View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Syracuse University Research Facility and Collaborative Environment

Syracuse University

SURFACE

Chemistry - Faculty Scholarship College of Arts and Sciences

3-31-1999

Monomer-Dimer Equilibrium Constants of RNA in the Dimer
Initiation Site of Human Immunodeficiency Virus Type 1

Michael F. Shubsda
Syracuse University

Mark P. McPike
Syracuse University

Jerry Goodisman
Syracuse University

James C. Dabrowiak
Syracuse University

Follow this and additional works at: https://surface.syr.edu/che

b Part of the Chemistry Commons

Recommended Citation

Shubsda, M. F,, McPike, M. P, Goodisman, J., & Dabrowiak, J. C. (1999). Monomer - dimer equilibrium
constants of RNA in the dimer initiation site of human immunodeficiency virus type 1. Biochemistry,
38(31),10147-10157

This Article is brought to you for free and open access by the College of Arts and Sciences at SURFACE. It has been
accepted for inclusion in Chemistry - Faculty Scholarship by an authorized administrator of SURFACE. For more
information, please contact surface@syr.edu.


https://core.ac.uk/display/215694021?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://surface.syr.edu/
https://surface.syr.edu/che
https://surface.syr.edu/cas
https://surface.syr.edu/che?utm_source=surface.syr.edu%2Fche%2F72&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/131?utm_source=surface.syr.edu%2Fche%2F72&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:surface@syr.edu

Biochemistry1999,38, 10147~10157 10147

Monomer-Dimer Equilibrium Constants of RNA in the Dimer Initiation Site of
Human Immunodeficiency Virus Type'1

Michael F. Shubsda, Mark P. McPike, Jerry Goodisman, and James C. Dabrowiak*
Department of Chemistry, Center for Science and Technology, R 1-014, Syracusesliyi Syracuse, New York 13224-4100
Receied March 31, 1999; Résed Manuscript Receéd May 19, 1999

ABSTRACT. The genome of the human immunodeficiency virus (HIV) exists as a dimer of two identical
RNA molecules hydrogen bonded to each other near the&nds. The dimer, known to be important for

viral infectivity, is formed by two monomers interacting through a stdoop structure called the dimer
initiation site (DIS). An initially formed intermediate, the “kissing” dimer, is unstable and rearranges to
the stable, duplex form. In this report we use nondenaturing polyacrylamide gel electrophoresis to measure
the monomer-dimer equilibrium constant of three RNA sequences, 41-, 27-, and 19-mers, located in the
DIS of the MAL isolate of HIV-1. Experiments in which the RNA was equilibrated at various temperatures
before electrophoresis revealed that interconversion is rapid for all the sequences, so that they reach
equilibrium in the loading well of the gel at® before they enter the gel proper. However, interconversion
kinetics in the gel are slow, so autoradiographic spot intensities can be used to measure the amounts of
monomer and dimer present when the sample entered the gel. After correction for the amount of RNA
added with the radiolabel and dilution of samples in the loading well of the gel, dimerization equilibrium
constants were calculated from spot intensities. The calculated values of the dimerization ¢oastant

°C were~1, ~10%, and~10® M1 for the 41-, 27-, and 19-mers, respectively, in solutions of ionic
strength,l, of about 100 mM. The decrease Knby three orders of magnitude between the 19-mer and
41-mer is due in part to the change in rotational entropy of rodlike molecules on dimerization and in part
to the increased conformational entropy of the monomers. As expected, increased ionic strength increases
the dimerization constant for all three RNAs. For the 41-mer, howe¢dras a maximum value at

~140 mM. The origin of the decrease lifor higherl is unknown but it may be due to formation of
species (perhaps higher order oligomers) that do not enter the gel. The 41-mer exists in two dimeric
forms assigned to the kissing and duplex dimers. The ratio of kissing to duplex forfCais50.48+

0.22 atl = 113 mM and 0.91+ 0.35 atl = 183 mM. The observed decreaseknwith RNA length
suggests that the dimerization constant of the packaging region of HIV-1 is small)P M~2, implying

that the nucleocapsid protein is important in promoting dimerization in the capsid of the virus.

Two copies of viral RNA are incorporated as a dimer into intermolecular base pairing between two monomé&jsThe

the capsid of the human immunodeficiency virus type 1 formation of the kissing dimer is facilitated by the binding
(HIV-1) virion as it forms (). The region of dimerization,  of the zinc finger protein NCp7, a segment of the structural
referred to as the-element or packaging region, is important gag protein, to RNA13). This drives the equilibrium to the
for a number of viral functions including encapsidation and extended (duplex) dimer, ultimately producing the “pack-
translation of the genome, reverse transcription, and stabi-aged” diploid form of the genome in the mature virus particle.
lization of the genome against degradation @eind refer- . . .

The solution structure of the kissing dimer has recently

ences therein). In the monomeric form of the genome, the . . :
y-element is thought to exist as four stetoop-type struc- been character!zed by NMR. A 23_-base RNA including t_he
loop and two distal stem base pairs from SL1 (LAI strain)

tures @—9) (Figure 1). One of the loops (SL1) that is part . . .
of the dimer initiation site (DIS) contains a 6-base palindrome Was Subjected to conditions that favored the formation of

GCGCGC or GUGCAC, flanked by oné 8nd one or two  the Kissing loop structurel§). The NMR analysis showed
5'-adenosines10). When the dimer forms from the mono- that the k!ssmg dimer is stabilized by the pallndrom_lc
mer, the SL1 portions of two monomers are believed to com- Seéquence in the loop, GCGCGC, that forms Watson/Crick
bine to form a “kissing loop” dimeri(1—13). This intermedi- base pairs, and adenine bases flanking the palindrome, that
ate, which has the palindromes from two monomers hydrogen-€nter into a triple base array with the opposing strand. Dardel
bonded to each other, is unstable and it ultimately rearrangeset el. (L5) also used NMR to characterize a kissing dimer
to a stable dimer by converting tigramolecular Watson that forms between two 19-mer RNAs from the MAL strain
Crick base pairing associated with each monomer into of the virus. In this case the palindromic sequence, GUG-
CAC, is involved in Watson/Crick base pairs and the two

5 T This work was supported in part by NIH Grant GM32691 to P. N.  5denines that flank the sequence, one on trend@ one on
orer. . S . .
* Corresponding author: phone (315) 443-4601; Fax (315) 443-4070; .the 3 side, are stacked inside of the helix forming an

e-mail, jcdabrow@syr.edu. intramolecular noncanonical-A base pair.

