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ABSTRACT 2,6-diaminopurine (DAP) is a nucleobase analog of adenine. When incorporated into double-stranded DNA
(dsDNA), it forms three hydrogen bonds with thymine. Rare in nature, DAP substitution alters the physical characteristics of
a DNA molecule without sacrificing sequence specificity. Here, we show that in addition to stabilizing double-strand hybridiza-
tion, DAP substitution also changes the mechanical and conformational properties of dsDNA. Thermal melting experiments
reveal that DAP substitution raises melting temperatures without diminishing sequence-dependent effects. Using a combination
of atomic force microscopy (AFM), magnetic tweezer (MT) nanomechanical assays, and circular dichroism spectroscopy, we
demonstrate that DAP substitution increases the flexural rigidity of dsDNA yet also facilitates conformational shifts, which man-
ifest as changes in molecule length. DAP substitution increases both the static and dynamic persistence length of DNA
(measured by AFM and MT, respectively). In the static case (AFM), in which tension is not applied to the molecule, the contour
length of DAP-DNA appears shorter than wild-type (WT)-DNA; under tension (MT), they have similar dynamic contour lengths.
At tensions above 60 pN, WT-DNA undergoes characteristic overstretching because of strand separation (tension-induced
melting) and spontaneous adoption of a conformation termed S-DNA. Cyclic overstretching and relaxation of WT-DNA at
near-zero loading rates typically yields hysteresis, indicative of tension-induced melting; conversely, cyclic stretching of
DAP-DNA showed little or no hysteresis, consistent with the adoption of the S-form, similar to what has been reported for
GC-rich sequences. However, DAP-DNA overstretching is distinct from GC-rich overstretching in that it happens at a
significantly lower tension. In physiological salt conditions, evenly mixed AT/GC DNA typically overstretches around 60 pN.
GC-rich sequences overstretch at similar if not slightly higher tensions. Here, we show that DAP-DNA overstretches at
52 pN. In summary, DAP substitution decreases the overall stability of the B-form double helix, biasing toward non-B-form
DNA helix conformations at zero tension and facilitating the B-to-S transition at high tension.

INTRODUCTION

Compared to the canonical base adenine, 2,6-diaminopurine
(DAP) (alternatively 2-aminoadenine) bears an additional
amino group at position 2 of the purine molecule (Fig. 1).
Despite this difference, the incorporation of DAP during
PCR amplification yields no loss in sequence specificity,
and in most instances, DAP-DNA is compatible with normal
(A-T, G-C) DNA enzymology. DAP-DNA is interesting both
biologically and structurally for nanoscale engineering (1,2).
Although nature has generally chosen to use the canonical
bases, there are instances, such as in the genome of cyano-
phage S-2L, in which DAP substitution occurs (3,4). The
biological advantages (or disadvantages) of DAP substitution
are not entirely understood. From a biophysics perspective,
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DAP substitution offers a way of manipulating the physical
characteristics of a DNA molecule with applications,
including the study of the interactions between DNA and pro-
teins or drug candidates (5-10), investigations of RNA-
related mechanisms (11,12), and even as novel dopants in
DNA-based nanoelectronics (13). Characterizing how DAP
substitution affects the physical properties of DNA yields
insight into the relationship between the specific properties
of individual bases and the biochemical characteristics of
the whole double helix assembled with such bases.

At the basepair level, the additional amino group is
known to alter DNA conformation in two ways. First, in
contrast to adenine, which forms two hydrogen bonds
with thymine, DAP forms a third hydrogen bond with
thymine (see Fig. 1). This additional bond strengthens the
effective interaction between the paired backbones and,
like sequences with high GC content, raises the melting
temperature (1,14). Second, the additional amino group
extends into the minor groove of the B-form DNA helix
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FIGURE 1 2,6-diaminopurine (bottom) is an analog of adenine with an
additional amino group at position 2 of the purine molecule. When paired
with thymine, it forms an additional hydrogen bond along the minor-groove
side of the molecule. To see this figure in color, go online.

(B-DNA), decreasing the compressibility of the groove
through steric hindrance, reducing bending flexibility, and
biasing the molecule to deviate from the typical B-form
conformation at low tension (15-19). The decrease in
bending flexibility results in DAP-containing molecules
behaving as stiffer entropic springs, characterized by longer
persistence lengths, and forming larger plectonemic loops
upon supercoiling (6).

Above 60 pN, far beyond the entropic and elastic poly-
mer-chain regimes, torsionally unconstrained DNA un-
dergoes a conformational transition consisting of an
abrupt 70% increase in molecule length at a characteristic
tension threshold called the “overstretching” force (F,;)
(20-23). This transition involves both tension-induced
melting (appearing as strand peeling or localized denatur-
ation) and conversion to an unwound but still basepaired
conformation called S-DNA (24,25). The pathway by
which DNA becomes overstretched is a function of local
stability and is determined by buffer conditions and
sequence (26,27). Experiments using relatively short
sequences have demonstrated that in physiological salt
conditions, AT-rich regions tend to denature upon over-
stretching, whereas GC-rich regions remain hybridized
(28,29). Similarly, molecular dynamic simulations suggest
that stronger base pairing in GC-rich regions maintains
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base registration and minimizes interstrand separation,
producing a higher transition force (30). Above 150-—
200 mM monovalent salt levels, AT-rich regions also adopt
the basepaired (S-DNA) conformation when overstretched
(31,32). In addition to base pairing, base stacking has been
recognized as crucial to the conformational stability of
DNA (33,34). In fact, inter-base-stacking interactions
contribute significantly to the free energy of double-helix
formation (35,36).

