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Abstract

Base stacking is crucial in nucleic acid stabilization, from DNA duplex hybridization to single-stranded DNA (ssDNA) protein binding. While stacking
energies are tiny in ssDNA, they are inextricably mixed with hydrogen bonding in DNA base pairing, making their measurement challenging.
We conduct unzipping experiments with optical tweezers of short poly-purine (dA and alternating dG and dA) sequences of 20-40 bases. We
introduce a helix-coil model of the stacking-unstacking transition that includes finite length effects and reproduces the force-extension curves.
Fitting the model to the experimental data, we derive the stacking energy per base, finding the salt-independent value AG§T = 0.14(3) kcal/mol
for poly-dA and AGgT = 0.07(3) kcal/mol for poly-dGdA. Stacking in these polymeric sequences is predominantly cooperative with a correlation
length of ~4 bases at zero force . The correlation length reaches a maximum of ~10 and 5 bases at the stacking-unstacking transition force of
~10 and 20 pN for poly-dA and poly-dGdA, respectively. The salt dependencies of the cooperativity parameter in ssDNA and the energy of DNA
hybridization are in agreement, suggesting that double-helix stability is primarily due to stacking. Analysis of poly-rA and poly-rC RNA sequences
shows a larger stacking stability but a lower stacking correlation length of ~2 bases.
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Introduction

Nucleic acids (NAs) participate in information transfer and
regulatory genomic processes that require the readout of the
bases. Molecular reactions in NAs involve opening double-
stranded (ds) helical structures, converting them into single-
stranded forms (ssDNA and ssRNA), making bases acces-
sible to the cell machinery (1). Stacking forces are crucial
in the hybridization reaction where the two complementary
strands form a duplex also stabilized by hydrogen bonding
(2,3). Base stacking is also essential for understanding al-
lostery and other molecular actions at a distance. In DNA,
stacking regulates protein binding during replication and re-
combination (4). Stacking of the nascent RNA chain modu-
lates co-transcriptional RNA folding, whereas for mRNA, it
impacts co-translational protein folding (5,6).

Besides, stacking in ssDNA promotes the formation of
structures (7-9). Poly-deoxyadenine (poly-dA) sequences

Extension

form single and double-stranded helices (10) stabilized by
stacking interactions, similarly to poly-adenine (poly-rA) se-
quences (11). In contrast, poly-deoxycytosine (poly-dC) and
poly-deoxyguanine (poly-dG) sequences form complex struc-
tures such as i-tetraplexes and G-quadruplexes, relevant for
the regulation of gene expression (12-14). These polynu-
cleotide structures emerge from the interplay between stack-
ing and non-canonical base pairing. The structural diversity
of ssDNA is also relevant for many applications such as DNA
origami (15), DNA nano switches (16), synthetic molecular
motors (17) and immunodetection (13). Despite their impor-
tance, direct measurements of stacking energies in ssDNA re-
main scarce.

Base pairs in dsDNA form adjacent stacks that stabilize
the double helix. Stacking energies in dsDNA have been mea-
sured using DNA origami nanotubes manipulated with opti-
cal tweezers (18), and indirectly through melting experiments
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(19) and by mechanically unzipping single DNA molecules
(20,21). The energies of the ten different combinations of
stacks in the nearest-neighbor (NN) model have been deter-
mined, finding values in the range of 1—3 kcal/mol (22,23).
Various studies indicate that stacking is the main contribu-
tion to the free energy of hybridization (7,8,24-26). However,
these measurements do not permit us to infer the much lower
stacking energies of ssDNA, approximately ~0.1 kcal/mol
(1). Stacking of ssDNA has been measured with several tech-
niques: calorimetry (27), nuclear magnetic resonance (28), X-
ray diffraction (29), single-molecule fluorescence (30), atomic
force microscopy (31) and magnetic tweezers (32). Measure-
ments of force-extension curves (FECs) with magnetic tweez-
ers on purine-rich sequences (32) show a cooperative stacking-
unstacking (S-U) transition around 20 pN. Most NA studies
have focused on homopolymeric sequences containing purines
or pyrimidines. Poly-dA shows the largest level of stack-
ing (31), whereas poly-uracil (poly-U), poly-deoxythymidine
(poly-dT) and mixed poly-pyrimidine (poly-pyr) sequences do
not show stacking (30-32). On the other hand, studies with
short DNA oligonucleotides of mixed sequences demonstrate
that the minimal purine-rich motif for stacking must contain
at least four bases (27).

Here, we investigate stacking in ssDNA by measuring the
FECs of short poly-purine sequences of varying lengths us-
ing optical tweezers. The FECs exhibit a shoulder at a given
force, where the convexity of the FEC changes, a feature of
the stacking—unstacking transition. We introduce a helix-coil
model for stacking that reproduces the experimental FECs
of poly-dA and poly-dGdA and the observed finite length ef-
fects. The model contains two energy parameters: the stack-
ing energy per base egr and the cooperativity of stacking
between neighboring bases ysr. The sensitivity of the force
data and the model’s features permit us to accurately de-
rive the stacking free energies and correlation length at dif-
ferent salt conditions. Notably, we find a maximum in the
correlation length at a force value directly related to the en-
ergy parameters of the model, egr and ygr. Finally, we fur-
ther validate the model by analyzing previous results on dif-
ferent ssDNA (32) and ssRNA (33) sequences. Our results
show that ygr is systematically larger than egr, indicating that
stacking cooperativity is the primary source of stabilization
in NAs.

