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ABSTRACT

We have used R-loop formation and direct hybridization
techniques to analyze the kinetics by which RNA is
displaced from a heteroduplex by DNA of identical
sequence. Using random walk simulations we were able
to calculate the step times for a single displacement
reaction. For RNA with a GC content of 57-60% the data
indicate an RNA exchange probability of 50.06%, which
is indicative of a modest destabilization of the hetero-
duplex compared with a DNA duplex in the presence of
magnesium. The average step time for the reversible

exchange of a single nucleotide is 345.0 ( + 1.3) ms/step.

An acceleration of the displacement reaction was
observed in the absence of magnesium. A comparison
with step times for elongation shows that RNA
displacement would not be rate limiting to transcription

elongation under two conditions: (i) if magnesium is

eliminated from the newly synthesized heteroduplex;
(ii) if displacement is kept in a forward only exchange
mode through binding of the emerging RNA. Dista-
mycin, a minor groove binding drug, is very effective as

a ‘catalyst’ of RNA displacement. This effect is likely to
be due to preferential binding of distamycin to the minor

groove of the DNA duplex as opposed to the hetero-
duplex. This kinetic assay could therefore serve as a
convenient assay for the determination of binding
preferences of nucleic acid ligands.

INTRODUCTION

are reported to have reduced thermodynamic stability compared
with double-stranded B-form DNA or A-form RNA-5).

R-loop formation, i.e. sequence-specific local displacement of
one strand of DNA from a duplex structure by RNA of identical
sequence, provides a defined starting material for kinetic analysis
of the exchange reaction between these two helices. The
sequence-specific formation of R-loops at elevated temperatures
(50-60°C) in 70% formamide is driven by the higher
thermodynamic stability of RNA-DNA duplexes compared with
double-stranded DNA under thes#vent conditions,7). The
exact nature of this increased stability is not fully understood.
However, a possible driving force for this exchange could be the
higher extent of hydration of the minor groove of B-form DNA
compared with the A-forn8j]. Organic solvents therefore tend to
force DNA into the less stable A-form. This decreased stability
is reflected in a tendency to unwind upon dehydrafiprThus
solvent-enforced A-form DNA woulddoome less stable than a
heteroduplex, which can remain in its preferred topology,
resembling the A-form. The high stringency of this hybridization
reaction makes R-loop formation a useful tool for the identification
of transcribed genomic sequencE311) and sequence-specific
scission of DNA {2,13).

After removal or dilution of formamide, the thermodynamic
advantage of heteroduplex formation is lost and DNA gradually
displaces RNA from the R-loop structure in a strongly tempera-
ture-dependent mannei,14). While this instability presents a
problem for reactions requiring intact R-loops, it also provides an
opportunity to study the kinetics of strand exchange. The
conditions under which heteroduplex formation is thermo-
dynamically favored and the conditions for RNA displacement
are mutually exclusive, yet easily convertible. This provides a

Heteroduplexes consisting of 1 mol RNA and 1 mol DNA forntlear starting point for kinetic analysis. We previously presented
in vivoduring reverse transcription, transcription and replicatiora study on the impact of RNA length and the use of
Although they played a historically important role in thecharge-modified nucleotides on R-loop formation and stability
discovery of the exon/intron structure of transcription units an¢l4). The analysis of R-loop stability as presented in this earlier
are central in the design of antisense deoxyoligonucleotides, theirblication included a model for the displacement of RNA that
kinetic and thermodynamic stability has not been extensivelyas based on a random walk model. This model has been applied
investigated. Structurally, heteroduplexes prefer an intermediaaccessfully to the exchange of DNA by DNA in triple-stranded
topology close to an A-form helix.,@). Determination of the test systemslf) and protein-free Holliday junction$&17). In
thermodynamic properties of heteroduplexes relative to theiis present communication we analyze the kinetics for the
homoduplex counterparts is complicated by the greater sequendisplacement of RNA from R-loop structures by competing DNA
dependent variation in thermal stability encountered for differemind compare the estimated step times with rates for fast
RNA-DNA pairs (). Overall, mixed sequence heteroduplexedranscription elongation. In addition, we demonstrate the effect of
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the minor groove binding reagent distamycin on the exchan@trand exchange assay by restriction digest interference

rate. We demonstrate that this assay can be used to analyzeFIhe

; ) L 4 r’oligonucleotide based assays, radiolabeled ‘template strand
ggt)éltg_psﬁrlg% ebdaﬁﬁgl2:2ﬂ2%greferen0es of reagents that bmd&ﬁgonucleotide (14.4 pmol) was annealed to RNA (130 pmol)

and non-template strand oligonucleotide (147 pmol) under
standard R-loop formation conditions. After R-loop formation

