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Constrained by a DNA Hairpin
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ABSTRACT: The gene 5 protein (g5p) encoded by filamentous Ff phages is an ssDNA-binding protein,
which binds to and sequesters the nascent ssSDNA phage genome in the process of phage morphogenesis.
The g5p also binds with high affinity to DNA and RNA sequences that form G-quadruplex structures.
However, sequences that would form G-quadruplexes are absent in single copies of the phage genome.
Using SELEX gystematicevolution of ligands byexponential enrichment), we have now identified a

family of DNA hairpin structures to which g5p binds with high affinity. After eight rounds of selection

from a library of 58-mers, 26 of 35 sequences of this family contained two regions of complete or partial
complementarity. This family of DNA hairpins is represented by the sequeneg(C&EGGATCRA-
CGTTTTCACCAGATCTACCTCCTCGGATCCAAGAGGCAGAATTCGC)-3 (named U-4), where
complementary regions are italicized or underlined. Diethyl pyrocarbonate modification, UV-melting
profiles, andBamH| digestion experiments revealed that the italicized sequences form an intramolecular
hairpin, and the underlined sequences form intermolecular base pairs so that a dimer exists at higher
oligomer concentrations. Gel shift assays and end boundary experiments demonstrated that g5p assembles
on the hairpin of U-4 to give a discrete, intermediate complex prior to saturation of the oligomer at high
g5p concentrations. Thus, biologically relevant sequences at which g5p initiates assembly might be typified
better by DNA hairpins than by G-quadruplexes. Moreover, the finding that hairpins of U-4 can dimerize
emphasizes the unexpected nature of sequence-dependent structures that can be recognized by the g5p
ssDNA-binding protein.

The genome of the Ff viruséss a circular ssDNA (plus its binding clefts are positioned to bind two antiparallel
strand) comprising 11 tightly packed genes and a 508- ssDNA strands {—9). The number of nucleotides, (the
nucleotide intergenic region (IGL(2). The IG contains five binding mode), bound per g5p monomer is dependent on
functional hairpin structures, denoted hairpins-B& (3), the binding conditions. The = 4 binding mode is dominant
which include some regulatory elements, such as the mor-when the g5p binds to genomic or purine-rich DNA at P/N
phogenetic signal for packaging (hairpin A), the minus ratios less than 0.2510, 11). The binding affinity Kw) is
(complementary) strand origin (involving hairpins B and C), the result of an intrinsic binding constar€)(multiplied by
and the plus strand origin on hairpin B)( a cooperativity factord). The values ofy are estimated to

The viral gene 5 encodes an ssDNA-binding protein, the pe in the range of 5065000 @, 12, 13). Thus, g5p saturates

g5p, which sequesters the single-stranded genome into asspNA with a high cooperativity of binding.
superhelical complex that is a precursor of virus assembly

at a late stage of infection5( 6). The g5p exists as a
homodimer with a 2-fold rotational axis of symmetry so that

Although the g5p can bind to any nucleic acid sequence,
it has been shown that the binding affinity for synthetic
ssDNA depends on the base compositidr, (13). For

example, th&kw for dCyg is about 140-fold higher than for
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10 mM Tris-HCI, pH 7.4; DMS, dimethyl sulfate; DEPC, diethyl ~Sequences, the gene 2 mRNA leader sequence has been most
pyrocarbonate; EMSA, electrophoretic mobility shift assay; Ff viruses, studied. A 16-mer sequencgGUsG,CU,C), that is within

three closely related filamentous viruses f1, fd, and M13 that specifically ; ; ; ; ;
infect F" strains ofEscherichia colig5p, gene 5 protein; IG, intergenic the gene 2 mRNA leader region is required in vivo for

region; P/N, the [protein monomer]/[nucleotide] molar ratio; SbS  translational repression by the gSp4|. Mutations in this
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SELEX, systematicevolution of ligands byexponential enrichment; _hindi iityg i i
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2 mM EDTA; TE buffer, 10 mM Tris-HCI, pH 7.4, 1 mM EDTAT,, suggest that the g5p specifically binds to this sequence in
melting temperature. performing its regulatory function. Further studies show that
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12 3 4 5 6 7 8 Round round. The unprecedented finding is that g5p binds to DNA
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hairpins that have the additional ability to dimerize.

SELEX-1 EXPERIMENTAL PROCEDURES

Protein Purification. The g5p was purified to 99%
homogeneity fronEscherichia colitransformed with an Ff
gene 5-containing plasmid, as described previoukly 13).

SELEX.A 58-mer ssDNA library was used for the initial
SELEX selection. The library, named PV-58, was synthe-
SELEX-2 sized with the following sequence:-8(CGGGATCCAA-
CGTTTT-NoeAAGAGGCAGAATTCGC)-3 (Oligos Etc.,
Wilsonville, OR). A, G, C, and T were randomly incorpo-
Ficure 1: Images of gels during SELEX selections. Phosphor rated in the central 26 nucleotides ;N The SELEX
images are shown of the bands in agarose gels used to separatgrocedure is detailed in previous worR1j. In brief, to
g5pDNA complexes from free DNA during the selection steps of 55, oximate physiologically relevant binding conditions, the

SELEX-1 and -2. Positions of the loading well and free DNA are 50-DNA_bindi - f d 3T i
indicated. Positions of complexes isolated for the subsequent roundsJ>P- Inding reaction was performed at In

of SELEX are indicated with a black bar to the right of the image. binding buffer (200 mM NacCl, 1 mM EDTA, and 10 mM

The upper band of saturated complex in round 2 was recovered Tris-HCI, pH 7.4), and g5p-bound DNA was separated on

and followed through Subsequent rounds for SELEX-1 (top images). agarose gels In that Work a Saturated .W Complex

The lower band of intermediate unsaturated complex was recovere ; -y

and followed through subsequent rounds for SELEX-2 (bottode'rJlS |§olated and subjected to seven further rounds of

images). Complexes isolated from the eighth round of each set of S€leéction [termed SELEX-12Q)]. In the present work, we

SELEX selections were cloned and sequenced. Selection ratiosisolated the DNA from an intermediate, unsaturated complex

(complexed DNA/total DNA) at individual steps ranged from 0.005 (termed SELEX-2), except for the first round of selection,

to 0.05 for SELEX-1 and from 0.018 to 0.037 for SELEX-2. The jn which only a saturated complex was formed. As in

multiple bands that were observed in the range of free DNA were

probably from DNA multimers (of which the U-4 dimer is an SELEX'L selected DNA was e".”ed frqm agarose gels and
amplified by PCR. A reverse primer with a biotin tag was

example; see Figure 3A). !  TEVE
used during the amplification such that the target strand could

the 16-mer operator, in the form of either RNA or DNA, be recovered by binding the PCR products to streptavidin
can form a four-stranded G-tetraplex structure through the beads. After eight rounds of selection, the DNA was cloned
G, blocks at the center of the sequenck,(18). This and sequenced.

