
above), we estimateq = 53.9° ± 0.5°,a = 29.8° ± 1.1°. We note that
under these conditions, the estimateda is smaller than the value ob-
tained under higher dye concentration and low salt (29.1° as opposed
to 39.1°). The reduced concentration of bound dye molecules may
serve to minimize energy transfer between adjacent dyes. To confirm
that the above results are not biased by the fact that YOYO-1 is a bis-
intercalator (and the two chromophores may be alternately excited),
we repeated these experiments using the mono-intercalator SYTOX
Orange. This comparison yielded similar results {q = 53.3° ± 0.7°,a =
21.4° ± 1.9°}. The narrower cone angle (a) estimated for SYTOX Orange
may be due to energy transfer between the YOYO-1 chromophores (30)
and the absence thereof for a mono-intercalator.

These single-molecule measurements provide new insight into the
Brownian fluctuations of stretched DNA: For a single dipole to alter-
nately exhibitx- or y-polarized emission upon toggling the excitation
polarization (Fig. 3A), it must rotate azimuthally (along thef coor-
dinate; see fig. S2) about the DNA axis on a time scale much faster than
the camera frame rate (1 s), yet slower than the fluorescence lifetime
(~3 ns) (30). It should be noted that the rotational diffusion of the
trapped beads is negligible on the time scale of the observed dye reor-
ientation (14). Therefore, we conclude that such twirling reflects the

intrinsic thermal fluctuations of the DNA (31), which has a rotational
correlation time estimated to be on the order of ~100 ns (see section S7).

Intercalator tilting coincides with the end of the OST
We next seek to unravel whether the observedq ~ 54° tilted interca-
lator configuration identified in regime 3 arises due to a distinct con-
figurational state of stretched DNA or if the dye can adopt a continuum
of possible tilt angles in a stretch-dependent fashion. To this end, using
the high-salt buffer favoring S-DNA formation and dye concentrations
in which single intercalators were resolved, we map the fluorescence
polarization in regimes 2 and 3 (averaged over all single-molecule
events) as a function of force beyond the OST for horizontally aligned
DNA (w = 0°; Fig. 4A), using unpolarized illumination (see Materials
and Methods and section S8 for details). These results show a
transition from polarized emission throughout regime 2 to depolar-
ized emission at the onset of regime 3 at forces ~7 pN above the
OST. At forces greater than 7 pN above the OST, emission polariza-
tion values saturate nearP= Š0.04 (Fig. 4A), which corresponds to the
expected emission polarization for the model parameters: {q= 53.9°,a =
29.8°} (our theoretical model was modified to account for the fact that
unpolarized illumination was usedin the context of this measurement,

Fig. 4. Intercalator tilting occurs suddenly at the transition between regimes 2 and 3. (A) Average emission polarization as a function of force above the OST; data
taken at extensions within the transition from regime 2 to regime 3 (vertical bars are SD). Dashed green line indicatesP= � 0.04, the emission polarization associated
with model parameters {q = 53.9°,a = 29.8°} and unpolarized excitation. Prefixes are omitted, since unpolarized excitation was used. Inset illustrates the“elbow” in the
force-extension curve. (B) Polarization images demonstrating simultaneous detection of tilted and perpendicular YOYO-1 molecules (force ~7 pN above OST). The dye
appearing brightly in both Ix and Iy channels is tilted (scale bar, 5mm). (C to E) Single-intercalator polarization histograms at forces of 3 pN (C), 7 pN (D), and 35 pN (E)
above the onset of the OST. Illustrations depict the proposed mechanism for intercalator tilting: In regime 2 (C), extended tracts of both B-DNA and S-DNA exist, and
intercalated sections are primarily flanked by B-DNA and align perpendicular to the DNA axis. At the interface between regimes 2 and 3 (D), where less B-DNA is
present, both perpendicular and tilted intercalators are present, flanked by B-DNA and S-DNA, respectively. Beyond the OST (E), when little or no B-DNA remains, all
intercalated dipoles are forced to assume a tilted orientation, since they can now only be flanked by S-DNA.
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