MATERIALS AND METHODS was completed, we induced strand exchange by diluting this 60
reaction 10-fold with 14 RB, prewarmed to 3T. To keep data
RNA synthesis obtained by different methods comparable, this restriction digest

buffer was used for all subsequent experiments. Aliquoisl30
RNA was generateth vitro as described earlier using run-off of this reaction were removed at different time points and were
transcription on linearized pGEM-820 or pGEM-4 plasmidsiigested through the addition of 2B4icll for 1 min. The partial
(1318). restriction digest was stopped by the addition of EDTA (final
concentration 10 mM). Aliquots were analyzed through
denaturing polyacrylamide gel electrophoresis, autoradiography
and densitometry. The restriction digestion witboRl was

R-Loops were formed as described previousB/iE) with the carried out in the same way usi_ng R-Ioop-.containing plasmid
exception that substrate plasmid was linearized in such a way tRYA as the substrate. RNA was incubated infold excess
half open R-loops were obtained (Fily.A 50pl R-loop reaction OVer theth—dlge_sted end-labeled plasmid. Analysis of the
contained 1 pmol linearized plasmid, 1-10 pmol RNA, 70oproducts was carried out through agarose gel electrophoresis.
deionized formamide, 83 mM PIPES, pH 7.8, 33 mM NaCl and ) )

10 mM EDTA. The reaction was heated t§'G5n a thermo- Random walk simulation

cycler and the temperature was lowered ta6ver a period of  ap array was defined to contain the information for 100 R-loops.
4 h. [Formamide was redistilled nucleic acid grade from BRLany element in this array has a position marker assigned
Aliquots were deionized over BioRad mixed bed resin AGepresenting the position of the junction relative to the length of
501-X8(D) and stored at —20.] For oligonucleotide-based ne RNA. To simulate one step in a random walk the value of each
R-loop reactions RNA was generated from the T7 promoter Q¢hsition marker was independently modified one integer up or
EcRl linearized pGEM-4 (Pharmacia). This RNA wasgown based on whether a randomly drawn number between 1 and
subsequently annealed to gel-purified pPGEM-4-based synthetig fe|| below or above a preset threshold representing the RNA

oligonucleotides. The 89 nt ‘template strand"{T&ACACTAT  oyxchange probability. For R-loops at the starting position (no
AGAATACACG GAATTCGAGC TCGGTACCCG GGGAIC-  RNA exchanged) only displacement of RNA is scored. Elements

CTCT _AGAGTCGACC TGCAGGCATG CAAGCTTCCG  for which the position of the marker equals the length of the RNA

GTCTCCOA-3') anneals to the entire 66 nt RNA transcriptyere removed from the simulation and scored as completely
(underlined sequence) and provides a 20 oivérhang which  exchanged. The course of a single exchange reaction as presente:

allows annealing of the 90 nt ‘non-template stranAlX- i Figure3A was simulated on a PC using a program written in
CACTGTG ATATCTTATG TGCCTTAAGC TCGAGCCATG Quick Basic (Microsoft). All other calculations involve averaging

GGCCCCTAGG AGATCTCAGC TGGACGTCCG TACGTT- of 1020 simulations using a program written in C (Borland).
CGAA GGCCAGAGGGY") (double underlined sequence is in
competition with RNA for binding to the template strand). RESULTS

R-Loop formation

. . Analysis of the displacement reaction by gel mobility
Strand exchange assays by gel shift analysis shift assays