Materials and methods

Experimental setup and sample preparation

Experiments were performed using the miniTweezers setup
(34), which consists on two counter-propagating laser beams
(P =200 mW, A = 845 nm) that follow a symmetrical opti-
cal path and are focused on creating a single optical trap in
a microfluidics chamber (35). The molecular construct was
tethered between polystyrene beads coated with Streptavidin
(2.0 um Kisker Biotech) or anti-Digoxigenin (3.0 um Kisker
Biotech), keeping the former fixed via air suction to a mi-
cropipette. The latter was trapped by the optical trap whose
exerted force and position were measured by using Position
Sensitive Detectors (36). The instrument has a 0.1 pN and
1 nm resolution at a 1 kHz acquisition rate. Beads were at-
tached to the DNA construct by labelling each molecular end
with Biotin or Digoxigenin. The DNA hairpins used in this
work were synthesized by following a similar procedure to
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what was done in Ref. (37), annealing three oligonucleotides
(Supplementary Sec. S1). The first and longer one contains the
hairpin region and the flanking 29b of the handles (with a Bi-
otin in its 5” end, Merck Sigma-Aldrich), and a tail of digox-
igenins is added via Terminal Transferase enzyme (Merck
Sigma-Aldrich). The second oligo is a short 14b segment com-
plementary to the second handle, while the third oligo is
fully complementary to the first handle and to the 15b of the
second one, leaving a 4b spacer between them. The experi-
ments were all performed at 25°C. Those with varying NaCl
concentrations (10, 50, 100, 500 and 1000 mM) contained
also (10 mM Tris-HCI pH7.5, EDTA 1 mM, 0.01% sodium
azide), while the experiments with MgCl, were performed
at 10 mM Tris-HCI pH7.5, 0.01%NaNj; (sodium azide)
and 10 mM MgCl,.

Extension determination

To obtain the ssDNA extension of the unfolded hairpin, we
employ the two-branches method (38), which is based on ana-
lyzing the hairpin’s pulling curves. Pulling experiments, where
the force is cyclically increased and decreased to unzip and
re-zip the hairpin, were carried out using the blocking splint
oligo (BSO) method (39) to increase the hairpin unfolding
forces. Briefly, a 48-base oligonucleotide is hybridized to the
ssDNA handles at the two flanking sides of the hairpin (Fig-
ure 1B): 29b hybridize to the left handle (gray-blue duplex in
Figure 1B, top); 15b hybridize to the right handle (cyan-red
duplex in Figure 1B, top); a spacer of 4b connects both sides
to accommodate the diameter of the DNA hairpin stem. When
the force increases above ~40 pN, the shorter 15b right han-
dle unbinds and the hairpin unfolds keeping the longer 29b
left handle hybridized (Figure 1C, right). Upon releasing the
force, the hairpin refolds, and the 15b right oligo hybridizes
again (cyan segment in Figure 1C, left). The higher stability
of dsDNA to shearing increases the hairpin unfolding force
from ~15 to ~40pN, allowing us to obtain precise ssDNA
FECs for short molecules (See Supplementary Section S7) in
a wide range of forces (5 < f < 45 pN). The hairpin force-
distance curve (FDC) is divided into two branches: the folded
(F), where the hairpin is folded, and the unfolded (U), where
the hairpin is unfolded, Figure 2A. The molecular extension of
the ssDNA at a given force, Xsspna (f), can be obtained by sub-
tracting the relative trap position (A) of the U (Ay ) and F (Ag)

branches. As shown in Figure 2A, the optical trap position at

the F branch is given by Ar = xi?bp(f) +x4(f) + xigbp(f) +

x(f), with x7F, ,
handles 1(2), the oriented hairpin diameter and the bead po-
sition in the trap, respectively. Whereas the optical trap posi-
tion at the U branch is given by Ay = xz?bp( f)+ Xspnalf) +

2 (£) + x,( ). Therefore,

x4 and x; being the extension of dsDNA

Xeona(£) = Au(f) = Ae(f) +xg(F) + x50, (. (1)

where the oriented hairpin diameter x4(f) is modeled as a

freely-jointed chain with a single monomer of 2nm length

(40); whereas x(li‘:]g*f\m( f) is the extension of the 15bp segment

of dsDNA (Supplementary Section S2).

