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SI Text
SI Materials and Methods. DNA constructs. DNA oligonucleotides
unlabeled and labeled with 2-aminopurine (2-AP) were pur-
chased from Integrated DNATechnologies. DNA concentrations
were determined by UVabsorbance at 260 nm (25 °C), based on
extinction coefficients furnished by the manufacturer. Base-
paired structures were formed by heating equimolar concentra-
tions of the appropriate 2-AP–labeled ssDNA strand with the
complementary unlabeled ssDNA at 90 °C for 5 min, and then
cooling to room temperature over a period of 3 h. Thermal melt-
ing experiments, monitored by tracking ΔA260 nm, were used to
confirm the duplex character of the dsDNA portions of the re-
sulting DNA constructs. The sequences and nomenclature of
the DNA constructs used in this study are shown and described
in Tables S1 and S2.

Protein purification and properties. The T4-coded helicase (gp41)
protein was cloned and overexpressed in Escherichia coli strain
OR1264/pDH518 (1) and purified as previously described (2).
The T4 primase (gp61) protein contains a His-tag at the N ter-
minus and was prepared and purified as described previously (3).
Concentrations of purified gp41 and gp61 were determined by
UVabsorbance at 280 nm, using a molar (per subunit) extinction
coefficient (εM;280) of 7.6 · 104 M−1 cm−1 for gp41 and 6.9 ·
104 M−1 cm−1 for gp61. The extinction coefficients were calcu-
lated from amino acid residue composition data (4, 5).

Spectroscopic procedures. CD spectra were measured at wave-
lengths from 300 to 360 nm using a JASCOmodel J-720 CD spec-
trometer equipped with a temperature-controlled sample holder;
10–15 spectra were scanned, averaged, and plotted as graphs of
Δεl − Δεr (the difference in the molar extinction coefficient for
left and right circularly polarized light) per mol of 2-AP residue,
as a function of wavelength. Fluorescence spectra were measured
using either a Jobin-Yvon Fluorolog or Fluoromax spectrofluo-
rometer. Samples were excited at 315 nm and emission spectra
were recorded from 330 to 430 nm. The fluorescence intensities
reported here were measured at 370 nm and normalized to the
fluorescence intensities obtained with the corresponding ssDNA
sequence. The error bars shown for the fluorescence measure-
ments represent standard deviations for two to four independent
experiments.

Assembly of the T4 primosome helicase from Its components in solu-
tion.The determination of the association pathway for the in vitro
assembly of the T4 DNA replication primosome from its compo-
nents (the gp41 helicase, the gp61 primase, DNA constructs, and
NTP substrates) has been described elsewhere (6). In all the ex-
periments described in this paper (except for the unwinding as-
say), helicase complexes were formed by adding 60 μM of GTPγS
to 500 nMDNA, followed by addition of gp41 subunit monomers
to a final concentration of 3 μM. Gp61 monomers were then
added to a final concentration of 500 nM and fluorescence
and CD spectra were measured after 3 to 5 min of additional
equilibration. For experiments with GTP, a DNA–helicase com-
plex was formed by adding 600-μM concentrations of GTP to 500-
nM concentrations of DNA, followed by addition of gp41 to a
final monomer concentration of 3 μM.

SI Results. T4 helicase activity Is not inhibited by 2-AP base substitu-
tions in fork constructs. The 2-AP bases form Watson–Crick base
pairs with thymine, and it has been shown by various research

groups that 2-AP•T base pairs can substitute for A•T pairs in
most biological processes (7). We carried out unwinding experi-
ments with three identical primer/template (P/T) DNA or forked
constructs, with none, one, or two (adjacent) adenines replaced
by a 2-AP monomer or dimer pair, to determine whether 2-AP
substitution has any effect on the activity of the T4 helicase.
The constructs used are shown in Table S2.