10.1021/bi990744t CCC: $18.00 © 1999 American Chemical Society
Published on Web 07/17/1999
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6 Yo 2 mM NTP, 8.1 mM MgC}, ~60 units of T7 polymerase in
A& the transcription buffer (40 mM Tris-HCI, 1 mM spermidine,
w-Region Ci-Va 0.01% Triton X-100, and 5 mM DTT, pH 8.1), at 3T for
. G-C 3.5 h @9). Portions of the trial reaction mixtures were
HIV-1 (MAL) c-G
a-¢ separated by denaturing PAGE and the products were
o€ A® visualized with Stainsall (Sigma) to determine the ap-
Ge . & A va cuaccla proximate yield of full-length oligomer. The trial reaction
cAA\G‘ggéé re ‘,“{lf -0 é)\l‘,(‘;GGA conditions were optimized by changing the amounts of
260 AC AC\A.G\ \G‘ch ‘2"4‘3AG GAGG A" 55 MgCl,, NTP, and enzyme to maximize the yield of full length
C auC A ‘GOOAU .G, oligomer. Once transcription conditions were optimized, the
Ug & - Yo% reaction was scaled to a total volume of 5 mL and the RNA
f\g\ UG’OUG' ’ was purified by denaturing PAGE. With the help of UV
8. fg A /.Gc; ‘ backshadowing, the band containing the full-length oligomer
-~ U-G U s0 was excised and the RNA was recovered from the gel slab
3:2 CG/CG by electroelution in 1x TBE buffer (90 mM Tris-borate
c-G Agh and 1 mM EDTA, pH 8) 20, 21). The RNA was desalted
o ‘d:j‘\ 465 with a Centricon concentrator.

Fioure 1: Packaging regionyelement) of HIV-1 RNA (MAL) The 3B-phosphate of the RNA was removed with calf
showing.known functional regions of the-element and probaﬁle intestinal phOSphataS?’.CIP (Boehringer Mannhelm)’ in 60
secondary structure of the monomeric form including presumptive #L of CIP buffer containing~5 uM RNA and 1 unit of CIP
GOA and UG base pairs9). Base numbering is from the full-  (20). After 1 h at 50°C, the enzyme was removed by
length mRNA. Shown are stem loops St4 and the stem  extraction with phenol and the RNA was recovered by
connecting the packaging region to the remainder of the genome, precipitation with cold ethanol. The RNA wasénd labeled
s{:\ anddsA . Dls{ztdm&er I?Itlé;ﬂon site, SD= 5' splice donor in the presence ofy[?P]JATP (Amersham) and T4 poly-
site, and gag= start codon for thejag gene. Y . , .
98 @agg nucleotide kinase (Promega). The labeling solution contained

The importance of the HIV dimer for viral infectivity and 15 MM RNA, 50 uCi of [y-*P]ATP and 20 units of
the potential of the dimer initiation site as a target for drug Polynucleotide kinase in a total volume of 20 in kinase
action (L6) prompted us to measure the monomer/dimer '€action buffer 20). After incubation fo 1 h at 37°C, the
equilibrium constants, of the HIV-1 RNA sequences shown labeled oligomer was precipitated by addition of cold ethanol
in Figure 2. From the magnitude of the equilibrium constant and purified by 20% denaturing PAGE withITBE running
one can determine the free energy of interaction, an importantPuffer. After visualization of the labeled RNA by autorad-
quantity for designing new types of RNA-specific drugs 09raphy, the portion of the gel containing the oligomer was
capable of blocking dimer formation and reducing viral €XCiséd and the labeled RNA was recovered by suspending
infectivity. Previously, we used nondenaturing gel electro- the crushed gel segmentin 1 mL ok ITBE buffer 20). A
phoresis to measure the monomeimer equilibrium con- 5 uL sample of oligomer recovered in this manner yielded

stants and study the kinetics of small DNA molecultg)( 60 000 cpm on scintillation counting.

As an aid to interpretation of experiments, the differential  1© determine whether the various forms observed under
equations associated with diffusion, migration, and chemical "ondenaturing PAGE conditions were in fact due to a single-
reaction were solved, and intensity patterns were generated®n9th oligomer, the gel-purified, end-labeled RNA molecules
and compared with experimental results from electrophoresisWere electrophoresed a second time under denaturing PAGE
measurements. In this report we use nondenaturing ge|cond|t|(_3ns.. In_aII cases, autoradiography showed only one
electrophoresis to measure monormeéimer equilibria of band, |nd|cat|ng_ that the labeled RNA molecules were
RNA sequences from the dimer initiation site of HIV-1 Mal, homogeneous with regard to length. To show that the fastest

Figure 2. running band in the native gels is the monomer, serial
dilutions to~0.01uM of only the radiolabeled RNA were
MATERIALS AND METHODS carried out and analyzed by native PAGE. In all cases only

one band, the monomer in the stetnop form, was observed
Synthesis of RNAthe HIV RNAs, having the sequences in these experiments.

5'-GGACUCGGCUUGCUGAGGUGCACACAG- Determination of the Molar Extinction Coefficients of RNA.
CAAGAGGCGAGUCC-3 (41-mer), 5GGCUUGCUGAG-  Accurate molar extinction coefficients at 260 neggo, for
GUGCACACAGCAAGAC-3 (27-mer), and 5SGGCUGAG- the monomeric forms of the RNA molecules were determined
GUGCACACAGCC-3(19-mer) were made by transcribing by measuring the absorbance of the intact RNA-&tuM,
a DNA template (Midland) containing the appropriate coding and the absorbance after complete hydrolysis in base (5 M
and promoter sequences using T7 polymerase in the presencRaOH, 25°C, 1 day), according to previously published
of the four ribonucleotide triphosphates. To maximize the methods 22, 23. The hydrolysate was brought to neutral
yield of RNA in the synthesis and produce structures having pH by addition 6 5 M HCI/1 M Na,HPQ, and then the
minimal fraying in the stems, the normal coding sequences absorbance was measured a second time at 260 nm. The
in the DIS of HIV-1 Mal were slightly modified at the ends  values ofe for the intact RNAs were calculated from the
of the stems. known molar extinction coefficients of the four ribonucleo-
Trial transcription reactions to make RNA were first tides and the number of each nucleotide present in the vari-
carried out in 5QL volumes with 200 nM template strand, ous sequences. The measured molar extinction coefficients
300 nM of the 17-nucleotide long T7 promoter stradd)( (M~t cm™Y) were as follows: 41-mer (two determinations,
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A G A
555G GCUG GuUGCAC CAGCC
CCGAC CACGUG G UCG GH»
GG A G A
A U Duplex Dimer
2(5’-GGCUG g\ —~
CCGAC C
A A T GGC
19-mer C A UA A
HIV-1(Mal) 55«6 GCUG GC CAGCC
CCGAC CG GUCGGS
A AU A
CGG
“Kissing” Dimer
G
A G
-G GCUUGCUG U
CAGAACGATC G
27-mer A C
HIV-1 (Mal) C A
G
A G
G GACUCG GCUuUuUGCUG u
CCUGAGC AGAACGATC G
G G A C
41-mer HIV-1 (Mal) CA

Ficure 2: Sequences of RNA from the dimer initiation site located in SL1 of HIV-1 (MAL) used in the study. The monomers are shown

as stem-loop (hairpin) structures. Dimers involving all three sequences can exist in either a kissing or duplex form. This is shown for the

19-mer in the figure.

