suggest additional photochemical mecha-
nisms by which OCIO can contribute to O,
depletion, should OCIO be adsorbed on or
solvated within aerosols.

Work in progress (52) measures the
sticking coefficients for OCIO on ice sur-
faces to obtain the OCIO content of atmo-
spheric aerosols. Recent photochemical
studies of OCIO in warm (80 to 150 K) ice
matrices find quantitative conversion of
OCIO to CIOO (53). Possible atmospheric
consequences of OCIO in aerosols include
vertical redistribution of Cl in the Antarc-
tic vortex, release of active Cl by reaction
with HCI, and heterogeneous photochemi-
cal O; depletion.
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Bent Helix Formation Between
RNA Hairpins with
Complementary Loops

John P. Marino, Razmic S. Gregorian Jr., Gydrgyi Csankovszki,
Donald M. Crothers*

The initial interaction between the ColE1 plasmid specific transcripts RNA | and RNA I,
which function as antisense regulators of plasmid replication, comprises a transient
complex between complementary loops found within the RNA secondary structures.
Multidimensional heteronuclear magnetic resonance spectroscopy was used to charac-
terize complexes formed between model RNA hairpins having seven nucleotide com-
plementary loops. Seven base pairs are formed in the loop-loop helix, with continuous
helical stacking of the loop residues on the 3’ side of their helical stems. A sharp bend
in the loop-loop helix, documented by gel electrophoresis, narrows the major groove and
allows bridging of the phosphodiester backbones across the major groove in order to
close the hairpin loops at their 5’-ends. The bend is further enhanced by the binding of
Rom, a ColE1 encoded protein that regulates replication.

Regulation of the replication of the Esch-
erichia coli plasmid ColE1 is mediated by the
interaction of two plasmid encoded RNA
transcripts, RNA I and RNA 1I, together
with a plasmid encoded protein, Rom or
Rop, which acts to control plasmid copy
number (1). RNA I and RNA II interact
initially by base-pairing between their com-
plementary loop structures (2). Rom binds
to the transiently formed intermediate com-
plex, thus suppressing dissociation of the
two RNAs and facilitating formation of a
persistent hybrid duplex of the two RNAs
(3), which in turn results in failure of rep-
lication initiation. The initial “kissing” (4)
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interaction between complementary loops
has been proposed as a structural motif of
RNA interaction in other systems (5).
Studies of pairs of hairpins derived from
the RNA [ and RNA II transcripts demon-
strated that the hairpins bind to each other
solely through the interaction of their com-
plementary loops, and that Rom specifically
binds the structure formed by the interac-
tion of these loops (6, 7). In addition, the
stability of the complexes formed by these
RNA hairpins varies in ways that do not
correlate simply with the potential number
and kind of Watson-Crick base pairs that
could be formed between the complemen-
tary loops. The most striking example is the
stability enhancement, 350 times greater
relative to the wild type, observed for com-
plexes formed between hairpins in which
the wild-type loop sequences are inverted



5’ to 3’ (6—8). The hairpins with inverted
loop sequences dissociate nearly 10,000
times more slowly than the wild-type stem
loops. In addition, their association rates
are 10 times slower than those observed for
the wild type (6—8). For both classes it is
found that full base pair complementarity
among the nucleotides of the two constitu-
ent loops is required for maximal affinity
(6-8).

We have characterized by multidimen-
sional heteronuclear magnetic resonance
(NMR) the loop-loop complexes formed
between RNA hairpins with either comple-
mentary wild-type loop or inverted loop
sequences (Fig. 1). Full base pairing be-
tween the loops was demonstrated in the
inverted loop complex by imino spectrosco-
py; six of seven potential imino resonances
were observed in the wild-type complex.
The base-pair stacking patterns and ribose
conformations in both complexes have also
been established. While the NMR data do
not provide long distance restraints requir-
ing a bending of the helical axis of the

