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Folded Form of an Intramolecular G-Quadruglex
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ABSTRACT. The Ff gene 5 protein (g5p) is classified as a single-stranded DNA-binding protein. However,
we previously showed that g5p binds with high affinity to a SELEX-selected G-rich 58-mer DNA oligomer,
[-3, that forms an intramolecular G-quadruplex [Wen, J.-D., Gray, C. W., and Gray, D. M. (2001)
Biochemistry 409300-9310]. In 200 mM NacCl at 37C, g5p binds to I-3 in two stages, the first stage
being the formation of a discrete intermediate complex that appears to be a precursor to a saturated g5p
I-3 complex. For the present paper, CD spectroscopy and DMS methylation techniques were used to
investigate the binding of g5p to the I-3 oligomer and to the truncated 26-nucleotide core of the I-3
oligomer. The core sequence, called I-3c26, was d(GGGGTCAGGCTGGGGTTGTGCAGGTC). Results
were the following: (1) The g5p binds in one stage to 1-3¢26 in 200 MM NaCl &€372) The intermediate
complex of g5pl-3 is formed by the binding of g5p to the core sequence. (3) G-quadruplex structures are
maintained in both the g5p3 and g5pl-3c26 complexes, but the bound G-quadruplex structures are
altered from their respective steady-state folded forms in 200 mM NaCl. (4) CD kinetics measurements
showed that the 1-3c26 quadruplex folds in two stages and that a transiently folded form is apparently the
same as the altered structure to which g5p binds. (5) DMS methylation protection and interference
experiments identified two guanines that are differentially involved in the steady-state folded and g5p-
bound G-quadruplex structures. A model for a possible 1-3c26 G-quadruplex structure is described.

The g5p of the Ff phages binds to and saturates the this 16-mer leader sequence, or its DNA analogue, forms a
nascent viral single-stranded genomic DNA to form a four-stranded G-quadruplex structure through association of
precursor for virion assemblyl). As a consequence of this the central G blocks. In the case of the 16-mer DNA
biological function, g5p is known as a nonspecific, coopera- d(GTsG4,CT,4C), the g5p preferentially binds to the structured
tive ssDNA binding protein. The g5p exists as a stable form, as opposed to the single-stranded oligongrl().
homodimer with a 2-fold rotational symmetry, and it binds Kneale and co-workers propose that tails of four strands,
to two antiparallel ssDNA strand®-+{5). The number of held together by G-quartets, are separated by the right
nucleotidesn (the binding mode), bound per g5p monomer distance to occupy the two symmetry-related binding sites
is dependent on the binding conditions. Tine= 4 binding on a g5p dimer and thus to favor g5p bindirg).(In this
mode is dominant when g5p binds to genomic or purine- model, the four DNA strands have to be antiparallel, which
rich DNA at P/N ratios less than 0.25,(7). would be unusual for an intermolecular G-quadruplex.

The g5p can also bind at or adjacent to G-quadruplex  Using SELEX to study specific sequences bound by the
structures § 9). The g5p has been shown to repress g5p, we identified a 58-mer ssDNA sequence (named I-3)
translation of the Ff gene 2 mRNA by binding to a 16-mer that g5p binds with high affinity in 200 mM NaCl, pH 7.4,
leader sequence r(GB4CU,C) in the B untranslated region  and 37°C (9). The central, core 26 nucleotides of 1-3 are
of the mRNA (0). Kneale and colleagues have shown that G-rich, and CD measurements showed that I-3 indeed forms
a G-quadruplex structure in 200 mM NaCl. Other measure-
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the control region of the-myconcogeneX6). The formation EXPERIMENTAL PROCEDURES
of G-quadruplex structures may play a positive role in some DNA SequenceShe DNA sequences I-3, 1-3c26, 1-3c27,

cellular functions but could hinder other functions such as d G-8c26 4in thi d hased f ol
replication and recombinatiori 7). Although the presence En V\-/'IC l1lse Ollg t SIS study were purc asgf rorrln | I90S
of G-quadruplexes has not been demonstrated in vivo, their]c tc. ( A.S?Wnt\r']' €, ).d equedn(_:rehs v;%r_e narlrjg orthe clones
importance in biological systems is supported by the number r,om which they were derived. 1he€ se-mer -5 sequence was
of proteins that interact with them in vitro. These proteins 3 dCCCGATCCAACGTTTTGGGGTCAGGCTEGEGET

' TGTGCAGGTC-AAGAGGCAGAATTCGC)-3; the I-3c26

include: (A) molecular chaperones that promote G-quadru- .
lex formation (8—21), (B) nucleases that have G-quadru- sequence was the underlined central sequence of 26 nucle-
P y otides; the 27-mer 1-3¢c27 sequence was identical to 1-3c26

plex-dependent activitie2—24), (C) helicases that unwind with the addition of one nucleotide “T” at the Bnd. The

e i ny oul'® 2o mer G 8620 sequence wasGTAGGGCAGRGC:
high affinity for Binding to G-quadruplexes but may not have TCGTOGGGTTAGGGC)-3. Blocks of G's (plus an im-

. o portant GTG sequence in I-3) are shown in bold type in the
enzymatic activities. above sequences. The two 16-mer tails of the I-3 sequence
CD spectroscopy has been widely used to diagnose thewere the primer binding sites originally needed for the

existence of G-quadruplexes. The structure of a quadruplexSELEX procedure9).

adopted by four parallel strands of d(TGGGGT) is aright-  g5p. The g5p was isolated frorEscherichia colitrans-
handed helix with a 4-fold symmetry and with all guanosines formed with an Ff gene 5-containing plasmid and purified
having ananti conformation of the glycosyl bond82). The  ysing DNA cellulose affinity plus Sephadex G75 sizing
CD spectrum of such a G-quadruplex exhibits a positive band columns as in previous worlZ(46). The purity was>99%

at ~265 nm and a small negative band-a245 nm (1, as determined by quantitation of Coomassie Blue stained
33). In contrast, the structure of an antiparallel quadruplex pands on sodium dodecy! sulfate-polyacrylamide gels.
formed by two folded strands of d(GGGGTTTTGGGG) is  EMSA. EMSA for g5p titrations was performed as in
also a right-handed helix, but the guanosines have alternatingyrevious work 9). In brief, 1M 1-3 or 2.2 uM I-3c26 was
synandanti glycosyl conformations along each stradd-< 32p-|Jabeled and incubated with-@1 4M g5p in TE buffer
36). The CD spectrum of this sequence exhibits a positive containing 200 mM NaCl at 37C for 15-30 min. Mixtures
band at~295 nm, a negative band at 26R65 nm, and a  were subjected to electrophoresis on 2.5% (w/v) low-melting
small positive band at245 nm @7, 38). When the glycosyl  agarose gels (BioWhittaker Molecular Applications, Rock-
bonds of the guanosines of antiparallel quadruplexes havejand, ME) in TAE buffer (40 mM Tris-acetate, pH 8.3, 1
alternatingsyn and anti conformations along each strand, mMm EDTA). The gels were fixed, dried, and exposed to a
the G-quartet polarity (i.e., the direction of proton donors storage phosphor screen (Molecular Dynamics, Sunnyvale,
and acceptors within a given quartet) also altern88és35, CA).

