacings range from 

the smallest observable value (~50 nucleotides} to 30 kb. In addition 

14.8% of the total repetitive sequences appeared to be located in physical 
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contiguity (spacing= 0) to each other in groups of 2 and 3 (see below). 

The, present data cannot establish whether spacings: 

observed are present in rat DNA, since the average tracer strand lengths 

in the two experiments were 15 and 20 kb for the0.9 and 2.5 kb data 

respectively • 

Statistical data pertaining to the spacing measurements are found 

in Table 4. The spaq_ing distributions from the 0.9 and 2.5kbDNA ' 

.. (Fig. 6) .display a close correspondence in the spacing frequencies 

less than roughly 2 kb in magnitude. However, in the range of larger 

spacings (>2 kb) there are far fewer measurements in the 0.9 kb than in 

the 2. 5kb results. This is reflected in the substantially lower average 

spacing values in the O. 9 kb data of Table 4 . It may be due to the 

considerably smaller tracer strand size in this experiment (15 vs 20 kb), 

since the longer spacings have a decreased probability of observation in 

shorter molecules. The possibility exists that experiments with even 

longer tracer strands might yield an even larger value for the mean 

spacing. Nonetheless the distributions shown in Figure 6 indicate that 

most spacings fall in the range 0.05-3kb. 

In general, we assume any spacing between two two-tailed duplexes 

to be equivalent to the length of that unique sequence. However, since 

many of the inter=repeat spacings are short (0.05-0.3 kb), 

we must consider a second possibility. It could be that the 

hybridization of a repetitive sequence located between two 

others, which have alrea4y hybridized, might be stericplly 

hindered, if the distance between the two previously formed 
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duplexes is short. Thus, while the contour length of DNA 

contained in all the spacings less 

than 0.3 kb, for example, is only 1.5% of the total DNA, replacement of 

all these apparent spacings with repetitive hybrids would have a very 

significant effect on the total spacing distributions (Figure 6 { c )- ( d)). 

Table 4 shows that the actual average spacing range would be 12-1800 

nucleotides instead of 800-1500, if this were the case. Another impli­

cation of this alternative interpretation is that the proportion of 

clustered repeats might be even higher than the 15% observed (see below}. 

The 2.5kb data more accurately reflect the total unique sequence 

distribution than do the0,9 kb results for reasons previously mentione~ 

though they may themselves underestimate the true average spacing. 

Therefore, regardless of the nature of the short spacings, the average 

unique sequence in rat DNA is at least in the range 1500-1800 nucleotide& 

Using the physical chemical techniques pioneered by Britten, Davidson 

and coworkers (Davidson et al., 1973; Graham et al., 1974), Pearson, 

Wu and Bonner (submitted) have found a value of 1800-2000 nucleo-

tides for the average unique sequence in the rat. The two results are 

in reasonable accord. 

It is noteworthy than an appreciable fraction of the two-tailed 

repetitive duplexes resided contW'uously to each other in pairs and 

infrequently also in triplets. In this regard the two experiments 

yielded consistent results. Using the combined data, 12. 6% of the total 

number of duplexes scored resided in doublets and 2.2% in triplets. 

However, these measurements could be the spurious result of partial 

displacement of a two-tailed repeat by a second incoming driver strand. 
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This hypothesis would predict that the average size of sequences in 

doublets and triplets would be smaller than that of the total. This is 

not the case. The mean duplex length of 0.393 kb among the repeats in 

multuplets does not differ demonstrably from the total average. 

Sequence Organization of Rat DNA 

Table 5lists the four classes into which the long strands studied fell: 

those possessing (1) only interspersed repetitive and unique sequences, 

(2) interspersed repetitive, foldback and unique sequences, (3) only 

foldback and unique sequences and (4) only unique sequences. We consider 

the 2.5 kb data to obtain a minimum estimate of the fraction of the 

genome containing interspersed repetitive and unique sequences. This 

fraction is 90%. Of this interspersed portion of the genome about 60% 

contains foldback sequences. 

Discussion 

A Model of the Rat Genome 

We propose this model of the rat genome. A numerous class of repetitive 

sequences 400 ± 150 nucleotides long is interspersed with unique sequences 

averaging at least 1,500-1800 nucleotides long thr,ou~hou.t . at --

least 90% of the genome. Foldback sequendes are ihterspersed 

with repeated and unique sequences throughoµt at least half . 

the genome. 1.5% of the repeated sequences occur in do.ublets 
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and a few triplets of contiguous sequences. 