(3.32+ 0.1) x 10°; 27-mer (two determinations), (1.98
0.08) x 10°% 19-mer (three determinations), (1.490.02)
x 10P.

Monomer-Dimer Equilibria. Most experiments were
carried out in the reaction buffer,x1 or 0.5x TBE.
Preliminary studies were performed in which 41-mer RNA
was heat-denatured at 10Q for 10 min and then rapidly
cooled on ice, followed by incubation for-24 h at
temperatures from 5 to 68C before being loaded into the
gel. The resulting intensity patterns in the gel warde-
pendentof the incubation conditions outside of the gel,
indicating that the RNA comes to equilibrium at the gel
temperature during the 10 or 15 min it remains in the gel

the loading buffer diffuse out of the glycerol sample and
mix with electrophoresis running buffer. (This is shown in
experiments with dye dissolved in the glycerol.) For rapidly
interconverting systems such as ours, the equilibrium state
is changed to one associated with the new concentrations in
the well. In our experiments, a volun (usually 5uL) of
sample was loaded into the bottom of the well, which had a
volume ofV,, and contained & TBE electrophoresis running
buffer. Earlier work with DNA (7) showed that the effect

of mixing in the well could be estimated by lowering the
concentration of the oligonucleotide by a factbe= Vi/V,,

and changing the ionic strength of the solution frro dI;

+ (1 — d)l,, wherel,, is the ionic strength of the

well, before entering the gel proper. Therefore, all subsequentelectrophoresis running buffer. The ionic strength of the 1

samples were equilibrated at 8- for 2 h after heat
denaturation at 100C for 10 min. To examine the effects
of salt on the equilibrium, various concentrations of NaCl

TBE running buffer is 0.102 M. An approximation 4,
was obtained by multiplying the dimensions of the tooth used
to make the well, which gave 21,4..

were added after the heat denaturing step. After the sample The dilution of the sample in the well by a factor of

was equilibrated, a gL aliquot of the reaction mixture was
mixed with 2uL of a 50% glycerol/water mixture (at &)
and vortexed briefly.

Then 5ulL of the mixture was loaded on a nondenaturing
polyacrylamide gel, at 5C, with the current flowing to
minimize dead time in the well. Electrophoresis was carried
out (running buffer, ¥ TBE) at 1500 V for 1115 h using
a standard sequencing apparatus (Sigma) in a refrigerator
The temperature of the buffer wellst2 °C) was the
temperature reported for the run.

Dilution in the Well of the GelDuring the time a loaded
sample remains in the gel well, RNA and components of

means that the equilibrium mixture in the gel well has a total
RNA concentration (labeledr unlabeled) ofCod, whereCg
is the original concentration. The diluted concentrations of
RNA, C = Cyd, were used in deriving the equilibrium
constant,K, from KC, calculated according to eq 4 below
from the spot intensities on the autoradiogram.
Quantitation of Autoradiographic DataAutoradiography
was done at-20 °C with Kodak X-Omat film. Typically,
more than one exposure of a gel was required to obtain
measurable images for which most optical densities were in
the linear response range of the film, optical density (OD)
less than about 1.1. The autoradiogram was scanned to a
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JPEG or TIF file with a Hewlett-Packard Scanjet 5P scanner. side is independent of the amount of RNA, so it automatically
The scanned images were analyzed with Sigma Scan“normalizes,” correcting for variations in the amount of
software (Jandel Scientific) to yield plots of optical density oligomer loaded into the various lanes of the gel.

as a function of position (electrophoresis distance) for each Electrophoresis causes the monomer and dimer to separate
lane of the autoradiogram with an 11-pixel wide line scan. and perhaps reequilibrate. Only if monomelimer inter-
(The lanes themselves were about 33 pixels wide.) The conversion in the gel is unimportant will band intensities
resulting profile was fitted to a sum of Gaussians and a linear for the monomer and dimer in the gel accurately reflect the
background. The same number of Gaussians was used foamounts of the two forms present in solution before
all lanes for a given oligomer. When a peak exhibited electrophoresis. Following earlier workerg4( 25, we
saturation at its maximum (OB 1.1), data points in the  calculated intensity patterns by solving the differential
region of saturation were eliminated prior to curve fitting equations governing diffusion, migration, and interconversion
and analysis. The resulting integrated intensities were of the monomer and dimet ). It was found that, depending
comparable to those obtained from short autoradiographicon the rate of monomerdimer equilibration in the gel, the
exposure times. Intensities of peaks reported are the calcudintensity patterns can have from one to four features.
lated areas of the Gaussians, in arbitrary units (average When reaction rates for monomedimer conversion in

optical density multiplied by number of pixels). the gel are very rapid, the pattern consists of a single peak,
representing an interconverting mixture of monomer and
THEORY dimer. Relative amounts of monomer and dimer cannot be

Monomer/Dimer Equilibrium Constants from Gel Data. inferred from this pattern without additional information.
Let the concentrations of monomeric (stetaop) and When reaction rates for conversion in the gel are very slow,

dimeric (kissing, duplex) RNA be [M] and [D], respectively. the intensity pattern con_sists of two peaks, for monomer and
The equilibrium constant for the dimerization reaction dimer. In this case, relative amounts of monomer and dimer

are obtainable without ambiguity and give the relative

M+M=D 1) amounts in solution before electrophoresis. For higher
) ) conversion rates, one sees, in addition to monomer and dimer
IS written: peaks, streaks or shoulders extending from one peak in the
D] direction of the other; these represent monomer formed from

K= ) dimer, and dimer formed from monomer, in the gel. If intense
[M]2 enough, two such streaks may combine into a broad peak
. . . L between the monomer and dimer peaks, giving a three-peak

To obtain the concentrations of monomeric and dimeric RNA pattern.

from _the intensities O.f the corresp_onding Spots on a nondg- When the presence of features other than two peaks shows
naturing polyacryla_mlde gel, one fwst_notes th‘"_"t the intensi- w1 monomer-dimer interconversion in the gel is important,
ties come from radiolabeled RNA, which constitutes a small eq 4 does not give the value ®C for equilibrium in

fraction, sayf, of the total oligomer present. The ratio of the ), qgeneous solution. Although one may try to assign the
concentration of radiolabeled monomer to the total concen- ge415 hetween the monomer and dimer peaks to monomer
tr_atlclm IOfb r?odnc&r_ner i, tEe ratlc? of the con_centrfagpn of and dimer, itis better to perform a load-and-run experiment,
singly labeled dimer to the total concentration o m;er 'S in which identical samples are loaded into different lanes of
2f, and the ratio of doubly labeled dimer to the totafts —yho gel at different times, while the electrophoresis is

ﬁmcef 1S .smlalli at:I }herI%beled %'mer n|1ay bc? conadergd 0 proceeding. Then monomer and dimer intensities (or apparent
ave a single label, ank may be neglected compared {0 5,65 ofKC) may be measured as a function of running

2f. The measured intensity being proportional to the Con- yine and extrapolated back to time 0, giving the values of
centration of radiolabeled RNA, the intensity of the monomer intensities (0IKC) at the time the molecules entered the gel.

spot isfy = cf[M] and the intensity of the dimer spot & This was not necessary for these RNAs &5
= 2cf[D], wherec is the unknown constant of proportionality.