G-quadruplex structure was proposed by Kneale and co- DNA OligomersSpecific DNA sequences were purchased
workers to hold adjacent single-stranded regions in position from Oligos Etc. or Midland (Midland, TX). The 58-mer
for binding of the g5p 17, 18). To be biologically relevant,  oligomer (hamed U-4) was8l(CGGGATCCAACGTTTT-
such a structure would have to form by intermolecular pairing CACCAGATCTACCTCCTCGGGATCCC-ABAGGCA-

of four mMRNA molecules. GAATTCGC)-3; two pairs of complementary regions are

Use of the SELEX techniquel9, 20) has allowed us to  underlined or double-underlined. U-4t42 was a sequence
identify in a more comprehensive fashion the preferred DNA having the first 42 nucleotides of U-4."-8(CGGGATCC-
binding sites for the g5p (in 200 mM NacCl, pH 7.4, 32). AACGTTTT-CACCAGATCTACCTCCTCGGGATCCC)-3
In the first set of experiments, we isolated DNA from a g5p- The hp42 sequence was identical to U-4t42 except for four
saturated complex on agarose gels (SELEX-1, see Figuremutated nucleotides (shown in lower case) in the comple-
1). A family of G-rich sequences was identified, and a study mentary regions: 'sd(CGGtcgtCAACGTTTT-CACCA-
of the dominant sequence, I-3, showed that it formed an GATCTACCTCCTCGGacgaCC)-3complementarity was
intramolecular G-quadruplex structure with two extended maintained in the underlined regions. Ss42 was another
tails (21, 22). In this case, the g5p bound to I-3 in two stages, mutant U-4t42 sequence, but the complementarity was
first to the G-quadruplex core and then to the flanking tails. reduced to five nucleotides:-8(CGGCctTCCAACGTTTT-
Although the binding of g5p to this G-quadruplex differs CACCAGATCTACCTCCTCGGatTCCC)-3mutated nucleo-
from that to the G-quadruplex described by Kneale and co- tides are shown in lower case. 16-mer primers were 5
workers, in both cases nucleotides are constrained in posi-d(AAAACGTTGGATCCCG)-3 (named C%) and 5
tions favorable for binding22). That is, high affinity sites ~ d(GCGAATTCTGCCTCTT)-3(named C®), which were
for g5p binding may consist of appropriately constrained complementary to the'5and 3-ends of U-4, respectively.
regions of ssDNA to reduce the entropic cost of binding. Concentrations of oligomers were determined by absorption
Notwithstanding this insight, there is no evidence that measurements and nearest-neighbor formulas as described
blocks of Gs form quadruplexes within the Ff genome or Ff by Gray et al. 23), and concentrations reported throughout
MRNA. this work are per strand.

We now have evidence for another family of high-affinity EMSA and Competition ExperimenEVSA for g5p-DNA
binding sites that may be more relevant to the in vivo binding binding and competition reactions was performed on 2.5%
of g5p. During SELEX-1 selection, DNA was isolated from agarose gels as described in previous wail.(In determin-

a g5p-saturated complex. However, an intermediate, unsatu-ng the relative binding affinity, kM U-4t42 was*?P-labeled

rated complex appeared during the second round. Thereforeat the 5-end by the T4 polynucleotide kinase (Promega,
we performed another set of SELEX experiments (termed Madison, WI) and was mixed with serial concentrations of
SELEX-2) on the intermediate complex from the second unlabeled DNA oligomers as competitors. The g5p was
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added to &«M, and the reaction was performed in binding
buffer at 37°C for 15 min, followed by electrophoresis on
agarose gels as in EMSA. The relative g5p binding affinity
was determined to be the concentration ratio of competitor/
U-4t42 at which 50% of labeled U-4t42 was dissociated.
Stoichiometry of Protein and DNA in gap-4 Complexes.
The stoichiometric ratio of protein to DNA in g9p-4
complexes was determined as described in previous work
(22). In brief, *?P-labeled U-4 was incubated with g5p in

Wen and Gray

the EMSA experiments. The bands corresponding to the
intermediate and saturated complexes were isolated, and the
DNAs were extracted, cleaved by piperidine, and applied to
20% polyacrylamide sequencing gels in TBE buffer.

Restriction Digestion of BamH B'-32P-labeled U-4 was
prepared at concentrations of 10, 1, 0.1, and @®Mlwith
equal radioactivity. The U-4 samples were heated at®5
for 3 min and slowly cooled at room temperature for 30 min,
in a buffer containing 6 mM Tris-HCI, pH 7.5, 150 mM

binding buffer, and the mixture was separated on agarosenaCl, 6 mM MgCh, and 1 mM DTT (dithiothreitol)BamH
gels. The intermediate and saturated complexes were isolateq (promega) was added to give a final concentration of 0.5

and subjected to electrophoresis based on-SBSGE (24).

A series of standard amounts of g5p aiiB-labeled U-4
were run in parallel on the same gel. The protein was
quantitated by staining the gel with SYPRO Red (BMA,
Rockland, ME) 25), and then the gel was dried and exposed
to a storage phosphor screen (Molecular Dynamics, Sunny-
vale, CA) for DNA guantitation.

Primer-Annealing Experiment&P-labeled U-4 was pre-
pared at concentrations of 10, 1, 0.1, and @:Mwith equal
radioactivity. Various amounts of primer oligonucleotides
(C5P or C3P) were added such that the strand ratio (primer/
U-4) was 1.5 at U-4 concentrations of 10, 1, and M
and was 5 at the U-4 concentration of 0,0M. Mixtures
were prepared in 1@L of binding buffer. Samples were
heated at 98C for 3 min, slowly cooled at room temperature
for 30 min, and resolved on 12% native polyacrylamide gels
in TBE buffer (90 mM Tris-borate, pH 8.3, 2 mM EDTA)
containing 100 mM NaCl. The gels were dried and exposed
to a storage phosphor screen.

UV Melting.UV-melting profiles of oligonucleotides were
obtained at 260 nm on an Olis-modified Cary model 14
spectrophotometer (OLIS, Inc., Bogart, GA). Samples were
usually melted from 5 to 90C at 1°C temperature intervals,
with a 3 min incubation time before the acquisition of
absorbance data. The melting temperattig (vas defined
as the local maximum of the first derivative of the melting
profile.

DEPC Modification ProtectionU-4 was labeled at the
3-end with T4 RNA ligase (Promega) and-f3P]-pCp (ICN,
Irvine, CA). The 10uM labeled U-4 was mixed with 15
uM C5'P or C3P in a total volume of 2Q:L of binding
buffer, heated at 9%C for 3 min, and slowly cooled at room
temperature for 30 min. One microliter of DEPC (Sigma,

U/uL. The mixtures were incubated at 3€ for 30 min and
resolved on 20% polyacrylamide sequencing gels in TBE
buffer.