To compare the elastic behavior of the different ssDNA
loop sequences and lengths, we use the re-scaled extension per
base in the loop x}, as shown in Figures 3C, SA and 6A for
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Figure 1. Hairpin sequences, molecular construct and experimental setup. (A) Schematic depictions of the four hairpins studied. Gray boxes show
the poly-dA regions of the sequence. Hairpins are named by the number of purines in the loop: Hp (20bp stem and 20b dT-loop); Hzg (20bp stem and 20b
purine-loop -1dG, 19dA-); Hao (15bp stem and 40b purine-loop -1dG, 39dA-). L4 consists of a 40dA loop without stem. (B) Scheme of the folded (top)
and unfolded (bottom) states of the hairpins with the 48b BSO. C. Sketch of the optical tweezers setup. Left: a DNA hairpin is attached to two beads
using specific linkages, one is held by a micropipette and the other by the optical trap. Right: the trap distance A is moved away from the micropipette,
while the applied force on the DNA hairpin increases, until it unfolds, and a force rip is observed in the FDC (top left).

poly-dA and poly-dGdA loops. It is computed by subtracting
the elastic contribution of the bases not belonging to the loop
(the hairpin stem + 15b of the right handle) to the measured
extension X pNA:

xp = (2)

where Njq,, is the number of bases of each hairpin loop
and xy is the extension of a single unstacked base as given
by the TC model (see ’Results’ section). The assumption
that the bases outside the loop are unstacked is justified
by the analysis presented in Figure 2. For the analysis of
the ssDNA and ssRNA data from previous works (32,33),
presented in Figures 5A,C and 6C, the total number of
bases N for each studied molecule (poly-dA, mixed, poly-
pyrimidine, poly-U, poly-rA and poly-rC) is obtained by im-
posing the TC model elasticity at forces 30 < f < 50 pN.
Their re-scaled extension is computed as x, = xgpna/N.
For the mixed sequence (Figure 5C), the same approach de-
scribed by Eq. 2 is followed, subtracting the extension of
the bases that do not belong to any poly-purine domain, i.e.
that are not bold in the sequence shown in the caption of
Figure 5.

Helix-coil stacking (ST)-model

To analyze the stacking—unstacking transition observed in the
experiments, we use a helix-coil type model denoted as the

stacking (ST) model. The ssDNA molecule is modeled as a
polymer chain of Nstackable bases, that can form stacked
(S, blue) and unstacked (U, yellow) domains, Figure 4A. The
ST model can be mapped onto a one-dimensional Ising chain
where each base i = 1, 2, .., N is represented by a binary vari-
able o;. Bases in an S-domain (o; = 1) and those in a U-domain
(0, = —1) exhibit different elastic responses.

Two energy parameters define the model (Figure 4A): the
(positive) energy gain per stacked base, est; and a cooperativ-
ity parameter between adjacent domains, yst. The elastic re-
sponse of U-domains is modeled using the Thick-Chain (TC)
model (Supplementary Section S2), which accounts for steric
effects due to the high flexibility of longer U-domains, espe-
cially at low salt concentrations. The extension per U-base in
the TC model, xy(f), is described by parameters Iy, @ and A,
as previously explained. In contrast, the high rigidity of the
shorter S-domains is well described by the semiflexible WLC
model (Supplementary Section S2). The extension per base of
S-domains, xg(f) depends on the persistence length, ps, and the
contour length per base, [ and is obtained by inverting the in-
terpolation formula of the model proposed in Ref. (41). The
total extension X of the chain is X = Ny xy + Ng x5, where Ny
=>i-1,N(1 —0;)/2and Ng = >";_ 1, n(1 + 0;)/2 are the to-
tal number of unstacked and stacked bases, respectively. The
normalized extension per base is x;, = X/N with N = Ng + Ny
being the total number of bases. Upon increasing the force f,
the longer U-domains become energetically favored (Ny in-
creases while Ny decreases), as illustrated in Figure 4A. The
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Figure 2. Unstacked ssDNA elasticity. (A) A typical FDC for Hp. In light green (dark blue blue) are shown the unfolding (folding) branches, with Ag (Ay)
being the trap position (trap-pipette distance). The elastic contributions to the trap position A at the F(U) branches are schematically depicted on top
(bottom). Arrows indicate the jump in force when the molecule unfolds or folds, changing from one branch to another. These forces dictate the limits for
applicability of the two branches method. (B) FEC of Hy for 10 mM MgCl, (light yellow dots) and 1M NaCl (dark brown dots). Black lines show the fit of
the TC model to the NaCl data. The inset shows a schematic depiction of the Thick Chain (TC) model, with its three parameters: the disk radius A, the
spacing a, and the total contour length, L.. (C) FECs per base xsspna/N, for Hy (red filled circles) and 7kbp hairpin [(blue empty triangles, Ref. (9)] for
different NaCl concentration, with their fits to the TC model (continuous lines). The inset of the central panel shows the salt dependence of the fitting TC
model parameters. Shadowed areas are the statistical errors obtained by bootstrapping (N = 500). The right inset shows how the theoretical FECs
change with salt concentration. The error bars are the standard errors of the molecules studied at each condition (Supplementary Figure S3,

Supplementary Table S6).

energy function of the ST-model reads:

E({oi}) = =Ns({oi}) (GST + /Ofxs(f’)df/) _

where B = 1/kgT, with kg being Boltzmann’s constant and T
the temperature.