The equilibrium constant is RESULTS AND ANALYSIS
1 6pfcf In a number of experiments, the RNA was allowed to
=5 > 3 equilibrate in solution for various times and at various
(Op/ch) temperatures outside the gel before it was loaded into a

) ) ) ) nondenaturing gel for electrophoresis &G For all RNAs
Since the value of is not known, we multiply both sides of  the results were independent of equilibration temperature,
the equation by, the total concentration of oligonucleotides,  showing that equilibrium was reestablished during the time
expressed as monome(sijs equal tofr/cf, wherefristhe  the sample remained in the gel well at®. Subsequently,

total intensity,6m + 6p. Now all samples were held at & before loading into the well
0.6 of the gel. Experiments as a function of total RNA
C= 1%% _ Q (4) concentration and ionic strengitifadjusted by adding NaCl
) to the reaction medium) were then carried out. In all cases,

there was little intensity outside the monomer and dimer
which does not depend anor f and involves measurable  spots, showing that reaction in the gel is slow relative to
spot intensities only. (These spot intensities are peak areasnigration. It was observed long aga€) that dissociation
in a plot of intensity vs position in the electrophoresis and recombination in the gel may be orders of magnitude
direction.) Another reason to use eq 4 is that the right-hand slower than in bulk solution.
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1 i & E 0 [+ 14

Table 1: Spot Intensities ar@® for 41-mer, Gel Temperature &

[RNA] intensities (= 113 mM) intensitiesl(= 183 mM)
(M)  monomer dimer Q monomer dimer calc®
' ' ' ' D o 1286 0 0 1568 0 0
N D2 0.174 32.46 0.46 0.0072 20.32 1.26 0.0330
j I 0.347 19.77 0.80 0.0211 18.83 1.67 0.0482
; i of 0.694 2218 1.91 0.0468  15.20 2.05 0.0764
} & B l 1.042 18.69 1.47 0.0424 13.85 2.47 0.1049
1.389 21.20 1.82 0.0465 14.04 2.20 0.0907
| Tr—— 1.892 18.21 1.93 0.0586 12.70 2.81 0.1351

aQ = Opb+/(2 Om?), wheredp, Oy, anddr are dimer, monomer, and
total spot intensities? Radiolabeled RNA only.

Ficure 3: Autoradiogram of the 41-mer at°&. Even- and odd- @.16

numbered lanes have ionic strengths= 113 and 182 mM,

respectively. The lane numbers and RNA concentrations (in = e
micromolar, not including radiolabeled RNA) are as follows: lanes Q 0.12 e
1 and 2, 0 (radiolabeled RNA only); lanes 3 and 4, 1.89; lanes 5 @ -
and 6, 1.39; lanes 7 and 8, 1.04; lanes 9 and 10, 0.69; lanes 11 and & . -
12, 0.35; lanes 13 and 14, 0.17. ~ PR
% .08 . -
1.1 e _
':' I - - “m
8.7 e -
3 ./L < .04 > " e
T e ——————— o -
o 1.1 p W
T 0.7 Lol
] LR W%ea-r ------- TrTyrvroT LJURLELELEL L T T TITTTrroT 1
fu /L -074 0.2 2.4 .8 1.2 1.6 2.0
g 8.3} e e [RNA], uM
3 1.1 Ficure 5: Plot of Q = Y,0p01/6% vs RNA concentration for the
8 577 A 41-mer experiment shown in Figure 3 and Table 1.
PERR S
o3 ]
O 8. 3T e were a second form of the dimer. The valuesobbtained
1.1 for the autoradiogram shown in Figure 3 are given in Table
.71 1. If each value ofQ is divided byC to get the apparent
0 35 equilibrium constank, one finds that the values decrease
R Y R 200 300 400 500 with C. This is because the RNA concentration is actually

position, arbitrary units

Ficure 4: Scans from the autoradiogram (41-mer) shown in Figure
3. lonic strength is 182 mM and [RNA] (not including radiolabeled
RNA) = 0.17, 0.69, 1.39, and 1.88M, bottom to top.

C + L, whereL is the concentration of RNA added with the
radiolabel, so the quantitQ actually represent&(C + L).

Therefore, a plot 0@ vs C should be linear with slope equal
to K and x-intercept equal to-L. The data of Table 1 are

plotted in this way in Figure 5, with the best-fit lines given
Figure 3 shows the band pattern of the 41-mer as a(r2 = 0.84 and 0.90, respectively).

function of total RNA concentration for two different values From the linear least-squares fits we obtKir= (0.0297
of ionic strength,| = 113 mM andl = 182 mM. From + 0.0059)x 10° M~1 and (0.0632+ 0.0095)x 10° M1
experiments incorporating molecular weight markers and the for ionic strengthg = 113 mM and = 183 mM; values of
manner in which the bands vary with [RNA], it can be L are (0.278+ 0.207) uM and (0. 3124+ 0.159) uM,
concluded that the faster running band is the monomer in respectively. The stated errors are standard errors from the
the stem-loop form and the slower band is the dimer. least-squares fit; the errors in the valueskoére likely to
Simulations for the reacting and migrating systelrv) Sshow be larger because they include errors in measurement of peak
that the low-intensity streak near the dimer band could be areas. In particular, small peak areas (less than 2) may be
due to dimer formed from two monomedsiring electro- seriously underestimated and large-area peaks may be
phoresis or to a second form of the dimer. For the purposessaturated (optical density greater than 1.1), making their areas
of calculatingK, the sum of the intensities of these bands hard to estimate.
was used as the intensity of the dimer. Scans of various lanes If the slowest-running peak and the streak adjoining it
of the autoradiogram in Figure 3 are shown in Figure 4. To actually represent two forms of a dimer, say A and B,
obtain measurable intensities for the dimer bands, it was respectively, the equilibrium constant for the conversion of
necessary to have optical densities in the monomer bandone form to another would be
greater than 1.1, requiring the use of the curve-fitting analysis
described in the Materials and Methods section. 5)