End Boundaries of U-4 for the Intermediate ComplEa.
determine the's and 3-end boundaries of the U-4 sequence
needed to form the intermediate complex with g5p, U-4 was
3%pP-labeled at the'3and 3-ends, respectively. Since some
nucleases (like DNase | and nuclease S1) cleaved U-4 only
at limited sites in this case (not shown), a more diverse pool
of U-4 fragments was obtained by combining the fragments
generated by DNase | (Sigma) and by piperidine following
DEPC/DMS modification (see above). The U-4 fragments
(~0.18 or~1 mM in nucleotide, corresponding te3 or
~17 uM of the full-length U-4 sequence, respectively) were
prepared in binding buffer, titrated with g5p at 32 for 15
min, and resolved on agarose gels as for the EMSA
experiments. The bands corresponding to the intermediate
and saturated complexes were isolated, and the DNA was
extracted and applied to 8 or 12% polyacrylamide sequencing
gels.

RESULTS

SELEX Selection from an Intermediate Compl&xs8-

mer ssDNA library, PV-58, was used for initial SELEX
selection for g5p binding. The reaction was performed under
physiologically relevant conditions: pH 7.4, 200 mM NacCl,
and 37°C. After eight rounds of selection, 35 of the DNA
sequences from SELEX-2 (Figure 1) were cloned and
sequenced. Thirty-four of these sequences were grouped into
two families, leaving one unclassified sequence (Table 1).
The variable region of sequences in family Il was G-rich,

St. Louis, MO) was added and incubated at room temperatureand all but one had four blocks of,G, a feature similar to

for 1 h, followed by ethanol precipitation to stop the reaction.
The modified DNA was cleaved by piperidine (Aldrich,
Milwaukee, WI) as per Maxam and Gilbe28) except for

a reduction in cleavage time to 15 min at 90. Sequence

that of previously selected sequences that can form G-
quadruplexes1). This family of sequences will not be
considered further here. Our focus is on the major family |
group of sequences, which included 26 of the 35 sequences.

fragments were separated on 12% sequencing gels in TBEFamily | sequences had three common aspects. First, a

buffer.

DEPC/DMS Moadification Interferencd.o determine the
interference of DEPC or DMS modification on the formation
of the g5pU-4 intermediate complex, 52P-labeled U-4 was
prepared in TE buffer (10 mM Tris-HCI, pH 7.4, 1 mM
EDTA) and randomly modified at 37C by DEPC for 30
min or by DMS (Aldrich) for 15 min. DNA was extracted
with phenol/chloroform, precipitated in ethanol, and resus-
pended in TE buffer. Modified U-4 (2M) was allowed to
fold in binding buffer for 15-30 min at room temperature
and then was titrated with g5p at 3T for 15 min. The

sequence centered at GATCCC (referred to asttbegment,

see Table 1) was conserved and was complementary to
nucleotides in the 'send constant region (th& segment).
The o segment was at or close to the downstream end of
the variable region. Second, a pyrimidine-rich sequence (the
B segment) had partial complementarity to purine-rich
nucleotides in the '3end constant region (the¢ segment).
The potentialg: ' pairing did not contain more than five
continuous base pairs, and thesegment was always just a
few bases upstream of the segment. Third, for most
sequences, the segment included a palindrome (GGATCC

resulting complexes were resolved on agarose gels as foror GATC) and was located at about the midpoint of the
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Table 1: Thirty-Five Sequences after Eight Rounds of Selettion

Family I a’ B a B’
—— ——

U-4 clgggatcdaacgttt tCACCAGATCTACCTCCTCGGGATCCJaagaggcagaattege

U-7 clgggatcdaacgttt tATGCGCCCCTACTCTGCTAGGATCCaagaggcagaattcege

T-7(2)° dgggatcdaacgttttGCCCACACTCCCGCTTCCAGGATCCaagaggcagaattege

V-10  dgggatcdaacgttttCATCACACCATTCCGCTGGGGATCCCaagaggcagaattege

V-14 clggg aacgttttAGGGATGCACTCCTCCTAGGGATCCCjaagaggcagaattege

V-1 clgggatcdaacgttttCCCACACTCACTGGCATCGGATCCOCaagaggcagaattege
U-6 clgggatcdaacgttt tCACCGGCACCTTCATTGGGGATCCOTTaagaggcagaattege
T-2 clg9gg caacgttttGCGCACCTTGT_CCACC_TTCTaaggggca@attcgc
T-5 clggg caacgttttCACTCGCGGCCATGCTTATTIGATCCClaagaggcagaattcge

U-11 clggg caacgttttCACTACACTCTCGCCACTGT|GATCCClaagaggcagaattegce
V-15 clggg caacgttttCCACTGCGCCCTCCCTTCTTIGATCCClaagaggcagaattcge
V-17 clggg caacgttttCACAGGACTCACCCTTGCAT|GATCCClaagaggcagaattcge

U-10 clgggatdcaacgtttt CCGCAGCTACATCCTCAT[GATCCOTTaagaggcagaattcge
V-12 cgggatdcaacgttttCGCCCACACTCCCTCCTTGATCCOCAaagaggcagaattege
V-16 cgggatdcaacgttt tCACACCCTGCACTCCTGTGATCCOTGaagaggcagaattege
V-5 clgggatdcaacgttt t CCACTCACGCTCTCTCGATCCCACATaagaggcagaattcge

U-2 colggatcdaacgttttCACGCTCACTGTCCCTTACGGATCTaagaggcagaattcege
U-1 [cdldlgatcdaacgttttCACAGTCCTCCTCCCCAGGATECHTaagaggcagaattege

T-3 [cgggaticcaacgttttGCATACTCACTCCCTACATCCCETGCaagaggcagaattege
V-18 [cgggatjccaacgttttCACATTCACTCTGCTCCATCCCETGTaagaggcagaattege
U-5 [cgggaltccaacgttttCGGGCACGTGTCCTTGTCTTCCCGCCaagaggcagaattege

U-8 [cgggalticdaacgt t t tCCACACTCTACTCCCTGEGAT[TCCCGaagaggcagaattege
V-2 [cgggdtlcdaacgtt ttCATCCACTCCTTCCATCGEGTCCCGCaagaggcagaattege
T-1 [cgggaltlccaalcgt tt tCACACTCACCGCATCCATTGGTCCCGaagaggcagaattege
U-9 cgggatlccaalegt t t tGCCGCCACTTCCTCTGGITTGGTCCaagaggcagaattege