39, 40). Parallel quadruplexes have nonalternating G-quartet Cp and UV Measurement€D spectra were measured
polarity (32). Therefore, given the sensitivity of CD mea- ysing a Jasco Model J715 spectropolarimeter (Jasco, Inc.,
surements to base stacking geometry, it is not surprising thateaston, MD) as in previous work). The CD spectra were
parallel and antiparallel G-quadruplexes have different CD smoothed by the method of fast Fourier transformation
spectra 88, 41). In general, a positive band a295 nmis  (Jasco) and plotted at 1 nm intervals as molar €D €g)
associated with an antiparallel strand arrangement, althoughin units of M2 cm2, per mole of nucleotide.

such G-quadruplexes can also have a positive band at 255 For kinetics experiments, the CD was monitored at 255
265 nm @7, 38, 41-43), possibly because the polarity of  or 292 nm with a bandwidth of 5 nm. Data were collected
adjacent G-quartets in antiparallel G-quadruplexes does notat time intervals of 0.5l s before and after manual addition
always alternate3p, 40). In addition, the CD spectra of  of NaCl or g5p to the sample in a cuvette. Time-dependent
antiparallel folds, and in particular the 295 nm CD band, molar CD eL — 6R) Changes were fitted using Sigmap|ot
may be influenced by the connecting loopgt,(45). The 5.0 (SPSS Inc., Chicago, IL) with a single-exponential
most simple antiparallel G-quadruplex folds are of two basic function f(t) = C + A exp(—kf) or a double-exponential
types. Folds having only edgewise loops connecting adjacentfunctionf(t) = C + Ay exp(—kit) + A; exp(—kot), in which
strands are designated as “chair” forms, while those having C was a constant, A;, andA, were the amplitudes, ariq

a diagonal loop are designated as “basket” fortig.( k;, andk, were the rate constants.

In the present paper, we use CD spectroscopy to analyze UV melting profiles of oligonucleotides were measured
the G-quadruplex structures formed by I-3 and a truncated in an Olis-modified Cary model 14 spectrophotometer (OLIS,
I-3¢26 sequence. (I-3c26 consists of the central 26 nucle-Inc., Bogart, GA). Samples were usually melted from 5 to
otides of I-3.) CD was also used to characterize the kinetics 90 °C at 1°C temperature intervals, viita 3 min incubation
of 1-3¢26 folding induced by NaCl and by g5p binding. The time at each temperature interval before the acquisition of
particular guanines that are involved in the free 1-3c26 and absorbance data at 260 or 255 nm.
g5p-bound I-3 G-quadruplex structures were determined by SVD. Singular value decomposition was performed as
DMS methylation experiments. The G-quartets appear to described by Hashem et a# 7).
include bases other than G. The present work establishes DMS Methylationl-3c26 and I1-3c27 weréP-labeled at
that g5p indeed binds to, and perturbs, an intramolecularthe 8 or 3 ends, and I-3 was labeled at thé énd, as
G-quadruplex fold. Moreover, the perturbation by g5p described previouslydj.
binding reestablishes a transiently folded form of the (A) Methylation Protection ExperimentdRadioactive
quadruplex. labeled oligonucleotide (256600 pmol) was allowed to fold
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into G-quadruplexes in TE buffer (10 mM Tris-HCI, pH 7.4, A.
1 mM EDTA) containing 200 mM NaCl by heating at 37
°C for >30 min. DMS was added to give a final concentra- 123465678910

tion of 0.2% (v/v) in a total volume of 20QL. The o | saturated

methylation reaction was performed at room temperature for o 4 Vaturate

10 min and stopped by addition of 50 of 1 M S-mer- hdedod co'n.'lpl.ex

captoethanol and 1.5 M sodium acetate (pH 7.0). Oligo- - - - - - +L";ﬂ${::

nucleotides were recovered by ethanol precipitation prior to

piperidine treatment. DO - <Free |-3
(B) Methylation Interference Experiment®andomly

methylated oligonucleotides were obtained by the same DMS 0 0.2 0.050.07 0.10 0.14 0.19 0.24 0.29 0.36 P/N

treatment as for the methylation protection experiments but
in the absence of NaCl. (i) To determine the sequence B.

positions that interfered with the formation of G-quadruplex 123 4 56 7 8 910

structures in 1-3¢26 or 1-3¢27, the methylated oligonucleotide

samples were resuspended in TE buffer containing 200 mM

NaCl, folded by heating at 37C for >30 min, and subjected . ‘...‘“ ‘_ng?;glexed

to electrophoresis at4C in 15% (w/v) native polyacrylamide
gels in TBE buffer (90 mM Tris-borate, pH 8.3, 2 mM
EDTA) containing 100 mM NaCl. Gel slices corresponding
to a higher mobility band (structured forms) and a lower m - <Free
mobility band (unstructured forms) were isolated. DNAs I-3c26
were eluted from these bands and ethanol-precipitated prior 0 0.02 0.05 0.07 010 0.16 0.1 0.2¢ 0.29 0.3
to piperidine treatment. (ii) To determine the sequence FiIGURE 1: EMSA of I-3 and 1-3¢26 titrated with g5p. (A) EMSA
positions that interfered with the formation of a gbp of I-3 titrated with g5p#2P-Labeled I-3 (1M in strand or 58M
initiation complex,~9 uM methylated |-3 was incubated iy nucleotide) was titrated with increasing concentrations of g5p
with 22 uM g5p in TE buffer plus 200 mM NaCl at 37C at 37 °C in TE buffer with 200 mM NaCl. Samples were
for 15 min. The mixture was subjected to electrophoresis electrophoresed on a 2.5% agarose gel in TAE buffer. The gel was
on a 2.5% agarose gel as described above for EMSA fixed, dried, and analyzed as described in Experimental Procedures.
. . . S P/N ([protein monomer]/[nucleotide]) molar ratios are shown at
gxperlments, and a gel slice W'th the initiation complex was the bottom of the panel. The protein concentration at a P/N ratio
isolated. The DNA from the initiation complex was eluted of 0.25 was theoretically sufficient to saturate the oligonucleotide

from the gel slice and ethanol-precipitated prior to piperidine in then = 4 binding mode. (B) EMSA of I-3c26 titrated with g5p.
treatment. 32p-Labeled 1-3¢26 (2.2&M in strand or 58uM in nucleotide)

Piperidine treatment was performed as per Maxam andwas titrated with g5p and electrophoresed as in panel A.
Gilbert (48) except that the cleavage reaction at°@was
reduced to 15 min to minimize background cleavage.
Piperidine treatment causes strand cleavage at guanosine
that are methylated at the guaniné pbsition. Sequence
fragments were separated on 12% or 20% (w/v) denaturing
polyacrylamide gels in TBE buffer. Gels were dried and
exposed to a storage phosphor screen for visualization.