Comparison to Other Organisms 

Davidson et al. (1975) summarize evidence that the Xenopus pattern of 

sequence interspersion appears in organisms found on many of the major 

branches of the phylogenetic tree. Recently, the genomes of slime mold 

(Firtel and Kindle, 1975) and man (Schmid and Deininger, 1975) have 

also been shown to conform to this pattern. Only the DNA of Drosophila 

(Manning, Schmid and Davidson, 1975) stands as the notable exception 

among genomes studied until now. However, Walbot and Dure (1976) have 

reported that the mean length of interspersed repeated se­

quences in 6otton is 1250 nucleotides--a-value intermediate 

to the short repeats of most animals and the 5 kb repeated 

sequences .of Drosophila., Angerer et al. ( 1975) ha~ _ :rev.iewed 

the issue of'. the regulatory significance' of ·· sequence organiza­

tion. The organization of the rat genome conforms to the "Xenopus pattern" 

of sequence arrangement. It is noteworthy, however, that rat DNA contairs 

a much larger proportion of contiguous repeats than does Xenopus 

(Chamberlin et al., 1975). 

Implications of Sequence Organization for Gene Regulation 

The Britten-Davidson model of gene regulation (Britten and Davidson, 1969; 

Davidson and Britten, 1973) proposes, in part, that the existence of a 

few contiguous repeats might provide the basis for coordinate control of 

certain structural genes. The organization of rat DNA is consistent with 

this hypothesis. 
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Comparison of Methods of Study of Sequence Organization 

Chamberlin, Britten and Davidson (1975) point out that the electron 

microscopic determination of repetitive sequence length affords a direct 

measure of the distribution of sequence lengths. In contrast, the 

physical chemical approach offers ease and an accurate estimate of the 

overall population of sequences. This comparison is applicable also 

to the EM and physical chemical approaches to sequence organization. 

The former gives a direct measurement of individual repetitive and unique 

sequence lengths, while the latter provides a good estimate of the mean 

unique sequence length. 

Pearson, Wu and Bonner ( submitted) used nuclease and hydroxy-

apatite binding procedures to estimate the repetitive sequence length as 

300 nucleotides and the average interrepeat spacing as 1800-2000 nucleo­

tides. The agreement between the two measurements of repetitive sequence 

length in the rat is good, as Chamberlin, Britten and Davidson (1975) 

also found in Xenopus. 

The applicability of the EM method appears to be quite general, 

though not in organisms like Drosophila , whose genomic organization is 

unsuited to this approach. The preparation of a driver repetitive 

fraction of sufficient length would be a great technical difficulty in 

this case. 
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Experimental Procedures 

Preparation of DNA 

Long DNA was isolated from rat ascites cells as described in Chapter 

1. Shearing of the O . 9 and 2 . .5 kb drivers was performed in 

a Virtis homogenizer at 15000 and 2000 rpm respectively at 5°c in 0.05 M 

neutral phosphate buffer. Alkaline denaturation of the DNA followed the 

method of Manning, Schmid and Davidson (1975) generally. All incubations 

and HAP chromatographic procedures were conducted at 6o0 c in 0.12 M 

phosphate buffer. Elution of bound DNA from HAP was with 0.12 !1 Na
3
Po4 

at 6o0 c. Details about the pedigree of the 2.5 kb driver repetitive 

fraction are given irt Chapter 1. 

Electron Microscopy 

DNA was dialysed against 0.01 M Tris, 0.001 M EDTA (pH 8.5), made 50% in 

form.amide and spread for microscopy by the modified Kleinschmidt 

technique of Davis, Simon and Davidson (1971). The DNA was visualized in 

a Philips EM 201 at an accelerating voltage of 60 kV. The grids contaired 

single and double stranded PhiX174 circular DNA molecules as internal 

length standards of known length 5.25 kb. The ratio of the measured 

single to double strand length of a given DNA strand region was 0.97, so 

we treated single strand and duplex measurements without distinction. 