RNA was radiolabeled by the addition 0f-$2P]JGTP during The general outline of the assay system used for measurement of
transcriptionNhd- or Sph-digested pGEM-820 was used as theRNA displacement by DNA is shown in FigureNhd-linearized
substrate for the transcription reaction as well as the template fisasmid serves both as the template for RNA synthesis as well as the
formation of R-loops of 311 and 545 bp respectively. R-Loogubstrate for R-loop formation. Restriction sites present in
formation and the initiation of strand exchange were carried opGEM-820 and pGEM-4 provide a convenient method for the
as described above. After a 10-fold dilution of the R-loop reactigoreparation of RNAs of different length. The use of the same
with 1.1x RB (20 mM Tris—HCI, pH 7.4, 5 mM Mg&l50 mM linearized plasmid during R-loop formation yields a truncated, open
KCI), 30ul aliquots were removed at different time points, mixedoop and ensures that displacement of the RNA through DNA strand
with 30 pl ice-cold stop solution (RB plus 1 mg/ml ethidium migration is initiated on one flank only. Although displacement
bromide) and placed on ice. (The addition of ethidium bromidairough unchallenged dissociation of RNA and replacement by
to the stop solution and electrophoresis buffer was based excess free DNA provides a mechanism of strand exchange at the
published protocols for DNA strand migration analysis. Foopen side of the loop, this reaction is very slow and inefficient
heteroduplex analysis ethidium bromide was later found tcompared with exchange by branch migration. This is evident from
destabilize the R-loop at 3C. However, sufficient stabilization the stable coexistence in solution of heteroduplexes and competing
of the complex is achieved through the presence of magnesildhA in the absence of an accessible and complementary sequence
and the low temperature that was maintained after stopping thetween both DNA strands that allows initiation of a branch point
reaction.) Samples were electrophoresed °& dn a 0.8% (data not shown). The strong temperature dependency of the
agarose gel in TBE buffer containing Adiml ethidium bromide  exchange reactiori §,19) enables visualization of the displacement
and 5 mM magnesium chloride. by a gel mobility shift assay that was modified based on the
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Figure 1. Schematic of a truncated R-loop used for the displacement assay. 14+
Nhd-digested pGEM-820 is used to generate the 311 nt RNA transcript from B
the T7 promoter. The same linearized plasmid and purified RNA are used as 12-%
substrates for R-loop formation. The resulting ‘R-loop’ is truncated and
displacement will occur ‘unidirectionally’. Restoration of tBedRl site, 0
located at position 66 of the RNA transcript, is used in the restriction digest
interference assay to confirm the directionality of exchange. AU 87 "-,

A ! 2345678
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Figure 3.(A) Signal decay of pGEM-820-associated radioactivity from Figure
2A (exchange in the presence of 5 mM magnesium), determined by

g. 1 3 4 B densitometry. §) Signal decay of the plasmid-associated radioactivity from
Figure 2B (exchange in the absence of magnesium).