RNA 11 wt RNA [l inv
° G1 “““ C193 S G, e C193
C. — Gis C. — G
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C, Gis C, Gis
Cs — Gis C: — Gy
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Uc7 A A?7 Cus
8 A, U
A, c C. C, Cio A ’
G, Sy, u, ®eg.
Ue A12 Aﬂ U:
U, Gis G, Uss
G, — C. G; — C.
C; —Gys C; —Gi;
C. —G, A, — U,
Aa — Un As — U»
C2 G18 Cz Gm
5|G1 """ Cw 3 G1 — Gy
S'G 0" C2°3.
RNA | wt RNA I inv

Fig. 1. The sequence and predicted secondary
structures of the RNA | hairpin and RNA |l hairpin
for the wild-type (left) and inverted-loop sequenc-
es (right). The RNA | inverted loop transcript was
designed and synthesized with an additional stem
base-pair for stability reasons. In addition, the low-
er stem sequence was altered to differentiate it
from the wild-type sequence in order to disfavor
duplex formation between these hairpins. The
numbering for the RNA | inverted loop transcript
begins with zero to keep the loop numbering
schemes consistent between the two sets of mol-
ecules (that is, the loop residues are labeled as
positions 7 through 13 in all four stem-loops).

complex, models incorporating the required
local NMR defined geometries were all
strongly bent toward the major groove of
the helix formed between the loops. Evi-
dence for the bent character of the com-
plexes was found by extending the DNA
circular permutation analysis (9) to allow
estimation of the extent of bending in these
bimolecular RNA complexes. By analogy
with the electrophoretic properties of bent
DNA, we conclude that the complex is
bent at the locus of the loop-loop interac-
tion, and that the bend is further accentu-
ated by binding of the Rom protein.
NMR of complementary loop-loop
RNA complexes. We synthesized two pairs
of RNA hairpin sequences (Fig. 1), with
either the complementary wild-type loop
sequences (RNA I wt and RNA II wt) or
complementary inverted loop sequences
(RNA I inv and RNA II inv). Uniformly
15N-labeled RNA hairpins were also syn-
thesized (10). A combination of homo-
nuclear 'H and heteronuclear 'H, °N, and -
31P correlated NMR methods were used to
define the number and type of intramolec-
ular Watson-Crick base pairs formed, the
helical stacking conformation, the ribose
sugar pucker and the phosphorus chemical
shifts found in the loop-loop complexes.
The NMR spectra of the individual wild-
type hairpins have been assigned and the
structural characterization of the hairpins
has confirmed the predicted secondary fold,
generally a 6-bp (base pair) stem helix with
7-bp loop (11). The RNA [ wild-type hair-
pin, however, was found to contain a distinc-
tive, highly structured loop with additional
base pairs and complete nucleotide stacking
(11). This structure may account for the
more rapid formation of the wild-type com-
plex, which in" turn may be the basis for
evolutionary selection of that sequence.

Complex formation between hairpins
could be monitored by observing the chang-
es in the imino region of the 'H NMR
spectra when two hairpins with comple-
mentary loops were mixed in the presence
of Mg?" counterion. The imino spectra
were assigned by two-dimensional (2D) 'H-
15N HMQC (heteronuclear multiple quan-
tum correlation) and by 2D 'H NOESY
(nuclear Overhauser exchange spectrosco-
py) in H,O (12). To facilitate unambiguous
assighment of the imino resonances and
their NOE (nuclear Overhauser effect) cor-
relates to a given hairpin within the com-
plex, we mixed °N-labeled hairpins with
their unlabeled complements. The reso-
nances belonging to the *N-labeled hair-
pin could be selectively observed when 1°N-
selected or ’N-filtered NMR techniques
were used.

Eleven resolved imino resonances were
seen in an 'H-"N HMQC spectrum (12) of
the complex formed by the wild-type loop
sequences in which RNA I was ®N-labeled
(Fig. 2A). Six of these imino resonances
were assigned to the RNA I stem helix and
five resulted from base-pairing in the loop-
loop helix, in which: the base-pair imino
proton was donated by the RNA I strand.
The same region of a 'H-"N HMQC spec-
trum taken with the complex formed by the
inverted loop sequences, with an "N-la-
beled RNA I hairpin, showed 12 resolvable
resonances (imino resonance assignments for
G15 and G11 required additional correla-
tions found in the 2D NOESY spectrum in
H,O) (Fig. 2B). Six of these imino resonanc-
es were assigned to the RNA I stem helix
and six result from base-pairing in the loop-
loop helix, in which the imino proton was
donated by the RNA I strand. The 2D
HMQC experiment not only served to dis-
perse the 'H spectrum, but also allowed

