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ABSTRACT

Improved methods for the formation and stabiZization of R-Zoops for vis-
ualization in the eZectron microscope are presented. The two compZementary
strands of a duplex DNA are photochemicaZly crosslinked once every 1 to 3 kb
using 4, 5', 8 trimethylpsoraZen. R-Zoops are then formed by incubation with
RNA in 70% formamide at a terrmperature above the DNA meZting temperature.
FinaZZy, the R-Zoops are stabiZized by modifying the free singZe strand
of DNA with gZyoxaZ, thus minimizing the dispZacement of the hybridized RNA
by branch migration. In this manner R-Zoops can be formed and visuaZized at
a hiah frequency irrespective of the base composition of the nucZeic acid of
interest.

INTRODUCTION

Under appropriate conditions RNA will hybridize with double stranded DNA

displacing the non-complementary DNA strand. The structure that forms has

been termed an R-loop, and is easily recognized in the electron microscope

as a bubble in the otherwise duplex DNA structure. The bubble is comprised

of a double stranded DNA:RNA hybrid half and an single stranded DNA half (1,

2). R-loops have been useful for studying the organization of transcribed

sequences in viral and cloned recombinant eucaryotic DNA's (3,4,5,).

Rapid and efficient formation of R-loops occurs in solvents in which

RNA:DNA hybrids are more stable than DNA duplexes and at temperatures very

close to or above the DNA:DNA strand separation temperature (T ) of the

sequence that hybridizes to the added RNA (1). To decrease the probability

of total strand separation, it is advantageous if the DNA sequence which is

going to form an R-loop is flanked by sequences with a higher T5s that remain

hydrogen bonded during hybridization. Accordingly, formation of R-loops with

G + C rich RNA is difficult because the two DNA strands may irreversibly

dissociate before an R-loop forms.

A further difficulty may be encountered when trying to keep high molecu-

lar weight chromosomal and viral DNA molecules intact during R-loop formation.
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These DNA molecules are often nicked. Under conditions favoring R-loop for-

mation the DNA duplex between two nicks on opposite strands may dissociate

resulting in a reduction of the duplex DNA length.

These problems can be overcome and R-loops readily formed if the two

complementary DNA strands are crosslinked infrequently with 4, 5', 8-trime-

thylpsoralen (trioxsalen). Trioxsalen intercalates into duplex DNA and forms

covalent crosslinks between adjacent pyrimidine residues on complementary

strands when irradiated with long wavelength ultraviolet light (6).

The number of crosslinks can be controlled by varying the dose of ultraviolet

irradiation (6). In this paper we show that DNA infrequently crosslinked

with trioxsalen can be used to form R-loops with high efficiency.

Once formed, R-loops are not completely stable if the molecules are

transferred to certain altered solvent conditions. For example, we found

the majority of yeast mRNA:DNA and rRNA:DNA R-loops formed in 70% formamide

were only partially stable in 50% formamide, a solvent that gives better con-

trast in the electron microscope. In 50% formanide R-loops are less stable

thermodynamically and part or all of the R-loop may be displaced by branch

migration of the unhybridized DNA strand. We have devised a method which

stabilizes R-loops by preventing branch migration. R-loops are treated with

glyoxal under conditions where only the single stranded DNA arm is modified,

thus inhibiting further base pairing while preexisting duplex DNA is not

visibly affected. This method has made it possible to stabilize R-loops for

electron microscopic visualization in several systems for which R-loop

instability has been a problem.

MATERIALS AND METHODS

Reagents and their abbreviations are as follows: TE--O.ql M Tris, 0.001

M EDTA, pH 7.4. NPE--0.5 M NaCl, 0.1 M PIPES, 0.0] M EDTA, pH 7.2. PE--

0.1 M PIPES, 0.01 M EDTA, pH 7.2. Hybridization Buffer (R-loop buffer)--70%
formamide (v/v) recrystallized as described (7), 0.4 M NaCl, 0.1 M PIPES,
0.01 M EDTA, pH 7.2 (1). PLB II--0.l M NaCl, 0.02 M EDTA, pH 7.0 (8).