time points (lanes 2 and 3) represents a non-plasmid-related and
unstable product of RNA self-association found only after
formamide dilution in a Mgf-containing buffer and prolonged
storage on ice prior to electrophoresis. A graphical representation
of the displacement of RNA from the plasmid band (B#)
- 5 (A Gel mobility shif  the disol ¢ 2311 it RNA shows a signal decay with a half-lifeldf30 min. A comparison
(I\Ilghtg?dig.e(sté g ‘:)G”"Ecl’wfgos tgm?j;f‘ey o tFiZ. '15)'0 ﬁc‘f&egtré’seice e, with R-loops that were ethanol precipitated and resuspended in the
magnesium. Samples 2—-8 were removed at various time points after dilution cﬁdd to remove form_am'de _entll’ely ShOW_Gd that the displacement
the R-loop reaction, stopped on ice and analyzed by agarose gel electrophoreliiat occurred after increasing the reaction temperature°®© 37
Gt o oG o o . L -8 e s e e e e e 0ol
Were 0 05,2, 4,6, 8, 12.75 and 24 h. The positions of the plasmid and RN : flution of f."rm%r/“'?e- Th's.o'ls C%”S'zt.fr;.t W"hf‘t"r‘]e if_f“mp“o” t‘.hat
are labeled P and R respectively. [R], a product of RNA self-associBliGel( the remaining /o Tormamide after dilution ot theé ~-loop reaction
mobility shift assay of the displacement of the same 311 nt RNA in the absend$ below the threshold necessary to keep the DNA helix in the
of magnesium. Lanes 1-5, incubation times &€3¥ere 0, 2,5, 10and 20 min.  destabilized A-form. In order to reduce the risk of R-loop
The positions of the plasmid and RNA are labeled P and R respectively. instability caused by warming up of the sample during the
precipitation and washing steps, strand exchange was initiated by
corresponding assay used by Panitai for the analysis of DNA formamide dilution in subsequent experiments. The exchange
displacement. In this assay, the association of radiolabled RNA wittaction exhibits a strong sensitivity towards magnesium ions. If
the plasmid band is followed through agarose gel electrophoresithe reaction is carried out in the absence of magnesium chloride,
Figure2A shows the displacement of a radiolabeled 311 nt RNAhe displacement reaction is accelerated 52-fdtd 25 min)
visualized by a gel mobility shift. After R-loop formation with (compare Fig2A and3A with 2B and3B).
Nhé-linearized plasmid, a 10-fold dilution of the R-loop formation Random walk simulation, outlined previouslyi(6), bridges
mixture with prewarmed aqueous buffer (RB) containing a finghe gap from the empirical half-lives of R-loops formed with
magnesium concentration of 5 mM initiates strand displacemeiRNAs of different length to the ‘step time’, the time necessary for
The control (lane 1) shows an R-loop reaction which was directtiie reversible exchange of a single nucleotide. Displacement of
applied to the precooled agarose gel without dilution of formamidbe RNA by DNA is simulated by assuming that the branch point
and storage on ice. The single band identified in this controf the displacement reaction can move upstream, thereby
matches the location of the linearized plasmid as identified lisplacing the DNA by RNA, or vice versa. In this system, the
ethidium bromide staining. The additional band visible at shortumber of steps required for exchange of the hybridized RNA



Nucleic Acids Research, 1996, Vol. 24, No. 18249

Further analysis confirms that an RNA exchange probability close
to 50% is appropriate for this test system. Although heteroduplexes
are reported to have reduced thermodynamic stability compared
with DNA duplexes, this destabilization is strongly sequence
dependent. For sequences of comparable sequence composition, th
average step time should be independent of the length of the RNA.
The number of steps for a given length RNA is only a function of
the RNA exchange probability during the random walk simulation.
The appropriate percent probability can therefore be identified as the
percentage at which RNAs of different length but comparable
sequence composition yield similar step times. FigBrehows a
plot of calculated step times versus RNA exchange probability for
three RNAs ranging from 39 to 545 nt in length. An intercept is
found at 50.06% #0.005%) RNA exchange probability, which
translates into a modest destabilization of the heteroduplex relative
to its pure DNA counterpart under the applied assay conditions.
Tablel gives a summary of data obtained through restriction digest
interference assays and gel shift assays. The average step time
calculated for 50.06% RNA exchange probability and three RNAs

Et"':‘__"“agﬂrl with comparable sequence composition is 3458L.(B) ms/step.
1500

—o— 66Nt |
545 ‘Directionality ' of exchange: restriction digest

1000 interference assay

>

% Displacement

0 " 100000 200000 300000
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:

The random walk simulation and the corresponding calculation
5004 of step times is based on the premise that the observed half-live
of R-loops is a reflection of the random movement of the
— migrating banch originating at the beginning of the R-loop, as
. : : . opposed to multiple scattered dissociation events along the
490 495 50.0 50.5 51.0 heteroduplex. To confirm this model we measured displacement by
RNA Exchange Probability (%) a second method which does not rely on complete displacement of
the RNA. In this assay, advancement of the migrating DNA branch
Figure 4. (A) Comparison of experimental results for the displacement of the 311js measured by the restoration of a restriction site locétteid the
T o s b Ao s et eiFlo0p. This assay wias catried out n two variatons. First, the
shift datap from Figu?e 3A have been c%nverted from optical density data of th eStoratlo_n of &incll site quated 39 bp _|nt0 asmall 66 nt R-loop .
retarded band into percentage displacenf¥®I6t of step times, calculated based  Was monitored. The experimental design was based on synthetic
on the experimental halfife and the number of steps for half completeoligonucleotides anth vitro transcribed RNA as illustrated in
displacement in a random‘ Walk_simulation velRMA exchange probabilit_y. Figure5A. The step time obtained from this experiment was then
Average values from 20 simulations are presented for RNA of three d'ﬁerenf:ompared with that obtained wilicoRI in the plasmid-based
lengths but comparable sequence composition (see Table 1) R-loop described in Figufe In this second system, the restriction
site is located 66 nt from the initial branch point but is part of a 311
depends on the length of the RNA and the exchange probabiliip R-loop. In both cases, 1 min restriction digests using excess
for branch migration in either direction. enzyme were used to monitor restoration of the restriction site.
In a random walk simulation of the displacement of a 311 nt RNA Figure5B shows the result of thdincll restriction digestion
at 50% RNA exchange probability (i.e. equal probability for thefter various times of preincubation. The ratio of product to
displacement of RNA by DNA and the reverse reaction) half of tretarting material of this partial digest was scored as a function of
RNA population is completely displaced after 82 000 steps. Thgreincubation time (FigsC). The scission observed without
experimental half-life of the R-loop divided by the number of stegsreincubation time is a reflection of the displacement that
needed for 50% displacement in a random walk simulation definescurred during the 1 min restriction digestion. The half-life
the step time required for each individual displacement event aloagtained from this experiment is 5.5 min and the resulting step
the path. However, this calculation requires a clearly defined stéirne is 336.4 ms/step (see Tah)e The half-life obtained with
point to yield the correct result. The simulation of the displacemeBcdRrl was 14.9 min and the resulting step time is 326.5 ms/step
of the above 311 nt RNA reveals a lag phaséB&00 steps. when calculated for a 66 nt exchange. Hence, for comparable
Experimentally the length of this lag phase fluctuates, since léngth RNAs and comparable assay conditions the resulting step
coincides with the dilution of formamide and the temperature shifimes are in good agreement. The observed half-lives are a
from 4 to 3PC. Therefore, we chose to synchronize theaeflection of the distance from the initial branch point to the
experimental data and the simulation results to the time point, or stetriction site and are independent of the total length of the RNA
number respectively, where displacement was first observed. used for R-loop formation. This finding is in good agreement with
FiguredA the synchronized simulation of the displacement of a 31the proposed model of a ‘directional’ exchange through a random
nt RNA is superimposed with the experimental data derived fromovement of the migrating branch which has the end of the
the experiment shown in Figur2& and3A. full-length heteroduplex as its point of origin.

Step Time (msec)
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Table 1. Comparison of half-lives and step times (ms/step) for the exchange of different length RNAs in 5 mM magnesium containing buffer

RNA length (nt) No. of steps (50% EP) ti, (min)° ST (50%) (ms/nt) ST (50.06%) (ms/nt) %GC %U
39 982 55 336.4 346.5 58 20
66 2734 14.9 326.5 345.1 60 18

311 63 509 130 122.8 137.3 48 27

545 172 364 632 220.6 343.3 57 22

Data for 39 and 66 nt RNAs (including the full-length restriction consensus site) were determined by restriction digest interference. The sequence compositi
the RNAs is described as %GC and %U.

aStep times are given from the first exchange to 50% completeness of exchange.

bHalf-lives were measured from the first signal decay (where applicable) to 50% decay. Step times (ST) are given for 50% RNA exchange probability and 50.

Effect of distamycin on the displacement reaction of antisense oligonucleotides. However, RNA can be displaced
effectively from these heteroduplexes by homologous DNA
. S . trands if the incoming competing strand finds a stretch of
flanking the migration fork are both DNA duplexes which shoul emplate DNA sequence that is not occupied by RNA. This

exist predominantly as B-form DNA. In the case of RNA ) > ; "
displacement by DNA different helix topologies will be found Onunchall_enged annealing step eliminates the otherwise rate limiting
cleation event consisting of spontaneous RNA dissociation and