Family 11

U-3 (3)b cgggatccaacgttttATCAGGGGCGGTCGGGGCTCGGGCGTaagaggcagaattcge

T-4 cgggatccaacgttttGAGGGGCGGTCGGGGCTCGGGCATTGaagaggcagaattege
T-6 cgggatccaacgttttCAGGGGCGGCCGGGGCTCGGGCTTCTaagaggcagaattege
V-7 cgggatccaacgttttCAAGGGGTGGTCGGGGCTCGGGCAGTaagaggcagaattege

V-9 cgggatccaacgttttGGGGTGGCAAGGGGTTTCCGGTCGCTaagaggcagaattegce
T-8 cgggatccaacgttttAAGGAGGGGACAACGGCGTGCGTGCCaagaggcagaattcegce
Other

V-8 cgggatccaacgttttCCACGCCCCCTCOTTTGCTACGT T[GGaagaggdagaattege

a Complementary sequences are boxed and underlined; blocks of Gs are double underlinédaiti&®nd constant sequences are shown in
lower case, and sequences derived from the random region are shown in uppétasfigures in parentheses are the numbers of clones with
identical sequences.

and ' segments. Therefore, the complementary and sym- (EMSA). The g5p bound to U-4 in two stages: an intermedi-
metrical features suggested that family | sequences couldate complex was formed early in the titration, and this was
form a structure that differed from the G-quadruplex followed by formation of a saturated complex. The inter-
structures of family Il. Simultaneous pairing of bath o' mediate and saturated complexes contained about 10 and 15
andp: ' in a single molecule would result in a pseudoknot g5p monomers, respectively, per U-4 strand (Table 2),
structure. Possible ssSDNA pseudoknots that bind to HIV-1 confirming that the intermediate complex was not saturated.
reverse transcriptase have also been identified by SELEXThe two-stage binding was reminiscent of EMSA experi-
(27), although most examples of possible pseudoknotted ments with 1-3 (a SELEX-1 sequence that forms a G-
ligands have been selected from RNA librarigg)( In the quadruplex), as shown in Figure 2B for comparis@d)(
present case, our results showed that a structure muchHowever, two major differences were evident in the EMSA
different from an ssDNA pseudoknot was actually formed. data. First, the mobility of the intermediate complex of
Two Stages of Binding of g5p to U-AVe chose a  g5pU-4 was more retarded than that of the initiation complex
representative sequence, U-4, from family | for detailed of g5pl-3. [The former was formed with a stoichiometry of
study. U-4 had a typicadc segment and was among those about 10 protein monomers per strand, whereas the latter
with maximalg: ' complementarity, the structural implica- contained only about six monomers per stra2tj.{ Second,
tion of which we wished to ascertain. Titration of U-4 with the saturated complex of g8p-4 appeared only at high P/N
g5p was performed in 200 mM NaCl, and the resulting ratios, so that the population of the intermediate complex
complexes were resolved on agarose gels. Figure 2A showseached a peak of about 80% of the DNA at PAN0.19
the results of this electrophoretic mobility shift assay (lane 7, Figure 2A,C). The g5p3 saturated complex readily
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A. g5p Titration of U-4 A. B.

1 234 567 8 910 12 3 4 5 6 7 8 9 10 11 12 1 2 3

Saturated
et - complex
Intermediate
o ... “* complex oI -'
=y
ijf‘-“'“:‘:b\___:_‘ > “
& ——
SOeeee < Free U-4 L .'.
0 0.02 0.05 0.07 0.10 0.14 0.19 0.24 0.36 0.48 P/IN M
B. gSp Titration of |1-3 10 1 04001 10 1 04001 10 1 041 001 10 1 04 uM
1 234 56 7 8 910 u-4 U-4+C3P U-4+C5P U-4t42
Ficure 3: Effects of concentration and primer binding on the gel
- . Saturated mobility of U-4 and U-4t42 DNA sequences. (A) 10-fold serial
v .... complex dilutions of U-4 were prepared in 200 mM NaCl with a fixed
s Initiation amount of32P-labeled U-4 in each dilution (lanes-2). Excess
—-asse complex C3P primer (lanes 58) or excess CP® primer (lanes 912) was
added such that the molar ratio of primer/U-4 was at least 1.5 (see
DD - - < Free I-3 Experimental Procedures). (B) U-4t42 was prepared and treated as
in lanes 1-3 of panel A. All samples were heated and cooled before
0 0.02 0.05 0.07 0.10 0.14 0.19 0.24 0.29 0.36 PJN applying to 12% native polyacrylamide gels in TBE buffer
containing 100 mM NacCl. Final concentrations of the oligomers
C_ 100 are indicated at the bottom of the panel. (Throughout this paper,
oligomer concentrations are given per strand.) Schematic drawings
of the proposed U-4 dimer and monomer structures (see text) are
> 80 shown to the left of their band positions.
= |
§ 60 binds first to the core G-quadruplex structure and then to
£ the 3- and 3-tails (21, 22).] These differences resulted from
= 40 the differences in selection (U-4 and I-3 were respectively
o I selected from sequences that formed intermediate and
® 5 saturated complexes) and from the differences in the g5p/
strand stoichiometries of the intermediate complexes.
0 . . The previous titration experiments suggested that the g5p-

00 041 02 03 04 05 saturated complexes of I-3 and U-4 were formed via binding
PIN of g5p to preformed intermediate complexes. To test this

o hypothesis in the case of I-3, excess cold I-3 was added to

Ficure 2: EMSA of g5p titrations of U-4 and I-3?P-labeled U-4 preformed, saturated g8g3 complexes in which I-3 was

(A) or I-3 (B) at 1uM was titrated with increasing concentrations 7, . . . -
of g5p at 200 mM NaCl, 37°C. Samples were subjected to P-labeled. The reaction mixtures were incubated for various

electrophoresis on 2.5% agarose gels. P/N ([protein monomer]/times and then resolved on an agarose gel. The results
[nucleotide]) molar ratios are shown at the bottom of the panel. showed that the saturated complexes gradually dissociated
The protein concentration at a P/N ratio of 0.25 was theoretically jnto intermediate complexes plus free DNA in the presence
sufficient to saturate the DNA in the = 4 binding mode. (C) ¢ the excess cold I-3 (data not shown). Thus, in the case of

Quantitation of bands from EMSA gels. Percentages of the bands .
for each P/N ratio in panels A and B are shown for the saturated |-3, and we presume in the case of U-4, the saturated

(O) and intermediatel) complexes from U-4 and for the saturated complexes most likely formed via addition of g5p to
(hO) an_d(ijnitiatit()jn @) complexes féom I-35Data were a\éerzg(;as from intermediate, precursor complexes.

three independent titrations, and error bars are standard deviations. .