The lagging (5 0 → 3 0) strand was labeled with γ32P at the 5′
end and was annealed to the leading strand. The DNA fork
substrates (5 nM) were incubated with T4 gp41 and gp61
(300 nM and 50 nM, respectively) in reaction buffer and the re-
action was initiated by adding ATP and MgðOAcÞ2. Reactions
were quenched by adding EDTA to a final concentration of
25 mM together with a 500-nM concentration of complementary
ssDNAmolecules to serve as “trapping strands” for the displaced
DNA and thus prevent reannealing of the original construct. The
reaction products were subjected to native gel electrophoresis
and quantified using the ImageQuant software from Molecular
Dynamics.

The unwinding rate was measured for all three DNA fork con-
structs and the results are plotted in Fig. S1. The rate profiles for
the unwinding of all three constructs are clearly superimposable.
We conclude from these results that the substitution of 2-AP
monomers or dimer pairs for monomer or dimer A residues has
no significant effect on the unwinding kinetics of the T4 primo-
some helicase. In their earlier studies, Raney et al. (7) also con-
cluded that the substitution of monomer 2-AP probes for A
residues did not perturb the rates of unwinding of DNA duplexes
catalyzed by the ddA helicase of bacteriophage T4.

Tracking helicase-induced dsDNA unwinding using 2-AP dimer probes
in the lagging (5 0 → 3 0) strand. The incorporation of a 2-AP dimer
probe instead of a monomer in an oligonucleotide construct has
the advantage that the spectroscopic interaction of each 2-AP
base is primarily with its dimer partner, rather than with neigh-
boring canonical bases (8, 9). The low-energy CD spectra of such
dimer probes can provide information (via exciton coupling inter-
actions) about the relative orientation of this pair of bases within
the DNA framework of the construct. In contrast, the fluores-
cence of a dimer probe pair is particularly weak as a consequence
of self-quenching within the dimer. We have used these dimer
probes to examine further the conformational changes induced
in our DNA construct models by initial strong helicase binding
at the replication fork.

Fig. S3 shows the fluorescence and CD spectral changes ob-
served upon primosome helicase binding with 2-AP dimer probes
incorporated site specifically in the lagging strand of a forked
DNA construct. The fluorescence intensity changes observed
are similar to those seen with monomer probes, confirming that
conformational changes caused by initial primosome helicase
binding extend only up to the third base pair in the dsDNA
portion of the construct. The CD signals for ssDNA and the
f−2; −1g and f−1; 1g constructs showed slight decreases in inten-
sity on primosome helicase binding, consistent with the destabi-
lization observed for bases in such partially ssDNA environments
(Fig. S3 B–D). For the initial (GTPγS-locked) primosome–DNA
construct complexes with a 2-AP dimer probe at the 1,2 position,
the probes at two base-paired positions showed an increase in
fluorescence intensity (Fig. S3A), indicating that the same sort
of unstacking (or increased exposure to solvent) of these bases
observed with monomer probes in the lagging strand occurs also
with helicase binding monitored with dimer probes.
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In contrast, the CD signal of the f1; 2g construct was essen-
tially unchanged upon helicase binding (Fig. S3E), presumably
because the CD spectra depend primarily on the relative orienta-
tion of the transition dipoles of the two homologous chromo-
phore probes, whereas variations in the fluorescence intensity
of 2-AP–labeled constructs reflect primarily dynamic changes
in exposure to solvent and hydrogen bonding of adjacent and op-
posite bases and base pairs. Once the initial primosome helicase
binds to the construct, even if some unstacking of the bases at
these positions does occur, the primosome complex should sta-
bilize the relative conformational orientations of the base pairs,
and this should result in increased fluorescence intensity and an
unchanged CD spectrum. The changes observed for other con-
structs with 2-AP dimer probes in the duplex region are consistent
with observations made with the equivalent DNA constructs la-
beled with monomer probes.