The ST model also allows computing the stacking correla-
tion length, &gr. Starting from any base of the chain in a state
0;, &gt is defined as the distance in nucleotides where corre-

f N+1 lations of o decay due to thermal fluctuations, i.e. <o;o; >
—NU({Ui})/ xul(f)df — yst Z 0i0jt1- (3) ~exp ((j — 7)/&st). In the long chain limit (N = co) the stacking
0 i=0 correlation length &g is computed as (Supplementary Section

The integrals in (3) are the stretching energy contributions
per base in the S and U domains. Fixed (Neumann-Neumann)
boundary conditions are imposed at the ends, with 0g = on 4 1
= —1 for the non-stackable bases outside the poly-dA (or poly-
dGdA) region. We have solved the free energy G(f) of the ST-
model of Eq. (3) and derived the FECs using X(f) = —%.
Detailed calculations are provided in Supp. Sec. 5.

For N = o0, the free energy difference between the relaxed
ssDNA at zero force and the fully unstacked state (given by
Eq. (3) with 0; = —1, Vi) is (Supplemenatry Section 5.1):

AGST = STy %log[cosh (ﬂés—T) +

2 2

+\/e*4ﬂV5T + sinhz (IBGSTT)], (4)

5.1, Eq. S16):

-1

cosh (BA) — \/e*“ﬂVST + sinh? (BA)

Est = — | log

cosh (BA) + \/e*‘“BVST + sinh? (BA)

where A is defined as:

Azeﬂ_l

f
2 "2, Ax(f)df", (6)

with Ax = xy — xs. As shown in Eq. (5), &t depends on
the value of the force, and it is maximum at the force where
FECs exhibit a force-shoulder, indicative of a first-order phase
transition.
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Figure 3. poly-dA stacking (A) FECs of Hy (yellow circles), Hyo (orange
triangles), Hao (blue filled rhombi) and L4g (blue empty rhombi). (B)
Re-scaled FECs of the molecules shown in panel A. (C) Re-scaled FECs
for varying lengths: Hy (re-scaled over its total number of bases) and Hyq
and an average of Hyp and L4g (re-scaled extensions of their poly-dA
loops) with their respective fits. Color code as in b. Inset shows the
comparison of the theoretical re-scaled FECs for the unstacked state
(dashed) and the predicted for the infinite ST-model, compared with
magnetic tweezers data (32) for a polypyrimidine and poly-dA ssDNA
sequences.
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Figure 4. Stacking (ST) model. (A) Schematic depiction of the model for
N = 20 bases. The bases are in either a stacked (dark blue) or unstacked
(light yellow) state. The former are favored energetically by esr, while
adjacent bases are energetically favored (penalized) with st if they do
(not) share state. As force increases, the longer unstacked state is
energetically favored. (B) Theoretical FECs for varying lengths (color
lines). Dashed and dotted lines represent the completely unstacked and
unstacked elasticity, respectively. The black continuous line shows the
model prediction for a domain of N — oo. The inset shows the fraction of
bases in the stacked state, ¢, as a function of the force (same color
code as the main panel).
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Results and discussion

We unzip DNA hairpins with optical tweezers and measure
the elastic response of poly-dA tracks using DNA hairpin
constructs with poly-dA loops of 20 and 40 bases (b) and
stems of 15 and 20 bps (H»p and Hy in Figure 1A). As a
reference, we also study a hairpin sequence with a poly-dT
loop of 20 bases (Hy) and a 40b poly-dA loop without stem
(L4o), Figure 1A. Stacking is primarily contained in the loop
because strands in the stem only contain segments of very
short, typically less than four, consecutive purines (see below,
Supplementary Figure S1 and Supplementary Table S1), which
will be denoted as non-stackable sequences. As a comparison
we also investigate the elastic response of DNA hairpins with
loops of alternating deoxyadenine and deoxyguanine (poly-
dGdA) using similar constructs (Figure 6A). Molecules were
pulled from their ends using specifically designed DNA han-
dles and a BSO of 48b that links the two handles (39,42) (Fig-
ure 1B and "Methods’). The higher stability to shearing of the
dsDNA handle than to the unfolding of the hairpins allows us
to obtain the ssDNA molecular extension of the purine loops
in a broad range of forces (5 < f < 45 pN) (Figure 1C).

Unstacked elasticity

To measure the FECs of the purine stretches (poly-dA and
poly-dGdA) in the loops, we must subtract the contribution
of the stem and the BSO to the measured molecular extension
(Methods). To derive the elastic response of the non-stackable
ssDNA sequence in the stem, we have studied the reference
hairpin Hj. Figure 2A shows the force f versus relative trap
position A, the so-called FDC, in one pulling cycle. The folded
hairpin is pulled starting from ~5pN at a constant loading
rate (Figure 2A, green line) until a force is reached (~40 pN)
where the BSO partially detaches (blue oligonucleotide in Fig-
ure 1B, bottom), the hairpin unfolds, and a force rip is ob-
served (Figure 2A, top arrow). Upon reaching ~50 pN the
process is reversed, and the force decreases at the same un-
loading rate (Figure 2A, blue line).