In panels A and B of this figure, and in Figures 3, 4, an€96 i Secondary Structures of U-fihe formation of a gSﬁJ4
phosphor images are shown of representative gels after fixing andintermediate complex suggested that U-4 existed in a

drying. structured form 22). The presence of two sets of comple-
mentary sequences implied that the U-4 structure involved
Table 2: Protein/DNA Stoichiometrizand Corresponding P/N Watson-Crick base pairing and not G-quartets, as was the
Ratios of the G5pJ-4 Complexes case for I-3. To investigate the U-4 structure, we first used
g5p monomer/U-4 strafid ~ P/N ratio native gel electrophoresis (Figure 3) and absorbance melting
saturated complex 154 1.8 ~0.25 profiles (summarized in Table 3). On native polyacrylamide
intermediate complex 9F 1.7 ~0.17 gels, U-4 migrated as discrete bands with concentration-
a See Experimental Procedures for detdilBata are shown as mean ~ dependent mobility (Figure 3A, lanes-#). The mobility

+ standard deviation from at least three measurements. gradually increased with decreasing DNA concentration until
the concentration was reduced to about @M. The
formed at relatively low P/N ratios (P/N 0.07, Figure 2B), concentration-dependent gel mobility suggested that U-4
and the intermediate complex with I-3 did not exceed 40% existed in at least two fast-equilibrating states, including a
of the DNA (Figure 2C). [The intermediate complex with dimer (or multimer) and a monomer, with the latter being
I-3 has been termed an initiation complex because the g5ppredominant at or below 0.AM. This point of view was
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Table 3: Melting Temperature§{) and Percent Hyperchromicities
(%H) of the Dominant Transitions in the Melting Profiles of U-4
and U-4t42

second (major) transition o'
first (minor) transition  (intrastrand or bound
(interstrand interaction)  primer interactions)

Tw(CCP %HatT,®® Tn(°CF  %H atT,2

(oNugle]le]le]

10
U-4

0.2uM 30-34  ~T° 525+ 0.7 14.3£0.5
LuM 334+0.7 8.1+04 523+06 16.4+13
10uM 38.0+11 88+05 531+11 157+0.4
1uM +C3P n.d. n.d. 50.0: 0.8 15.8+0.7
1uM+CSP! 422406 87+11 60.7+03 20.8+1.2
U-4t42
1uM n.d. n.d. 51104 12.2403 20
1uM +C5P¢ n.d. n.d. 60.5: 0.5 16.7+ 0.5

aData are shown as mean standard deviation from at least three
measurements. The melting was performed in a buffer of 10 mM Tris-
HCI, the pH of which changed from 7.5 (at 2CQ) to 6.3 (at 75°C).
n.d., not detected.Percent hyperchromicity values were determined
as the percent increase in absorbance at 260 nm &t theelative to B
the absorbance at the lowest temperatw® {C). ¢ The first transition
at 0.2uM U-4 was not obvious or disappeared in some measurements. 30
TheT,, and %H values shown here are approximéfEhe concentration
of C5P or C3P was 1.5M.

W-0Q QAP YgY QA Ia L UOOOHAPAQROHENOHAQOPAQAPQPQQP QT QY

i

supported by absorbance melting experiments. U-4 showed
two transitions in melting profiles (Table 3). The first (minor)
transition was 38.0C at a U-4 concentration of 10M, 40
decreased to 33.4C at 1 uM, and became obscure or
disappeared (in some measurements) au®M2Thus, given
the gel electrophoresis data, the first transition was apparently
related to interstrand interactions, which were minor or
missing at low concentrations (QuM or less). The second ,
(major) transition, in contrast with the first one, was consist- B
ent in theTy, (52—53°C, Table 3) for all the measured con- 50
centrations and likely corresponded to intrastrand structures.

Interstrand interactions of U-4 were presumably through
base pairing of complementary sequences, includingrisl/
or 3-end constant regions (see Table 1). The first evidence
that interstrand interactions involved theehd came from
data with U-4t42, a truncated sequence of U-4 lacking the

16-mer 3end constant segment. U-4t42 migrated as a Ficure 4: Cleavage patterns of U-4 nucleotides accessible to DEPC
uniform species on native polyacrylamide gels, regardless modification (modification protection experiment)-3P-labeled

of concentration (Figure 3B). To further test the involvement .4 at 10uM was prepared in TE buffer (lane 2) or in TE buffer
of the two ends, we used 16-mer oligonucleotidesPGEd with 200 mM NacCl (lanes 35). The U-4 samples in lanes 4 and
C3P, which were complementary to thé-%nd 3-end 5 were respectively perturbed by the additions ofiM C5'P and

- ; i Ei 15uM C3'P. Samples for lanes-5 were heated and cooled before
gc&nsltant Se;‘_léen%ei C.J:;.U ‘i[' resaeété\;elyh_ﬁsdshg v‘\{n I? Flllgurereaction with DEPC. The modified DNA was cleaved by piperidine
(lanes ), hybridization o shifte —ata and separated on 12% sequencing gels. Lane 1 shows the

concentrations to a single position on the gel, consistent with packground cleavage of U-4 that was heated and cooled in TE buffer
one C3P being hybridized to one U-4 strand. Melting profiles but without DEPC treatment.

also showed that the first transition disappeared when the
3-end of U-4 was deleted (i.e., U-4t42) or was hybridized C5P. As in the case of U-4, the U-4:@5hybrid showed
with C3P (Table 3). Thus, the/®nd constant region of U-4  concentration-dependent mobility on the gel (Figure 3A,
was required for the interstrand interaction, and blocking the |anes 9-12), indicating that this hybrid retained the ability
3'-end drove the equilibrium of U-4 structures to a monomer to form a multimer. However, the spread of mobilities in
state. In contrast, the secoffigl persisted for U-4t42 (Table  Figure 3A, lanes 10 and 11, as compared with Figure 3A,
3), and it was present over a wide range of U-4 concentra-lanes 2 and 3, probably indicated that the interchange
tions (0.2-10 M). Therefore, the first transition at 338 between structures was significantly slower at moderate U-4
°C was assigned to interstrand interactions involving the 3 concentrations (0.1 xM) when the 5-end was blocked.
end, and the second transition at-H3 °C was attributed  The U-4:C5P hybrid formed discrete bands on the gel only
to intrastrand interactions. at extreme DNA concentrations; a dimer (or multimer) was
Intra- and intermolecular interactions involving tHeehd favored at high concentrations (Figure 3A, lane 9), and a
constant region of U-4 were tested by hybridization with  monomer was dominant at low concentrations (Figure 3A,
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FicurRe 5: Schematic drawings of U-4 structures. (A) Proposed structures of U-4 dimer (left) and monomer hairpin (right). (B) lllustration
of inferred U-4 structures and the effects of oligomer primersRPGHhd C3P) on the structural interchange. See Table 1 for definitions of
the segments, o', B, andf'; different subscripts are used to distinguish the two strands.