A dangling ssDNA 3′-sequence on the leading strand is required for
primosome helicase unwinding activity. Prior studies have shown
that a leading strand with a 3′ dangling ssDNA sequence is
needed to permit effective helicase-induced unwinding of duplex
DNA (10). We have reexamined this issue using our spectro-
scopic probes to confirm that we get similar results and to further
examine the role of the 3′-ssDNA leading strand. Experiments
were performed with P/T DNA constructs with no dangling 3′-
end and with partial DNA fork constructs with a 3′-dangling
ssDNA end 5–7 nt in length (Table S2); 2-AP probes were site
specifically introduced into the 5′ (lagging) strand at different po-
sitions relative to the ss–dsDNA junction. Fluorescence intensi-
ties reflecting the addition of (GTPγS-locked) primosome
helicase to leading strand P/T fptNgand partial fork fpfNg con-
structs labeled with monomer 2-AP probes are shown, respec-
tively, in Figs. S4 and S5.

Experiments were performed with constructs labeled with 2-
AP monomer probes at various positions on the lagging strand
and an increase in fluorescence intensity was observed for con-
structs with 2-AP probes at various positions in the ssDNA por-
tion of the lagging strand, as also observed previously for fully
forked constructs, confirming that the primosome helicase can
effectively bind to lengthy ssDNA sequences. However, signifi-
cant changes in fluorescence intensity were not observed for con-
structs with probes in the duplex region (Figs. S4 and S5),
indicating that neither the gp41 hexameric helicase nor the pri-

mosome helicase can unwind duplex regions in the absence of a
dangling 3′-ssDNA sequence of adequate length on the leading
strand. The experiments with DNA constructs [pt1], [pt5], and
[pf5] were repeated with GTP to monitor the unwinding of the
duplex DNA. Again, the fluorescence signal was unchanged fol-
lowing the addition of the primosome helicase, indicating that
even this strongly bound helicase cannot unwind these DNA con-
structs in the absence of a 3′-ssDNA sequence of sufficient
length. These results confirm that the presence of a leading
strand 3′-ssDNA dangling sequence of 10–15 nt in length is re-
quired to permit the T4 primosome helicase complex to unwind
the duplex portion of a DNA construct.

Tracking helicase-induced dsDNA unwinding using 2-AP dimer probes
in the leading (3 0 → 5 0) strand. The 2-AP probes of the [1,2] forked
DNA construct are located in the first two base-paired positions
near the ss–dsDNA junction of the leading strand where helicase
binding should significantly perturb the relative orientations of
these bases. Fig. S6A shows that the addition of the gp41 helicase
hexamer alone resulted in no change in the fluorescence intensity
of the complex, consistent with the weak binding of this helicase
demonstrated in earlier results. However, the addition of primase
resulted in an increase in fluorescence intensity, just as observed
with dimer probes in the lagging strand at these same positions,
confirming that unstacking (unwinding) of these base pairs does
occur with the tight-binding primosome helicase. In addition, we
note that the CD spectra of the lagging and leading strands la-
beled with 2-AP dimer probes at the 1,2 positions were different
(compare Figs. S3E and S6E). Thus, formation of the initial
GTPγS-locked primase–helicase complex showed no effect on
the CD spectral properties of probes at the 1,2 positions in
the lagging strand, whereas a considerable decrease in the size
of the CD peak was observed with the probes located at these
positions in the leading strand.

This result is consistent with the difference in fluorescence
properties observed for leading and lagging strands with 2-AP
monomer probes in these positions. In addition, the CD signals
of constructs [3,4] and [5,6] did not show any change with addi-
tion of the primosome helicase, confirming that binding of the
GTPγS-locked primosome helicase complex does not exert an ef-
fect beyond three base pairs from the fork junction (Fig. S6 F
and G).
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Fig. S1. The helicase activity assay shows that substitution of A residues by either 2-AP monomer or dimer probes does not change the unwinding rate of
primosome helicase complex. Helicase unwinding assay with DNA fork constructs (Table S2) containing no 2-AP (red circle), a 2-AP monomer probe (blue
square), and a 2-AP dimer probe (green triangle).