Micrographs were recorded on 35 mm film which was projected directly onto 

the electro-sensitive platen of a Hewlett-Packard electronic digitizer. 
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Digitizer measurements were stored in a PDP-10 computer for analysis. 

Data Analysis 

The photographic data were translated into a numerical code for computer 

analysis. Each molecule was considered to be a repeating array of single 

strand and duplex regions, repetitive hybrids having tails and fold-

back duplexes none. Each element of the array was measured as an 

ordered quadruplet consisting of the single strand region bounding the 

duplex on an arbitrarily chosen side, the first tail's length, the 

duplex length and the second tail's length. Foldbacks are considered 

to have tails of length zero. The computer can identify and match 

structural features by the particular permutation of zero and non-zero 

numbers in each quadruplet. 
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Footnotes to Table 1. 

a 
These data apply to cases we interpreted to be repetitive hybrid 

duplexes consisting of a duplex region terminated at both ends by 

single strand unique DNA tails radiating from the long backbone strand 

of the heteroduplex structure. In cases wherein the duplex region 

between two tails could not be assigned a strandedness visually, it 

was assumed that this region is double-stranded provided the tails are 

in reasonably close adjacence to each other. In cases in which there 

was ambiguity of interpretation, e.g., an odd number of tails close 

together, one likely interpretation was recorded, assigning the odd tail 

to the one-tailed duplex category. In most cases no such ambiguities 

occur. 

b 
This category includes the two tails bounding the junction between two 

contiguous repeats. 
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Footnotes to Table 2. 

a 
This is the sum of the total contour length of repetitive duplex DNA 

found between two single strand tails; thus, it excludes any contribution 

from one-tailed structures. 

b 
The divisor in this computation is the total contour length of all the 

long tracer strands measured; this number is given in Table 5° 
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Footnotes to Table 3 

a 
The value used for the total DNA was the combined contour length 

of all the long tracer strands, as cited in Table 5. 
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Footnotes to Table 4. 

a'l'he total spacing measurements were simply sorted into those greater 

and less than the value of 0.3 kb to form two separate data pools, 

which were analysed independently to yield the numbers cites for the 

less and greater than 0.3 kb categories. 
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Footnotes to Table 5 

8Each of the long strands analysed in the various experiments was 

sorted into four categories according to whether they possess (1) only 

repetitive hybrids, (2) repetitive structures and foldbacks, (3) only 

foldbacks and unique sequences or (4) no duplex structures at all. 

The statistics generated in the table were calculated from the 

separate data pools. 

bThe data in this column pertain to all the long tracer strands scored. 

-
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Figure Legends 

Figure 1. Heteroduplex molecules between 20 kb total DNA and 0.9 kb 

repetitive sequence-bearing strands 

Long total DNA strands were reacted to Ct 50 with a 100 fold mass excms 
0 

of 0.9kb repetitive sequence-bearing DNA. Hybridization was at 6o0 c 

in 0.12 ,!'.! phosphate buffer. The sample was spread for electron 

microscopy from 50% formamide at room temperature. Long strands were 

located by scanning the grids at random and scoring any strands sub­

stantially greater than the driver molecules. A bar in the composite 

micrograph shows the length corresponding to 1 kb. Below are scale line 

drawings of our interpretations of the structures. Single lines 

represent DNA single strands; double, cross-hatched lines show duplex 

DNA. Duplexes without tails are foldbacks. In the case of apparent 

one-tailed repetitive hybrids a short duplex is drawn ended by a dashed 

line. This was done for illustrative purposes, and no duplex measure­

ments from one-tailed structures were attempted. 
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Figure 2. Heteroduplexes between long and O. 9 kb repetitive DNA, 

including hybrid structures on tails 

(a) Molecules from the same grids as described in the legend to Figure 1, 

but including driver strand/tail hybrids. 

(b) Scale interpretations of the molecules in (a) by the conventions 

adopted in the legend to Figure 1. 
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Figure 3. Heteroduplex molecules between 20 kb total DNA strands and 

2.5 kb repetitive sequence-bearing DNA, including long and short 

repetitive duplexes 

20 kb total DNA strands were reacted to Ct 50 with a 120 fold mass 
0 

excess of 2.5 kb repetitive DNA. Hybridization and microscopy 

procedures, as well as conventions used in drawing our interpretations 

are as in the legend to Figure 1. 
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Figure 4. Heteroduplexes between long and 2.5 kb repetitive DNA, 

including hybrid structures on tails. 