DM--2.0% (w/v) Na lauroyl sarcosinate. 3.0% (w/v) Na deoxycholate, 5.0%

(w/v) sodium dodecyl sulfate, 0.02 M EDTA, 0.01 M Tris, pH 8.0 (8).
Nucleic Acid Isolation. High molecular weight (100-300 kilobases (kb))

yeast DNA was isolated by a modification of the spheroplast lysis method (8)

from log phase cells grown on YEPD (1.0% (w/v) yeast extract, 2.0% (w/v) pep-

tone and 2.0% (w/v) glucose). Spheroplasts from 1.5 x 109 - 3 x 109 cells

were prepared according to Blamire et al. (8), suspended in 2 ml PLB II,
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layered on top of the complex gradient pictured in Fig. 1 in an SW 25.2 cen-

trifuge tube and centrifuged at 18,000 rpm for 8 hr at 15°C. The DNA banded

in the middle of the CsCl layers. The top 35 ml of the gradients were dis-

carded and the remaining solutions carefully mixed and adjusted to a density

of 1.7 gm/cc (n = 1.400±0.005) with saturated CsCl solution. Care was taken

to minimize any agitation beyond what was necessary to obtain uniform solu-

tions. The gradients were centrifuged in a 60 Ti rotor at 36,000 rpm for

48-60 hr at 200 and fractionated by puncturing the bottom of the tube with a

1" long 12 gauge needle and pumping at a rate of approximately 1 ml per min.

Emerging drops were collected by direct contact with the bottom of the tube

to minimize mechanical shear forces. Finally the fractions containing DNA

2nI spheroplasts suspended in PLBU were dialyzed against TE. Up to 50
2ml DM+2.5%(w/v)sucrose lg of DNA were obtained per gradient.

It is necessary to use both the CsCl

layers and the sucrose gradient in

{ 30m 5-15% sucrose gradient in PLBIU order to remove cellular debris and

a nondialyzable contaminent which

acts as a surfactant that interferes

}7ml CsCI p=1.2gm/cc with the spreading of DNA for elec-
tron microscopy.

K.ĝlOml CsCI p= 1.9 gm/cc The entire cellular DNA content

was obtained by this preparation as

Figure 1. Complex gradient for isola- judged by the presence of mitochon-
tion of high molecular weight DNA. drial and 2 1 circular DNA, which
Just prior to running, the two CsCl
solutions were freshly underlayed and should be the slowest sedimenting
the DM and spheroplast solutions DNA in the first step (data not
freshly overlayed on the sucrose
gradient. shown). DNA isolated in this manner

was at least 100-300 kb in length.

(It may have beeLi larger since our only criteria for judging the molecular

weight was electron microscopy after Kleinschmidt spreading,which may shear

the DNA.) The DNA was relatively free of nicks compared to DNA isolated by

conventional methods which utilize enzymes (data not shown). The ratio of

A260/A280 always approached 2.0 indicating it was relatively free from protein.

pJHCll plasmid DNA (9) was isolated from chloramphenicol treated E. coli

HB101 according to the method of Wensink et al. under P2 containment condi-

tions (10). pJHCll was digested with restriction endonuclease BamHl (N.E.

Biolabs), phenol extracted and dialyzed against TE.

18S and 25S rRNA were isolated as previously described (11). poly(A)
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RNA (the gift of F. Gibson) was isolated as described (12) from log phase

YEPD grown cells.

Crosslinking with Trioxsalen. DNA was suspended in 0.01 M NaHP04,

0.001 M EDTA pH 6.9 at a concentration of 50 jig/ml. Trioxsalen (50 pg/ml

in absolute ethanol) was added to a concentration of 1 ig/ml and the solution

irradiated for varying times (1-5 min) at a distance of 30 cm from a Black-

Ray long wave length ultraviolet lamp (output at 30 cm = 45 ergs/mm2sec)

(Ultraviolet Products, Inc., San Gabriel, CA). Care was taken to get a

uniform distribution of trioxsalen dissolved in the sample. The sample was

gently mixed 2-3 times during the irradiation. As the number of crosslinks

varies for different types of DNA (unpublished observation), irradiation

was generally done for 3 different times and the frequency of crosslinks

checked.

Determination of the Crosslinking Frequency. Aliquots of crosslinked

DNA were spread in 50% formamide after complete denaturation with 1.0 M

glyoxal as described (13). The number of single stranded crossovers was

counted and divided by the length of the DNA measured. The lengths of the

two strands between a crossover had to be approximately equal for the cross-

over to be counted as a crosslink.

R-loop Formation. R-loops were formed by incubation of RNA with DNA

in hybridization buffer. Incubation temperatures and times for particular
experiments are noted in the text.

Glyoxal Fixation of R-loops. The R-loop mixture was quickly chilled to

00, 40% glyoxal (Matheson, Coleman and Bell) was added to a final concentra-

tion of 1.0 M (1/7 volume), and the solution was incubated 2 hr at 12-130C.