DAP-substituted DNA has not been studied in this high-
tension regime, and the effects of its additional amine group
are not intuitive. On the one hand, the third hydrogen bond
with thymine should stabilize against tension-induced
melting; hence, one might expect DAP-DNA to behave
like GC-rich DNA and have a higher overstretching force.
However, the importance of base stacking and other factors
affecting conformational stability should not be overlooked.
Stronger stacking interactions are thought to also play a role
in stabilizing against overstretching (30,37). Finally, the
propensity of DAP-DNA to adopt conformations other
than the canonical B-form in the low-tension regime sug-
gests DAP may also facilitate the B-to-S transition, resulting
in a lower overstretching force.

To further investigate the effect of DAP substitution upon
DNA conformational stability in the low-tension (entropic)
and high-tension (overstretching) regimes, we performed a
series of atomic force microscopy (AFM) imaging, mag-
netic tweezer (MT)-based stretching, circular dichroism
(CD) spectroscopy, and thermal melting experiments on
equivalent WT and DAP-substituted DNA sequences. The
AFM and MT experiments confirm the findings of Virstedt
et al. and Peters et al. that under low tension, DAP-DNA
is flexurally stiffer (14,19). Interestingly, the AFM and
MT assays yielded conflicting measurements of molecular
contour length. In the AFM images (in which molecules
were not subject to tension), DAP-DNA appeared shorter
than wild-type (WT)-DNA; DAP-DNA had an average heli-
calrise of 2.79 + 0.12 ;\/bp, compared to 3.11 = 0.12 ;\/bp
for WT-DNA, indicating a possible difference in helical
conformation. For comparison, B-form DNA has an approx-
imate helical rise of 3.4 A/bp, whereas A-form DNA has an
approximate helical rise of 2.6 A/bp (38-40). In contrast,
when mild tension was applied in the MT assay, differences
in the contour lengths of DAP-DNA and WT-DNA mole-
cules were less pronounced (3.16 *+ 0.27 and 3.25 =+
0.27 A/bp, respectively). CD spectra confirmed that DAP
substitution results in a conformational shift under ten-
sion-free conditions, showing an increase in left-versus-
right (e, — eg) absorbance at 290 nm. However, the spectra
of DAP molecules do not show the hallmark 270 nm peak
and 240 nm shoulder of trifluoroethanol-induced A-form
DNA (41-43). Although DAP-DNA has a shorter static
contour length, similar to A-DNA, its helical characteristics,
such as winding and propeller-twist angles, are likely
distinct (43). Melting experiments also demonstrated that
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although DAP increases thermal stability, it does not in-
crease melting temperatures to the degree of G-C basepairs.
As a consequence, DAP-T stability is intermediate between
AT pairs and GC pairs. Under high tension, DAP-DNA
undergoes overstretching at a lower characteristic force,
without denaturing. Together, these results reveal that
DAP substitution decreases the overall stability of the
B-form double helix at both ends of the tension spectrum,
biasing toward non-B-DNA at zero tension and facilitating
the B-to-S transition at high tension.

MATERIALS AND METHODS
DNA preparation

Normal and DAP-substituted DNA sequences were produced using the
polymerase chain reaction (PCR). DAP-substituted DNA was produced
by replacing dATP with DAP-5'-triphosphate (TriLink BioTechnologies,
San Diego, CA) at the same concentration (200 uM) as the other three
dNTPs (Fermentas, Waltham, MA).

Melting temperature characterization

The melting temperature of WT and DAP-substituted sequences was
determined from fluorescently detected melting curves (44,45). Three
155, 147, and 156 basepair-long portions of the pBR322 plasmid were
selected containing 40, 54, and 65% GC content, respectively. The
sequences were amplified using Taqg DNA Polymerase (NEB, Ipswich,
MA) in ThermoPol buffer. The primers used to produce 40, 55, and 65%
amplicons are listed in Table S1. Thermocycling parameters are listed in
Table S2. After PCR amplification, DNA samples were purified with a
Qia Quick PCR cleanup kit (QIAGEN, Germantown, MD) and eluted in
10 mM Tris-HCI (pH 8.5). Amplicon lengths were verified by gel electro-
phoresis, and concentrations were measured by ultraviolet absorption using
a Nanodrop Lite (Thermo Fisher Scientific, Waltham, MA). DNA was
diluted to 10 ng/uL in 10 mM Tris-HCI (pH 7.4) with 15 mM KCI. Two
intercalating dyes were used to assess melting: Syto-84 and Sybr-Green I
(Thermo Fisher Scientific). Syto-84 was used at a concentration of 1 uM;
at that concentration, the Syto family dyes have been shown to alter melting
by no more than 0.6°C (Fig. S4) (46). For each sequence and type, at least
six samples were measured and averaged. Sybr-Green I, which changes T,
by up to 10°C at the manufacturer’s suggested working concentration, was
also titrated over a range of 0.0005-0.01% v/v 10,000x, assayed, and
projected to yield the dye-free 7,, (Fig. S5). Fluorescent intensity was
recorded using a Bio-Rad C1000 quantitative PCR (qPCR) machine (Bio-
Rad Laboratories, Hercules, CA) over a temperature range of 60-95°C in
0.5°C increments.