We calculate a value d® = 0p(0m + 0p)/20\? for each
RNA concentratiorC, according to eq 4, using fdty and The ratio of concentration is equal to the ratio of intensities
Op the intensities or areas of the monomer and dimer bands.R and should be independent of total RNA concentration.
The area of the dimer band includes the streak area, as if itThe linear least-squares fit & versus RNA concentration

K' = [B]/[A]
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Table 2: Spot Intensitiésand CalculatedQ®for 41-mer 2 . 2 & L
[RNA] («M) dimer monomer QP fr B eEe Dimer
0 0.99 25.56 0.020
0.005 1.79 31.77 0.030
0.009 1.44 29.26 0.026
0.023 1.88 32.54 0.031
0.039 1.76 26.46 0.035 ' '“ Monemer
0.093 1.87 30.65 0.032
0.235 3.57 30.99 0.064
0.391 4.37 30.71 0.081

aTemperature= 5 °C, ionic strength= 105 mM.? Q = 0p01/(20m?).

gives a slope of 3.5 3.0, with a large error because one =
point is far from the line. Dropping this point gives the
intensity ratio, which equalk’, equal to~1 (averaged over
all ionic strengths). The ratio of the intensities of the two
dimer spots on other gels (data not shown) indicateskhat FiGure 6. Autoradiogram of the 41-mer at°&. RNA concentra-
= 0.48+ 0.22 at 113 mM ionic strength arl = 0.91+ tion is 0.243uM throughout, but ionic strength is varied. Lanes
0.35 at 183 mM ionic strength. It may also be noted that the Hlllol‘:l%r’ri%%?nl‘g;? 'Z%rgc ;85”3;253%2 gr’ﬁllw‘fvfgg%gétslle’ly?“' 102,
total intensity (dimer plus monomer bands) is usually lower
atl = 183 mM than at = 113 mM. . . . Table 3: Spot Intensities for the 41-mas a Function of lonic

Table 2 gives results from a second experiment involving strengthi
the 41-mer; RNA concentrations from 0 to 0.3 were
used, and the ionic strength in the well was 105 mM. The
linear least-squares fit @ vs C hasr? = 0.959. From the

| run1 run 2 run 3
(mM) slowP centef fasf slow’ centef fast slow’ centef fast

e L 91.3 392 80.46 3.05 0.466 3526 2.97 111 30.64 10.46
slope of this line,K = (0.147 & 0.012) x 10° M™%; the 94.1 7.74 101.99 3.49 0.94 3861 247 2.07 30.60 547
negative of thex-intercept isL = (0.172+ 0.044)uM. The 1024 502 6870 891 245 37.97 198 293 2612 691

value ofK is several times larger than what was obtained 110.8 12.64 90.07 2.38 258 39.06 2.02 6.04 26.98 6.86
; ; 119.1 1354 76.45 1.40 250 3950 172 331 2448 5.36
from the data of Table 1’.bUt this \(alue IS I_ess accurale 175 1195 6585 062 501 4088 166 7.20 2627 3.30
be(':ause of the Ir?lrge error in measuring the dl'mer Intens.lty, 192.0 996 77.86 0.68 3.05 33.77 146 6.67 24.79 3.15
which is small with the lower RNA concentrations used in 230.2 852 62.09 0.27 1.62 3279 125 289 2252 359
this experiment. 299.7 558 61.04 0.36 1.33 33.33 1.59 255 2270 246
Returning to Figure 5, a plot d vs [RNA], it appears 369.1 2.26 49.37 0.27 0.51 29:65 022 1.79 22.73 2..38
that the data points at high concentration have a slope thatf "‘Ts_mpefathF 5°C.° E'OWEhSt-funnlng ?eﬁk& Tear IOF of gel, arise
. . . : . rom dimer.¢ Intense peaks at the center of the gel arise from monomer
is lower than the points at low concentration. Th'.s behawo_r d Fastest-running peaks, near bottom of gel, arise from fragments of
has been observed for the results of other experiments withmonomer
this oligomer (data not shown here). It may be associated
with increased reaction in the gel or with formation of higher
order complexes that do not enter the gel. Both effects should
be larger at higher RNA concentrations. If only the first four '(MM) runl  run2 rn3 run4 1(mM) run¥
points are used in linear fits, the data of Figure 5 give lines  91.3  0.0265 0.0073 0.0251 0.0620 86.8  0.0081
with r2 = 0.99 and 0.95 for the two ionic strengths. The 941 00422 00132 00421 00736  88.7 0.0588

Table 4: Q?as a Function of lonic Strengthfor the 41-met

values ofK are (0.069: 0.005)x 10° ML and (01054 1024 0.0439 00360 00772 00811 942 0.0654
1108 0.0819 00370 01655 01203 99.8 0.0398
0.016)x 10° M™%, and the calculated valueslofire (-0.033 119.1  0.1059 0.0351 0.0917 0.1049 105.4  0.0837

+ 0.029)uM and (0.072+ 0.063)uM, respectively. That 157.3 0.1081 0.0987 0.1946 0.0939 131.3 0.0317
these values oK, and not the smaller values originally =~ 192.0 ~ 0.0728 0.0512 0.1878 0.0722  153.5  0.0434
calculated from Figure 5, are correct is shown by the results 230.2 00784 0.0268 00828 0.0682 1794  0.0232

- ; : o 299.7 0.0501 0.0217 0.0686 0.0688 227.6 0.0184
of experiments designed to measHras a function of ionic 369.1 00241 00088 00466 00618 2720 00163

strength. . . " 2Q = 0o6:/(20w?). ® Temperature= 5 °C, [RNA] = 0.243 uM.
Because the monomer is negatively charged, electrostatic: Rna] = 0.2614M for this run.
screening, which increases with ionic strength, should favor
dimerization and hence increased ionic strength should .
increase the dimerization constait Figure 6 shows an to the monomer, and the peaks near the bottom must arise
autoradiogram for a gel in which [RNA] is held constant at from fragmentation of the RNA.
0.243uM and ionic strength varies from 91.3 to 369 mM. Table 3 gives measured spot intensities for three runs with
The intensity profiles for low ionic strength show an intense the same RNA concentration and ionic strengths, differing
double peak somewhat above the center of the scan, one of? the conditions under which samples were equilibrated
two much weaker peaks near the top, and as many as thredefore loading into the gel well. As noted above, this
narrow faster-running peaks near the bottom. The direction Pretreatment has no net effect because equilibrium is
of electrophoresis being downward, the peaks near the topestablished in the well at the gel temperature, abot€5
are the slowest-running species and, as discussed above, are Table 4 gives calculated values @ffor the three gels of
assigned to the dimer. The very intense peaks are assignedable 3 and two others. The RNA concentration for the last
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Ficure 7: Dependence dD on ionic strength (RNA concentration
fixed) for the 41-mer at BC (average value of five determinations).
Solid curve is the best-fit four-parameter log-normal function.