PIN

converted to a discrete band during a longer incubation (data
not shown). It was not observed for complexes formed with
3 (Figure 1A). In addition, CD kinetic evidence suggested
that there was a structural rearrangement of 1-3¢26 in the
complex with g5p, as will be described below. For these
reasons, we believe that the spread of lower mobility
complexes in the right-most lanes of Figure 1B likely reflects
the state of complexes in the sample as opposed to being
the result of a reequilibration of the structures during
EMSA of Titrations of I-3 and I-3c26 with g5pas shown  €xposure to the TAE running buffer.
in Figure 1A, titration of 1-3 with g5p in 200 mM NaCl Strand Stoichiometry of I-3c28n general, G-rich se-
involved two stages of binding. An intermediate, unsaturated quences may form intramolecular and/or intermolecular
complex (initiation complex) appeared at low P/N ratios, G-quadruplexes that can be distinguished by gel electro-
followed by the appearance of a saturated complex at P/Nphoresis 49). However, I-3 appears to exist only as an
ratios above about 0.06. In contrast, as seen in Figure 1B,intramolecular structure in 200 mM NaQ)( In additional
titration of 1-3c26 showed one stage of binding, and only experiments, we found that I-3c26 also exists as an intramo-
one discrete band of complex was formed. These resultslecular structure at the same ionic strength. Samples of I-3c26
support the idea of sequential binding of g5p, first to the prepared in 200 mM NaCl were heated at@for 5 min
central segment and then to the two 16-mer tails of I-3 to and slowly cooled to room temperature. Samples all migrated
form the initiation and saturated complexes, respectively, asas single bands on a 15% native polyacrylamide gel
previously proposeddj. containing 100 mM NacCl regardless of DNA concentration
A spread of lower mobility complexes above the discrete (0.1-10uM) or the incubation time (up to 18 h) after cooling
band of the g5-3c26 complex occurred at P/N ratios above (data not shown). The intramolecular nature of the 1-3c26
0.3 (most evident in Figure 1B, lane 10). This less distinct G-quadruplex was further confirmed by CD kinetics experi-
distribution of complexes was observed only for oversaturat- ments (see below).
ing amounts of gbp and thus was not equivalent to the second CD of I-3 and I-3c26 Titrated with NaCFigure 2A shows
stage of g5p binding to I-3. This distribution was gradually CD spectra obtained during a titration of I-3 with NaCl at

RESULTS
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Table 1: Melting Temperatured{) and Percent Hyperchromicities (P4 of the Dominant Transitions in the Melting Profiles of -3, I-3¢c26,
and G-8c26 at 10 and 200 mM NacCl

I-3 at [NaCl] 1-3c26 at [NaCl] G-8c26 at [NaCl]

10 mM 200 mM 10 mM 200 mM 10 mM 200 mM

Tm (°CRR 19.1+1.3 37.7£ 0.5 30.94+0.2 54.8+ 0.4 34.4+ 0.3 60.5+ 0.5
%HatTy® 7.0+ 0.5 9.9+ 0.6 6.1+ 0.1 9.3+ 0.5 ~3.7 ~6.1

aTn values were the meaf standard deviation from derivatives of at least three melting profiles. Absorbance measurements of I-3 and 1-3¢c26
were made at 260 nm, and measurements of G-8c26 were made at 255 nm. The buffer was 10 mM Tris-HCP phefedwas an additional
shoulder above 50C in melting profiles of -3 at 200 mM NaCF Percent hyperchromicities were determined as the percent increase in optical

density at 260 or 255 nm when the temperature was aT theelative to the lowest temperature’§ °C).

| A.I-3 C. 1-3¢c26 vs G-8¢c26

I B.1-3c26

€ —-&g (M'1cm'1)

280 300

260

N -2 N
300 240
Wavelength (nm)

Ficure 2: CD spectra of I-3 and [-3c26 titrated with NacCl,
comparison of 1-3c26 and G-8c26 spectra, and temperature-

280

2L
240 260 320 320

Wavelength (nm)

dependent spectra of I-3. (A) Representative CD spectra taken

during the titration of I-3 with NaCl at 37C. CD spectra are shown

at NaCl concentrations of 10 mM+), 50 mM (©), 100 mM @),

and 200 mM 4). (B) Representative CD spectra taken during the
titration of 1-3c26 with NaCl at 37C. CD spectra are shown at
the same NaCl concentrations as in panel A. (C) CD spectra of
I-3c26 (—) and G-8¢26 (- - -). Both were taken in 200 mM NacCl
at 37°C. (D) CD spectra of I-3 in 200 mM NaCl as the temperature
was increased from 5 to €. CD spectra are shown af€& (—),
30°C (O), 40°C (m), 50°C (»), and 90°C (- - -). CD spectra for
this figure and Figures 3 and 4 were all taken with samples in 10
mM Tris-HCI, pH 7.4, plus the specified concentrations of NaCl
and at a temperature of 3T, unless otherwise specified.

37 °C. At 10 mM NacCl, 1-3 showed a positive CD band at

278 nm. This CD spectrum represented an unstructured,

single-stranded form of I-3, since it was essentially identical
to the spectrum of I-3 at 90C (Figure 2D). As the NaCl
concentration was gradually increased to 200 mM, the 278
nm band of I-3 was replaced by two bands at 260 and 286
nm, indicative of the formation of a G-quadruple7( 38,

42, 43). Thus, a structural change of I-3 was induced by an
increase in NaCl concentration at 3.

In the case of 1-3¢26, two positive CD bands at 255 and
285-292 nm, analogous to those in the spectrum of I-3 at
high salt concentration, were already present at 10 mM NacCl
and 37°C (Figure 2B). These positive bands were further

We further compared the CD spectrum of I-3c26 with that
of G-8c26. G-8c26 consisted of the central 26 nucleotides
of another G-rich sequence (G-8) that was also SELEX-
selected by g5p binding9). The [-3c26 and G-8c26
sequences were alike in having blocks of two-to-four G's, a
common feature for most of the SELEX-selected sequences
(9). In the case of G-8c26, there were at least three G’s in
each of four blocks, making it likely that a G-quadruplex
would consist of three G-quartets. This oligomer showed two
positive CD bands at 260 and 294 nm, similar to those of
[-3c26 in wavelengths and magnitudes, under the same
conditions of 200 mM NaCl and 37C (Figure 2C).
Therefore, G-8¢26 and 1-3/I-3¢c26 probably formed related
G-quadruplex structures.