DNA for MT and AFM experiments

MT and AFM experiments measuring DNA mechanical parameters and
overstretching were performed using 4642 bp-long (hereafter, 4.6 kb)
DNA fragments. For the MT experiments, tethers were constructed from
three components: a 4.6 kb-long core fragment containing either WT-DNA
or DAP-DNA and two ~1 kb flanking tails containing biotin or
digoxigenin-11 dUTPs. The core fragment was prepared by PCR with
Long Amp (NEB) using the pKLJ12wt plasmid (47) and primers 5'-
AGCGTTGGCGCCGATTGCAGAATGAATTT and 5'- TGGGATCGGCCG
AAAGGGCAGATTGATAGG, which contain Kasl and Eagl restriction
sites (underlined), respectively. Thermocycle parameters are listed in
Table S3. A single major amplicon around 4.6 kbp was produced
(Fig. S6). The biotin- and digoxigenin-labeled tail fragments were also pro-
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duced by PCR using Taq polymerase in standard buffer (New England
BioLabs (NEB)). PCR solutions were supplemented with biotin-11 dUTP
(Fermentas) and digoxigenin-11 dUTP (Roche, Indianapolis, IN) in a 1:9
ratio with respect to dTTP (6). The biotin-labeled fragment was amplified
from pUCI19 using the primer pair 5-ATGATCCCCCATGTTGTGCA
and 5'-TCAAGACGATAGTTACCGGATAAG to create a 1.8 kb biotin-
labeled amplicon with a central Kasl site. The digoxigenin-labeled frag-
ment was amplified from pBluKSP using the primer pair 5'-TGGGTGAG
CAAAAACAGGAAGGCA and 5-GCGTAATCTGCTGCTTGCAA to
create a 2 kb digoxigenin-labeled amplicon with a central Eagl site. Ther-
mocycle conditions are listed in Table S4.

After PCR amplification and column purification (Qia Quick PCR
cleanup; QIAGEN), the core and tail fragments were digested with KasI
and EaglI-HF restriction enzymes (NEB) and purified again, and concentra-
tions were measured by ultraviolet absorption. Restriction of the tails yields
roughly 1 kb fragments with a single KasI or Eagl sticky end. Restriction of
the core fragment with Kasl and Eagl produces a 4.6 kb sequence with
5'GCGC and 5'GGCC overhangs at opposite ends. Note that this fragment
sets the effective tether length in MT experiments because the randomly
biotin- or digoxigenin-labeled handles will almost completely attach to
the magnetic bead and the chamber surface, marginally contributing to
the DNA extension. This is confirmed by MT measurements of DNA exten-
sion (see Fig. 3 C) and by Yan et al. (48). As a consequence, we expect that
the MT measurements are mainly determined by the core fragments.

To assemble the final tether, approximately 600 ng of the core fragment
was mixed with 250 ng of each tail along with 30 U of T4 DNA ligase
(NEB) and the recommended buffer to a total volume of 30 uL and incu-
bated at 16°C for 4 h. After heat inactivation at 65°C for 20 min, the ligation
mixture was used directly in the microchambers.

Magnetic tweezing

The MT used in this work was built using an inverted, infinity-corrected
microscope. A set of permanent magnets was mounted above the sample,
between the stage and condenser optics. These magnets could be translated
along and rotated around the optical axis to control the tension and super-
coiling of the DNA tethers (49,50). Similar designs and their application to
DNA characterization have been thoroughly discussed by others (51-54).
The flow cell used for the MT experiments consists of a ~50 uL capillary
functionalized with antidigoxigenin antibody (Roche) (49). DNA tethers
were formed by incubating the biotin and digoxigenin end-labeled frag-
ments with streptavidin-coated superparamagnetic beads (Invitrogen,
Carlsbad, CA) for ~15 min. Conjugated tethers were isolated with a magnet
and resuspended in 500 uL PTE buffer (phosphate-buffered saline (pH 7.4)
with ImM EDTA and 0.1% Tween). For low-force experiments, 1-um
diameter magnetic beads were used, whereas for overstretching measure-
ments (in which forces in excess of 50 pN were needed), 4.5 um beads
(Invitrogen) were used. Finally, tether suspensions were incubated in the
capillaries for ~1 h before flushing out the excess, unbound tethers
with 8-10 mL PTE buffer. All MT measurements were carried out in
PTE buffer.

AFM-based imaging

Nanoscale images of WT-DNA and DAP-DNA deposited onto mica
surfaces were acquired using a Nanowizard II (JPK Instruments, Berlin,
Germany). WT and DAP molecules were diluted in 5 mM MgCl, in
DI-H,O to a final concentration between 0.2 and 0.3 ng/uL. 10 uL of
each solution was deposited onto freshly cleaved mica substrates and incu-
bated at room temperature for 5-10 min. The samples were then rinsed with
0.22 um-filtered deionized ultrapure water and dried with a gentile nitrogen
flow.