(a) These molecules are from the same grids described in the legend to 

Figure 3, but include duplex structures between driver strands and tails. 

(b) Scale drawings of our interpretations of the molecules in (a). 

Conventions followed are as in the legend to Figure 1. 



Figure 5. Duplex Lengths of the repetitive sequences in rat DNA. 

(a) Duplex lengths measured on long strands driven to Ct 50 by 0.9kb 
0 

repetitive DNA are recorded. DNA reassociated to Ct 50 as described 
0 

in the text was placed at the end of reaction in a second incubation 

mixture containing a 1700 fold mass excess of freshly alkali-denatured 

and reneutralized 0.9kb repetitive DNA. Reaction was to Ct at 6o0 c in 
0 

0 . 12 !1 phosphate buffer, and microscopy procedures were as in Figure l. 

(b) Duplex lengths of repeats measured on the 2.5 kb repeat DNA/long DNA 

hybrids described in Figure 3. 
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Figure 6. Spacings between two repetitive sequences 

(a) These data were derived from the molecules in the 0.9 kb 

repeat/long DNA experiment, by measuring the single strand 

region bounded by the proximal tails of two two-tailed hy­

brids. The interval size is 150 nucleotides, and the frequen­

cy is the actual number of spacing measurements made. 

(b) As in (a) for the 2.5 kb repeat/long DNA hybrids. A few 

spacings larger than 7.5 kb ranging as high as JO kb are not 

sho\'m. 

(c) This histogram displays the distribution of spacings from 

the 0.9 kb repeat/long DNA experiment as in (a) but excluding 

all spacings smaller than O.J kb in magnitude. 

(d) As in (c) for the 2.5 kb repeat/long DNA hybrids. A few 

spacings larger than 7.5 kb ranging as high as JO kb are not 

shown. 
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Fig. 2 (a) 
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Chapter J. 

Foldback Sequences in Rat DNA 



Summary 

The foldback sequences in rat DNA were characterized in the electron 

microscope. 30 kb DNA single strands were renatured for 1 min at low 

concentration and spread for electron microscopy from 50% formamide. 

Visualization of the briefly renatured molecules, whose foldback 

sequences have formed hairpin and looped hairpin duplex structures, 

permits measurement of the lengths of the foldbacks, the spacings be­

tween complementary foldback sequences, viz., the loop lengths, and the 

spacings between adjacent foldback duplexes. Our data indicate that 

4.4% of rat DNA is comprised of foldback sequences numbering 

1.9 x 105 per genome. Foldback duplexes are interspersed throughout 

at least 73% of the DNA at an average spacing of 9.7 kb. The mean loop 

length was 5.1 kb. While the average foldback sequence length was 

0.71 kb, two size classes could be distinguished: (1) a numerous class 

of short foldbacks 300 nucleotides long on average comprising 39% of 

the total foldback DNA and (2) a sparse class of large foldbacks of 

6.1 kb average length composing the other 61%. 



Introduction 

DNA single strands containing a sequence and the inverted repeat of 

that sequence form hairpin or looped hairpin structures, termed fold­

backs, under renaturing conditions (Britten and Smith, 1970; Wilson and 

Thomas, 1974). 1.5-6% of the DNA of humans (Wilson and Thomas, 1974; 

Schmid and Deininger, 1975; Dott, Chuang and Saunders, submitted for 

publication), Drosophila (Schmid, Manning and Davidson, 1975),mouse 

(Cech and Hearst, 1975),Xenopus (Davidson et al., 1973; Perl.man, 

Philips and Bishop, submitted for publication) and rat (Pearson, Wu 

and Bonner, s ubrn it t ed. ; herein) consists of foldback sequences. 

The function of these sequences is at present unknown, though some cir­

cumstantial evidence indicates a possible link to the processing of 

nuclear RNA. 

This study seeks to discern the number, size and arrangement of 

the foldback sequences of rat DNA and to consider this information in 

relation to possible models of foldback function. We briefly renatured 

long DNA single strands, mounted them for electron microscopy from 50% 

formamide, and visualized the hairpin and looped hairpin foldback struc­

tures. We can measure the number and size of the foldback duplexes, 

the spacings between non-contiguous complementary inverted repeat 

sequences, i.e., the loop lengths, and the spacings between renatured 

foldback duplexes. 