Care was taken to prevent any warming of the R-loop solution when it was in

the presence of 1.0 M glyoxal. R-loops were either spread directly or

dialyzed against TE or NPE at 4°.

Separation of Unhybridized RNA from R-looped DNA. 50 pl of the poly(A)

RNA R-loop solution was fixed with glyoxal, dialyzed against NPE and chroma-

tographed on a 3 ml Sepharose 2-B column equilibrated with NPE. 0.2 ml

fractions were collected and an aliquot of each fraction spread in 50% for-

mamide and examined in the electron microscope. All DNA molecules including

those containing R-loops were excluded while most of the unhybridized mRNA

was included.

Spreading for Electron Microscopy. R-loop preparations in 50% formamide

were spread onto a 15% formamide hypophase as described (14). Spreading
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from 70% formamide on a 15% formamide hypophase was carried out as described

by Chow et al. (15) for 45% formamide spreads. All components of the spread-

ing solutions, except the R-looped DNA were mixed. The R-loop mixture was

added and this spreading solution immediately pipetted onto the hypophase.

The limited exposure of R-loops to spreading conditions minimizes displacement

of the RNA by branch migration (T. Broker and L. Chow, personal communica-

tion). Films were stained with uranyl acetate and rotary shadowed with

Pt/Pd. Electron microscopy was done on a Philips 300 instrument at varying

magnifications using +X 174 RFII DNA (5386 base pairs) (16) as a double

stranded length standard.

RESULTS

rDNA R-loop Map of pJHCII. Initial tests on various R-loop procedures

were carried out on the plasmid pJHCII which contains yeast rDNA fused to the

bacterial drug resistance vector RSF2124 (9). After conversion to a full

length linear form by digestion with Bam Hl, pJHCII DNA was incubated with

18S rRNA or 18S and 25S rRNA in hybridization buffer for 3 hr at 500 and 520

respectively. The DNA was spread in both 50% and 70% formamide and observed

in the electron microscope. Figure 2 shows the R-loop maps generated. When

18S rRNA alone is hybridized, 93% of the 18S rRNA genes contained a recog-

nizable R-loop (Fig. 2c). Hybridizing both 18S and 25S rRNA, greater than

95% of all the 18S and 25S rRNA genes contained R-loops (Figs. 2a and b).

An additional small R-loop from the 3' end of the 25S rRNA was reproducibly

present only when the R-loops were spread in 70% formamide. A typical

micrograph of Bam H1 cut pJHCll containing 18S and 25S rRNA R-loops is shown

in Fig. 3. We conclude that pJHCll contains almost two tandem repeats of

the rRNA genes, including the two intact 18S rRNA genes, an intact 25S rRNA

gene and a fragment of a second 25S rRNA gene. These results agree with both

the restriction map of pJHCll (9) and the results obtained by hybridizing

RNA to the purified rDNA EcoRl restriction fragments (17,18,19).

Effects of Crosslinking on R-loop Structure. Bam Hl digested pJHC11,

that had been trioxalen crosslinked once per 740 base pairs, was incubated

with 18S rRNA in hybridization buffer for 2-3 hr at 5000 and spread from 50%

formamide. 84% of the 18S rRNA genes contained a detectable R-loop. The 18S

RNA R-loop map using the crosslinked DNA (Fig. 2d) was almost identical to

the control containing unmodified DNA spread in 50% formamide (2c) with the

exception that the average R-loop is 15% shorter in the crosslinked sample.
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a

b

c

d

e

Q71±.21 0.42±+08
6.80±.34 1.61±.33 3.11t.52 3.24 ±54 1.53±-30332±26 5.5i±26

0.95±.30
6.82±.33 1.11±.31 3.90±.33 2.95±.29 1.16±.36 9.48±.29

6.64 ±.28 1-.1±.34 7.61±.49 1.29 ±.23 9.46 ±.26

6.80±.28 1.05±.28 7.98 ±.47 I.03±.31 9.38 ±.36

0.90±.41 0.40±.08
6.61±.21 1.53±.30 3.35±.23 3.21±.36 1.50+±26 3.40±.31 5.35±.17

Figure 2. Maps of 18S and 25S rRNA R-loops on Bam-Hl digested pJCHll DNA
prepared under various conditions. R-loops were formed and prepared for
electron microscopy as described in Materials and Methods. The sample size
for each map was 40-60 molecules. The lengths of each of the segments in all
the maps were normalized to a total length of 26.20 kb, the mean combined
length of a-e. a. 18S and 25S rRNA R-loops spread from 70% formamide,
b. 18S and 25S rRNA R-loops spread from 50% formamide, c. 18S rRNA R-loops
spread from 50% formamide, d. 18S rRNA R-loops on trioxsalen crosslinked
(once per .74 kb) DNA spread from 50% formamide, e. glyoxal fixed 18S and
25S rRNA R-loops spread in 50% formamide. Errors given are the standard
deviations. RNA is represented by the jagged line.