; i FiIGure 8: Autoradiogram of the 27-mer at . Even and odd

run 1s 0:26.1,14M (instead of 0.243:M for th? other four) lanes havd = 101 aﬁd 170 mM, respectively. The lane number
and the ionic strengt_hs are also somewhat different, as shown 4 [RNA] (in micromolar, except for radiolabeled) are as
The values oK for ionic strengths near 113 and 183 mM  follows: lanes 1 and 2, 0 (only radiolabeled RNA); lanes 3 and 4,
are estimated by dividing the average valueQdbr these 0.085; lanes 5 and 6, 0.170; lanes 7 and 8, 0.513; lanes 9 and 10,
ionic strengths by the RNA concentration plus AN (L is 1.05.

probably somewhat smaller than 0.1). The average values
for K are approximately 0.2% 10° M~! and 0.35x 10° Table 5: Spot Intensities ard for 27-mef

M1, respectively. The former is much closer to what was [RNA] intensities] = 101 mM intensities| = 170 mM
obtained from the results of Table 2 than to what was (M) monomer dimer totdl Q monomer dimer totdl Q
obtained from the results of Table 1. 0 2072 O 2763 0 2545 0  25.45 0

Raising ionic strength (or raising salt concentration) should 8-(1’31 f;gg %-gg gggg 8'822 ig-ié g-g? gg-gg 8-%‘1%
mcrease_the amount of dimer relative to monomer. Asionic 5347 1804 375 2539 0073 854 726 1811 0451
strength increases from 90 to 157 mM, the dimer peaks (near 0521  16.34 7.10 27.28 0.181 650  7.63 16.29 0.734
the top of the gel in Figure 6) do indeed grow in intensity 0.694  13.55  6.92 23.37 0.220  6.98 10.16 19.90 1.037
relative to the monomer peaks (near the center); the cleavage?84> 1157 890 2342 0389 630 1140 1997 1432
peaks (at the bottom) diminish in intensity. For higher ionic ~ * Temperature= 5 °C, Q = 6p0+/(20w?). ° Total intensity includes
strengths, however, the dimer peakscreasen intensity peaks other than monomer and dimer.
relative to the monomer peaks, so ti@atgoes through a
maximum. This is true for each of the five runs of Table 4. Table 6: Spot Intensities and Calculat@®dor 27-mer
The average values €f are shown in Figure 7, with a least- [RNA] intensities) = 101 MM intensities| = 170 mM
squares fit to a four-parameter log-normal function. The “(\y' monomer dimer totdl Q monomer dimer totdl Q
maximum is at = 137 mM. . 0 1200 0 1200 0 872 0 872 0

The ratio of intensities for the two slowest-running bands, 0.087 13.14 062 13.76 0.025 7.74 258 10.33 0.223
equal toK' (equation 5), was also calculated as a function 8-;2411 ig;g ;-é‘l‘r ig-gg 8-833 2-32 i-gg g-gg 22171
of ionic strength. The results are very imprecise, because ;' g3s 750 358 11.08 0353 366 826 1192 3674
both peaks are very small and difficult to measure accurately. 1354 691 473 11.64 0578 2.88 11.42 14.30 9.820
However, the consensus result is #ids 0.6+ 0.3 forl =

91 mM and decreases to 044 0.2 for| = 369 mM. The Spot intensities and calculated valuesQfor the 27-mer
total intensity in a given lane on the gel is constantlfor  are given in Tables 5 and 6. Data were obtained for several
from 91 to 157 mM but decreases for 157 mM. RNA concentrations and for ionic strengths of 101 and 170

For the 27-mer, several gels were prepared, run &t,5 mM. The gel that gave the data in Table 5 showed some
and measured. They differ in the temperature at which bands in addition to the monomer and dimer bands. Since
samples were equilibrated before being loaded into the well the additional bands ran faster than the monomer or dimer
of the gel. As is evident from Figure 8, this RNA produces bands, they were ascribed to cleavage products of the RNA.
a spot pattern similar to the 41-mer but the streak near theTheir intensities were included in the total intensity (see
dimer is missing. This oligomer being considerably smaller Table 5) and therefore in the calculationkof The assump-
than the 41-mer, it was expected that the rate constants fortion is that the presence of species other than monomer and
dimerization and dimer dissociation would be larger, allowing dimer does not affect the monometimer equilibrium.
equilibrium to be established more quickly in solution. On  The values ofQ in Table 5, plotted vs nominal RNA
the other hand, the existence of discrete monomer and dimerconcentratiorC of the 27-mer, give a slope, equal kg of
spots shows that interconversion between the forms in the(0.4184 0.054)x 10° M~ for | = 101 mM and (1.628t
gel is slow. This suggests that the streak near the dimer for0.094)x 10° M~1 for | = 170 mM. The values of? for the
the 41-mer is a second form of the dimer, not the result of linear fits are 0.984 and 0.923, respectively, and the values
interconversion between forms. obtained forL, the concentration of RNA in the labeled
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1 4 8 1 incubation temperature of the samples before loading or on
electrophoresis time. The latter (load-and-run) experiments
showed that reequilibration (dimerization and dissociation
of dimer) did not occur to an appreciable extent in the gel.
The gel giving the data of Table 7 was run atG; the
samples contained 100 mM NaCl ang TTBE buffer, so
that the total ionic strength in the well was 118 mM. To
have large enough intensities for accurate measurement for
both monomer and dimer spots, measurements were made
on two different exposures of the autoradiogram. Still, the
measured monomer spot intensities for 0.87 and 1302
FicurRe 9: Autoradiogram of the 19-mer at . Lanes 18 were too small to be accurately measured. Using the five

correspond to unlabeled RNA concentrations (in micromolar): 0, ; ; ; ;
,0.015, 0.087, 0.289, 0.521, 0.868, and 1.30. Lane 1 has 0.2 timeﬁlgWESt concentration points for a linear fit @ vs known

the radiolabeled RNA of the other lanes and was not used in the NA concentration gave a low value ﬁ(0'87) andK =

analysis. lonic strength is 118 mM. (277 + 44) x 10° M~L The value ofL was very close to
zero. A second gel with the same RNA concentrations and
Table 7: Results for 19-met,= 118 mM, 5°C ionic strength was run (data not shown). Only the five lowest
[RNA] (uM) monomerint dimerint totalint  calc® cor_lcentratlon pomts_ gave _meanlngful monomer intensities.
Using these in the linear fit gave?(= 0.95)K = (239 +
0 22.76 1.53 24.30 0.036 40) % 106 M-1. Th | "y tiall
0.014 15.29 4.46 19.75 0.188 ) X . The value ofL was essentially zero.
0.087 7.85 14.97 22.82 2.769 The results in Table 8 were obtained from gels run at 20
0.288 2.17 28.65 3223 1025 °C. Samples contained<ITBE buffer and had [NaCK= 0,
8'2532%13 i% gg'gé ggég iégg 100, and 200 mM, which give ionic strengths in the gel well
1.302 213 31.43 57.06 3441 of 103, 118, and 135 mM, respectively. It was expected that

the increased temperature would lower the dimerization
constant, and that the dimerization constant would increase
with ionic strength. By using intensities from two exposures