Results 

HAP Binding Properties of Rat Foldback DNA 



The extent of binding of animal DNA fragments of increasing length to 

hydro:xyapatite after brief renaturation rises over an appreciable range 

of strand lengths (Wilson and Thomas , 1975; Schmid, Manning and 

Davidson, 1975). This follows from the interspersion of renatured 

foldback duplexes with unique and repetitive sequences (Schmj_d and 

Deininger, 1975; Chapter 2) , such that 

ever greater quantities of DNA flanking the foldbacks are bound with 

them to HAP. With the exception of Xenopus (Davidson et al., 1973), 

50-80% of animal foldbacks studied are looped; that is, the inver ted 

6ompl emcntary sequences arc SBnarated by a non- compl ementary 

spacer sequence. Thus, increasing fragment length augments the pro­

bability of formation of looped foldbacks and thereby the observed 

increase in HAP binding. 

Holmes and Bonner (1974a) reported that 10% of 450 nucleotide rat 

DNA fragments bind to RAP at very low Ct. Table 1 lists the binding 
0 

properties of several larger length classes. The various DNA prepa-

rations were alkaline denatured, renatured for 1 min at DNA concentra­

tions of 25-100 micrograms/ml and applied to HAP at 6o0 c. Binding 

climbs sharply until strand lengths exceed 3.3 kb. Thereafter, binding 

increments diminish so that but 2% difference in HAP retention distin­

guishes 8.1 and 29.4 kb fragment classes. 

Hairpin Structures in High Molecular Weight Unfractionated DNA 

Unsheared, unfractionated DNA single strands at a concentration of 

25 micrograms/ml were renatured for 1 min, quenched by addition of 

4 volumes of ice-cold deionized H
2
0, and spread for electron microscopy. 



The long single strands displayed numerous hairpin structures, looped 

and unlooped, as shown in Figures 1, 2 and 3. 396 long strands of 

29.4 kb number average length were analysed. Data on foldback struc­

tures studied are tabulated in Table 2. The preponderance of duplex 

structures consisted of looped and unlooped foldbacks, though a small 

class of foldback structures formed within the loops of other foldbacks. 

Also, a small class of apparent intermolecular hybrids were in evidence. 

The latter structures consisted of four-ended "H"-type structures (cf. 

Chapter 1). These may have arisen in part from 

the breakage of foldback loops, as the maximum Ct of 0.005 reached in 
0 

this experiment is not favorable for interstrand duplex formation; or 

this could be due to a small amount of genuinely highly repetitive 

sequences. 

The percent of the total DNA recovered as foldback duplex was 4.4%. 

The duplexes ranged in size from the smallest measurable to 30 kb as 

depicted in Figure 4. The distribution of foldback lengths is bimodal, 

in that it consists of a numerous class of sequences 100-600 nucleotides 

long and a sparse, disperse class en~ompassing the remaining foldbacks. 

If, for the purpose of comparison to hydroxyapatite data, we consider 

the foldback duplexes respectively less and greater than 2 kb indepen­

dently, then the short class averaging 300 nucleotides in length con-

tains 39% of the foldback duplex DNA. The other 61% falls to the long 

category of 6.1 kb mean length. There are 1.9x105 foldback duplexes in 

the genome. The overall average inverted repeat sequence size is 

O. 71 kb. 
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The distribution of spacings between proximal termini of renatured 

foldback duplexes appears in Figure 5. Foldbacks are interposed by 

single-strand regions ranging from the very short to greater than 60 kb. 

The mean length of the strands amongwhichthe spacings were measured, 

i.e., those bearing at least two foldbacks, was 45.0 kb. The average 

inter-foldback spacing is 9.7 kb (Table 2); therefore, it is unlikely 

that a strong bias toward shorter spacing has influenced the data. 

That there is no obvious relationship between spacings and the lengths 

of the strands on which they were measured can be seen in Figure 6. 

The relationship between spacing and strand length appears to be random. 

The strands having at least 1 foldback comprise 73% of the total 

DNA. We conclude that, at the criterion of 29.4 kb strand length, 

foldbacks are scattered throughout at least 73% of the genome. How­

ever, this figure is a minimum estimate, since the strands devoid of 

foldback duplex averaged only 19.8 kb long by number. 