lane 12). In melting profiles, the first transition of the To summarize, the two constant ends of U-4 play opposite

U-4:C5P hybrid was further raised to 42°Z (Table 3), roles in the structural equilibrium: the-8nd is required for

showing that the interstrand interactions were strengthenedthe formation of a multimeric structure, while an available

[i.e., the hybrid was more restrained to a dimer (or multimer) 5'-end facilitates the transition to a monomeric state.

state]. Therefore, blocking the-Bnd promoted formation DEPC Modification Protection of U-4 StructureBhe U-4

of a higher order structure. structures were further investigated by DEPC chemical
A major transition at 5960 °C for the U-4:C3P and U-4: modification @0). DEPC reacts to carbethoxylate thé N

C5P hybrids, and also for the U-4t42:@5hybrid (Table position of adenine, and to some extent that of guanine, when

3), was consistent with the melting of the primers from the the bases are not stacked within a dup@X<32). As shown

ends of U-4 or U-4t42. in Figure 4, the U-4 structure(s) formed in 200 mM NacCl
A similar set of structural transitions involving two states provided only a limited protection in theanda' segments,

of a DNA dodecamer has been report@®)( Successive  mostly at G37 and A38 (compare lane 3 with lane 2 in Figure

low- and high-temperature melting transitions were observed,4), presumably because most nucleotides became exposed

corresponding to conversions from mismatched duplex during the transient interchange of structures. To restrict base

(dimer) to hairpin and then to random coil, respectively. pairing to discrete structures, we took advantage of the effect

Interestingly, the high-temperature transition of the dodecam- of primer hybridization. When hybridized with G% which

er was not detected by UV (but could be observed by circular blocked the 5end, U-4 was restrained to a higher order

dichroism), different from the case of U-4. structure (see lane 9 of Figure 3A). As shown in lane 4 of
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3'-cgett- base pairing of thegg and ' segments in 200 mM NacCl
(Figure 4, lane 3). This alternative hairpin structure would

12345 have the same number (seven) of base pairs in the stem
B 50 region as the proposed hairpin but would be less stable due
@S- to the discontinuous nature and reduced G/C content of the
stem.
Cleavage of U-4 Structures by BamHThe palindromic
D nature of thex segment (GGATCC, see Table 1) meant that

a BamH | restriction site was potentially formed in the
proposed models of both dimer and hairpin (see Figure 5A).
Therefore, existence of the structures could be further verified
and distinguished bgamHI restriction cleavage of U-#P-
labeled at the send. As shown in Figure 6, a lardgér-
labeled fragment prevailed at 1eM (Figure 6, lane 2),
corresponding to cleavage at thesegment, whereas a short
fragment began to dominate at lower U-4 concentrations
(Figure 6, lanes 35), corresponding to cleavagedt The
results were consistent with our models. U-4 tends to form
a dimer at high concentrations, aBamH| mainly cuts at

o. on both strands. A hairpin is the major structure at low
concentrations, and bothanda' are simultaneously cleaved
to generate a short-labeled fragment. Since the sequence is
labeled at the Bend, only the shorter fragment is visible
with the latter cleavage.

Model of the Dynamic Interchange of U-4 StructurAs.
shown previously, U-4 did not exist in an exclusive dimer
or monomer state under most conditions. Therefore, we
. -_—-e propose a dynamic model of the structural changes. In this
model, illustrated in Figure 5B, a symmetrical dimer is
formed through discontinuous base pairs (see Figure 5A for
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C 10 1 0.10.01 uM detailed structures). Th&, segment from strand 1 invades
° the paired region to form a hairpin and displacg®f strand
5'-%P- 2, which then pairs ta', on the same strand resulting in a

FiIGURE 6: BamH | cleavage of U-4 structures. 10-fold serial transient dimer of hairpins. Owing to the reduced number

dilutions of U-4 were prepared in 150 mM NaCl with a fixed of hase pairs, the dimer of hairpins is easily dissociated to

amount of 5-3?P-labeled U-4 in each dilution. Samples were heated Thi . ible. but th ilibri
and cooled befor8amHI restriction enzyme digestion. Cleavage MONOMETS. 1NIS Process IS reversinie, but the equilibrium

products were resolved in 20% sequencing gels. The U-4 concen-Will be shifted by oligonucleotide hybridization at the 8r
trations are shown at the bottom of the figure. Lane 1 is a control 5'-ends. When hybridized with O3, which occupies part

sample of U-4 without enzyme digestion. of the dimerization region®), U-4 is trapped in the hairpin
state. On the other hand, blocking tHeehd by C5P inhibits
Figure 4, the entire'send constant region was protected from the invasion ofo’ and thus stabilizes the dimer.
modification, as expected. In addition, A27 (n G35-A38 End Boundaries of U-4 for g5p Bindind.o assess the
(mostly in o), and A43-A50 (mostly inf") were also  jmportance of the '3 and 3-ends in binding g5p, we
protected. These results were best explained by the formationgetermined end boundaries of the portion of the U-4 sequence
of a dimer, as modeled in Figure 5A (left panel), plus the that retained high-affinity binding for g532P-labeled U-4
binding of a C5 oligomer. On the other hand, when U-4 a5 partially cleaved to generate variable lengths of frag-
was hybridized with C®, which blocked the'®nd and  ments that were all labeled at the same end; this library of
resulted in a monomeric form of U-4 (see lanes&of  fragments was then titrated with g5p. The bound DNA
Figure 3A), the results showed that only AS (ify and G37  fragments in the intermediate and saturated complexes were
and A38 (ina) were protected, in addition to the entire 3 racovered from agarose gels and analyzed. As shown in
end constant region (lane 5 of Figure 4). These results Wererigure 7A, the boundary at thé-8nd was clearly positioned
satisfied by a hairpin model, as shown in Figure 5A (right at A43 or C42 (Figure 7, lanes 3 and 4); C42 was required
panel), plus the binding of a 3 oligomer. Such a hairpin  gnly at the lowest g5p concentration (PAN0.03; Figure 7,
structure was also predicted byfold a web-based folding |ane 3). In contrast, fragments of all lengths were bound and
program (http:// www.bioinfo.rpi.edu/applications/mfold/old/  gatyrated at high concentrations of g5p (Figure 7, lanes 5
dna/; ref33). The bases in the internal loops of the U-4 dimer g 6).
or in the large loop of the hairpin (Figure 5A) may interact  For the 5-end boundary, only a deletion of the first two
through noncanonical base pairing as summarized by Chounycleotides (5CG-) could be tolerated in the formation of
et aI_. (3_4), but we have not considered such substructure the intermediate complex (Figure 7B, lanes 3 and 4). There
details in our measurements. was no obvious send boundary in fragments that were
The DEPC modification protection data did not sup- isolated from the saturated complexes (Figure 7B, lanes 5
port the existence of an alternative hairpin formed via and 6). Therefore, the high-affinity site of U-4 was within
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Ficure 7: End boundaries of the U-4 sequence in the intermediate complex with g5p. U-4 fragment&alakeeled at the's5and 3-ends

to respectively determine thé-8nd (A) and 5end (B) boundaries of the sequence required to form the intermediate complex with g5p.