Images were acquired with the AFM operating in tapping mode, in air,
using stiff silicon cantilevers (RTESO-Veeco, resonant frequencies of



300-350 kHz and spring constant ~40 N/m; Veeco, Plainview, NY). 8 x 8
um images were collected using a 0.5-1 Hz scan rate with 2048 x 2048
pixel resolution. Several hundred DNA molecules were recorded from
several widely spaced areas of each sample and processed with a standard
“flatten” filter in the JPK Data Processing software.

To morphologically characterize the two samples, we traced the DNA
contours using a custom-tracing routine (55) and calculated the contour
length, Ly (56). Only molecules in the range 1.1-1.8 um surrounding the
expected length were included. The average end-to-end distance of seg-
ments of the DNA molecules as a function of their separation along the con-
tour was analyzed to estimate the persistence length (Lp) according to the
WLC model (57-59).

CD spectroscopy

WT-DNA and DAP-DNA molecules produced for the melting experiments
and the 4.6 kb core fragments from the AFM/MT experiments were diluted
to concentrations ranging from 10-30 ng/uL in 10 mM Tris-HCI (pH 7.4)
with 150 mM KCI. The CD spectra of the respective samples were measured
using a Jasco J-810 spectrometer (Jasco, Tokyo, Japan) in a quartz cuvette
and blanked against the spectrum of Tris-KCl buffer without DNA. The spec-
trum of each sample was measured three times at wavelengths 210-310 nm
(in 0.2 nm increments), averaged, and smoothed with a Savitzky-Golay filter
of third order using a 31-step (6 nm) window width.

RESULTS

To facilitate discussion of our findings, measured mechani-
cal characteristics for WT and DAP-substituted DNA are
summarized in Table 1. Unless otherwise noted, values re-
ported in the text refer to mean + SD. Confidence intervals,
computed as 1.96x standard error, can be found in Table 1.

DAP substitution increases melting temperature
but preserves nearest-neighbor effects

Under Watson-Crick base pairing, the two backbones of a
DNA molecule are held together by hydrogen bonds

TABLE 1 Summary of Results
Parameter Unit Type Mean SD N 95% CI p Value
Ly (MT) um WT 151 0.3 35 £0.04 0.103
um DAP 146 0.12 48 +0.03 -
Lo (AFM) um  WT 145 0.2 22 +0.05 3.07 x 107*
um DAP 130 0.12 20 =#0.05 -
Axial Rise A/bp WT 325 027 — +0.09 —
(MT)
A/bp DAP 3.16 027 — =*0.07 —
Axial Rise A/bp WT 311 012 — =+0.11 —
(AFM)
Abp DAP 279 0.2 — 0.1 -
L, (MT) nm  WT 45 4 35 *12 522x107'°
nm DAP 56 5 48 =*15 -
L,(AFM) am WT 562 — — =01 —
nm DAP 799 — — 03 -
F,q PN  WT 60 2 16 *11 288x10°8
pN DAP 52 3 15 =16 -
Hysteresis pN um WT 19 9 12 +508 273 x 1077

area

pN um DAP 2 1 10 =*=1.07 -
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formed between the basepairs. Consequently, to first or-
der, one would naively expect the melting temperature
to be proportional to the total number of basepair
hydrogen bonds in a given sequence. However, the
stacking interactions between A/T and G/C duplexes
produce sequence-dependent effects (35,60). Therefore,
even if two relatively short sequences have the same
length and GC fraction, they can have very different
melting temperatures. Consequently, DAP substitution
can be expected to affect melting temperatures in three
ways: 1) the additional hydrogen bond stabilizes base
pairing, 2) the stacking interactions of adenine and DAP
are likely different, and 3) DAP’s extra amino group
may alter conformational stability of B-DNA, which in
turn affects hybridization.

The melting temperature (7,,) of three sequences con-
taining 40, 54, and 65% GC were compared, as shown
in Fig. 2, in which measured (red and blue dots) and
calculated (yellow and purple dots) values of T,, are pre-
sented as a function of GC percentage. The sequences
were roughly the same length (155, 147, and 156 bp).
The fraction of helical versus single-stranded DNA was
measured by fluorescence in the presence of the intercalat-
ing dye Syto-84 using a Bio-Rad qPCR machine. The
Syto-series dyes have been shown to shift melting temper-
atures by less than 0.6°C at 1 uM (Fig. S4) (46). Fluores-
cence curves were normalized to account for temperature
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FIGURE 2 Melting curves of three sequences of WT (blue, solid circle)
and DAP-DNA (red, solid triangles) with GC fractions of 0.4, 0.54, and
0.65 were measured using the fluorescence of Syto-84 (1 uM); error bars
indicate SD. WT results closely match 7,, predicted by the Santalucia
nearest-neighbor model (yellow); error bars indicate model accuracy (61).
The DAP melting temperatures were fit with a modified SantalLucia model
(purple). A least-squares fit yields « = —0.12 = 0.03 kcal/mol. To see this
figure in color, go online.
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dependence of the fluorescent dye (44,45); details are
included in the Supporting Materials and Methods. The
Syto-84 findings were confirmed by roughly equivalent
melting temperatures measured via Sybr-Green I
(Fig. S5) using the titration protocol presented in Peters
et al. (18).