., . ..

(4 Zj

Figure 3. Electron micrograph of 18S and 25S rRNA R-loops on Bam-Hl digested
pJHCll DNA spread from 70% formamide as described in Materials and Methods.
The 25S rRNA gene fragment (25S fr) shows a single stranded tail, presumably
made up of the 5' end of the rRNA molecules. RNA is represented as a dashed
line.

2504



Nucleic Acids Research

R-loops interpreted to contain several crosslinks in a single gene were

sometimes observed (Fig. 4a). Structures were also observed where a single

gene contained two R-loops spaced by a region that was either duplex or

triplex (Fig. 4b). These structures may be indicative of too many crosslinks

interfering with either the formation or visualization of the R-loops in

the center of the gene. Accordingly, the noticeably smaller R-loops may

also be caused by too many crosslinks at the ends of the gene. Experiments

reported in later sections on yeast chromosomal DNA show that when the cross-

linking frequency is reduced to about once per 3 kb, the length of the R-loops

is indistinguishable from that with uncrosslinked rDNA. In summary, these

initial experiments show that R-loops can be formed using trioxsalen cross-

linked DNA.

Formation of R-loops to Completely Denatured DNA. As stated previously,

it is difficult to form R-loops when the RNA is G + C rich since the DNA

IL~

P .sJo

*'r, ~ ~ /r.
a-i

Figure 4. Examples of anamalous 18S rRNA R-loops on crosslinked (once per
0.74 kb) pJHCll DNA spread in 507% formamide. a. In addition to the two
apparent crosslinks in the center of the gene there appears to be what we

interpret as several crosslinks at the end of the gene giving a collapsed
triplex DNA:DNA:RNA structure. b. An R-loop that has collapsed around the
middle of the gene. It is not clear if the center region is a duplex DNA
or a triplex DNA: DNA: RNA structure .
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strands can irreversibly separate during the hybridization. To test if

crosslinking can be used to prevent irreversible denaturation of the DNA

and allow R-loop formation, we hybridized 18S rRNA to crosslinked Bam Hl

digested pJHCll DNA under conditions where the DNA is completely denatured.

A thermal denaturation curve, monitored optically, of Bam Hl cut pJHCll in

R-loop hybridization buffer showed that the midpoint of the thermal denatura-

tion curve (Tm) was 48.5 and the DNA was completely denatured at 580 (not
shown). In 70% formamide the Tm of DNA:RNA hybrids is 15-25° higher than

the Tm of DNA duplexes (7). Therefore, at temperatures above 58° rRNA:DNA

hybrids are stable (estimated T >70°) while the plasmid DNA duplex is dissoci-

ated unless held together by trioxsalen crosslinks.

18S rRNA was hybridized to unmodified and crosslinked (once per 740

base pairs) pJHCll DNA in hybridization buffer for 4 hrs at 63°C. The two

samples were spread in 50% formamide and the percentage of R-loops determined

by electron microscopy. The unmodified DNA was, as expected, almost completely

single stranded. Furthermore, most of the single strands were shorter than

full length. A few (<10% of predicted) R-loops were seen. These were

probably due to a small amount of renaturation of complementary DNA strands

which occurred when the reaction mixture was cooled to room temperature just

prior to spreading. In contrast, the majority of the molecules in the cross-

linked sample were full length duplexes containing 89% of the predicted

number of 18S R-loops, indicating R-loops can form at higher temperatures

when DNA is completely single stranded.

Formation of R-loops with Large Chromosomal DNA. rDNA comprises 6-8%

of yeast DNA (20,21) so that it is easy to locate rDNA R-loops in spreads of

unfractionated DNA. When 18S rRNA was hybridized in R-loop buffer for 2-3

hrs to 100-300 kb yeast chromosomal DNA at 50°, the largest rDNA molecules

observed were 75 kb long and contained no more than 8 regularly spaced

R-loops. The majority of the 18S RNA R-loops were present on significantly
shorter molecules (27-45 kb) containing only 3-5 R-loops. In contrast, when

long yeast chromosomal DNA (100-300 kb) was crosslinked on the average

once per 2.75 kb and hybridized with 18S rRNA under the same conditions,
very long strands of DNA with lengths up to 236 kb containing 26 regularly
spaced 18S rRNA genes were found. A molecule containing 15 repeats is