Fig. S2. The fluorescence spectra of forked DNA constructs with unbound and bound helicase do not show a peak shift. The full fluorescence spectrum of the
free DNA construct f1g is shown in red and that of the construct with the primosome helicase in green. The excitation wavelength was set at 315 nm and
emission spectra were measured from 330 to 450 nm. The fact that these peaks do not shift with the binding of the protein components permits us to monitor
fluorescence changes at single wavelengths (e.g., Fig. 2, etc).
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Fig. S3. Fluorescence and CD changes observed for forked DNA constructs with 2-AP dimer probes in the lagging strand. (A) The fluorescence intensity
changes following the interaction of the T4 helicases (either the gp41 hexamer alone or the gp41–gp61 primosome) for various DNA constructs labeled with
2-AP dimer probes in the lagging strand. Each panel shows bar graphs monitoring the interaction of an individual construct (identified in Table S1) with the two
forms of the helicase. The first bar (red) in each panel measures the fluorescence intensity of the free construct; the second (blue) shows the fluorescence
intensity of that construct in the presence of gp41 and GTPγS; the third (green) shows the intensity in the presence of gp41, GTPγS, and gp61 (in all panels the
green column corresponds to the presence of 6∶1 subunit ratio of gp41 and gp61); and the fourth column (black, when present) corresponds to the intensity in
the presence of gp41 and GTP. Numbers on the x axis list the corresponding construct names. (B–G) CD spectral changes for constructs containing 2-AP dimer
probes in lagging strand, with or without primosome binding. Color coding is the same for all panels: red, DNA alone; green, DNA construct and primosome
complex. (B) The ss construct; (C) f−2; −1g construct; (D) f−1; 1g construct; (E) f1; 2g construct; and (F) f5.6g construct.
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Fig. S4. Fluorescence changes for P/T DNA constructs (no dangling ssDNA sequence on the leading strand) with the lagging strand labeled with 2-APmonomer
probes. Fluorescence intensity changes at 370 nm for P/T constructs containing 2-AP monomer probes on the lagging DNA strand, with or without helicase
binding. Color coding is the same for all panels: The first bar (red) in each panel measures the fluorescence intensity of the free construct; the second (blue)
shows the fluorescence intensity of that construct in the presence of gp41 and GTPγS; the third (green) shows the intensity in the presence of gp41, GTPγS, and
gp61 (in all panels the green column corresponds to a 6∶1 subunit ratio of gp41 and gp61); and the fourth column (black, when present) corresponds to the
intensity in the presence of gp41 and GTP. Numbers along the x axis designate the corresponding DNA constructs (see Table S2).

Fig. S5. Fluorescence changes observed for forked DNA constructs labeled with 2-AP monomer probes in the lagging strand (5-nt flanking ssDNA sequence on
leading strand). Fluorescence intensity changes at 370 nm for fork constructs, in the presence or absence of helicase, with 2-AP monomer probes inserted in the
lagging strand. Color coding for all panels is the same as in Fig. S4.
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Fig. S6. Fluorescence and CD changes observed for forked DNA constructs with 2-AP dimer probes in the leading strand. The fluorescence intensity changes
following the interaction of the T4 helicases (either gp41 hexamer alone or the gp41–gp61 primosome) for various DNA constructs labeled with 2-AP dimer
probes in the leading strand. Each panel shows bar graphs monitoring the interaction of an individual construct (identified in Table S1) with various helicase
forms. (A) The first bar (red) in each set of columns shows the fluorescence intensity of the free construct; the second (blue) shows the fluorescence intensity of
that construct in the presence of gp41 and GTPγS; the third (green) shows the intensity in the presence of a GTPγS-locked T4 primosome with a 6∶1 gp41∶gp61
subunit ratio; and the fourth column (black, when present) corresponds to the intensity in the presence of gp41 and GTP. The numbers along the x axis identify
the DNA constructs used in each experiment. (B–G) CD spectral changes for constructs containing 2-AP dimer probes in the leading strand, with or without
primosome binding. Color coding is the same for all panels: red, DNA alone; green, DNA construct and primosome complex. (B) The ss construct; (C) [−2; −1]
construct; (D) [−1; 1] construct; (E) [1,2] construct; (F) [3,4] construct; and (G) [5,6] construct.