For short sequences, melting approximates a binary pro-
cess wherein the entire sequence separates in unison.
With that approximation, melting temperatures can be esti-
mated by

4AH

[dsDNA]
2

Ty = —273.15, 1)

A4S +RIn

where T,, is the temperature at which 50% of double-
stranded DNA (dsDNA) molecules will be melted, 4H is
the sequence-dependent enthalpy, 4S is the sequence-
dependent entropy, R is the gas constant, and [dsDNA] is
the concentration of dsDNA in solution.

Under the Santalucia nearest-neighbor model, 4H
and 4S are equal to the sum of empirically determined,
nearest-neighbor terms and are corrected to account for
salt-dependent effects (61,62). Although the SantalLucia
model is intended for short sequences, we find that it
yields predictions within *0.8°C of our measured
melting temperatures (Fig. 2, blue and yellow dots),
well within the predicted accuracy of the model (61).

DAP substitution increases melting temperatures. How-
ever, it does not eliminate sequence-dependent effects as
illustrated by the fact that 7,, of each sequence is increased
by 6-8°C. If sequence did not matter (i.e., melting was
determined primarily by the number of H-bonds), one would
expect each of the DAP-DNA sequences to melt at approx-
imately the same temperature.

To underscore this point, we compare our data to a
modified version of the Santalucia model. Under this
modified model, the enthalpy of each A/T pair is supple-
mented with an additional factor («), accounting for
both the aggregate effect of the additional hydrogen
bond, changes in stacking energy, and perturbations to
conformational stability. For example, under the modified
scheme a sequence of 5-GATCG-3’ would have a total
enthalpy

> 4H =(4Hgs + ) + (AHyq + 2a) + (4Hrc + @)

+ (AHcg) = ZAHWT + 4o
@

A least-squares fit to the DAP melting data yields o =
—0.12 * 0.03 kcal/mol. Although the modified model
does not perfectly capture the 7,, for each sequence (notably
the 54% sequence see Fig. 2 purple and red symbols), it
does preserve the general trend.
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Zero-to-low force regime: DAP substitution
increases persistence length, decreases static
but not dynamic contour length

We mechanically characterized how DAP substitution al-
ters the dynamic conformational properties of dsDNA us-
ing MT-based force spectroscopy. 4.6 kbp DNA tethers
were subjected to tensions ranging over 0.001-5 pN, and
their time-averaged, end-to-end lengths were measured.
Only molecules in the range 1.1-1.8 um, surrounding
the expected 1.5 um length, were included in the analysis.
Below 10 pN, DNA acts as an entropic spring and is well
characterized by a worm-like chain (WLC) polymer
model. The force-length dependence for a WLC is
approximately

kT (L, 1 LN 1
F(L) =2~ [=+-(1-=) —-], 3
(Le) L, <L0+4< L0> 4) )

where L, is the end-to-end distance, L is the molecule’s
contour length, and L, is the persistence length, which
characterizes the stiffness (63). For each molecule, force
versus length measurements were fit to Eq. 3, yielding es-
timates of Ly and L,. Representative measurements and
accompanying fits for a WT and DAP molecule are
included in Fig. 3. DAP substitution increased persistence
length from 45 = 4 nm for WT to 56 = 5 nm for DAP
(p = 5.22 x 107'%). However, the dynamic contour length
only decreased from 1.51 = 0.13 umto 1.46 = 0.12 um, a
change that is not statistically distinct (p = 0.103, see
Fig. 3, B and C).

To extend these findings, we also measured static contour
and persistence lengths via AFM imaging. WT and DAP-
DNA molecules were deposited onto freshly cleaved mica
surfaces and imaged in tapping mode. Representative im-
ages of both WT and DAP samples are shown in Fig. 4.
Contour lengths were measured by tracing each DNA fila-
ment using an image recognition algorithm and computing
the integrated length (55). Molecules that were significantly
longer or shorter than the expected 1.1-1.8 um range were
discarded from the data set. A histogram of contour lengths
for WT and DAP molecules is included in Fig. 5 A. As indi-
cated, DAP substitution decreased the average contour
length from 1.45 + 0.12 to 1.30 = 0.12 um (p = 3.07 X
10, corresponding to axial rises per basepair of 3.11
and 2.79 A/bp, respectively, consistent with previous mea-
surements (6,14).

Persistence length was estimated from the measured
mean-square displacement between points along the con-
tours of molecules in two dimensions (55). For a WLC
confined to two dimensions, the average squared distance
(R?) between two points along the chain is given by

2 o L -
(R = 812 (%— e ZLP), @
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where L is the curvilinear distance along the chain between
the points, and L, is the molecule’s persistence length
(57,59). Using the x-y coordinates generated by the tracing
routine, it is straightforward to compute the distance between
points separated by increasing contour lengths. The data for
molecules from either WT or DAP samples were pooled, and
the means of the squared end-to-end distances were
computed as a function of separation along the contour and
fit to Eq. 4 (results shown in Fig. 5 B). The excluded volume
effects were negligible given the low DNA concentration and
the limiting of contour length separations to less than 200 nm
when fitting Eq. 4 (58,64). WT-DNA yielded L, = 56.2 =
0.1 nm, whereas DAP substitution increased the persistence
length to L, = 79.9 = 0.3 nm (95% confidence interval).
Analyzing overlapping or nonoverlapping segment data pro-
duced similar estimates (Fig. S7; Table S5).