shown in Fig. 5. Only 25-35% of all the rDNA was present on molecules con-

taining fewer than 6 repeats (55 kb). The average length of the 18S rRNA

was 1.22 ± .21 kb which was comparable to the length found in the 50% for-

mamide spreads of 18S rRNA R-loops on unmodified pJHCll molecules. The
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Figure 5. A molecule of yeast rDNA containing 15 approximately evenly spaced
18S rRNAR-loops. The DNA:RNA hybrid strand is represented as a double line
and the unpaired DNA strand is represented as a dashed line.
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average length of the repeating R-loop plus spacer unit was 9.34 ± .18 kb.

Restriction enzyme analysis of the yeast rDNA gives a repeat length of 9.1

kb (18,19) in good agreement with our measurements.

The frequency with which we saw spacings between 18S R-loops of

18.7 ±2.0 kb rather than 9.3 kb was about 5%. This is expected on the

basis of the observed 94% saturation of 18S rRNA R-loop sites in pJHCll DNA

treated under similar conditions. This assumes that all yeast rDNA consists

of 9.3 kb tandem repeats with no major length heterogeneity.

R-loops were also formed with both 18S and 25S rRNA at 530 using

crosslinked (once per 2.7 kb) unfractionated yeast DNA. Molecules contain-

ing 8 tandem repeats of 18S and 25S rRNA genes were observed, but no attempt

was made to get longer DNA on the grids. The tandem repeat lengths for the

genes and spacer were in complete agreement with those obtained with 18S rRNA

alone. In addition, the relative positions of the 18S and 25S rRNA R-loops

were in agreement with those observed for pJHCll.

In summary, the experiments described in this section show that infre-

quent trioxsalen crosslinking is effective for keeping large duplex molecules

relatively intact during the formation of R-loops.

Stabilization of rRNA R-loops with Glyoxal. In the previous section

we have dealt with the problem of keeping the DNA intact during R-loop for-

mation. An additional problem encountered is the instability of R-loops

under certain conditions. The length of the 18S rRNA is 1.80 ± .20 kb as

determined by CH3HgOH gel electrophoresis (unpublished observation) and a

variety of other techniques (18,22) while the length of 18S yeast rRNA

R-loops formed in 70% formamide and spread from 50% formamide was only

1.11-1.29 kb (Fig. 2c). Furthermore, none of the R-loops spread in the 50%

formamide were full length. In contrast, 18S rRNA R-loops spread from 70%

formamide were 1.57 ± .30 kb long. 50% of these R-loops were full length and

many of the rest contained a small tail of unhybridized RNA. The length

of this tail plus the length of the R-loops was approximately 1.8 kb. Since

DNA:RNA hybrids are thought to have almost the same (4% shorter) contour

length per kb in the electron microscope as DNA duplexes (18), the shortening

of the R-loops spread from 50% formamide is probably the result of branch

migration as opposed to an artifact of the spreading condition.

We found that treatment of DNA containing R-loops with 1.0 M glyoxal

in 70% formamide at low temperature is useful for stabilizing R-loops against

displacement by branch migration. Glyoxal binds covalently to G residues on

single strand nucleic acids, and destroys their ability to form base pairs
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(23). Under sufficiently gentle conditions, duplex DNA is not visibly

denatured (24).

18S and 25S rRNA R-loops on pJHCll were formed and treated with 1.0 M

glyoxal at 12-13° for 2-3 hr as described in Materials and Methods. The

DNA was either directly spread from 50% or first dialyzed against TE and then

spread from 50% formamide. Dialysis made no quantitative difference; however,

the quality of the electron microscopic image was improved. In either case,

as shown in Fig. 2e, R-loops fixed with glyoxal are significantly larger than

the unfixed R-loops spread from 50% formamide and are about the same size as

the R-loops spread from 70% formamide. 36% of the glyoxal fixed R-loops

were within 10% of the expected full length of 1.8 kb.

In addition to the shortening of R-loops caused by spreading from 50%

formamide, we have observed complete loss of some R-loops under these

conditions. As shown in Fig. 2, pJHCll contains a 0.42 ± .08 kb segment

from the 3' end (25) of a 25S rRNA gene at one of the yeast-vector junctions.