A W G10 e\ B G10
6l % @t @ G1sggll O15, *
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Fig. 2. An expansion of the imino "H,"®N resonance region of a 2D gradient enhanced 'H-"°N HMQC
experiment (72) showing imino resonance correlation for the uniformly '®N-labeled RNA | stem-loop
complexed with an unlabeled RNA Il stem-loop for the wild-type sequences (A) and the inverted loop
sequences (B). The imino 'H,5N cross-peaks observed in the HMQC are assigned for each complex
spectrum, with the resonances that result from the formation of the base pairs of the loop-loop helix

indicated by arrows.
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identification of imino protons by base type
(uracil or guanine) because of their charac-
teristic '’N chemical shift differences. As-
signments made in this way, with further °N
selective experiments in H,O on complexes
formed with the wild-type loop sequences
where the RNA II hairpin was uniformly
15N-labeled, indicated that all seven of the
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potential imino resonances from the loop-
loop helix were observed in the complexes
formed between hairpins having inverted
loop sequences. In the complex formed by
the wild-type loop sequences, one of the
seven potential imino proton resonances was
not observed, namely that associated with
the potential base pair between R1U7 and

Fig. 3. (A) The expanded imino-imino 'H NOE
correlated region of a 2D NOESY spectrum in 90
percent H;0, 10 percent D,O (72) of the complex
formed between the RNA | and RNA |l hairpins
with inverted loop sequences. Sequential NOE
connectivities between the imino resonances ob-
served in the stem helices are indicated by long
and short dashed lines for the R1 and R2 stems,
respectively; and those NOE connectivities be-
tween the loop-loop helix base pairs by solid lines.
The sequential NOE cross-peaks observed for the
loop-loop helix and stem loop junctions are la-
beled. (B) The expanded ribose H1’, pyrimidine
H5 to aromatic (H2,H6,H8) 'H NOE correlated
region of a 2D NOESY spectrum in 99.996 per-
cent D,O (12) of the complex formed between the
RNA | and BRNA Il hairpins with inverted loop se-

quences. Sequential NOEs between H8-H6 (n + 1) and sugar H1' (n) protons are indicated by a solid line
for the RNA | and the BRNA Il stem-loop strands from the top two base pairs in the stems through the loop
nucleotides for the pseudo-continuous helical strand from residues R2iC5 through R1iG15. The critical
sequential NOEs at the stem-loop junction are those between nucleotides R1iC14 and R1iU13 (i,
inverted), and also nucleotides R1iG7 and R2iG6. These connectivities are consistent with a 3’ stack of
the loop nucleotides on their respective stems. NOE correlations between H2 protons and H1’ protons
are labeled in bold, and dashed arrows show that the H1' chemical shifts are in line with the correct
positions of the traced backbone NOE *“walk." (C) Schematic structure of the RNA -RNA Il inverted loop
complex that summarize the NMR results. For clarity only the first two nucleotides in each stem are
drawn. The residues in the remaining portion of the stems were found to display NOEs that were indicative
of a standard A-form geometry. The connection between the sixth and seventh residues in the hairpins
is drawn only to show strand connectivities and has no structural relevance. Base-pair hydrogen bonding
is shown by wide solid lines between base-pair rectangles. Ribose H1’, base H8,H6, adenine H2, and
imino protons are represented by dots within pentagons, on the outside of the rectangular bases, on the
inside of adenines base rectangles, or within base-base hydrogen bonds, respectively. Observed intra-
and inter-nucleotide NOEs are indicated by solid lines connecting the dots. Base-pair stacking is
indicated by thin, shaded boxes between the stacked base pairs.
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R2A13 at one end of the loop-loop helix.
Although this imino resonance was not de-
tectable, NOE evidence for the stacking of
the base pair was found in a NOESY exper-
iment in D,O (11, 12).