U-4 fragments were prepared (see Experimental Procedures for details) in 200 mM NaCl and titrated with g3g.a88&mnples were

separated on agarose gels. The intermediate and saturated complexes were isolated from the gel, and the DNA was extracted and resolved
on 12% (A) or 8% (B) sequencing gels. For both panels: lane 1, DMS-cleaved U-4 as markers; lane 2, the mixture of U-4 fragments
without g5p; lanes 3 and 4, intermediate complexes atPN03 and 0.06, respectively; lanes 5 and 6, saturated complexes at @/

and 0.18, respectively. The respective boundaries are indicated at the sides. Data are shown for fragment concent@tivhRefsults

were the same for fragment concentrations equivalert3mr ~17 uM of the full-length U-4 sequence.

the sequence spanning G3-C41 and essentially ended at modification interference was performed as for DEPC. DMS
ando. The results implied that a hairpin structure closed by adds a smaller methyl group at thé pbsition of guanines
the a:o’ stem was a minimal requirement for high-affinity that does not interfere with Watserick pairing £6). The
binding and for the formation of the intermediate complex results showed that DMS methylation, even methylation of
with g5p. This hypothesis was tested by the modification guanines in thex and o' segments, did not interfere with
interference experiments below. formation of the g5gJ-4 intermediate complex (lanes 7 and
DEPC and DMS Modification of U-4 and Interference of 8 as compared with lane 6, Figure 8), indicating that the
g5p Binding.U-4 was partially modified by DEPC or DMS  availability of the N sites was not required for g5p binding.
treatment, and the sequences that still formed intermediateMoreover, it is not likely that the bulky DEPC group just
or saturated complexes with g5p were isolated and assayedsterically hindered the binding since the formation of a
as described in Experimental Procedures. As shown in Figuresaturated g5fJ-4 complex was not affected by any DEPC
8, two regions of the U-4 sequence isolated from the maodification (Figure 8, lane 5), and modifications in the
intermediate complex were completely absent of DEPC proposed loop region (A9-G35) did not block formation of
modification: G37-A38 in thex segment and G4-A5 inthe  intermediate complexes (lanes 3 and 4, Figure 8). Therefore,
o' segment (compare lanes 3 and 4 with lane 2 in Figure 8; these data supported the hypothesis that formation of a U-4
fragments cleaved in C1-G3 were not resolved on the gel), hairpin structure was a prerequisite for high affinity g5p
both in the expected base-paired region of a hairpin. DEPC binding.
modification did not prevent the g5p from forming saturated = Competitve Binding for g5p.To further demonstrate the
complexes with U-4, independent of the ability to fold into importance of a hairpin structure on g5p binding, we
a hairpin structure (Figure 8, lane 5). DEPC introduces a compared the relative protein binding affinity of U-4t42 and
bulky carbethoxyl group at the Nosition of adenines and  its mutant counterparts (see Figure 9B for illustrations).
guanines 31) that are not involved in WatsetCrick base U-4t42 was a minimal U-4 sequence motif that embraced
pairing. Thus, the interference effect was probably due to the tentative hairpin structure. The sequence hp42 had
hindrance of the added bulky group on base stacking andshuffled base pairs in the stem region of the U-4t42 hairpin
pairing (especially for the short 7-bp duplex stem of U-4), such that a hairpin structure was maintain&gd € 55 °C at
resulting in reduced formation of the hairpin structure and 200 mM NacCl). In contrast, ss42 was mutated in the stem
reduction of binding affinity with g5p. Another possibility region such that stable hairpins did not fori, (< 15°C at
was that the added group disrupted the contact surface200 mM NacCl). Competitive experiments were performed
between g5p and DNA,; that is, the’ Nites of G37, A38, by mixing cold U-4t42, hp42, or ss42 with labeled U-4t42
G4, and A5 might be required for binding of g5p to form prior to g5p binding. The EMSA results in Figure 9A showed
the intermediate complex. To test this possibility, DMS that U-4t42 and hp42 had comparable g5p binding affinity
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3'-cgett- pH 7.4, and 37C), DNA sequences that could form hairpin
123458678059 structures were SELEX-selected. Even though the g5p has
been well-characterized as a simple ssDNA binding protein
(6, 35), we can now include DNA hairpins and G-quadru-
= p!ex_es Q_l, 22) as being among the protein’s preferred
binding sites.
” : ..... Is Dimerization of the Hairpins Important for g5p Bind-
ing? An interesting finding from the study of a representative
selected sequence, U-4, was that it existed in interchangeable
. e states of monomers and dimers. Moreover, the monomer
formed a hairpin that was predominant when ther®d was
- e blocked, while blockage of théend shifted the equilibrium
toward the dimer by inhibiting the formation of a hairpin
- o & structure (through the anda’ segments; see Figures 3 and
5). The affinity of g5p for U-4 was similar whether it$-3
end was intact, blocked (by a complementary oligomer), or
deleted, whereas the affinity was significantly reduced when
the 3-end was blocked (data not shown). Therefore, the
formation of a hairpin structure (in the form of monomers
e k¥ or dimers) appeared to be required for binding g5p with high
affinity. The requirement for hairpin formation was supported
by the DEPC modification interference and competitive
binding experiments (see Figures 8 and 9, respectively). The
--es sequence boundary experiments (see Figure 7) also suggested
that a monomer of hairpins was sufficient for formation of
an intermediate complex.