This R-loop is almost always present when the molecules are either spread

directly after the hybridization reaction from 70% formamide or fixed with

glyoxal and then spread in 50% formamide. Furthermore, once fixed with

glyoxal they are completely stable when dialyzed against TE. However, in

the absence of glyoxal fixation the 25S rRNA fragment R-loop spread from 50%

formamide is either partially or entirely lost in 66% of the molecules

observed. The various structures and their observed frequencies when spread

under different conditions are shown in Table I. These results show that

glyoxal modification at low temperatures permits spreading in 50% formamide

with equal or slightly greater R-loop stability than spreading from 70%

formamide.

R-loop Formation with Yeast poly(A) RNA. To test these R-loop proce-

dures on a large heterogeneous sample of coding sequences, total yeast

poly(A) RNA was hybridized under saturating conditions to total yeast DNA

crosslinked once every 2.2 kb with trioxsalen. In order to insure complete

DNA strand separation, R-loop incubations were carried out in hybridization

buffer at 52°C. This temperature is 1-3° higher than the irreversible TSs
of total yeast DNA in hybridization buffer as estimated from melting profiles

of total yeast DNA in aqueous buffers with a cation concentration of 0.2 M

(J. Cramer, personal communication). 1 mg/ml poly(A) RNA was incubated with

10 vg/ml yeast DNA for 105 hr (R t = 1.16 x 103 M sec). This value is 50

times greater than the Rot used to reach saturation in an mRNA driven hybrid-
ization to denatured single copy DNA (12). Since the rate of hybridization is
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Table 1. Effect of Different Spreading Conditions on the Stability of the

25S rRNA Gene Fragment in pJHG11. a. plasmids containing a discernible

R-loop. In some molecules a tail presumed to be the unhybridized 3 kb of the

25S RNA was observed. When no tail was present it was presumed to be due to

either collapse of the RNA in the spread or the hybridization of degraded RNA.

b. plasmids containing a single stranded RNA tail attached to DNA in the cor-

rect region of the plasmid. These were thought to be due to partial displace-

ment of the R-loop by branch migration. c. plasmids containing no structures

in the appropriate region presumed to be due to complete displacement of the

R-loop by branch migration. A small proportion (<5%) may be due to the fail-

ure to form R-loops.

slower in high formamide solvents (7) and the rate of R-loop formation is

temperature dependent (1), this high R0t value was chosen to insure saturation

under R-loop hybridization conditions (We have subsequently observed that

thisRR t is at least 3 tines greater than necessary to reach saturation.)

DNA containing R-loops was glyoxal treated as described in Materials and

Methods. It was either spread from 50% formamhide or first dialyzed against

NPE and passed over a Sepharose 2B column before spreading. Controls were not

treated with glyoxal and were immediately spread from 50% or 70% formamide

without dialysis. The data in Table 2 show that the number of R-loops per
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TABLE 2

Stabilization of poly(A)5 RNA R-loops after Treatment with Glyoxal

Frequency
of Average size

Experimental Total kb DNA % of R-loops R-loops Average double
Conditions kb DNA in total number per unit per yeast R-loop stranded DNA

traced R-loops DNA in R-loops length of genome2 length(kb) between adja-
R-loops DNAI cent R-loops

Spread
from 50% 351.1 23.1 6.6 55 0.16 2424 OS1±0.223 4.65±4.60
formamide4

Spread
from 70% 544.0 51.5 9.5 101 0.19 2813 0.50±0.30 4.16t4.S7
formamide4

glyoxal

spread from 399.5 130.7 32.6 124 0.31 4698 1.06±0.33 2.28±2.29
50% formamide

glyoxal
fixed, dia-
lyzed, gel
filtered and 525.0 152.0 28.9 174 0.33 5000 0.87t0.39 1.84t2.25
stored 30
days, 4 C and
spread from
50% formamide

Yeast poly(A)+ RNA hybridized to crosslinked total yeast DNA under R-loop conditions was quickly
chilled to OeC and treated as described above. A small aliquot was spread at a sufficient dilution
so that the unhybridized RNA did not interfere with the R-looped DNA.5 All the DNA on a portion
of the grids was photographed and the number and lengths of the R-loops determined.

I Frequency is given as the number of R-loops divided by the total kb of DNA traced.
2 R-loops per genome is calculated as the frequency multiplied by the chromosomal genome size,

taken as 15,152 (26).
3 Errors are given as the standard deviation.
4 R-loops were also spread directly from the hybridization reaction without prior chilling. No
quantitative changes were observed in the chilled vs. unchilled samples and the data presented
is the combined total of both.

5 In the experiment presented in the bottom row of the table, RNA was reaoved by gel filtration so
a larger aliquot of DNA could be spread.

unit length of DNA, the fraction of the DNA observed in R-loops and the

average R-loop length were all much greater for the glyoxal treated samples

than for the untreated controls even when the latter was spread from 70%

formamide. In addition, we noted that the frequency of R-loops remained

constant for a glyoxal treated sample after storage in the cold for 30 days.