The analysis of the 'H NOESY spectrum
in H,O at 15°C (12) indicated that the
overall topology of the wild-type and in-
verted loop complexes were quite similar in
terms of base pair formation and stacking.
Since the line widths of the wild-type com-
plex were observed to be broader than the
more stable inverted loop complex, indica-
tive of intermediate conformational ex-
change, the discussion below is focused on
the inverted loop complex.

The imino-imino region of a 2D 'H
NOESY spectrum in H,O (Fig. 3A) of the
inverted loop-loop complex showed se-
quential NOE connectivities of the two
stem helices and the loop-loop helix. These
connectivities established stacking of all of
the base pairs in the loop-loop helix be-
tween the two stem helices and indicated
that the loop residues had a continuous
helical and stacked geometry on the 3’ side
of the respective stem helices. These exper-
iments ruled out the alternative possibility
of continuous helical stacking of the loop
on the 5’ side of its stem helix. The critical
NOEs that connect the RNA 1 stem G6
imino resonance with the RNA I loop U13
imino resonance and that connect the
RNA II stem G6 imino resonance with the
RNA [ loop G7 imino resonance are boxed.

In the complex formed with comple-
mentary inverted loops, the stacking of the
base pairs could be further shown by se-
quential NOE correlations in D,O at 25°C
between the ribose H1' protons and the
aromatic H6,H8 and H2 protons (Fig. 3B).
The sequential anomeric aromatic NOE
“walk” in the expanded plot (Fig. 3B) of the
H1',H5 to aromatic H2,H6,H8 region of
the D,O NOESY of the complex formed
between inverted sequence hairpins showed
that the loop-loop helix is stacked between
the two stem helices. The loop nucleotides
of each stem loop were found to stack in a
continuous helix on the 3’ side of their
respective stem helices, in agreement with
the polarity and continuity of the loop-loop
helix deduced from the imino region of the
H,O NOESY. In addition to the sequential
anomeric-aromatic NOE walk that con-
nected the helical regions, the correlation
of H2 protons with H1’ were also indicative
of the stacked helical conformation. In the
inverted loop complexes, the A+U base pairs
at the first, second, and fifth positions
(counting from the RNA I stem) of the
loop-loop helix displayed the characteristi-
cally strong imino to H2 NOE correlation
and also the H2 to H1’ (intrastrand) and
H1’ (cross strand) NOEs found in A-form
helical geometry. These NOE correlations



are indicated in Fig. 3B for the pseudo-
continuous helical strand formed by resi-
dues R2iC5 through R1iG15. A similar
NOE walk can be made for the pseudo-
continuous helical strand formed by resi-
dues R2iG15 through R1iC5. A critical
cross strand NOE observed was that be-
tween the R2ZA7 H2 proton and the
R1C14 H1' proton. This correlation pro-
vided additional evidence for the stem-
loop helical stacking at that junction.
Taken together, the imino NOE correla-
tions and the anomeric-aromatic NOE
correlations provided decisive evidence
for the formation, coaxial stacking, and
polarity of the loop-loop helix between
the two hairpin stem helices. Moreover,
the sequential and cross strand NOEs ob-
served for the loop-loop helical resonances
indicated that there are only minor distor-
tions from helical geometry in the loop-
loop interaction.

Analysis of the changes in chemical shift
of the hairpin resonances on binding pro-
vided additional evidence that the complex
interaction was a result of the stacking and
pairing of nucleotides in the loops. Large
chemical shift changes were observed for
most loop residue resonances, while only
small changes were observed for the reso-
nances of the stem helices below the second
base pair from the apical stem-loop junc-
tion. This is consistent with mutational and
thermodynamic data indicating that only
the first two nucleotides in from the loop-
stem junction play a role in complex stabil-
ity (6—8). Although the backbone geome-
try is not well defined for this complex, the
H1',H2' region of the COSY (correlation
spectroscopy) spectrum (11, 12) indicates
that all ribose sugars in the complex ap-
peared to be predominately in a C3’ endo
conformation (with the exception of the
end residues in the stems). Furthermore,
none of the phosphorus resonances are con-
spicuous outliers (11, 12) from what would
be expected from the standard A-form
chemical shift region (13).