54% of the foldbacks scored possessed a measurable loop. The 

looped duplexes are somewhat longer on average than the simple hairpin 

structures (Table 2). Figure 7 exhibits the distribution of loop 

lengths. The mean of this distribution is 5.1 kb (Table 2). There is 

no obvious relationship between the foldback duplex length and loop 

length (Figure 8). In 58% of the cases a duplex shorter than 500 

nucleotides was terminated by a loop less than 4 kb. 

Hairpin Structures in HAP-fractionated DNA 

Further electron microscopic data were gathered from the HAP frac­

tionation products of 29.4 kb foldback DNA. The strands were renatured 
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as before and fractionated on HAP. The bound and unbound fractions were 

separately mounted for microscopy and analysed as before. The bound 

fraction displayed the various types of hairpin structures shown in 

Figures 9, 10 and 11. Table 3 shows the recoveries of duplex struc­

tures from these fractions. The product of the percent foldback duplex 

in the bound fraction (Table 3) and the fraction of the genome consti­

tuted by this fraction (Table 1), 4.9%, is the amount of foldback DNA 

recovered. This is in good agreement with the 4.4% estimate from the 

unfractionated DNA experiment. The average foldback size measured here, 

0.61 kb (Table 3), is also comparable to that derived from the results 

with unfractionated DNA. The parameters of spacing and loop length from 

the bound DNA cannot be compared to the unfractionated DNA results, how­

ever, because the bound DNA molecules had suffered a reduction of mean 

strand length to 7.7 kb. This length reduction means that these results 

must tend to deemphasize the longer spacings and loop lengths ,observed 

among the 29.4 kb unfractionated DNA strands. 

The unbound molecules, 4.1 kb long on average, also contained a few 

apparent foldback structures totaling 0.4% of whole DNA. These struc­

tures are substantially shorter in duplex length than the mean of the 

bound foldbacks and include a disproportionate number of looped fold­

backs (Table 3). Possibly short duplexes with attached loops are 

somewhat refractory to HAP binding. Alternatively, some of these 

might be artifacts of spreading for electron microscopy, in that the 

DNA may occasionally twist in a manner spuriously similar to the con­

figuration of a short, looped foldback. Cech and Hearst (1975) have 
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also observed this phenomenon. 

Comparison of Electron Microscopic to Physical Chemical Results 

Pearson , Wu and Bonner ( s nbm i t t ed ) have found with Sl nuclease 

experiments that 6% of rat DNA is duplex by Ct 0.05 . This agrees with 
0 

the 5% duplex estimate from the electron microscope data (Table 2). By 

separating the foldback duplexes shorter and longer than 2-3 kb with 

agarose A-50 chromatography, these authors find 32 and 68% respectively 

of the foldback duplex to belong to the shorter and longer categories. 

This can be compared to the 39-61% distribution determined by IM with 

the 29.4 kb unfractionated strands. 

The hydro:xyapatite binding data (Table 1) indicated that strands 

increasingly longer than 8 kb exhibited virtually no augmentation in HAP 

retention . Our electron microscopic measurements show that 8 kb is 

roughly equal to the average inter-foldback spacing and substantially 

longer than the 5.1 kb average loop length. It would not be anticipated 

that more DNA would bind among fragment lengths greater than 8 kb . The 

agreement between the observed and calculated binding of the 29.4 kb DNA 

strands (Table 1) is good in view of the knowledge that extensive break­

age of the fractionated DNA probably occurred during chromatography 

(Table 3). 

Discussion 

A Model of Foldback Organization in Rat DNA 
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We propose this model of the arrangement of foldback sequences in the 

rat. The 4.4% of rat DNA constituted by foldback sequence is divided 

39% among a numerous class of sequences an average of 300 nucleotides 

long and 61% among foldbacks at least 6.1 kb on average. However, the 

parameters describing the larger foldback class are somewhat uncertain, 

in that these sequences are few in number (Figure 4}. Further, 

extremely long foldback sequences would appear as linear molecules and 

go undetected by the present technique. Therefore, the true average 

size and proportion of the total foldbacks of this larger class may be 

greater than the figures cited. Foldback pairs are interspersed 

throughout at least 73% of the DNA at an average spacing of 9.7 kb; 

the minimum average spacing between non-contiguous complementary in­

verted repeats is 5.1 kb. Foldbacks are interspersed with both repe­

titive and unique sequences in half the genome ( Chapter 2). 