either side of the branch point. Since heteroduplexes form a hell¥ o S )
that is intermediate between A-form RNA and B-form DN A’competltlve hyk_)r|d|_zat|on of DNA andstattendant unfavorable
minor groove binding drugs such as distamycin or netropsffcond order kinetics. _ _ . o
(20-22) should affect the helix stability on either side of the Ve utilized R-loop formation as a highly specific and efficient
branch point differently. Enhanced stability of both helices willethod to introduce a segment of RNA into the context of a DNA
result in increased step times. However, this effect can tiPlex. R-Loop formationis driven by the higher thermodynamic
overcompensated by a decreased relative stability of the hetep&ability of RNA-DNA hybrids relative to double-stranded DNA
duplex relative to the DNA duplex. The increased RNA exchande 70% formamide and the tendency of DNA homoduplexes to
probability will result in a dramatic decrease in the number of stepaelt locally under dehydrating solvent conditio$. Upon
required for complete displacement. This effect is unique to systef@noval or dilution of formamide a branch point is established
containing different species of nucleic acids on competing strandhich gradually moves to displace the RNA from the DNA
Distamycin has &g for double-stranded DNA in the range of template. Random walk simulations were used to correlate the
10% M and stabilizes DNA, as is evident from an increasedxperimental half-life of R-loops containing RNAs of different
melting temperature23,24). Double-stranded RNA and hetero- length with the step time, the time required for the reversible
duplexes are bound very poorBg|. This minor groove binding exchange of a single nucleotide. Displacement proceeds through
drug should therefore shift the equilibrium in a random walla random movement of the migrating branch which originates at
mechanism in favor of RNA displacement. Figrehows the the end of the full-length heteroduplex. This is evident from the
effect of distamycin at different concentrations on the time coursact that the restoration of EiedRlI site, 66 bp from the beginning

of displacement of the 311 nt RNA in the presence of magnesiuof.the DNA branch point but located within a 311 bp R-loop, is
A significant increase in the rate of displacement can be observggthanged at a rate characteristic of a 66 nt RNA.

as the distamycin concentration is increased. AtpM  |n the presence of magnesium ions the equilibrium between
distamycin, the displacement reaction proceeds so fast thetjA and RNA exchange is close to 50%. Three RNAs of
detection of the remaining RNA is only possible immediatelyjifferent length but comparable sequence composition (GC
after dilution into distamycin-containing buffer. Ethidium bro-content 57-60%, U content 18-22%) show step times from 220.6
mide produces a similar effect. However, the destabilizing effeg§ 336.4 ms/step when modeled with a 50% RNA exchange
is less pronounced and i ethidium bromide is equivalent to ,ropapility. A plot of calculated step times versus RNA exchange
[ pM distamycin. This is presumably a reflection of the reducefygpapjlity reveals an intercept@0.06% and an average step
preference of ethidium bromide for duplex DNA, as is appareline of 345.0 4 1.3) ms/step. This percentage is indicative of a
in standard staining techniques, where ethidium bromide 5,4eqt destabilization of the heteroduplex relative to the DNA
known to bind to double-stranded DNA as well as RNA but iy 5jex A deviation towards a shorter step time and less stable
more efficient for the detection of double-stranded DNA. heteroduplex is observed with a reduction in the GC content and
increased percentage of uracil-containing base pairs. This finding
DISCUSSION is consistent with the reported thermodynamic properties of
Heteroduplexes consisting of 1 mol RNA and 1 mol DNA fornfieteroduplex base pairs relative to their DNA counterpas. (

in vivo during reverse transcription, DNA replication andCompared with their pure DNA counterparts, rG:dC and rC:dG
transcription. Heteroduplexes also form as a result of tHeairs are more stable than rA:dT paBs Probably due to the
hybridization of antisense deoxyoligonucleotides to mRNAnability of poly(rU:dA) tracts to form an A-form helix, rU:dA
sequences. Mixed sequence heteroduplexes are reported to hgits are exceptionally unstable, about three times less stable than
a reduced thermodynamic stability compared with doublg:A:dT pairs ). An additional cause for the apparent reduction in
stranded B-form DNA or A-form RNA.3(5). In solution, the average step time can be the formation of secondary structure
RNA-DNA hybrids are stable, as is evident in the successful ubg the displaced part of the RNA. This can be a considerable

In the case of displacement of DNA by DNA the duplexe
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Figure 6. Effect of distamycin on the displacement of a 311 nt RNA in the

presence of magnesium as measured by gel mobility shift assay. Decay of the
61 - — ., plasmid-associated band is presented for different times of incubatiGtCat 37

Distamycin (DM) concentrations are showipivi and time points (top of gel)

are given in min. Ethidium bromide (EB) shows a similar effect to DM but is

[110-fold less potent.