Both MT and AFM reveal a significant increase in persis-
tence length because of DAP substitution, indicating that
DAP molecules are flexurally stiffer (i.e., harder to bend).
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FIGURE 3 Worm-like chain fits of force versus
length MT data. (A) Representative force versus
length data for wild-type (blue) and DAP (red)
DNA molecules with corresponding WLC fits
(solid line for WT and dashed line for DAP) are
shown. Fit errors correspond to 95% confidence
limits. (B) Histogram of fit persistence length
values is shown; DAP substitution increases L, to
56 £ 5 from 45 = 4 nm for WT (mean = SD).
Distributions are statistically distinct, p = 5.22 X
107", (C) Histogram of fit contour length values
is shown. DAP substitution does not significantly
decrease dynamic contour length, p 0.103.
N = 35 for WT and N = 48 for DAP in both histo-
2 gram plots. To see this figure in color, go online.
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This result is consistent with what has been reported previ-
ously for experiments using AFM and optical tweezing
(14,19). Similarly, previously reported MT experiments
measuring DNA under supercoiling found that DAP substi-
tution increased the size of plectonemic writhes, a finding
that is consistent with DAP-DNA being harder to bend (6).

High-force regime: DAP substitution decreases
the tension at which overstretching occurs

DNA overstretching is characterized by a sudden, roughly
1.7x increase in tether length when tension exceeds a
critical value. Under physiological buffer conditions, over-
stretching typically occurs around 6070 pN. The transition
exhibits both force-induced melting, wherein the phosphate
backbones separate, enabling each strand to stretch indepen-
dently, as well as the formation of a double-stranded
structure called S-DNA. The propensity of a DNA molecule
to form S-DNA rather than undergo force-induced melting

FIGURE 4 Representative images of (A) wild-
type and (B) DAP-DNA molecules captured via
AFM. To see this figure in color, go online.
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FIGURE 5 Contour and persistence length measured via analysis of
AFM images. (A) Contour length was calculated by tracing individual
molecules in each AFM image. DAP substitution reduced the length
(mean * SD). The distributions are statistically different in a two-tailed
t-test (p =3.07 x 10’4). (B) Mean-squared distance versus separation along
each molecular contour is shown. Data points (blue circles and red squares)
correspond to the average square distance, aggregated for all molecules of a
given type (WT and DAP, respectively). Data was fit to Eq. 4, yielding
estimates of the average persistence length; = error indicates 95% confi-
dence interval. To see this figure in color, go online.

is sequence dependent. Simulations have shown that
whereas G-C pairs persist through the transition, A-T pairs
often form melted bubbles (30,37). Similarly, various
pulling experiments and theoretical models have also
demonstrated that at low-to-moderate monovalent salt con-
ditions (<150 mM), AT-rich sequences tend to melt more
easily than GC-rich sequences (24,28,29,65-09), whereas
under high-salt conditions interstrand charge repulsion is
reduced, and AT-rich sequences also form S-DNA (31,32).
Moreover, cyclic pulling experiments demonstrate that
force-induced melting is associated with hysteresis, such
that once melted, the complementary strands reanneal
slowly (21,28,32,70).

To investigate how DAP affects overstretching, we
analyzed the force-extension behavior of several molecules
in the high-force regime. Un-nicked molecules (verified by a
twist versus extension curve) were excluded from the anal-
ysis because torsional constraint fixes the helical linking
number, forcing hyperextended molecules to adopt a
P-DNA configuration (25,71-74). Nicks occur randomly
during the preparation of the DNA tether. However, un-
nicked molecules, for both WT and DAP-DNA, were
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~40% of the total number of sample molecules, and
assuming random nicking along the chain, a simple calcula-
tion (Poisson distribution) was used to estimate that the
probability of nicking adjacent to a basepair was 0.02%
(Fig. S8). Using this probability in simulations, we can esti-
mate that less than 26% of the molecules analyzed had more
than one nick (Fig. S9). Thus, nicks did not strongly bias the
overstretching measurements nor the observed hysteresis.
Remarkably, DAP-DNA overstretched at a significantly
lower transition force than WT-DNA. The overstretching
transition force (F,;) was characterized by calculating the
midpoint of the transition plateau. As shown in Fig. 6 A,
DAP substitution lowered the transition force to F,, =
52 + 3 pN compared to 60 = 2 pN for WI-DNA (p =
2.88 x 107®); data were collected in 150 mM phosphate-
buffered saline.

Cyclic extension and relaxation also revealed that DAP-
DNA exhibits very little hysteresis through the overstretch-
ing transition. The lack of hysteresis in the DAP curves
indicates that peeling does not occur even in the presence
of nicks, in support of DAP bases favoring S-DNA forma-
tion rather than melting. By comparison, nearly all WT
molecules show significant hysteresis, indicating that
force-induced melting constituted the bulk of extensional
increase. To quantify the difference in DAP and WT
behavior, we calculated the area between the extension
and relaxation traces for each molecule (see Fig. 6, C and
D for illustration). The reannealing process can be influ-
enced by several factors, notably ionic strength of the
solution and loading rate (24). Here, both DAP and WT
hysteresis was measured in 150 mM phosphate-buffered sa-
line. Additionally, MTs essentially operate as force clamps.
In these experiments, each data point is recorded over a
period of 45-60 s, with at least 1 s between successive mea-
surements. The entire hysteresis measurement requires at
least 20 min. Consequently, the molecules are stretched at
an almost zero loading rate, and the DNA remains over-
stretched for several minutes. Results are shown in
Fig. 6 B. The smaller secondary plateau in Fig. 6 D at
~56 pN appeared in some but not all measurements;
therefore, we do not speculate as to its origin. In summary,
WT-DNA had an average hysteresis area of 19 =
9 pN um, whereas DAP-DNA averaged 2 = 1 pN um
(p =273 x 107).