Rat DNA may contain as little as none and as much as 0.6% highly 

repetitive DNA from these findings. 

Comparison to Other Organisms 

These data conform to an emerging pattern of foldback sequence organi­

zation in a number of animal DNAs. 1.5-6.0% of the DNA CO~ists of 

foldback sequences an average of 0.5-1.4 kb long interspersed through­

out 1/3-3/4 of the genome (Schmid, Manning and Davidson, 1975; Cech 

and Hearst, 1975; Schmid and Deininger, 1975; Dott, Chuang and 

Saunders, submitted for publication}. In mouse, Drosophila and rat 
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DNA 50-80% of the foldbacks have loops an average of J-6 kb 

in length. The foldbacks of Xenopus may have very few loops 

(Davidson et al., 1973), Throughout much of the human (Schmid and 

Deininger, 1975) and rat ( Chapter 2) 

genomes foldbacks are interspersed with repetitive and unique sequences. 

This must be true of certain other organisms as well from the wide 

distributions of both interspersed repetitive and interspersed inverted 

repeat sequences. 

Implication of Foldback Organization for Function 

Foldback sequences are present in heterogeneous nuclear RNA (Ryskov, 

1973; Jelinek et al., 1974; Molloy et al., 1974) and either disappear 

at the mature message stage (Ryskov et al., 1973) or endure in mRNA 

molecules as a single complement of the foldback sequence in hnRNA 

(Naora and Whitelam, 1975). hnRNA molecules are populated by inter­

spersed repetitive and unique sequences (Holmes and Bonner, 1974b; 

Smith et al., 1974). Suggestion that the foldback sequence in hnRNA 

molecules might be a site for processing of the RNA has been made 

(Naora and Whitelam, 1975). The fact that half the rat genome consists 

of closely interspersed repetitive, inverted repeat and unique sequences 

substantiates that much of the DNA is available for transcription into 

RNA molecules of the construction described. Moreover, the spacings 

between foldbacks are on the order of tens of kilobases. This is the 

same size range as that of rat hnRNA molecules (Holmes and Bonner, 

1974a). These results therefore are consistent with models of foldback 



function like that above. 

Experimental procedures 

Preparation of DNA 

DNA was prepared from rat ascites cells by standard methods including 

extensive treatment with protease and RNAase and organic extra~tion 

with 25:24:1 phenol/chloroform/isoamyl alcohol. DNA was alkaline de­

natured by the method of Manning, Schmid and Davidson (1975). Renatu­

ration was at 6o0 c in 0.12 M neutral phosphate buffer. All hydroxy­

apatite chromatographic procedures were carried out at this temperature. 
I 

The foldback fractions were eluted from the column with 0.12 M Na
3
Po4 

(pH 12.3). 

Electron Microscopy 

DNA samples were dialysed 4 hr against 0.01 M Tris, 0.001 M EDTA 

(pH 8.5), ma.de 50% in formamide and spread for microscopy by the modi­

fied Kleinschmidt technique of Davis, Simon and Davidson (1971). 

Visualization was in a Philips EM 201 electron microscope at an ac­

celerating voltage of 60 kV. Micrographs were recorded on 35 mm film; 

negatives were projected directly onto the electro-sensitive platen of 

a Hewlett-Packard electronic digitizer. Digitizer measurements of 

strand length were stored in a PDP 10 computer for analysis. 

Data Analysis 

Molecular information was translated into quadruplet code for computer 

analysis, as described in Chapter 2. 
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Table l. a Binding of DNA renatured to low Ct to bydroxyapatite 
0 

b Fragment Length (kb) 

l.l 

3.3 

8.1 

Calculated 

Fraction Bound 

0. 20 

0.53 

0.60 

0.62 

Maximum Ct Reachedc 
0 

0.15 

0.20 

0.16 

0.06 

a DNA samples at a concentration of 25-100 micrograms/ml were alkaline 

denatured, renatured to a nominal C
0

t of 0.005 and applied to hydroxy­

apatite at 6o0 c in 0.12 M phosphate buffer. Elution of the bound 

fraction was with 0.12 M Na
3
P04 (pH 12.3) at 6o0 c. Yields from the 

columns were 95% or better as determined by optical density. 

b This is the number average length determined by electron microscopy. 

c This figure includes the dwell time on the column prior to absorption. 

d This row gives the amount of the total DNA contour length measured 

composed of strands bearing at least one foldback structure. 