Since the results in Figure 7 were independent of U-4
concentration (see the figure legend), and showed no
evidence for an effect of U-4 dimer formation on g5p
- - binding, the g5p binding affinities for a hairpin monomer
and a dimer under these conditions apparently were very
similar. However, even a minor difference might be amplified
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5 - oo during the rounds of competition-based selection. For
— e —— example, eight out of 26 family | sequences from the eighth
O5caES5Sa 8 round of S_ELEX had an s_egment (GGATCC;C) that coult_:i
@ g— = = » o = £ % form hairpin structures with 7-bp stems, while another nine

family | sequences had segments (GATCCC) that were
DEPC DMS one nucleotide shorter and presumably formed less stable
FicURE 8: DEPC and DMS cleavage patterns of U-4 nucleotides 6-bp stems (see Table 1). In contrast, the corresponding
required for formation of the g5p-4 intermediate complex (DEPC ~ numbers of analogous sequences from the sixth round of
and DMS modification interference eXperiments):.”@'labeled U-4 SELEX were one and 11. from among 22 sequences. (For
was partially modified by DEPC (lanes-5) or DMS (lanes 69). : '
The modified DNA was allowed to equilibrate into folded structures the SIXth. rou.ndl, 37 clones were sequgnced, and 22 Of. these
in 200 mM NaCl and was then titrated with g5p, all at 2. had motifs similar to those of the family | sequences listed
Samples were separated on agarose gels. The intermediate anth Table 1; data not shown.) This evolution between the sixth
saturated complexes were isolated from the gels. The DNA was and the eighth round of SELEX indicated that g5p binding
extracted, cleaved by piperidine, and resolved on 20% sequencinggitferentiated between hairpin structures having six and seven
gels. Lane 1, background cleavage; lanes 2 and 6, modified U-4 bp. That is, a small but significant difference can be amplified

without g5p; lanes 3 and 7, intermediate complexes at-P/MN06; ) ) ! . . R
lanes 4 and 8, intermediate complexes at B/B.2; lanes 5 and 9, under iterative selection pressure. Similarly, the dimerization

saturated complexes at PAX 0.2. of hairpins might influence g5p binding and selection in

. ) subtle ways we have yet to appreciate.
(compare lanes710 with 3-6, Figure 9A), whereas ss42 Furthermore, intermolecular interactions that lead to
was much less competitive (compare lanes 14 with 3-6, preferential binding might not converge to obvious consensus

Figure 9A). On the basis of these and similar competition sequences, and individual sequences in family | for which

experiments, the gSp-binding affinity of U-4t42 was esti- he putatives;8’ pairing was less stable may not be able to
mated to be about 40-fold higher than that of ss42 (data notyrm homodimers as did U-4. [e.g., T8’ region of V-1

shown). These results demonstrated the important role of asgnsisted of four complementary bases interrupted by two
hairpin structure in determining the high affinity g5p binding ,ismatches (see Table 1), and in fact, g sequence
to U-4. population was quite diverse throughout the whole SELEX
procedure.] That is, at the high DNA concentrations-<10
DISCUSSION 100 uM) used during the SELEX selection, intermolecular
On the basis of their competitive ability to bind the gbp interactions between DNA molecules undoubtedly involved
under physiologically relevant conditions (200 mM NaCl, two or more different sequences, with the pyrimidine-rich
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FIGURE 9: (A) EMSA of competitive binding for g5p. The @M 32P-labeled U-4t42 was mixed with buffer (lane 2) or with unlabeled
U-4t42 (lanes 3-6), hp42 (lanes #10), and ss42 (lanes $114) as competitors. Concentrations of the competitors are shown at the bottom
of the figure. The g5p was added to each sample to a final concentratiopMf &he mixtures were incubated at 3T for 15 min and
subjected to electrophoresis on 2.5% agarose gels. L&fe-lgbeled U-4t42 only. (B) Schematic drawings of U-4t42, hp42, and ss42. The
mutated nucleotides from U-4t42 are shaded.

region of the8 segment of one sequence pairing with e~ A. Binding of g5p to I-3 G-quadruplexes from SELEX-1
segment of the purine-rich’' orimer region of another Initiation Saturated
sequence to form a dimer like the one shown in the left panel complex complex

of Figure 5A. We conclude that the absence of a consensus s 0 O

B:f' sequence does not argue against the possible significanct 3'% g rgm g iﬂﬂ@
of dimer formation during the selection.

Another aspect makes the dimer model even more attrac- B, Binding of g5p to U-4 hairpins from SELEX-2
tive. As shown in Figure 5B, the putative transient structure

' o : Intermediate Saturated

of a dimer of hairpins brings together four complementary complex complex
and antiparallel strands with constrained, looped-out nucleo- 3 5 @ O O

tides. The strand orientation, bonding, and presence of = - - m
constrained nucleotides of such a structure are reminiscent or

of the intrastrand G-quadruplex fold of I-3, which was found T O mm

to be an initiation site for g5p bindin@®). That is, in terms

of g5p binding, there are convergent features of the G- @ 0
quadruplex and the dimer of hairpins that rationalize how —>
two distinctive DNA structures were derived from the two EE %

SELEX protocols. F 10: Schematic models for g5p binding to I-3 G-quadr
_— IGURE 10: i indi -3 G-quadru-
Assembly of g5p on the U-4 Hairpinersus the |-3 plexes from SELEX-1 (A) and to U-4 hairpins from SELEX-2 (B).
Quadruplex.In one regard, g5p assembled on both the U-4 oyals stand for g5p dimers. The variable region of I-3 including
and the I-3 sequences in a sequential manner, leading to thehe G-quadruplex core is shown in black lines, and the constant

formation of a saturated complex (at high P/N ratios) via an tails are in open lines. Presentation of the U-4 structures is the same
intermediate, unsaturated complex (at low P/N ratios; see as in Figure 5. The duplex stem of the U-4 hairpin may or may not
Figure 2). However, the transition from the intermediate to be bound by gSp in the intermediate complex.

saturated complex for I-3 occurred at relatively lower P/N bind nucleotides constrained within the G-quadruplex struc-
ratios (P/N= 0.07) than did the transition for U-4 (P/N ture 1), and formation of this intermediate complex initiates
0.19). In the case of I-3, we previously showed that g5p first cooperative saturation of the tails. This assembly process is
binds to the G-quadruplex core and subsequently saturatesllustrated in Figure 10A. In the case of U-4, we do not know
the antiparallel-orientated tails with only minimal alteration as precisely the localization of the five g5p dimers that are
of the core structure2@). That is, the first three g5p dimers involved in the intermediate complex. However, given the
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requirement of a hairpin structure to form an intermediate stem-loop structures, with mismatches and bulge loops, that
complex, and the fact that the g5p has dyadic DNA-binding involve the mRNA leader sequences for all five viral genes
sites @), the g5p is likely to bind to and saturate the 1, 2, 3, 5, and 10 that are controlled by g5p. Favorably
restrained antiparallel strands in the loop region of the constrained nucleotides in such complex RNA stdoop
hairpin, leaving mainly the 'Sorimer tail unbound. This  structures may provide excellent targets for g5p binding,
assembly (the intermediate complex) is apparently a closedalthough this remains to be tested. The involvement of
complex, in the sense that it is stable over a wide range of hairpins in other biological functions of the g5p, such as
P/N ratios and does not facilitate or initiate the binding of providing immunity to Ff superinfection, is also possible.
further g5p dimers. The closed complex can be opened toln any case, the finding that g5p assembles on hairpin-
form a saturated complex only when the g5p concentration constrained nucleotides points to a new dimension of how

is raised to a critical point (e.g., P/N 0.19, see Figure 2A),
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