Jose et al. www.pnas.org/cgi/doi/10.1073/pnas.1212929109 6 of 8

http://www.pnas.org/cgi/doi/10.1073/pnas.1212929109


Table S1. Nomenclature and sequences for DNA constructs used in this study (forked DNA
constructs with 2-AP monomer or dimer probes incorporated into lagging and leading DNA
strands)

Lagging (5 0 → 3 0) DNA strand

Construct name DNA sequence

SS 2-AP monomer 5′TTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCACCATATAXTCGCTCGCATATTATGACTG
SS 2-AP dimer 5′TTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCACCATATXXTCGCTCGCATATTATGACTG
{-1},{-2,-1} 5′TTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCACCATATXXTCGCTCGCATATTATGACTG

||||||||||||||||||||
3′CATTCGTGCACTCACTTTCACCATTTTCGTAGCCTAAAGCGAGCGTATAATACTGAC

{1},{−1,1} 5′TTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCACCATATXXTCGCTCGCATATTATGACTG
|||||||||||||||||||||

3′CATTCGTGCACTCACTTTCACCATTTTCGTAGCCTATAGCGAGCGTATAATACTGAC
{2},{1,2} 5′TTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCACCATATXXTCGCTCGCATATTATGACTG

||||||||||||||||||||||
3′CATTCGTGCACTCACTTTCACCATTTTCGTAGCCTTTAGCGAGCGTATAATACTGAC

{3},{2,3} 5′TTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCACCATATXXTCGCTCGCATATTATGACTG
|||||||||||||||||||||||

3′CATTCGTGCACTCACTTTCACCATTTTCGTAGCCATTAGCGAGCGTATAATACTGAC
{4},{3,4} 5′TTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCACCATATXXTCGCTCGCATATTATGACTG

||||||||||||||||||||||||
3′CATTCGTGCACTCACTTTCACCATTTTCGTAGCTATTAGCGAGCGTATAATACTGAC

{6},{5,6} 5′TTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCACCATATXXTCGCTCGCATATTATGACTG
||||||||||||||||||||||||||

3′CATTCGTGCACTCACTTTCACCATTTTCGTATATATTAGCGAGCGTATAATACTGAC

Leading (3 0 → 5 0) DNA strand

Construct name DNA sequence

SS 2-AP monomer 3′CATTCTGCACTCACTTTCACACTTTTCACCATATAXTCGCTGCGTATAATACTGAC
SS 2-AP dimer 3′CATTCTGCACTCACTTTCACACTTTTCACCATATXXTCGCTGCGTATAATACTGAC
[−6],[−7,−6] 3′CATTCTGCACTCACTTTCACACTTTTCACCATATXXTCGCTGCGTATAATACTGAC

||||||||||||||||||||
5′TTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCGTAGCGTAATCGCTCGCATATTATGACTG

[−1],[−2,−1] 3′CATTCTGCACTCACTTTCACACTTTTCACCATATXXTCGCTGCGTATAATACTGAC
||||||||||||||||||||

5′TTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCGTAGCGTAAAGCGACGCATATTATGACTG
[1],[−1,1] 3′CATTCTGCACTCACTTTCACACTTTTCACCATATXXTCGCTGCGTATAATACTGAC

|||||||||||||||||||||
5′TTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCGTAGCGTATAGCGACGCATATTATGACTG

[2],[1,2] 3′CATTCTGCACTCACTTTCACACTTTTCACCATATXXTCGCTGCGTATAATACTGAC
||||||||||||||||||||||

5′TTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCGTAGCGTTTAGCGACGCATATTATGACTG
[4],[3,4] 3′CATTCTGCACTCACTTTCACACTTTTCACCATATXXTCGCTGCGTATAATACTGAC

||||||||||||||||||||||||
5′TTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCGTAGCTATTAGCGACGCATATTATGACTG

[6],[5,6] 3′CATTCTGCACTCACTTTCACACTTTTCACCATATXXTCGCTGCGTATAATACTGAC
||||||||||||||||||||||||||

5′TTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCGTATATATTAGCGACGCATATTATGACTG