A three-dimensional model of the com-
plex formed with inverted complementary
loops was calculated with the distance and
torsional constraints derived from the
NOESY and COSY experiments (14, 15).
Using the protocols in X-PLOR (14), we
built starting structures with a distance ge-
ometry algorithm and then refined them by
a series of restrained molecular dynamics
calculations (15). Although the NMR data
mainly define local geometries and do not
provide direct evidence for a global bending
of the overall helical axis of the complex,
the requirement for coaxial stacking of all
seven base pairs between the stem helices
was quite suggestive of a bending distortion
that must occur to accomplish this overall
fold. A stereoview of one of the refined

calculated models of the inverted loop-loop
complex (Fig. 4A) revealed that the helical
axis of the modeled complex was indeed
distorted to fit the combined data and to-
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rated all the NMR connectivity constraints,
which are shown schematically in Fig. 4C
for the inverted loop hairpin complex. In
repeated calculations, all the models that

pological constraints. The model incorpo-  were generated had the essential features of

Fig. 4. (A) Stereo view of the three-dimensional NMR-derived model constructed for the inverted
loop-loop complex. The model was generated with the distance geometry and restrained molecular
dynamics protocols in X-PLOR (74, 15). The RNA | inverted hairpin is in yellow and the RNA Il inverted
hairpin is in blue. The model shows the base-pairing and -stacking observed in the complex and the
pronounced bend that is a result of the required stacking and helical geometries. The R2iG6, R2iA7 and
the R1iG6, R1iG7 dinucleotide steps are shown in green and red, respectively. (B) Stereo view of the
three-dimensional NMR-derived model with the continuous helical stacking observed in the complex
shown by color coding the residues that make up the two pseudo-continuous strands of the distorted
helix formed by the RNA hairpins. Residues R2iG1 through R2iG6 and R1iG7 through R1iC19 are shown
in yellow; residues R2iC19 through R2iA7 and R1iG6 through R1iG1 are shown in blue. (C) Stereo view
of the three-dimensional model showing the compressed groove and the “bridging” phosphodiester
backbones (with “‘bridging’’ phosphate atoms shown in red) that connect residues R1G6, R1G7 and
R2G6, R2A7. The RNA | inverted hairpin is in yellow and the RNA Il inv hairpin is in blue. Ribbons are
drawn to show the trace of the phosphodiester backbone of the hairpins.
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a sharply bent structure with continuous
stacking of the base pairs. However, because
of the limited number of constraints, the
structural model is under-determined and
therefore a significant variation in local
geometry was observed between structures.

The calculated model suggested that
coaxial stacking of the 7-bp loop-loop he-
lix was accomplished under the constraint
of closing the loop by bending strongly
toward the major groove. This bend short-
ened the distance required for bridging
across the major groove. The loop-loop
helix formed a rather regular helical base
stacking geometry, providing for a pseudo-
continuous helical strand from one stem
helix through the loop-loop helix to the
other stem helix (Fig. 4B).

In the model, the backbone phosphodi-
ester linkages between the sixth and sev-
enth nucleotides on the 5’ side of the hair-
pin loops (Fig. 4, A and C) were adjacent in
sequence, but 7 bp away in the helical
structure. Their linkage is sterically feasible
because of the helical periodicity that plac-
es these phosphates directly adjacent across
the narrowed major groove of the A-form
helix (Fig. 4C). This geometry is a direct
consequence of the 3’ stacking of the loop
residues on their respective stem helices. If
the loop residues were 5’ stacked on their
stems, the 3’ residues which would have to
be linked to close the loop would need to
bridge through a much larger distance.