Table 8: Spot Intensities ar@, 19-mer, 20°C

[RNA] | =103 mM =118 mM =135mM of the autoradiogram, we were able to reliably measure both
©M) 6w 6° Q6w 6 Q 6w 6” Q dimer and monomer spot intensities.
0 6.160 0.029 0.0017 6.832 0.221 0.017 7.621 0.714 0.05 A linear fit of Q vs C for ionic strength 103 mM gives{

0.029 10.589 0.059 0.0028 7.381 1.444 0.117 5.645 3.205 0.45 _ _ -1 —
0.058 6.690 0.115 0.0088 6.864 4.566 0.554 3.874 4.905 1.43 _ 0.88)K = (0.050+ 0.008)x 1°M~*andL = (0.054+
7.91

0.116 14.374 0.267 0.0095 5.713 6.883 1.328 2.492 8.741 0.042)uM. For ionic strength 118 mM, the highest concen-
8.;;411 g.ig g.ggé 8.832 g.ggi ;ﬁg ggfg f.ggg 1;).8133 185.81(;5'3 trationI point wasd)dt;o?pedh(monomer intensity Wasncinac-d
: : - - g : : - ‘ %6 curately measured) before the same treatment was performed.
0.289 14.103 0500 0.0184 2.190 7.449 7.485 1.791 14.993 39.21 1 reZuIt wasre = 0.99)K = (14.8+ 0.8) x 1P M*lpand
* Intensity of monomer? Intensity of dimer. L = (—0.014+ 0.011)uM. For ionic strength 135 mM, the
two highest RNA concentration points were not used in the
linear fit, which resulted inr¢ = 0.94)K = (137 £ 18) x
10° M~t andL = (—0.032+ 0.031)uM. The reason for
dropping high-concentration points was that the low mono-
mer intensity, subject to large measurement errors, riade
very uncertain.

oligomer, are zero within the error of the fit.—0.059 +
0.062)uM and (—0.0304+ 0.028)uM. For the data of Table

6, plots of measure@ vs. C turned sharply upward at the
highest values of, which we ascribed to the low, and hence
difficult to measure, spot intensities for the monomer.
Therefore, only the first 5 data points were used in the linear
fit. The results fo = 101 mM wereK = (0.334+ 0.034) DISCUSSION
x 1P M~tandL = (—0.045+ 0.050)uM with r2= 0.973;

for | = 170 mM,K = (3.57+ 0.35) x 106 Mt andL = With all the oligonucleotides considered, the temperature
(—0.058+ 0.50) uM with r2 = 0.974. In both casek is at which the RNA was held before before loaded into the
essentially zero. gel had no effect on the intensity patterns seen after

A third gel (data not shown) yielded, for 101 mM ionic €lectrophoresis. Other measurements, some of which are
strengthK = (1.744 0.035)x 10° Mt andL = (—0.0057 discussed here, show that these patterns do depend on the
+ 0.0075)uM (r2 = 0.998) and, for 170 mM ionic srength, running temperature of the electrophoresis experiment.
K = (6.11+ 0.59) x 10° M~ andL = (—0.037+ 0.045) Therefore, the interconversion and diffusion rates in bulk
uM (r2 = 0.955). A fourth gel (data not shown) yieldéd solution at 5°C are fast enough so that the monomeéimer
= (0.234+ 0.037)x 10° M~1 with L = (—0.0344+ 0.102) equilibrium is established during the 2@5 min required
uM for 101 mM ionic strengthr@ = 0.909) andK = (3.02 for RNA to move out of the well and into the gel proper.

+ 0.48) x 10° M~ with L = (—0.0784- 0.102)uM for 170 However, the interconversion between forms in the gel at
mM ionic strength 2 = 0.907). In all casek is essentially 5°C is slow relative to the migration rate. The proof of this
zero. is that distinct bands for the monomer and dimer are

An autoradiogram of a gel for the 19-mer is shown in observed. When electrophoresis was carried out atC30
Figure 9, and results for this oligomer are given in Tables 7 interconversion rates in the gel were so high that only a single
and 8. Other experiments (results not shown here) hadband was seen for all sequences studied (data not shown).
previously shown that intensity patterns did not depend on Simulations show that a single band arises when intercon-
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palindrome in the loop, base paring in either form of the
dimer should give similar values afH for all three, making

Table 9: Determined Values of Dimerization Constants

ionic strength temperature constanK

oligomer | (mM) °C) (in 10° M) the enthalpy difference between react|QnSI_-| ~ 0. Thus
m 13 s 0,069 a decrease inSmust be responsible for the increase\iG.
Almer 183 . 0108 ConsiderAS for joining two rods of equal length. The
41-mer 105 5 0.147 partition function for a rotating or orientating ro@7%) is
41-mer 113 5 0.29 872 IKT/h?, wherel is the moment of inertia, equal a3/
41-mer 183 S 0.35 12, wherep is the mass per unit length andis the rod’s
27-mer 101 5 0.42 length. The rotational or orientational entropy for one such
27-mer 170 5 1.63 gth. Py
27-mer 101 5 0.33 rod is
27-mer 170 5 3.57
27-mer 101 5 1.74 872k Tol®
27-mer 170 5 6.11 k+king=k+kin[=—£=
27-mer 101 5 0.23
27-mer 170 5 3.02
ig-mer ﬁg g g;g The molar entropy change for joining two rods of length
-mer H
19-mer 100 20 0.050 L to form one rod of length 2 is therefore
19-mer 118 20 14.8 o 2To(2L)?
19-mer 135 20 137
AS=R|1+In # —2R|1+
version between forms is faster than the migration rate in 2 3 2 3
. 27°KToL 27°KT, 8L
the gel (L7). Interconversion rates are expected to be slower In —f] =—-R—RIn 5 Pl +RiIn —6]
for longer RNA segments, which may allow measurements 3h 3h L
of equilibrium constants at higher temperatures for such . .
segrgents 9 P Comparing a rod of length rL with a rod of length L, the

Nondenaturing gel electrophoresis shows that the threed'ﬁerence in molar entropies of dimerization is

sequences studied exist in two major forms, the relative
amounts of which vary with concentration and ionic strength.