Complementary sequences are shown in boldfaced letters. X (red) marks the positions of the 2-AP probes.
Negative numbers designate residue positions in ssDNA regions, and positive numbers correspond to dsDNA
base-pair positions. Thus, the first duplex position at the fork junction is labeled 1, the first unpaired position
is −1, and X represents the positions of 2-AP probes in the constructs. Constructs designated by single numbers
(e.g., “f4g”) define positions that contain a single 2-AP probe. Constructs designated by double numbers (e.g.,
“f−5; −4g”) define the positions of two adjacent 2-AP residue probes (both are listed but only the dimer
probe–containing constructs of each type are illustrated). Constructs containing 2-AP probes in the
lagging strand are shown in curly brackets (fg) and those with probes in the leading strand in square
brackets ([]).
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Table S2. Nomenclature and sequences of constructs used in helicase activity assay and pfN and P/T
constructs with 2-AP monomer labeled on the lagging strand

Helicase activity assay

Construct DNA sequence

Unlabeled 5′TTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCACCATATAATCGCTCGCATATTATGACTG
||||||||||||||||||||||||||

3′CATTCGTGCACTCACTTTCACCATTTTCGTAGTATATTAGCGAGCGTATAATACTGAC
2-AP monomer labeled 5′TTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCACCATATAXTCGCTCGCATATTATGACTG

||||||||||||||||||||||||||
3′CATTCGTGCACTCACTTTCACCATTTTCGTAGTATATTAGCGAGCGTATAATACTGAC

2-AP dimer labeled 5′TTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCACCATATXXTCGCTCGCATATTATGACTG
||||||||||||||||||||||||||

3′CATTCGTGCACTCACTTTCACCATTTTCGTAGTATATTAGCGAGCGTATAATACTGAC

pfN with 2-AP monomer labeled on the lagging strand

Construct DNA sequence

ss 5′TTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCACCATATAXTCGCTCGCATATTATGAG
{pf-3} 5′TTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCACCATATAXTCGCTCGCATATTATGAG

||||||||||||
3′ GTAATCCGAGCGTATAAT

{pf-1} 5′TTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCACCATATAXTCGCTCGCATATTATGAG
||||||||||||||

3′ CGTAAAGCGAGCGTATAAT
{pf1} 5′TTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCACCATATAXTCGCTCGCATATTATGAG

||||||||||||||
3′ GCGTATAGCGAGCGTATAA

{pf2} 5′TTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCACCATATAXTCGCTCGCATATTATGAG
||||||||||||||

3′ TGCGTTTAGCGAGCGTATA
{pf4} 5′TTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCACCATATAXTCGCTCGCATATTATGAG

||||||||||||||
3′ ACTGCTATTAGCGAGCGTA

{pf5} 5′TTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCACCATATAXTCGCTCGCATATTATGAG
||||||||||||||

3′ CACTGATATTAGCGAGCGT

P/T constructs {ptN} with 2-AP monomer labeled on the lagging strand

Construct DNA sequence

ss 5′TTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCACCATATAXTCGCTCGCATATTATGAG
{pt-1} 5′TTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCACCATATAXTCGCTCGCATATTATGAG

||||||||||||||
3′ AGCGAGCGTATAAT

{pt1} 5′TTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCACCATATAXTCGCTCGCATATTATGAG
|||||||||||||||

3′ TAGCGAGCGTATAAT
{pt5} 5′TTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCACCATATAXTCGCTCGCATATTATGAG

||||||||||||||
3′ ATATTAGCGAGCGT

Base pairs are shown in bold letters and connected by a vertical line. X (red) represents the position of 2-AP. N
represents the probe position(s) in the ss- or dsDNA regions of the construct. See scheme in the main text and
Table S1 for further details of nomenclature conventions.

Jose et al. www.pnas.org/cgi/doi/10.1073/pnas.1212929109 8 of 8

http://www.pnas.org/cgi/doi/10.1073/pnas.1212929109