Table 2. Electron microscopic analysis of 29.4 kb DNA renatured to low 

C t 
0 

Class Number Total DNA % of Number Weight 

Scored in Class Total Average Average 

(kb) DNA 

Long DiiA 396 11,600 100 29.421 47.630 

Strands 

Looped Fold- 176 156 2.6 o.884 7.689 

back Duplexes 

Loopless Fold- 150 92 1.6 0.616 10.428 

back Duplexes 

Total Fold- 326 241 4.2 0.740 8.910 

back Duplexes 

Inter strand 18 65 o.6 3.618 11.383 

Duplexes 

Loops 176 901 1.a 5.117 15.136 

Foldback Du- 29 26 0.2 o.449 o. 737 

plexes in Loops 

Loops of Fold- 12 73 o.6 6.066 17.609 

backs within 

Foldbacks 

Spacings between 152 1471 12.7 9.679 21.246 

Foldbacks 
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Figure l. Simple hairpin foldback structures among 29.4 kb DNA single 

strands. 

After renaturation as described in the text and quenching with ice-cold 

H2o, the DNA was dialyzed against 0.01 M Tris, 0.001 M EDTA (pH 8.5), 

made 50% in formamide and spread for electron microscopy. ~ll74 circu­

lar DNA was present on the grids as a known internal length standard of 

5.25 kb. Arrows on the micrograph point to the hairpin duplexes. A bar 

indicates the equivalent length of 1 kb. 



-101 -

Figure 2. Looped foldbacks among the 29.4 kb DNA 

strands. 

These molecules containing looped toldbacks are from the same grids as 

described in Figure l. 
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Figure 3. Multiple foldback duplexes on long single 

strands. 

These molecules containing multiple foldback structures are from the 

same grids as described in Figure l. 
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Figure 4. The distribution of foldback duplex lengths from the 

29.4 kb single strands. 

The frequency equals the actual number of measurements. The interval 

size is 80 nucleotides. The measurements are of the duplex length of 

the foldbacks, not of the combined length of the two complementary 

sequences. 
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Figure 5. Distribution of spacings between foldback duplexes among 

the 29.4 kb DNA strands. 

The frequency is the number of spacings actually scored. Statistics 

concerning the distribution are given in Table 2. The interval size is 

1 kb. Spacing measurements were between the proximal ends of two adja­

cent foldback duplexes. 



Figure 6. Three-dimensional histogram of inter-foldback spacings and the 

lengths of strands on which they are found. 

Each measurement of spacing between two foldback duplexes was matched 

with the length of the single strand that contains the foldbacks. The 

ordered pairs are separated by computer into two-dimensional intervals 

of strand length and spacing length in the x:y plane of the figure. The 

height of a given box in the z space equals the number of ordered pairs 

falling into the interval occupied by that box. The figure suggests no 

trivial relationship between the spacing measurements and the strand 

lengths. These measurements were made among the 29.4 kb strands. 
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Figure 7. The distribution of loop lengths among the 29.4 kb DNA 

strands. 

The frequency equals the number of measurements scored. The interval 

size is 1 kb. Statistics on this distribution appear in Table 2. 
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Figure 8. The relationship between foldback duplex length and 

attached loop length. 

In each case of a looped foldback, the duplex length and the loop 

length were paired and plotted. The measurements were derived from the 

29.4 kb DNA. 



Figure 9. Simple hairpin structures from hydroxyapatite bound 

fraction. 

29.4 kb DNA was renatured for 1 min and fractionated on hydroxyapatite, 

as described in the text. DNA was prepared for microscopy as described 

in the legend to Figure l. The DNA pictured is from the bound fraction. 
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Figure 10. Looped foldbacks among the hydroxy-apatite bound 

molecules. 

See Figure 9. 
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Figure 11. Hydroxyapatite bound strands bearing multiple foldback 

structures. 

See Figure 9. 
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Fig. I 
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