The average size of these R-loops appear 18% shorter than unstored glyoxal

fixed R-loops, indicating that a small amount of branch migration may have

occurred during storage. However, the constant frequency indicates that

few, if any, R-loops are completely displaced. A typical stretch of DNA

containing poly(A) RNA R-loops fixed with glyoxal and spread from 50% for-

mamide is shown in Fig. 6.

Studies by several other methods indicate that 3000 to 5000 genes coded

for by 30-40% of the yeast genome are expressed as poly(A) RNA (12). The

percentage of DNA in R-loops observed in the glyoxal treated sample approaThed

this value. Multiplying the number of R-loops/kb of DNA traced by the
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Figure 6. Yeast DNA containing poly(A) RNA R-loops that was glyoxal fixed,
dialyzed, gel filtered on Sepharose 2B and spread in 50% formamide as
described in Materials and Methods. 38% of the duplex DNA length of this
molecule is covered with R-loops. The arrows denote regions of R-loop
containing DNA which are difficult to interpret.

number of kb in the genome (15,152 kb) (26) we estimate that there are

approximately 5000 expressed transcripts in good agreement with values

quoted above. A more complete description of the distribution of transcribed

regions in the yeast genome will be presented elsewhere.

Effect of Glyoxal Treatment on Duplex DNA. Several bubbles less than

200 base pairs long were seen in the R-loop experiments with poly(A) RNA.

In these cases it was often difficult to discern the single strand:double

strand structure of the R-loops. Although the relative number of these
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structures was negligible compared to the total number of R-loops observed

the possibility that these bubbles were not R-loops, but glyoxal induced sin-

gle stranded DNA denaturation loops remained. To test this, duplex yeast DNA

was treated with glyoxal for 2 hr and 24 hr at 12°C in hybridization buffer

and spread from 50% formamide. Several small denaturation bubbles were ob-

served which in a hybridization experiment could be confused with R-loop

structures. The results show (Table 3) that only 0.06% and 0.3% of the DNA

is denatured into short bubbles by the 2 hr and 24 hr glyoxal treatments,

respectively. In the case of the 2 hr treatment, which appears adequate for

stabilizing R-loops, the number of bubbles could account for no more than

1-2% of the total number of R-loops observed. Therefore, as a result of

these observations small bubbles were ignored unless a clear R-loop structure

was evident.

Formation of R-loops to Cloned Eucaryotic Genes. A standard procedure

was adopted which should be applicable to most cloned eucaryotic genes.

Chicken S globin chromosomal DNA cloned in XCharon 4A (Ch4Aagl from J. Dodgson

and J.D. Engel ) was crosslinked as described in Material and Methods and

R-loops formed by incubation at 560 for 24 hrs with 5 pg/ml of 7 day embryo

reticulocyte 10S RNA. This RNA is a mixture of 80% adult a and 20% embryonic

a globin sequences (27). The R-loops were fixed with glyoxal and spread in

50% formamide (Fig. 7). 80-100% of the molecules observed contained at least

one R-loop while approximately 1/3 contained a second R-loop located

2.41±0.15 kb from the first. The major R-loop is the adult a globin gene

and the minor R-loop (not shown) corresponds to the embryonic sequence (J.

TABLE 3

Effect of Glyoxal Treatment on Duplex DNA

kb of DNA observed
of DNA Estimated

Length of visibly Number of glyoxal in-
glyoxal single bubbles duced bubbles

treatment Duplex Single stranded stranded observed per genome1

2 hr. 500-1000 0.45 0.03 3 45-90

24 hr 260 0.80 0.31 8 466

Duplex DNA prepared as described in Materials and Methods, suspended in hybridization buffer
was treated with iM glyoxal for the times noted above and spread from 50% formamide. A por-
tion of the grids was randomly photographed and the number and lengths of any bubbles
measured.

number of observed bubbles x 15,152 kb/yeast genome (26)
'bubbles per genome

estimated or measured total kb DNA
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Figure 7. Adult (Ad) a-globin RNA R-loops on CH4AaG1 DNA. 7 day reticulo-
cyte 10S RNA was hybridized to crosslinked (once per 4 kb) DNA in hybridi-
zation buffer as described in the text. The free 3' poly(A) tail of the
adult 0-globin R-loop in the lower picture is labeled with poly(BrdU) tailed
pMB9 restriction fragment (28).