Gel electrophoretic analysis of the
loop-loop complex. Bending, a well-estab-
lished DNA conformational response to se-
quence change or protein-ligand binding,
can be characterized by gel electrophoresis
methods (16), which have also been used to
detect bending of RNA (17, 18). To deter-
mine the existence and extent of helical
distortion present in the loop-loop com-
plex, and the extent to which the binding
of the Rom protein to the RNA complex
effects further helical distortion, we used a
modification of the DNA circular permuta-
tion assay (9) to measure RNA-RNA com-
plex bending. Complexes formed between
stem loops with the loop-loop interaction at
the center of a pseudo-continuous helix
showed anomalously slow mobility in a
nondenaturing polyacrylamide gel when
compared with RNA complexes of similar
length with the loop-loop interaction near
the end of the molecule; this is the expected
result if the loop-loop interaction creates a
bend in the continuous helix.

The circular permutation RNA hairpin
probes, containing either the RNA [ or
RNA II inverted complementary loop se-
quences (Fig. 5A), of systematically varied
lengths were made by run-off transcription
with T7 RNA polymerase from DNA tem-
plates (19). In all complexes, the RNA
hairpin probes were mixed so that the total
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number of base pairs of RNA that can be
formed is fixed at 126 for the total of the
two stems, plus 7 for the loop-loop helix.
Both the RNA complex and the RNA com-
plex bound by the Rom protein (20) ana-
lyzed by this method (Fig. 5B) displayed
position-dependent variations in electro-
phoretic mobility (21). Moreover, the posi-
tion-dependent change in relative mobili-
ties observed in the two gels indicated that
the bend found for the RNA loop-loop

complex was further enhanced by Rom

Although the orientation of the bend
could not be ascertained by this circular
permutation assay, the extent of bending
could be roughly estimated by a comparison
of the gel mobilities of the circularly per-
muted complexes with the gel mobilities of -
similarly permuted standardized constructs
of known curvature, for which we used
DNA fragments of 120 bp containing 2 or 3
A-tract sequences (22). (A slightly shorter
DNA sequence length was chosen in partial
compensation for the smaller rise per base

binding. pair for helices of the A-form as compared
A B
RNA probes: RNA alone
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Fig. 5. Circular permutation analysis (9) of C

the distortion in the inverted stem-loop 1.05
complex. (A) Schematics of the RNA and
A-tract probes used in the circular permu-
tation assay (8, 79). The RNAs contain the
10-bp linker sequence IG10-C10, the
T7bs-T 7block duplex (which contains the
T7 RNA polymerase promoter in the cor-
responding DNA seqguence), and either the
Riicyc or R2icyc hairpin sequences. The
probes used to generate the two- and
three-phased A-tract molecules for bend 0.75 o Yeanae
calibration were generated by restriction RNA + Rom
e o s m ms e o
DNA sequences (22). (B) Electrophoretic Base pairs from end of circular permuted probe
mobility-shift analysis of the complexes [1 through 10 from the schematic in (A)] formed between the RNA
I and RNA Il hairpins with inverted-loop sequences bound to circularly permutated probes. The lane
marked with an “S"" was a single RNA | probe containing 128 bp plus the Rl loop. Complex formation
between a given pair of hairpins and mobility modulation by cyclic permutation of the loop-loop interaction
site was shown with nondenaturing polyacrylamide gel electrophoresis. The same assay was performed
after incubating the Rom protein with the loop-loop complexes formed between the same RNA | and RNA
Il hairpins bound to circularly permutated probes. (C) Calibration curve for estimation of the extent of
bending of the loop-loop complex. The mobilities of the RNA complex, the RNA plus Rom complex, and
the A-tract standards have been fit to cosine curves and are plotted as a function of position of the bend
locus from the end of one of the circular permuted probes (23).
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to those of the B-form.) From analysis of
these results (23), we estimated a bend an-
gle for the loop-loop complex of 45° and a
bend angle for the loop-loop-Rom complex
of 60°. This calibration was only approxi-
mate because it relied on comparison of
molecules of different shape and potentially
differing flexibility. The position of the mo-
bility minimum indicated that the bends of
the loop-loop RNA complex and the RNA-
Rom complex were centered at the loop-
loop interaction locus.