Usually, the fastest running band in the gel is the monomer  11q grientational contribution taH is just—R, indepen-
(in the stem-loop form) while the much slower running band  jen ofL, so that the contribution tAAH is zero. Since the
or bands is the dimer. Sometimes, very fast running bands §imerization equilibrium constant is proportional 658
with low intensity appear; these are ascribed to fragmentation e ratio of dimerization constants for the two rods44s®

of the monomer RNA arising from handling and the age of _ -3 Doubling the rod length would decrease the dimer-
the sample. ization constant by an order of magnitude.

In the case of the 41-mer the monomer can exist in more  Another reason for the decrease AS with length is
than one form, as revealed in the autoradiogram by the probably the increased flexibility of the monomeric RNA.
presence of several overlapping bands that are part of theThjs should lead to a large increase in the number of
monomer envelope. Since care was taken to isolate and labetonformers (secondary structures), which is consistent with
oligomers, we believe the complex shape of the monomer the complicated shape of the monomer band in the traces of
band reflects differences in secondary structure rather thangigure 4. The increase in flexibility, and hence in the number
heterogeneity in length or sequence of the RNA. The of conformers, should be less important for the dimer than
presence of more than one monomer band was earlierfor the monomer, so that the entropy of the monomer should
observed for a stem-loop DNA 12-mer studied by nonde- jncrease with length more than the entropy of the dimer. Thus
naturing gel electrophoresid ). the conformational contribution taS, like the orientational

From electrophoresis measurements alone it is not possiblecontribution, should decrease with length, giving an impor-
to tell if the dimer is in the kissing or duplex form or if the tant negative contribution toAAS and decreasing the
band is due to a rapidly interconverting mixture of the two. dimerization constant.

For the 41-mer, the dimer band appears to consist of two  Previous NMR studies have shown that the 19-mer used
bands, suggesting that both kissing and duplex forms arein this study and a 24-mer from the dimer initiation site of
present. Interconversion between the two dimer forms shouldthe LAl strain of the HIV virus adopt a stable kissing

AAS=RIN[(rL) 3 = RIN[L™} = —3RIn ()

be slowest for this oligomer. structure in solution4, 15). In our studies we are unable
Table 9 summarizes the determined values of the dimer-to confirm the kissing structure for the 19-mer and have no
ization equilibrium constant. The constainicreaseshy knowledge of the structure of the dimers formed for the 27-

several orders of magnitude as the length of the stem of theand 41-mers. However, in the case of the 41-mer, the electro-
monomeric RNAdecreasedy a factor of 2, from the 41-  phoresis gels show two broad bands in the dimer region,
mer to the 19-mer. ThudG for dimerization decreases Figure 4, suggesting that this RNA may exist in two dimer
markedly with length. It is unlikely thaAH changes much  forms under the conditions of the experiment. The two band
for the following reasons: When the kissing dimer is formed, areas were combined for the calculation of the dimerization
the stems of the monomers are unchanged; when the duplexonstant.

dimer is formed, the stems melt to form an equivalent The slower-moving band was generally sharper and more
structure in the dimer. In either case, bases in the stem shouldntense than the other. It is suggested that this band arises
contribute little toAH. Since all three RNAs have the same from the duplex or tight dimer, which should have a more
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rigid structure than the kissing dimer. Furthermore, the strategies for AIDS. The results of these studies will be
kissing dimer may be able to rearrange in the gel either to reported in due course.

the tight dimer or to monomers, which would explain why

the faster-moving dimer band is broader than the other. The SUMMARY AND CONCLUSIONS

small areas of both peaks makes it difficult to obtain accurate  \ye have measured dimerization constants for sequences

values for the ratio, which is the equilibrium const&htof of HIV-1 RNA using nondenaturing polyacrylamide gel
eq 5. The values obtaineq fo.r the ratio of kissing to duplex electrophoresis. A standard DNA sequencing apparatus is
dimer were 0.48t 0.22 at ionic strength 113 mM and 0.91 geq to separate RNA forms, and their amounts are measured
+ 0.35 at ionic strength 413 mM. o by scanning autoradiographic spot intensities. If the inter-

The dependence of the dimerization constdrin ionic  ¢conversion rate between forms in the gel is slow relative to
strength has been studied, mostly for the 41-mer. The valuéthe mjgration rate, peak areas are proportional to the amounts
of this constant increases with ionic strength, as expectedy forms that enter the gel from the loading well. However,
since the dimer is formed from two similarly charged o systems of the type studied here that can interconvert
monomers, but only up to an ionic strength of about 140 rapidly in solution, introduction of the equilibrated sample
mM (Tables 3 and 4). Above thi& apparently decreases intg the well dilutes the sample and alters the equilibrium to
with ionic strength, so that its value at 400 mM is close 10 gne determined by the conditions in the well. Concentrations
its value at 100 mM. However, the intensity of dimer and 4nq jonic strengths in the well must then be estimated,
monomer bands is also observed to decrease when ioniqeading to lower than expected reproducibility in the
strength exceeds 140 mM, suggesting that RNA is lost before yetermined values df.
it enters the g(_el. Since the quantity that is actually caIc_uIated It is shown that an increase in the length of the sequence
from the data i C, whereC is the total RNA concentration,  of RNA from 19 to 41 leads to a decrease in the dimerization
loss of RNA would give an apparent decreasgirf higher constant by about 3 orders of magnitude. The difference in
ionic s_trength _faC|I|tates dlmerlzatmn, it may also lead t0 yimerization free energy with length is due in part to changes
formation of higher order oligomers that do not enter the j, rqtational entropy for the rodlike molecules and the
gel, leading to the decrease in total intensity. We have gyisience of multiple forms of the monomer as RNA length
occasionally found radioactivity in the sample tubes after jncreases. The observation that the dimerization constant
transferring sample tq the gel. _decreases with increased length strongly suggesttfat

The nature of the dimer that forms from two monomeric the fyll-length packaging signal is small and that factors other
RNAs in the DIS of HIV-1 has been extensively addressed than sequence (such as the presence of protein) must
in the literature %, 7, 8). These studies often used long RNAS - ¢ontribute to stabilizing the duplex form of the HIV genome
that could potentially adopt a variety of different forms, in the virion.
making it difficult to analyze the system in terms of a simple
two-state model. In fact, gels for these RNAs often show ACKNOWLEDGMENT
the presence of multiple species. Although dimers have been
found in these studies, and a kissing structure having the
palindromic regions of two monomers hydrogen-bonded to
each other is a reasonable intermediate, direct evidence folREFERENCES
such a structure with large RNAs has not been forthcoming.
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