CD spectroscopy confirms DAP substitution
induces conformational shift

The CD spectra of WT and DAP versions of the 40, 54, and
65% GC and 4.6 kb core fragments were measured over the
range 210-310 nm. Results are shown in Fig. 7. The spectra
of all four WT molecules show the expected behavior of
B-DNA, specifically a local maximum in the 270-280 nm
range and a local minimum around 250 nm (41,42). The
spectrum of 4.6 kb DAP molecules is very similar to the
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FIGURE 6 Overstretching under high tension. (A) Histogram of overstretching transition force is shown. Distributions are statistically distinct, p =
2.88 x 107%. (B) Box and whisker plot of area between extension and relaxation curves are shown. Box edges indicate the 25th and 75th percentiles. Whis-
kers indicate the extent of data. Red line indicates the median. Nearly all WT molecules exhibited significant hysteresis H =19 = 9 pN um; DAP molecules
showed little hysteresis H =2 =+ 1 pN um. (C) Example force-extension cycle for WT-DNA is shown. As tension is increased (light blue trace), the molecule
undergoes force-induced melting. Upon relaxation (dark blue), molecule length decreases with a different characteristic curve owing to the presence of
single-stranded DNA. (D) Example force-extension cycle for DAP-DNA is shown. Little hysteresis is observed between extension and relaxation, indicating
basepair persistence and the adoption of the S-form. To see this figure in color, go online.

spectra reported by Peters et al. and Virstedt et al. for DAP-
substituted molecules without extensive AT or GC repeats,
namely the 4.6kb DAP spectra shows a peak near 290 nm,
a shoulder between 260 and 270 nm, and a minimum near
250 nm (14,19). Interestingly, the 40, 54, and 65% GC
sequences show a progressive shift from non-WT behavior
toward a WT-like spectrum. 40% molecules, which have
the most DAP, show a peak at 295 nm, a minimum at
248 nm, and a modest local minimum at 274 nm. As DAP
content decreases (and GC content increases), the minimum
at 274 nm fades.

4.6 Kbp 40% GC 54% GC 65% GC

240

260
Wavelength [nm]

280

FIGURE 7 CD spectra of WT (blue, solid lines) and DAP-substituted
molecules (red, dashed lines). To see this figure in color, go online.

DISCUSSION

DAP substitution stabilizes interstrand pairing
but does not eliminate sequence effects

The melting experiments clearly demonstrate that DAP sub-
stitution increases the thermal stability of double-stranded
molecules but does not raise melting temperatures to the
expected level of equivalent length poly-GC fragments.
The melting temperature of each roughly 150 bp sequence
was increased by ~5-10°C (between 80 and 90°C).

Fitting the melting data against our modified SantaLucia
model shows that, relative to adenine, DAP substitution
stabilizes the per-base hybridization energy (« in Fig. 2)
by 44E = —0.12 = 0.03 kcal/mol. Interestingly, this
is smaller than one might expect, given reported DAP-
stacking energies measured by the “dangling-bond” assay
(18,19,36). Peters et al. report that stacking interactions of
a single DAP base with a neighboring GC basepair contrib-
utes approximately —5 kcal/mol to the enthalpy of hybridi-
zation, compared with —4 kcal/mol for adenine (18,19). In
other words, combining the effect of DAP’s extra amino
group with the improved stacking, one would expect the
total-per-base change in energy to decrease by at least
A44E < —1 kcal/mol. Instead, our findings suggest that
factors, such as conformational instabilities resulting from
steric clashes in the minor groove, partially offset the stabi-
lizing effects of the extra hydrogen bond and stronger base
stacking.

DAP-DNA resists force-induced melting upon
overstretching

In addition to having increased thermal stability, DAP-DNA
also resists force-induced melting. Whereas WT molecules
exhibited significant hysteresis when relaxing from the
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overstretching transition, DAP molecules show little to no
hysteresis. This suggests that a DAP-DNA molecule’s two
polynucleotide backbones remain hybridized during over-
stretching, whereas the length of WT molecules fluctuates
until the tension drops enough to allow reannealing (67).

DAP substitution flexurally stiffens DNA yet
lowers the barrier to adopt non-B-form
conformations

Several studies have shown that DAP substitution stiffens
the molecule against lateral bends (6,14,19). The low-ten-
sion AFM and MT experiments presented here confirm
that finding. However, the results at higher tension also
reveal that DAP substitution lowers the energetic barrier
of conformation changes, lowering its resistance to
overstretching.