Elements of RNA-RNA recognition.
Base-pairing between complementary re-
gions and coaxial stacking of helices are
commonly observed tertiary interactions in
RNA structures (24). The loop-loop com-
plex described above folds the complemen-
tary loop sequences of two independent
RNA secondary elements in a pseudoknot-
like (25) fashion. Complex formation is driv-
en by the base-pairing between complemen-
tary loops and stacking of the loop-loop helix
between the stem helices of the respective
hairpins. As has been observed in pseudo-
knotted RNA structures (26), the stacking
energy contributes to the binding energy of
the helical interaction. In these hairpin loop
complexes, differential stacking energies at
the helix-helix junctions may contribute to
the stability difference between wild type
and inverted loop complexes.

The overall bend of the complex can be
viewed as a compensatory structural change
necessary for complete base-pairing and co-
axial helical stacking. The energetic cost of
the required backbone helical distortions is
more than compensated for by the energetic
gains from base-pair formation and stack-
ing. Stable loop-loop complexes are usually
formed between hairpins with loop sizes of
six to eight nucleotides. As Pleij and co-
workers pointed out (25), the RNA A-form
major groove width to be spanned by one of
the pseudoknot loops is at a minimum (10.1
A) when the pseudoknot helix contains six
to eight base pairs. This contrasts with the
width of the minor groove that must be
spanned by the second pseudoknot loop,
which increases approximately linearly with
increasing size of the pseudoknot helix.
Complexes formed between hairpins with
larger loop sizes or with 5’-stacking of loop
residues on their respective stems, could
only achieve a similar coaxially stacked
structure at a much greater energetic cost to
distort the RNA backbone.

Even though the complexes fold in order
to minimize the distances required for loop
closing across the major groove, the bend
that results from complex formation (~45°
to 90°) is still quite large for such a short
RNA sequence. However, the large bend in
DNA observed in the TBP complex gives
precedent for such a structure (27); bending
in that case also results from narrowing the

major groove and widening the minor
groove. The sharp bend in the model struc-
ture also bears an overall resemblance to
tRNA, an observation that may be of inter-
est in view of the conjecture that tRNA
might have evolved in two stages or from
two separate smaller RNAs (28). Combining
a hairpin having a —CCA 3’ amino acid
acceptor with a dumbbell shaped molecule
incorporating an anticodon loop would pro-
vide an appropriate overall tRNA-like ge-
ometry in their loop-loop complex. In the
ColE1 system, the bending of the loop-loop
complex may play a functional role in bring-
ing together distal regions of the larger RNA
[ and RNA II transcripts and thereby facili-
tate further folding after the initial loop-loop
interactions.

Implications for Rom recognition. Rom
is a four helix—bundle protein whose struc-
ture has been characterized both by diffrac-
tion (29) and NMR methods (30). Muta-
tional analysis of the solvent exposed amino
acids has revealed that the important resi-
dues for RNA binding are all located on
helix I of the helix-loop-helix monomers
and are consequently all found on a single
face of the antiparallel four-helix dimer
(31). Nonetheless, the key to Rom’s speci-
ficity for the loop-loop structure over gener-
ic A-form RNA is not apparent in the
protein structure alone. The key recogni-
tion element, however, could reside in the
bent helical RNA structure created by the
interaction of the two hairpins rather than
in recognition of a specific nucleotide se-
quence. The ability of complementary loops
to form the distorted helical fold seems to
be the primary requirement for specific rec-
ognition. In addition, the phosphodiester
residues that bridge the compressed major
groove of this RNA complex provide a
potentially attractive sequence-neutral rec-
ognition element for Rom binding.

The prior organization of this RNA
complex into a form that favors protein
binding contrasts with the Tat-TAR inter-
action, in which the RNA structure is re-
organized upon binding peptides taken from
the HIV transactivating or Tat protein to
the HIV RNA sequence target TAR (32).
It can be inferred that the RNA bending
distortion is an important element in the
protein-RNA complex structure, since Rom
binding increases the bend angle beyond
that seen in the RNA loop-loop complex.
This observation provides a possible expla-
nation for the preference of Rom for the
loop-loop complex over normal A-form
RNA, since prior bending of the RNA in
the loop-loop complex should reduce the
free energy required for the distortion rela-
tive to the A-form helix. This is analogous
to enhanced binding affinity observed for
DNA bending proteins when the DNA
binding site has already been bent (33).
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