At ~4 pN, a force jump event is observed (Figure 2A, bot-
tom arrow), where the hairpin refolds, and the BSO rebinds to
the right handle (Figure 1B, top). The difference in extension
AX = Ay — Ap between the folded and unfolded branches at
a certain force (Figure 2A) gives the FEC of the released ss-
DNA from the hairpin (60 bases) plus the 15 bases released
by the BSO (light blue in Figure 1B, and Methods). Figure 2B
shows the FEC of the total released ssDNA (75 bases) in 1
M NaCl (brown circles) and 10 mM MgCl, (yellow circles).
FECs at the two salt conditions are compatible, in agreement
with the 1:100 salt rule of thumb, which states that the screen-
ing effect at a given concentration in magnesium equals that
at 100 x concentration in sodium (43,44). Results agree with
the FECs measured without the BSO at low forces, 4 < f <
15 pN. They are also consistent with previous measurements
in a poly-pyrimidine sequence (32) (Supplementary Figure S2)
confirming that ssDNA from H is fully unstacked.

Figure 2C shows FECs at 10, 50, 100, 500 and 1000 mM
NaCl (circles) plotted against the molecular extension per base
XsspNa/N. As a comparison, the results for a 7.2kb ssDNA in
glyoxal (9), which prevents secondary structure formation, are
also shown (triangles in the first and last panels of Figure 2C).
The 7.2 kb results agree with those of Hy, showing that hetero-
geneous ssDNA sequences lacking many consecutive purines
exhibit the same ideal elastic response and can be considered
non-stackable sequences.

620z AInr 60 U0 1s8nb Aq 0LLG¥82/EYZE L1 2/ZS /1B /leu /w0 dno-dlwepeoe//:sdiy woij papeojumoq


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae934#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae934#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae934#supplementary-data

13248

FECs of unstacked ssDNA can be fitted to the Thick Chain
(TC) model (45) (Methods, Supplementary Section S2 and
Supplementary Figure S4) over three decades of salt concen-
tration (continuous lines in Figure 2B,C). The TC model con-
ceptualizes the ssDNA as a necklace of contour length L. con-
sisting of oblate disks of diameter 2A and spacing a. Disks oc-
cupy a finite volume to model steric and electrostatic effects
(Figure 2B and methods). Fitting the TC model to the data
(Supplementary Section 3 and Supplementary Tables S2-S5)
we obtain /y = L./N = 0.652(7) nm (contour length per base),
a = 0.65(6) nm, and a Debye-like salt dependence for the ef-
fective radius, A = 0.40(2) 4+ 0.0109(13)/+/C, with C the salt
concentration in M units. Numbers in parenthesis are the sta-
tistical errors in the last digit, obtained from bootstrapping the
fitted data points. A similar salt dependence for A has been
found for RNA poly-U chains (46). The parameters Iy and a
are salt independent and compatible with each other (orange
and black dashed line, central panel of Figure 2C), showing
that one disk in the TC model corresponds to a single base
of the ssDNA. The value ly >~ a ~ 0.65 nm agrees with the
reported crystallographic inter-phosphate distance in ssDNA
(47). Moreover, half the dsDNA helix diameter (dgspna ~2
nm) is compatible with the ssDNA radius predicted by the TC
model A = dgpna/4 ~ 0.5 nm (magenta line, central panel of
Figure 2C). Figure. 2C (rightmost panel, inset) shows the fitted
FECs at different salt concentrations. The TC model predicts
a persistence length, py = —a/log (1 — a*/(4A?)),with values
ranging from 1.3 nm (10 mM NaCl) to 0.7nm (1M NaCl),
consistent with the literature (47,48).

Poly-dA stacking

The FECs for all constructs in Figure 1A are shown in Fig-
ure 3A, averaged over several molecules at 10mM MgCl,
(Supplementary Figure S5). If plotted versus the normalized
molecular extension Xgpna/N, hairpins Hyp, Hao and L4
show a shorter extension upon increasing the poly-dA loop
size (Figure 3B). For Hsp and L4o a nascent shoulder in the
FEC is visible around 15pN, a fingerprint of the unstack-
ing transition (33). This shoulder appears as a change in
the FEC convexity that deviates from the unstacked elas-
tic response, represented by xy. To extract the contribution
of the poly-dA bases in the loop from the FECs, we sub-
tract the elastic contribution of the non-stackable bases of the
stem and the 15b of the BSO (Supplementary Section S4 and
Supplementary Figure S6). The FECs for the loops are shown
in Figure 3C, with (HL)49 being the average of the indistin-
guishable Hyp and L4y (Supplementary Figure S7). The un-
stacking transition is now apparent in the FECs, where the
shoulder becomes more prominent for larger loop sizes. These
finite-size effects demonstrate that the unstacking transition is
cooperative.

To interpret the data, we introduce a helix-coil stacking
model (ST model) (Figure 4A and *Methods’ section), where
the ssDNA polymer is represented by a chain of Nstackable
bases, that can be in the stacked (S, blue) and unstacked (U,
yellow) state. The elasticity of the stacked bases is given by
a Worm-Like Chain (WLC) model, with the contour length
Is and the persistence length ps. In contrast, bases in the un-
stacked domains follow the TC elasticity as described in the
previous section. The Hamiltonian of the model, given by
Eq. (3), depends on two energy parameters: the energy gain
per stacked base, esr; and the cooperativity between neigh-
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boring bases, yst. The latter is an interaction energy between
adjacent bases that rewards (penalizes) bases being in the same
(different) state. As schematically depicted in Figure 4A, each
stacked base contributes to the total ssDNA energy with —egr
whereas neighboring bases in the same (different) state con-
tribute with —vst (+YsT).