In line with the previous reports (14,19), our low-tension
MT and AFM experiments demonstrate that DAP substitu-
tion increases persistence length. It has been argued that
DAP’s extra amino group, which protrudes into the minor
groove (Fig. 1), alters the helical conformation, and resists
flexural bends that would compress the minor groove
(14,38). Indeed, DAP substitution would seem to add steric
clashes between the exocyclic amino group and the nitrogen
at position 3 of adjacent purines as observed by Calladine
(75,76). Increased helical and decreased propeller twist
might minimize steric clashes between adjacent purines in
the minor groove of DAP-substituted DNA.

The CD spectra of WT and DAP molecules shown in
Fig. 7 confirm that DAP substitution alters the helical
conformation, although the spectra of DAP-DNA are not
indicative of A-DNA. In line with what has been reported
by others (14,18,19), we see that DAP-DNA has a peak
near 290 nm, a local minimum or shoulder near 275 nm,
and a minimum at 250 nm. This is distinct from
B-DNA, which is characterized by a peak between 270
and 280 nm and a minimum near 245 nm, but also distinct
from the spectra of A-DNA, formed by titration with
trifluoroethanol, which show a maximum at 270 nm, a
minimum at 210 nm, a shoulder near 240 nm, and a
zero at 300 nm and beyond (41-43). Most telling is the
decrease in ellipticity at 275 nm in DAP-substituted versus
WT-DNA molecules. Such a decrease correlates with
some combination of increased helical and decreased pro-
peller twist accompanied by decreased helical rise (77).
These changes ameliorate the steric repulsions between
3/-pyrimidine-5'-purine basepairs created by adding
exocyclic amines in the minor groove (75) to shift the
molecule to a helical configuration with a flattened CD
spectrum from 260 to 270 nm that resembles that of C-
DNA (78). X-ray diffraction experiments revealed that
C-form DNA produced in lithium chloride precipitates
had a helical twist of 38.6° (79), slightly increased over
the 36° of B-form (43).
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Interestingly, whereas DAP substitution resulted in a sig-
nificant reduction in contour length as measured by AFM
(from 3.11 down to 2.79 A/bp, a 10% decrease), it only
had a marginal effect when measured with MT (3.25 to
3.16 f%/bp, a 3% decrease). Although the zero-tension
AFM results suggest DAP decreases the helix pitch, the
change does not persist once low-to-moderate tension is
applied. Considering the CD spectroscopy results, one
explanation for the discrepancy is that an unperturbed
DAP molecule adopts a non-canonical conformation but
quickly reverts back to B-DNA when mildly stretched.

If DAP-DNA more readily adopts noncanonical forms at
zero tension to minimize steric clashes between adjacent pu-
rines, one might expect those steric clashes to also facilitate
conformational changes at high tension. This is vividly dis-
played in overstretching experiments on DAP-substituted
DNA. For WT-DNA in physiological salt conditions, the
characteristic overstretching transition around 60 pN is
caused by a combination of factors, including force-induced
melting (through strand peeling and melting bubble
formation) and adoption of the S-DNA conformation
(24,32,65,70,80). Several studies have shown that force-
induced melting tends to originate at AT-rich regions
(28-30,37). In particular, a detailed study conducted by
Bosaeus et al. comparing the overstretching behavior of
short 70% AT and 60% GC oligonucleotides (oligos) found
that whereas AT sequences melt and GC sequences form
S-DNA, the transition threshold for GC oligos was similar
if not slightly higher than AT oligos: 63.3 = 1.1 pN for
GC versus 61.5 = 2.6 pN for AT (28,29). Before the
Bosaeus et al. study, other authors had similarly argued
that a S-DNA formation likely required more energy than
AT separation but less than GC separation (80-82). Our
melting and hysteresis experiments demonstrate that DAP-
DNA base pairing is significantly more stable than
WT-DNA. Therefore, naively, one might expect DAP-
DNA to behave like GC-rich sequences, with an over-
stretching transition equal to or slightly greater than WT
molecules. Instead we find that DAP-DNA has a signifi-
cantly lower transition tension (52 *+ 3 vs 60 = 2 pN for
WT-DNA). This indicates that DAP substitution not only
disrupts B-DNA at low tension but also lowers the energetic
barrier separating B- and S-form DNA.

CONCLUSIONS

Diaminopurine is a nucleobase analog of adenosine, bearing
an additional amino group on its 2’-carbon, which partici-
pates in a third hydrogen bond when base paired with
thymine. Because the additional amine resides on the mi-
nor-groove side of the DAP-T basepair, it not only stabilizes
DAP-T pairs but significantly changes dsDNA conformation
and mechanics. Through AFM imaging, mechanical
characterization using a MT, and CD spectroscopy, we
show that DAP substitution biases DNA molecules to adopt



a non-canonical helix at zero applied tension and resist flex-
ural bending at low-to-moderate tension (<10 pN) yet also
decreases the overstretching threshold from roughly 60 to
52 pN. From an energetics perspective, the steric clashes
of DAP’s extra amino group penalize entropic bends
(increasing the persistence length) but also raise the confor-
mational free energy of the B-form helix, facilitating axial
extension and initiating the B-to-S transition at a lower
tension.

SUPPORTING MATERIAL

Supporting Materials and Methods, nine figures, and five tables are available
at http://www.biophysj.org/biophysj/supplemental/S0006-3495(19)30063-3.
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