Melting Temperatures of I-3, 1-3¢26, and G-8cR&elting
temperatures of 1-3, 1-3¢26, and G-8¢26 at low (10 mM)
and high (200 mM) NaCl concentrations were obtained from
the derivatives of UV absorption melting profiles at 260 or
255 nm. TheT, values and the hyperchromicities at the
are summarized in Table 1. In the cases of |-3c26 and
G-8c26, only one obvious cooperative transition was ob-
served. In 200 mM NacCl, the major transition in the melting
profile of I-3 (37.7°C) was at a lower temperature than that
of 1-3¢c26 (54.8°C). Moreover, the CD spectral changes
during the melting of I-3 in 200 mM NaCl indicated that
the major transition in the absorption profile was not
primarily due to the melting of its G-quadruplex core. As
shown in Figure 2D, the CD band at long wavelengths
increased in magnitude until £C and then, together with
the band at 260 nm, melted withTa, above 50°C. In 200
mM NacCl, a shoulder was also evident above°&0in the
melting profile of I-3 that coincided with the loss of the 260
nm CD band of the quadruplex. Therefore, it appeared that
the core structure of I-3 melted with &, close to that of
the isolated 1-3c26 core sequence in 200 mM NaCl. We
reason that the apparent, of 37.7 °C for I-3 was mainly
due to the disassociation of extraneous base pairing involving
the 16-mer tails.

The T, values of the 26-mer sequences were increased
by 24—26 °C when the NaCl concentration was raised from
10 to 200 mM, consistent with an enhancement of CD bands
when salt was added at 3C (see Figure 2B). Thé, values
for G-8c26 were 46 °C higher than those for 1-3¢c26, as
might be expected since the former sequence can form a
more homogeneous array of G-quartets.

CD of I-3 and 1-3¢c26 Titrated with g5g-igure 3A shows

enhanced as the salt concentration increased. The presencgD spectra obtained during a titration of I-3 with g5p at 37

of two similar positive CD bands at long wavelengths

°C in the presence of 200 mM NacCl. The CD spectrum of

suggested that 1-3c26 and I-3 in 200 MM NaCl shared some -3 changed in two stages during the titration. First, the CD

common structural features.

band at 260 nm increased with increasing P/N ratios up to
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The sensitivity of CD measurements to structural changes
allowed us to further test whether the core structure of -3
when complexed with g5p (to form a saturated complex)
was similar to the structure of the separate -¢=3c26
complex. The structural similarity of these two complexes
was tested as follows: A CD spectrum of the core structure
of the 1-3 complex with g5p was calculated by subtracting
32 parts of the CD (per mole of nucleotide) of g5p-saturated
4. single-stranded 1-3 in 10 mM NacCl (spectrum “IV" in Figure
240 260 280 300 320 3C) from 58 parts of the CD (also per mole of nucleotide)

Wavelength (nm) of the saturated I-3 in 200 mM NaCl (spectrum “I” in Figure
3A). This CD difference, divided by 26 to reduce the CD
back to a molar nucleotide value, gave a calculated CD
spectrum for the g5p-bound core structure of I-3 (spectrum
“IlI” in Figure 3C). This calculation was based on the simple
assumption that each nucleotide made the same contribution
: to the spectrum of the g5p-saturated single-stranded 1-3

'2240 260 280 300 320 111 cale) sequence (gpegtrum “IV™). ' '

Wavelength (nm) orII (meas) As seen in Figure 3C, the result of this CD calculation

) . (spectrum “llI") was a spectrum that was remarkably close

Ficure 3: CD spectra of I-3 and [-3c26 titrated with g5p and 5" the measured spectrum of the ¢5pc26 complex
comparison of spectra calculated for the g5p-bound core of I-3 and o . . .
measured for g5p-saturated 1-3c26. (A) Representative CD spectra(SPECtrum “II”). Given the closeness of this calculation, plus
taken during the titration of I-3 with g5p in 200 mM NaCl at 37  the fact that major increases occurred in the 2860 nm
°C. CD spectra are shown at P/N ratios of-6)(0.02 (), 0.06 CD bands of both I-3 and 1-3¢26 during initial g5p binding,
(W), 0.14 (1), and 0.29 ¥). Spectrum | is at the highest P/N ratio. there must be a close similarity of the structures of the

(B) Representative CD spectra taken during the titration of 1-3c26 ) .
with g5p in 200 mM NaCl at 37C. CD spectra are shown at P/N g5p1-3626 complex and the core of the saturated-§53p

ratios of 0 (), 0.05 (), 0.11 @), and 0.15 ). Spectrum Il is at Both appear to contqin the same arrangemeqt _o_f G-gugdru-
the highest P/N ratio. (C) The measured CD spectrum for the g5p plexes and to be similarly perturbed upon the initial binding
I-3c26 complex &, spectrum Il from panel B), the calculated CD  of g5p.

spectrum for the g5p-saturated core of I-3 (---, spectrum Ill), and  gjmulation of CD Changes Corresponding to EMSA

a reference measured spectrum for the g5p-saturated single strand - . .
of 1-3 in 10 mM NaCl ©, spectrum V). Spectrum Il was }inaly3|s of Titrated I-3The above CD spectral comparison