Dodgson, J.D. Engel and J. Strommer, personal communication). Both genes

contain an 810±100 base pair intervening sequence. Finally, since the DNA

was trioxsalen crosslinked a majority of the molecules were intact after the

R-loop hybridization; this was in contrast to an uncrosslinked sample of DNA.

DISCUSSION

Several improvements which simplify formation and visualization of

R-loops in the electron microscope have been devised. The DNA is crosslinked

once per 1.5 to 4 kb with trioxsalen which prevents irreversible strand

separation and enables the formation of R-loops at temperatures where the

DNA is completely denatured. Once formed, the R-loops are treated with

glyoxal in the cold which stabilizes the structure.

There was no apparent effect on the formation of rRNA R-loops when the

DNA was crosslinked with fewer than an average of one diadduct per 1.7 kb.

The presence of structures such as shown in Figs. 4a and 4b suggests that

the RNA just winds itself around the trioxsalen crosslink. However, if too

many crosslinks are present in a single gene some R-loops may appear to be
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too short or discontinuous (Fig. 4b). It is not clear whether the R-loop

is not forming or if the large number of crosslinks prevents the resolution

of the bipartite R-loop structure.

An appreciable fraction of covalently bound trioxsalen molecules are

monoadducts bound only to a single strand (29). Although not investigated, it

seems unlikely that the mild trioxsalen treatment used in these studies could

cause a significant destabilization of the double helix. Duplexes viewed in

the electron microscope appeared normal and contained no denaturation bubbles

or other evidence for mismatches. Furthermore, no evidence was found to

suggest that our trioxsalen treatment significantly alters the length of the

DNA duplex (data not shown). However, the electron microscope cannot resolve

either the presence of a few mismatched base pairs or small changes in the

length of duplex DNA (less than 130 X, equivalent to 50 pairs).

During our studies on rRNA R-loops we noticed that the single stranded

tails present at the ends of some R-loops appeared preferentially on specific

ends of the genes. These tails are presumed to be the product of branch

migration since full length R-loops without tails are observed when the

R-loops are either fixed with glyoxal or spread in 70% formamide. In 50%

formamide spreads, 50% of the 18S rRNA R-loops contained a small RNA knob

or tail at the 5' end of the gene, while a tail was seen on the 3' end in

only 10% of the R-loops. In addition, under these spreading conditions 33%

of the 25S rRNA R-loops were observed to contain RNA tails or knobs at the

3' end, but none were observed on the 5' end.

Finally, the 25S rRNA gene fragment R-loop in pJHCll comes from the 3'

end of the RNA and is only partially stable when spread in 50% formamide.

This R-loop corresponds to the same region of the full length 25S rRNA gene

which is unstable under these conditions. The paucity of R-loops at distinct

ends of the gene suggests that branch migration has some sequence specifi-

city. A comparison of the R-loop map to the denaturation map of yeast rDNA

(30) and the Tm's of individual restriction fragments (J. Cramer, personal

communication) reveals that the regions which branch migrate overlap with

regions that have a high A + T base composition. Therefore, R-loops which

are high in A + T probably are not very stable in 50% formamide. In agree-

ment with this observation is the instability of mRNA R-loops when spread in

50% formamide (Table 2). The yeast genome is relatively A + T rich (62%)

(31,32), so it is not surprising that the R-loops require glyoxal modifica-

tion for visualization.

It is not clear why branch migration does not go to completion, but
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stops at or near a certain point in the rRNA R-loops. This arrest may be

due to secondary structure in the unpaired DNA strand since G + C rich DNA

would be predicted to contain more stable secondary structure than A + T

rich DNA.

This stabilization of R-loops with glyoxal enables them to be manipu-

lated in buffers where they might ordinarily be unstable. This made it

possible to separate the DNA containing R-loops from the 100 fold excess of

poly(A) RNA driving the hybridization. In addition, spreading from low

salt buffers from 50% formamide generally gives better cytochrome:DNA

films with improved contrast over that obtained by spreading from a high

salt hybridization buffer in 70% formamide.

The effects of the glyoxal treatment were minor causing the appearance

of several small denaturation bubbles less than 200 base pairs long. Care

should, therefore, be observed when looking at R-loops from small RNA species.

In our later studies (to be published elsewhere) the few small bubbles

(<200 base pairs) seen when hybridizing total poly(A) RNA to DNA were

ignored. These constituted fewer than the equivalent of 2% of the total

number of R-loops observed.

The methods detailed in this paper require a minimal amount of manipu-

lation and improve both the ease and effectiveness of R-loop mapping.
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