The model can be analytically solved for a finite chain of
N bases. Results for the predicted FECs for different N are
shown in Figure 4B, using the parameters that best fit the ex-
perimental results (see below). For small N (N<10), the un-
stacking transition is almost undetectable, while the shoulder
in the FEC becomes visible as we approach the thermody-
namic limit N — oo. The elasticities of the fully unstacked
and fully stacked states are shown as black dashed and dot-
ted lines, respectively. The model also predicts the fraction of
stacked bases at a given force, ¢y (Figure 4B, inset), which
increases with N, saturating for N — oo.

A combined fit of the ST model with four parameters
(Is, ps, est and yst) has been performed for Hyo(N = 20)
and (HL)4o(N = 40), giving Is = 0.386(2) nm, ps = 9.9(4)
nm, est = 0.14(1) kcal/mol and yst = 0.86(2) kcal/mol.
The inset of Figure 3C compares the FECs predicted by the
ST-model using the obtained fitting parameters (black line)
with independent experimental data from Ref. (32) for very
long poly-dA ssDNA molecules, N ~ 5—40kb (black cir-
cles). The inset also compares data from Ref. (32) for a
polypyrimidine (poly-pyr) sequence (gray circles) with the
TC model prediction for the fully unstacked ssDNA at 1 M
NaCl (dashed black line) finding good agreement. Our val-
ues, Iy = 0.386(2) nm, ps = 9.9(4) nm are compatible with
those obtained in previous gel electrophoresis studies (Ig ~
0.33 nm, ps ~ 7.5 nm) (49). [s is similar to the value for poly-
A RNA (33) (Ig = 0.36 nm), and also the step size in B-DNA
(0.34nm). While py is larger than py ~ 1 nm, it is also lower
than for dsDNA (~50 nm) at comparable salt conditions
(50,51).

Regarding the energy parameters, the cost of a domain wall
2vysr is ten times the stacking energy per base 2yst ~ 10esr,
highlighting the cooperativity of stacking. Interestingly, the
values est = 0.14(1) kcal/mol and yst = 0.86(2) kcal/mol
are similar to those for non-specific secondary structure in ss-
DNA, € = 0.18 kcal/mol and y ~ 0.61 kcal/mol at 10 mM
MgCl, (9), suggesting that secondary structure formation is
mainly driven by stacking.

Salt dependence of base stacking

To further elucidate ssDNA stacking, we have investigated
the effect of salt by pulling H4¢ at different NaCl concentra-
tions (50, 100, 500 and 1000 mM, Supplementary Figure S8).
Figure 5A shows results for Hyg at two selected concentra-
tions (100 and 1000 mM; filled black squares in the middle
and right panels). Results for 50 and 500mM are shown in
Supplementary Figure S9. We compare these results to those
of Ref. (32) on long (N = o0) poly-dA sequences (empty red
circles). The left panel also shows data from Ref. (32) for 10
mM, for which we do not have data because Hsy does not
refold in the unzipping experiments below 50 mM NaCl. We
have performed a simultaneous fit of the ST model combining
our data for N = 40 with data from Ref. (32) over the various
salt conditions.

Fits have been performed by imposing a logarithmic
salt dependence for the energy parameters of the model,
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Figure 5. Salt dependence of base stacking. (A) FECs of the poly-dA loop for the Hyo (black squares) and poly-dA from Ref. (32) (empty red circles) for
10, 100 and 1000mM NaCl concentration. The gray dashed and dotted lines represent the elasticity of the unstacked and stacked state using the TC and
WLC models, respectively. Solid curves are the fitting ones using the finite (black) and infinite (red) model (60mM and 500mM curves for Hag shown in
Supplementary Figure S8). (B) (top) Schematic depiction of the cooperativity between adjacent domains for the STy, model. (bottom) Salt dependence
of the stacking energy per base, esr and interaction energies between purines (yst) and the purine-pyrimidine boundary one (y»). (C) Results for the few
kb mixed sequence of Ref. (32) containing the repetitive 28 b motif (AAGAGTATGGAAAGT AAAAGAAATAAAG) with three poly-purine regions of 9,6
and 8 b (bold letters) for 10, 100 and 1000 mM NaCl (orange triangles). Solid orange and black lines correspond to the fits of the finite ST-model and the
STy, models, respectively. The gray dashed and dotted lines represent the elasticity of the unstacked and stacked state using the TC and WLC models,
respectively. D Correlation lengthfrom the ST model, Eq. (5), as a function of the force for 10, 100 and 1000 mM NaCl concentration. Inset: Theoretical
predictions for the infinite model of the maximum stacking correlation length (J1?*, magenta) and the force at which it peaks (f Z?*) as a function of the

salt concentration, C. Statistical uncertainties are shown as shadowed areas.

esT = €Jp + méplog(C) and yst = y& + mlplog(C), with C
the salt concentration in M units and €2 = 0.14(1) kcal/mol
and y&. = 0.86(2) kcal/mol the reference values at 1M NaCl.
These values have been imposed from the previous fits at
the equivalent 10mM MgCl, salt condition (Figure 3C and
Supplementary Figure S10). A logarithmic salt dependence is
predicted by thermodynamic activity models of diluted ionic
solutions and confirmed in studies of DNA and RNA hy-
bridization (9,19-21,52,53). A Debye-like behavior has been
assumed for the persistence length of the stacked bases (ps =
Poo +A/+/C (43)) while I = 0.386 nm is taken as salt inde-
pendent (43).