calculated as follows: CD(spectrum 1K [58 CD(spectrum I)- and calculation suggested that the core structure of I-3 was
32 CD(spectrum IV)]/26. See text. (D) Schematic structures of g5p similar to the structure of I-3c26 in 200 mM NaCl, especially
I-3 and g5pl-3c26 complexes corresponding to the CD spectra when complexed with g5p, and, therefore, that the 16-mer
labeled as I, IV, and IIl (calc) or Il (meas). Solid lines represent ;4ils and the core of I-3 could be distinguished by CD
structured DNA sequences, open lines represent unstructured ones - s .
and ovals represent g5p dimers. Spectroscopy. Since the initiation complex aIway; coexisted
with free 1-3 and/or a saturated complex (see Figure 1A),
P/N=0.06. Second, the CD at wavelengths centered at aboutits CD spectrum could not be directly measured. However,
270 nm decreased until the P/N ratio reachedl25. The with the assumption that the CD effects of g5p binding to
band at 286290 nm changed less dramatically during the the core and tails of 1-3 were additive, it was possible to
additions of g5p. The two stages of CD change at 260 nm calculate the CD spectrum of the initiation complex of
were consistent with the gel titration data in which two bands g5pI-3 formed in 200 mM NaCl. As shown in Figure 4A,
of complexes sequentially appeared as the P/N ratio increase@ CD spectrum of the initiation complex (spectrum “V”) was
(Figure 1A). The structural changes of I-3 during the first calculated by adding 32 parts of the molar CD spectrum of
stage of the titration presumably involved its G-quadruplex the single-stranded form of I-3 (spectrum “VI” in Figure 4A),
core, since other interactions were essentially melted out atas the spectral equivalent of two tails, to 26 parts of the molar
37 °C (Figure 2D). CD spectrum of g5¢-3c26 (spectrum “lI” in Figures 3B
During the titration of I-3c26 with g5p, only one transition and 4A) and then dividing by 58 to bring the total back to
was detected in which the CD band at 255 nm increasedthe scale of CD per mole of nucleotide. The result of this
(Figure 3B). The CD data during the titration of I1-3c26 were calculation enabled us to simulate the CD spectra that
also consistent with the gel titration data in that only one corresponded to the EMSA results of titrating 1-3 with g5p
band of complex was formed (Figure 1B). The simplest (Figure 1A). That is, each simulated CD spectrum at a given
interpretation of both titrations is that the first stage of CD P/N ratio was reconstructed from the spectra of the free I-3
changes during the titration of I-3 with g5p (Figure 3A) (— in Figure 3A), the saturated complex (spectrum “I” in
corresponded to the direct binding of protein to the central Figure 3A), and the calculated initiation complex (spectrum
segment of 26 nucleotides. This interpretation was in “V” in Figure 4A), weighted by their percentages from
agreement with footprinting and other published evidence EMSA data, which are shown in Figure 4B. The results are
that the two tails of I-3 were not involved in forming an plotted in Figure 4C, which indeed closely resembled the
unsaturated initiation complex with g5@8)( Furthermore, actual titration data in Figure 3A. To quantitatively compare
the fact that the two positive CD bands were maintained in the simulated and measured CD titration data, a titration
the saturated g5p3 complex (Figure 3A) suggested that curve of CD values at 260 nm was plotted as a function of
the 1-3 core structure was preserved during g5p binding. P/N ratio for both the simulated and measured titrations. As

_C. CD calculation

D. Schematic structures
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FIGURE 4: Simulation of CD spectra corresponding to EMSA 00 01 02 03 o04
results. (A) The measured CD spectrum for the-¢¢3p26 complex P/IN

(A, spectrum 1l from Figure 3B), the calculated CD spectrum for Figure5: SVD of CD titration of 1-3 with g5p. SVD was applied
the g5pl-3 initiation complex -, spectrum V), and a reference o decompose experimental CD spectra obtained during the titration
measured spectrum for the free 1-3 oligomer in 10 mM N&dGI ( of |-3 with g5p in 200 mM NacCl at 37C (see Figure 3A for
spectrum VI). Spectrum V was calculated as follows: CD(spectrum representative spectra from such a titration). (A) Basis vectors. Only
V) = [26 CD(spectrum I+ 32 CD(spectrum VI)]/58. See text.  two significant CD basis vectors, Df and 2 @), were obtained

(B) Quantitation of bands from EMSA analyses. Percentages of from SVD. (B) Basis vector weights. The weights for basis vectors
the saturated complexd, initiation complex M), and free DNA 1 (0) and 2 @) are plotted as a function of P/N ratio.

(») at each P/N ratio are shown for titrations of 1-3 with g5p in

200 mM NaCl at 37°C. Data were averages from three EMSA g nction of P/N ratio are shown in Figure 5B. It was clear
experiments (e.g., as in Figure 1A), and error bars are standard

deviations. (C) Simulation of CD spectra during a titration of 1-3 that basis vector 1 was the domlnant Contrlbuto_r to CD
with g5p. Representative CD spectra at P/N ratios of-}), 0.02 changes at 260 and 28@90 nm (Figure 5A, open circles)
(0), 0.07 @), 0.14 (»), and 0.29 ¥) are shown. The CD spectrum  and basis vector 2 was the contributor to the CD change at
at each P/N ratio was reconstructed from three component spectrap70 nm (Figure 5A, closed squares) as the P/N ratio

the measured spectrum for the saturated complex formed in 200; - ; :
mM NaCl (i.e.. spectrum | in Figure 3A). the measured spectrum increased. In addition, basis vector 2 dramatically changed

for the free 1-3 in 200 mM NaCl (i.e., spectrum VI), and the " Magnitude and in sign during the ftitration (Figure SB,
calculated spectrum for the initiation complex (i.e., spectrum V). closed squares), while basis vector 1 was relatively persistent

The component spectra were weighted and summed according to(Figure 5B, open circles). Therefore, SVD unambiguously
the percentages shown in panel B. (D) Comparison of simulated showed that the CD bands at 260 nm and-2880 nm were
(4) and measuredw) CD fitration curves as a function of PIN 1 aintained during the titration, supporting the CD analyses
ratio.

above that the G-quadruplex core structure of I-3 was
shown in Figure 4D, the simulated titration curve (open maintained during g5p binding. Furthermore, the change in
triangles) lagged slightly behind the measured curve (closedbasis vector 2 was consistent with the binding of g5p to the
triangles), but overall the two were close in shape. The two tails of I-3 as the P/N ratio increased above.06.
difference could be due to approximations in the CD  Two stages of g5p binding to I-3 were also evident from
calculation of the initiation complex or could reflect an actual the SVD results. As shown in Figure 5B, the first stage
difference between the gel and solution (CD) titrations. occurred with P/N ratios up te0.06; in this stage the weight
Regardless of the source of this difference, the closeness obf basis vector 1 increased and that of basis vector 2
the simulated and measured CD titration curves provided decreased. The second stage followed until the P/N ratio
additional evidence that the intermediate complexes resolvedreached-0.25; in the second stage, the weight of basis vector
by gel electrophoresis and CD titrations were the same andl decreased slightly and that of basis vector 2 increased
were both formed via g5p binding to the core structure of dramatically. At P/N ratios>0.25, both vectors were
I-3. basically unchanged, suggesting that no more g5p binding

Singular Value Decomposition (SVBVD was applied occurred.

to decompose the CD spectra obtained during the titration Kinetics of I-3¢26 Folding and g5p Bindinghe kinetics
of I-3 with g5p in 200 mM NacCl (Figure 3A). SVD yielded of folding of I-3c26 could be monitored by CD spectroscopy,
only two significant basis vectors that are shown in Figure exploiting the significant increase in the CD bands of I-3c26
5A, and the weights of the two major basis vectors as a at 255 and 285292 nm that accompanied the formation of
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NaCl and 37°C (solid arrow in Figure 6A), the 255 nm CD
band exponentially increased to a steady state, whereas the
292 nm band only underwent a minute fluctuation at the time
of g5p addition. The rearrangement was basically first order,
dominated by one rate constant. [The trace of the 255 nm
band change was fitted by a double-exponential fund{ign
= C + As exp(—kit) + Ay exp(—kat). Experiments in which
the DNA and protein concentrations were systematically
varied indicated that the two rate constakitandk; varied
inversely with the P/N ratio; as the P/N ratio varied from
0.06 to 0.43k; varied from 3.42 to 0.15 mirt andk; varied
from 0.17 to 0.02 min'.] As was the case of the slower of
the two structural rearrangements of this oligomer that
occurred with NaCl addition (Figure 6A, open arrow), only
the CD at 255 nm was affected as the structure of 1-3c26
was rearranged upon addition of g5p (Figure 6A, solid
arrow).