C 1.4+
()
W o124 g W s
2 versus RNA exchange probability, as was done in the presence of
2 107 magnesium (FigdB), is complicated by the rapid displacement
S 7 i of short RNAs. For this analysis new pairs of RNAs, several
8 081 hundred nucleotides in length, would have to be found which
% 1 ¢ have matching sequence compositions and no strong tendencies
g 061 » towards secondary structure formation. A similar magnesium
5 1 effect has been reported for strand migration in protein-free
< 04 models of Holliday junctions. However, for Holliday junctions
02_’ the increase in the spontaneous strand exchange reaction in the
“1 absence of magnesium is much more pronounced (1000-fold) and
] [ o has been attributed to the stabilizing effect of magnesium on the
0 s 100 180 200 more complex branch structure of the double junctiéh The
time (min) increase in exchange rate for the RNA exchange could be
explained by destabilization of both types of helices upon

Figure 5. (A) Hincll restriction digest interference assay with synthetic R-loop fémoval of Mg@* leading to a higher rate of spontaneous
templates. The sequences of the ‘template’ and ‘non-template’ strandlissociation at the borders of the migrating brahtdwever,
oligonucleotides are given in Materials and Methods. The oligonucleotides d%ompared with a B-form helix the shallow minor groove of an
not contain the T7 promoter information. RNA was generatedBaR|-di- hA-form helix presumably receives no stabilization through
gested vector pPGEM-4 on which the oligonucleotide sequences are based. The . . . .

magnesium ions2(7). The fact that an increase in the exchange

location of the 5radiolabel on the template strand is indicated by an asterisk. - arait v It
(B) Denaturing polyacrylamide electrophoresis of 1 min restriction digests afterate can be observed might be indicative of a stabilization of the

various times of preincubation at°® following formamide dilution. Lanes  heteroduplex through binding of magnesium in the major groove.
1-8, preincubation times at3Z were 0, 1, 5, 15, 40, 60, 120 and 180 min. The A petter understanding of the effect of magnesium on hetero-
89 nt substrate and the 61 nt scission product are indid@jeaijo of 32 nt . . .
product band to 66 nt starting material (determined by densitometry) as Quplex Stablllty _has to awa_lt further §tructure determination of
function of total incubation time (1 min restriction digest included). RNA-DNA hybrids and the_” magnesium salts. .
Because of the cumulative effect of the multiple steps of a
random walk mechanism, RNA displacement is extremely

source of error for longer RNAs, as it introduces an artificiadensitive to compounds that preferentially stabilize helices on
barrier to the reverse movement in a random walk scheme. either side of the migrating branch. As a minor groove binder
For the 311 nt RNA, the displacement reaction is acceleratéd0-22), distamycin strongly favors double-stranded DNA over
[b2-fold in magnesium chloride-free buffer. Exchange for th&@NA and heteroduplexes which form A-helices. Micromolar
analogous triple-stranded DNA exchange reaction in the absermncentrations have a substantial stabilizing effect on DNA
of magnesiumi(5) has been reported to have step times p12 poly(AT) tracts, but stabilize heteroduplexes only modestly and
However, a direct comparison of step times is not possibfail to increase the melting temperature of RNA poly(AU)
without knowledge of the correct RNA exchange probabilitsequences2g). The addition of micromolar concentrations of
under magnesium-free conditions. The analysis of step timdistamycin results in a significant increase in the rate of RNA
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exchange (Fig6). Presumably, distamycin acts as a catalyst foaward of a Merck Academic Development Program Predoctoral
RNA displacement by selective stabilization of the DNA duplex-ellowship CO92591 to R.L.
Although ethidium bromide exhibits a similar effect, distamycin
is (110 times more potent as a ‘strand exchange catalyst’ because
of its stronger preference for double-stranded DNA. This simple
assay therefore provides a convenient and sensitive test for heFERENCES
topology-dependent preferential binding behavior of nucleic acid
binding drugs and demonstrates a simple model for the ‘catalysis’ Lesnik EA. Guinosso.C.J.. Kawasaki A M. Sasmor H.. Zounes.M
. - . ik,E.A., Gui ,C.J., Kaw: i,A.M., ,H., Zounes,M.,
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