The fitting curves (Figure SA, continuous lines) reproduce
the experimental FECs. Figure 5B shows the salt dependence
of est (blue) and ys1 (magenta), with their uncertainties (shad-
owed bands). We notice that esy ~ 0.11-0.14 kcal/mol
(mér = 0.007(2) kcal/mol) and ps ~ 10—12 nm remain al-
most constant, whereas yst nearly doubles from 10mM to 1M
salt concentration (mgT =0.065(17)). Interestingly, ngT =
0.13(3) kcal/mol agrees with the salt correction energy pa-
rameter per base pair for DNA hybridization in the NN model
(0.11 kcal/mol) (19-21). Table 1 shows the fitting parame-
ters obtained with the outlined procedure (procedure I, central
column).

We compare our model predictions with previous data for
long (N — o0) poly-dA sequences. For N = oo, the stack-
ing free energy AG, defined as the free energy difference be-
tween the relaxed ssDNA at zero force and the fully unstacked
state is given by Eq. (4). When Bysr ~ 1 we obtain AG( ~
esT + O(e=*Pr51) ~ 0.14(3) kcal/mol for all salt conditions.
This value agrees with the salt independent stacking energy
reported for poly-dA sequences, AGy = 0.159(13) kcal/mol
(32), and is close to calorimetric and optical estimates ob-
tained for finite N sequences, AGy = 0.09 — 0.12 kcal/mol
(54-59).

The ST model permits us to calculate the stacking correla-
tion length &gt versus force f, Eq. (5) (Figure 5D at 0.01, 0.1,
1 M NaCl). The stacking correlation length sets the minimum
nucleation size that triggers stacked domain growth. It shows
a maximum £Z at f ¥, dropping to zero at high forces.
&7 is salt dependent varying from 4b at 10 mM to 10b at
1M (Figure 5D, inset). The maximum £Z** is a consequence
of the first order character of the stacking—unstacking transi-
tion. The larger extensional fluctuations in the pulling direc-
tion are due to the breathing of the planes of the bases leading
to the shoulder observed in the FECs (e.g., Figure 3C). One
can prove that the maximum in the correlation length £Zj*
occurs at a force f [ that depends on egy and the elastic-
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Table 1. Poly-dA fitting parameters to the ST-model

Nucleic Acids Research, 2024, Vol. 52, No. 21

Procedure I
(kcal/mol, nm)

Relation (C in M units)
(C in M units)

Procedure II (kcal/mol, nm)
(kcal/mol, nm)

€sT = eg’g + mgrlog (C) € =0.14
YsT = Vo + mgT log (C)

va =5 +my, log(C)

v2 = vy +miylog (C) 9 = 0.43(5)
Ps = Dsoo + mﬁ/\/é Ps, 00 = 99(9)1 my =
s = constant Is = 0.386(2)

(1), m&; = 0.004(1)
y0 = 0.86(2), mly = 0.05(1)
Y =0.5(1),m,, = 0.08(3)

0.3(1)

€0 = 0.13(1), m&y = 0.006(2)
yO. = 0.88(3), mly = 0.05(2)
¥ =0.5(2), m,, = 0.09(3)

pS,oc = 45<4), my = 09(5)
Is = 0.40(1)"

"Values from procedure I were obtained by fitting the poly-dA data at different salt conditions and ssDNA lengths to the ST-model (single y). Next, the
mixed sequence data is fitted adding the y2 parameter. Values obtained from procedure II were obtained by simultaneously fitting all sequences and salt

concentrations using the y2-ST model.

ity of the stacked and unstacked states, esT = fofmx(xu( -
xs(f'))df’". In contrast, the value £2** only depends on the co-
operativity parameter ysr, £ = —1/(log(tanh(By s7)). Both
g™ and f e increase with salt concentration. These re-
sults are general predictions of helix-coil models and are de-
rived in Supplementary Section 5.1. Interestingly, our pre-
dicted value &st(f = 0) = 4b matches the minimal nucle-
ation length reported in calorimetry experiments (27). The
value of f&** =14 — 20 pN also matches the shoulder ob-
served in the FECs; the larger the /%%, the more prominent
the shoulder is (Figures 3C and SA). f % also agrees with
predictions based on electrostatic tension models (32,60,61)
(Supplementary Section 6 and Supplementary Figure S11).