A question was whether the increased 255 nm CD band
upon addition of g5p to equilibrated I-3c26 meant that the

time (min) [-3¢c26 structure returned to the same transiently folded form

FIGURE 6: Kinetics of 1-3¢26 folding and g5p binding. (A) Time-  that occurred immediately after the addition of NaCl (Figure
dependent CD changes of I-3c26 after separate additions of 2006A, open arrow). To help to answer this question, g5p was
mM NaCl and g5p. 1-3¢26 (2:32.5 uM) was preequilibrated in ; ; -

10 mM Tris-HCI buffer, pH 7.4, at 37C. An aliquot 6 5 M NaCl adde? "ngd'ate'y taftte(; .N";‘:(.:' WagBa‘sﬁedCéobthz : ?’tCZZSS
was added to give a final concentration of 200 mM, and CD bands sample. As gmons ra 9 in |gure » the a,n s.a

at 255 and 292 nm were monitored as a function of time at 1 s and 292 nm increased immediately and were maintained at
intervals. When the CD values had stopped changing, an aliquottheir maximal values when g5p was added immediately after
of g5p was added to give a P/N ratio of 0.18, and monitoring of the NaCl. The steady-state values of the CD bands under
CD changes was resumed. The open and closed arrows 'nd'catethese conditions were comparable in magnitude to those

the respective times when NaCl and g5p were added. (B) Time-
dependent CD changes of 1-3c26 upon simultaneous addition of '€@ched after g5p was added to the folded I-3¢26 (compare

200 mM NaCl and g5p. The same amounts of NaCl and g5p were magnitudes in panels A and B of Figure 6). Thus, it seemed
added as in (A), except that g5p was added within 15 s of the likely that the transiently folded 1-3c26 was in a conformation
addition of NaCl. optimal for g5p binding and that the G-quadruplex structures
of 1-3c26 in its transiently folded form and in its g5p-
structured I-3c26 upon increasing the NaCl concentration (seecomplexed form were similar.
Figure 2B). Data in Figure 6A show that the 292 nm CD  The actual structural differences that resulted in the
band increased to its steady-state value within 1 min after aseparation of CD changes at 255 and 292 nm during 1-3c26
sudden increase in NaCl concentration to a final concentra-folding and g5p binding are not known, but DMS methyla-
tion of 200 mM, whereas the 255 nm band transiently tion experiments (below) suggested that the differences
increased to a peak CD value of about 4.5'Mm™* at 50— involve specific guanines (G20 and/or G28).
60 s and then slowly relaxed (Figure 6A, between two DMS Methylation.To further confirm the existence of
arrows). The time needed to reach the peak value at 255G-quadruplex structures in 1-3/1-3c26 and to identify the
nm, 50-60 s, was independent of 1-3c26 concentration over guanines involved in the structures, DMS methylation
the range of 1.43.9 uM, which indicated that the initial ~ protection and interference experiments were performed for
changes were relatively rapid first-order processes. In addi- 3'-end 32P-labeled 1-3c26 and 1-3¢c27, and fot-énd 32P-
tion, the relaxation of the 255 nm band (60 s after the NaCl labeled I-3. As seen in lane 3 of Figure 7A, 10 specific
addition) was a first-order process as shown by the follow- guanines (marked by arrowheads) were protected or partially
ing: (a) The relaxation process was fitted by a single- protected from Nlmethylation in the folded form of I-3¢27.
exponential decay function with a rate constlart 0.20+ Eight of these guanines were in three G blocks (G18-G20,
0.02 min?, and (b) the initial velocity of the relaxation was G24-G25, and G29-G31) and two were the G's of a G34-
linearly proportional to the concentration of 1-3¢c26 (data not T35-G36 sequence. These data leave little doubt that the G’s
shown). Therefore, the NaCl-induced CD change or structural were hydrogen-bonded in G-quartets. Moreover, methylation
change of 1-3c26 occurred in at least two stages, both of of the same guanines, except for G20, interfered with the
which involved intramolecular rearrangements, supporting subsequent formation of the 1-3¢c27 structure upon addition
the results of gel electrophoresis experiments that thisof NaCl, as shown by the results of the methylation
G-quadruplex was formed by intramolecular folding. More- interference experiment in lanes 4 and 5 of Figure 7A (solid
over, the structural features of 1-3c26 corresponding to the arrowheads). G20 was partially protected in the 1-3c27
292 nm CD band formed immediately, and only those structure, but the methylation of the base did not seem to
corresponding to 255 nm CD band underwent a further interfere with the formation of a G-quadruplex structure
rearrangement. (Figure 7A, open arrowhead). The [-3c26 and [-3c27
CD kinetics was also used to study the 1-3c26 structural sequences showed similar methylation patterns regardless of
rearrangement upon g5p binding. When g5p was added tothe end that was labeled (not shown). Only the data from
I-3c26 that had reached a folded steady state at 200 mMI-3c27 labeled at the' &nd are shown in Figure 7A because
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. ' 2 g end was at the bottom end of the resolving gel in the 3
A.1-3c27, 3 labeled B.1-3, §' labeled end-labeled I1-3c27 experiment, it was clear that G39 in this
1 2 3 4 5 3 1 2 3 4 sequence was not involved in forming a G-quartet.
- ' . Our interpretation of the data in Figure 7A is that the G’s
50 ﬁ\ - " y - within two G, blocks and one @block, plus those of a GTG
&z > & B sequence, were involved in the formation of a quadruplex
g < 2% B . structure. Moreover, since there was a thymine between two
g e o e— & protected guanines of the G34-T35-G36 sequence, T35 also
G- - . |« A seemed to be involved in the quadruplex structure. Details
25G= — 8 < Ef ’ ﬁ .- of a possible structure are discussed below.
$ ﬁ/‘ - - - Guanines within the full I-3 sequence showed much less
G= - b g/' w” - dramatic protection from DMS methylation in the presence
G- - B« 35§ . - - of 200 mM NacCl (Figure 7B, lanes 2 and 3). Quantitation
30G=- & .. < ;/ ' . - of results from triplicate experiments such as shown in lanes
: : 30 g/- - 2 and 3 confirmed modest protection (123%) at G18-
G= S - - g/- B & G20, G29-G30, and G34. Overall, the methylation protection
T T/- Q 2 : experiments of I-3 indicated that a G-quadruplex structure
T 25 é/' r = was discernible at 20C and that it involved most of the
A same guanines as in the folded 1-3c27. Also, since the
G- - .. |- ¢ . methylation reaction was carried out at 20, there are
206 = pod = interactions involving the 16-mer tails (Figure 3D) that could
3BT g - : : perturb or protect the core structure.
a : o= On the other hand, methylation of the same guanifie N
G= - - - < positions that interfered with folding of 1-3c27 clearly
c T interfered with the formation of the g9pg3 initiation
15T & & complex in an interference experiment. In fact, two more
T guanines remained unmethylated (G28) or mostly unmethy-
A i - T lated (G20) in the g5p-bound G-quadruplex of I-3 than those
that interfered with forming the 1-3c27 G-quadruplex (com-
6= - G - - pare numbered positions in lane 4 of panels A and B of
o[- 2...!! hod w Figure 7). This difference provided additional evidence that
:,’._. T 3 33333 § TE 3 °.§§ the structural rearrangement induced by g5p binding, as
g 38 3 35353 g 3 5 22 detected by the enhancement of the 260 nm CD bands of
25 " 5= g8 25 % 35 I-3 and 1-3¢26 during g5p binding (Figures 3A and 3B) and
@ = =25 @ gg the kinetics experiments of Figure 6, coincided with a change

in the G-quadruplex structure.
Ficure 7: DMS methylation protection and interference. (A) DMS g P

methylation of 1-3¢c27. |-3c27 wa¥P-labeled at the'®nd. Lane

1: background cleavage by piperidine. Lane 2: overall cleavage
at guanines of the unfolded, unstructured I-3c27. Lane 3: guanines . .
protected from methylation in the folded G-quadruplex form of A Model for the 1-3/I-3c26 Structurefigure 8A is an
I-3c27. The 3labeled 1-3c27 was folded in 200 mM Nacl, illustration of a possible G-quadruplex structure for I-3¢26
randomly methylated by DMS, ethanol precipitated, and subjected and for the core of I-3, based on our accumulated data.
_totplllfge“(éln?tﬁ'%aVagz- Lalnesf4 am:_5i q;lﬁl;gbeslV\éhlogezfgethyaﬂonKinetics data in this work and primer-binding and gel
interfered with G-quadruplex formation. eled 1-3¢c27 was ; ; ; ; Y
randomly methylated by DMS in the absence of NaCl and then er:ectr%phoress gxpelrlmgnt§ n pre}/lourls wodk g]dlcat.e
was allowed to fold in 200 mM NaCl. Following electrophoresis hat the G-quadruplex is intramolecular, and an intra-
on native polyacrylamide gels containing 100 mM NaCl, bands molecular fold would allow the two tails of I-3 to extend

corresponding to a structured form (lane 4) and an unstructured from the same end of the quadruplex to provide a stretch of

form (lane 5) were isolated. All of the samples were cleaved by gntiparallel strands suitable for a second stage of binding of

piperidine, dried, and resolved on a 20% denaturing gel. (B) DMS : _ ;
methylation of I-3. I-3 was?P-labeled at the'send. Lanes +3: g5p dimers. Bepau;e the CcD spgctrum of 1-3¢26 in the
the results of the same treatments of théabeled 1-3 as for the ~ Presence of Naion is unlike that in the presence of'K

3-labeled 1-3c27 in corresponding lanes of panel A. Lane 4: ion, and the K form has features of a chair-type G-
guanines whose methyation interfered with formation of an initiation quadruplex in which loops connect adjacent lateral strands
complex with g5p. The 'Slabeled I-3 was randomly methylated (9, 50-52), we suggest that the Naform of -3c26 is a

by DMS in the absence of NaCl and then incubated with g5p in . -
200 mM NaCl. Complexes were resolved by agarose gel electro- _basket-type G-quadruplex having a diagonal loop, as shown

phoresis. The DNA from a band corresponding to an initiation N Figure 8.
complex was isolated, subjected to piperidine cleavage, dried, and The model in Figure 8A is based on the existence of three
resolved on a 12% denaturing gel. The sequences of I-3c27 (panektacked quartets, which differ in base composition and are

A) and I-3 (panel B) are both numbered according to the location . . :
of the nucleotides within the I-3 sequence. Guanine bands thatproposed to include one thymine and one adenine, as shown

changed are marked with arrowheads on the right of each panel.in Figure 8B-D. At least three lines of evidence support
the involvement of three G-quartets in the structure. First,

an extra nucleotide (T16) at it &nd rendered the cleavage the methylation data showed that three contiguous G’s of
of G17 distinguishable. Despite the fact that the GGTC-3 the G29-G31 stretch were protected by and interfered with

DISCUSSION
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A. B. @ ] This G-quadruplex model is consistent with the methyla-
G36 Sy ety R tion protection data, except that thé pbsitions of G20 and

"Ai &\;.-er} G25 G30 are not hydrogen-bonded. The methylation of G20 did

...,(“*.“ A H not interfere with the formation of the structure, although it

T % o S was partially protected in the folded 1-3¢26/1-3¢27 oligomers.

J;ft"@ ﬁ G18 The methylation of G30 did interfere with the formation of

sté v

H

NP the quadruplex structure, and G30 was protected in the folded
[-3c26/1-3c27 oligomers (Figure 7A, lanes 3 and 4). The
different methylation interference results for G20 and G30

sssssssnnnnannnnn U

C. " ~ could be due to their different environments, with the space

@"C N,,.E‘;l-} G24 available for a methyl on an interior G30 being less than

T35 ) ot %, % that for a methyl on G20 at the end of a quadruplex stack.

Gl7 ‘: % ﬂ\('«-.. The protection of G30 in its interior location in an unusual

""" a a1o context may not be unreasonable.
Gsoé N gD Interaction of g5p with the 1-3 G-Quadruplesthe N

35 " positions of two guanines (G28 and G20) were required to

remain unmethylated for forming the initiation complex of

D. I-3 with g5p (Figure 7B, lane 4), but they were not required

334@ S for folding the 1-3c27 (or 1-3¢c26) core into a quadruplex

______ 20 {, -""“"Q:j’?zs (Figure 7A, lane 4). The simplest assumption is that a
1 N S structural change involving one or both of these guanines is
Ny o, 2 * related to the CD spectral changes of the free oligomers

=Y @20 during initial g5p binding. Specifically, the guanine 255
G31 g"”"““ﬂ" e 260 nm band of I-3 and 1-3c26 is nearly doubled in

_ magnitude, while the long-wavelength positive band is
Ficure 8: Model of a possible G-quadruplex for I-3/I-3c26. (A)  changed little or not at all, during g5p binding to the core

A theoretical basket-type G-quadruplex fold for I-3/1-3¢26 in 200 ~_ ; ;
mM NacCl. Bases involved in the quartets are shown as rectangles.G quadruplex structure (Figure 3A,B). Moreover, there is a

The dark and white rectangles, respectively, represgmandanti kinetic block to the structu_ral change related to the-255
conformations of glycosyl bonds. Arrows show tHet®3 strand 260 nm band increase, which appears to return the quadru-
orientation. Nucleotide numbering is with respect to I-3, and only plex to its initial, transiently folded, state (Figure 6). For
the cgntral (26 n)ucleotigles of 1-3 (i.e.;c the nucleotidﬁs ofhl-3026) example, one conjecture is thatamti-to-synconformational
are shown. (B-D) Possible quartet configurations in the schematic ' : .

structure in panel A. Backbone directions are indicated bysxthe change of G28 would increase the nonalternathg glycosyl
and symbols within the riboses, which are simplified as ovals. Pond pattern along the G28-G30 sequence and increase the
Gycosyl bond conformations within the quartetgr{with the ovals 255-260 nm CD band, with the required glycosyl bond
close to the base arghti with the ovals directed away from the  change providing the kinetic block. If such a change occurs
base) were chosen to be similar to the arrangement in the antiparallel, poth the presence and absence of g5p, it would have to

d(GsT4G3) quadruplex, includingyn G’s at the 5 ends andanti S . . L. .
G(’s a{‘tﬁéqgendspof the quadn%ex-paired stran@s, (40). The coincide with changes in base pairing that involve the N

inclusion of A and T bases is reasonably inferred from evidence POsition of G28. Alternatively, the Npositions of G20 and
that there are three quartets, but the hydrogen-bonding patterns (withG28 might have to be free for stable, direct interactions with

ant T and A) are speculative. The’Npositions of G20 and G30  g5p and have no relationship to the perturbation of the 260

are asterisked in (C) and (D) because these positions are noty D band although this seems unlikely to us
involved in hydrogen bonding according to this model. However, ’ )

both of these guanines were protected or partially protected in folded Contrasts and Similarities of Two g8p-Quadruplex
I-3¢26/1-3¢27 (Figure 7A, lane 3). ComplexesThe interaction of g5p with the intramolecular

G-quadruplex of I-3 stands in contrast with its interaction
the formation of the structure (Figure 7A). Second, CD with the four-stranded quadruplex of 16-mer DNA strands
spectra suggested that 1-3c26 and G-8c26 had similardescribed by Oliver et al8]. The latter structure consists
G-quadruplex structures in 200 mM NaCl (Figure 2C). of four G-quartets in the center of four strands of the 16-
G-8c26 contains four G blocks, each of which has three to mer DNA d(GTsG4CT4C). Kneale and co-workers8)Y
four contiguous guanines that can participate in three derived a model for the complex of this G-quadruplex and
G-quartets. Finally, the melting temperature of G-8¢26 was g5p, based on small-angle X-ray scattering and other data.
slightly higher, by 3.55.7 °C, than that of 1-3c26 in 10 In this model, the g5p binds only to the four six-nucleotide
and 200 mM NaCl, respectively (Table 1). This was tails, requiring that the four strands of the intermolecular
consistent with the proposed 1-3¢26 structure, which contains quadruplex be arranged in an unusual antiparallel fashion to
one homogeneous and two less stable, mixed quartets. accommodate the antiparallel binding sites of the g5p dimer.

Guanosines in the three quartets are shown gytihand In the case of the g5p3 complex, the antiparallel tails of
anti glycosidic bonds arranged as in the solution structure the I-3 intramolecular G-quadruplex are not the first sites of
of d(G3T4Gs) (39, 40). The G-quartets would thus have a binding and become saturated only after about three g5p
nonalternating G-quartet polarity in the top two quartets and dimers bind to the core quadruplex structure to form an
an alternating polarity in the bottom two quartets, possibly initiation complex. Moreover, the affinity of g5p for 1-3¢c26
explaining the existence of two positive bands at-2360 is comparable to that for I-3 (i.ew > 3 x 10° M) (9),
and 285-292 nm in the CD spectra of I-3 and 1-3c26, as suggesting that the g5p-binding affinity to I-3 is dominated
observed for d(&l4,G3) (42). by the initiation step and not by binding to the tails.
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However, there may be an important similarity in the two
G-quadruplex structures in that the loops and single-stranded
regions of the I-3 core (Figure 8), and not just the G-quartets,
are implicated in the tight binding of g5p. First, as described
above, the N positions of G28 and G20 both have to be
free for g5p binding, suggesting a perturbation of end loop
structures. Second, when the usual"Nation is replaced
by K*, the structure of 1-3c26 changes, probably to a chair
type of G-quadruplex9), to which g5p binds with lower
affinity (unpublished data). That is, while the stacked
G-quartets in 1-3 may be directly bound by the g5p, they
also appear to provide a scaffold of loops that is important 11.
for high-affinity g5p binding. If so, a similarity in the binding
sites of the two G-quadruplexes may be that they both are
comprised of constrained nucleotides or loops. The g5p may 13.
prefer to bind to regions of constrained single strands, as
opposed to random coils, to reduce the entropic cost of 15'
binding.

There is no evidence that there are blocks of G’s that could 16.
form quadruplexes in the Ff genome or Ff mMRNA, so this
specific class of structures may not be of direct biological
relevance. It may be of more relevance that DNA or RNA
structures can be found that constrain nucleotides in positions
favorable for g5p binding and thereby enhance the initiation
of binding under physiological salt concentrations. In addi-
tion, g5p may have higher affinity for nucleotides constrained 21.
in loops than in flexible tails. On the basis of preliminary
competition experiments (not shown), we found that the
affinity of g5p was >30-fold higher (in terms of strand 23.
concentration) for the 1-3c26 quadruplex than for the 24.
quadruplex of the 16-mer gene 2 mRNA leader sequence
(or ~8-fold higher in terms of quadruplex concentration).

G-Quadruplex Structures and Protein Bindinihe most
extensively studied G-quadruplex structures are usually from
tandemly repeated sequences, like telomeric sequences, or
from symmetric sequences, like the thrombin-binding aptam-
er (62). Thus, it is not surprising to find homogeneous
G-quartets formed by these sequences, which are the
prototypical G-quadruplexes. In a recent crystallographic
study, theOxytrichatelomere DNA binding protein has been  31.
found to interact with the wide groove and connecting loops 32.
of a typical d(GT4Gs). G-quadruplex. However, these
interactions are not essential for crystallizing the protein at
high NaCl concentrations and may be influenced by crystal 34.
packing forces36). Due to the high stability of homogeneous
G-quartet structures, replacement of a guanine with another
base should be acceptable as long as a majority of hydrogen
bonds is retained within a minimally altered configuration.

It is possible that atypical mixed G-quartets, like those that
include A or T in our proposed model, coexist with typical
homogeneous G-quartets and with other double chain reversal
quartets %3, 54). This would extend the range of sequences 39.
that can fold into quadruplex structures and provide sequence- ,,
specific recognition sites for proteins. '

6.
7

8.
9.
10.

1
18.
19.

5
26.

29.

35.
36.

37.

38.

41.
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