Stacking also occurs between purines and pyrimidines (27).
To investigate purine-pyrimidine stacking, we have extended
the ST model (Eq. 3) by considering purine-like (stackable)
and pyrimidine-like (non-stackable) domains and introducing
a cooperativity parameter y, at the purine-pyrimidine bound-
aries (Figure 5B, green boxes in top schematics). The FECs
predicted by the v,-ST model (Supplemenatary Section 5C)
have been fitted to pulling data from Ref. (32) for mixed se-
quences containing tracks of 6, 8, 9 consecutive purines (Fig-
ure 5C, triangles). We have assumed the logarithmic salt de-
pendence, y, = y; + m,, log C with the previously determined
parameters €st, YsT, Ps, ls, pu, lu. We obtain y, = 0.5(1) +
0.08(3)log C (kcal/mol) which is lower than yst (kcal/mol)
(green and pink lines in Figure 5B) indicating lower stacking
cooperativity between purines and pyrimidines. Interestingly,
the salt correction parameters for vy, and ysr are close (0.065
versus 0.08), indicating similar ion activity effects for stack-
ing. In fact, by imposing the salt correction parameter 7. to
the fit of v, we get compatible results, y = 0.43(5) kcal/mol.
Table 1 shows the parameters obtained by a simultaneous fit
of all data to the y,-ST model (procedure II, right column) and
agrees with the results of the previous analysis (procedure I,
middle column).

Base-stacking in other purine sequences

To further investigate stacking in ssDNA, we have considered
poly-dGdA (alternating dA and dG bases) and poly-dG se-
quences of different lengths embedded in the same hairpin
stems shown in Figure 1. Hairpins Hyoga and Hypg have a
stem of 20 bp and a loop of 20 bases, whereas hairpins Hsoga
and H4pc have a stem of 15 bp and a loop of 40 bases, so
the total number of bases are 60 and 70, respectively. Hairpin
sequences are shown in Figure 6A, Supplementary Figure S12
and Supplementary Table S1. We have pulled the four new
constructs (Supplementary Figures S12-514). Results on poly-
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Figure 6. Stacking in ssRNA compared to ssDNA. (A) Schematic
depictions of the two hairpins with poly-dGdA motifs in the loop. (B)
Re-scaled FECs per base for the dGdA loops of Hogga (dark green), Haoca
(light green). As a comparison, data for the 20b and 40b dA loops (orange
triangles and gray squares) is shown. Dashed lines represent the
elasticity of the stacked and unstacked conformations. Continuous lines
are fits of the ST model to the experimental data. (C) Re-scaled FECs per
base for poly-rA (blue) and poly-rC (red) sequences from Reference (33).
Continuous lines are fits of the ST model to the experimental data. In
contrast, dashed lines represent the elasticity of the stacked (blue for
poly-rA and red for poly-rC) and unstacked (black) conformations. (D)
Correlation length from the ST model, Eq. (5), as a function of the force
for poly-dA, poly-dGdA, poly-rA and polyrC. Statistical uncertainties are
shown as shadowed areas. Error bars are the statistical errors from
averaging different molecules (Supplementary Table S6).

dGdA sequences (Hyoga and Haoga) are shown in Figure 6B
as green circles and are compared to poly-dA results. A small
deviation from the ideal elastic behavior (dashed line) and a
a modest shoulder suggest that stacking is weaker for poly-
dGdA than for poly-dA. Fits of the ST model are shown as
continuous lines. The weaker stacking in poly-dGdA is re-
flected in the fitting parameters, which give esr = 0.02(1)
kcal/mol and ygr = 0.67(2) kcal/mol, compared to est =
0.14(1) kcal/mol and ysr = 0.86(2) kcal/mol for poly-dA,
leading to a lower free energy of AG3T = 0.07(3) kcal/mol
(as compared to AG3T = 0.14(3) for poly-dA). Results for
the force-dependent correlation length &gt are shown in Fig-
ure 6D. Compared to poly-dA, the correlation length for poly-
dGdA shows a less pronounced maximum at a lower force,
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12 pN versus 18pN, which is a consequence of the lower
stacking cooperativity (ysr) and stability (egr) in poly-dGdA.
The lower ££4%* aligns with the negligible finite-size effects ob-
served in the FECs of Hypga and Hapga, dark and light green
color circles in Figure 6B.

Finally, pulling experiments on the poly-dG constructs lead
to non-reproducible FECs that we interpret as due to the for-
mation of compact structures, such as G-quadruplexes, that
unfold at forces higher than 40pN. The remarkable kinetic
stability of such structures precludes stacking measurements
of poly-dG sequences using our method (see Supplementary
Figure S14.).

Stacking of ssRNA

Our study of poly-dA naturally extends to poly-rA sequences,
relevant for the tailing of mRNA during the maturation pro-
cess (62). Poly-rA tails contain hundreds of rA bases that
confer a high rigidity to the backbone potentially influenc-
ing mRNA translation and gene expression (63). Previous
force-spectroscopy measurements in few kilobases homopoly-
meric ssSRNA molecules revealed a stacking—unstacking tran-
sition with the characteristic FEC shoulder (33). While no
stacking was observed for poly-U, stacking was observed for
poly-rA and poly-rC. The poly-U FEC is well described by
the ssDNA unstacked elasticity of the TC model, as shown
in Supplementary Figure S15. We have analyzed the data of
poly-rA and poly-rC from Ref. (33) with our ST-model (N
= o00) successfully reproducing the data, Figure 6C. We find
that the stacking energy parameter egr is larger for poly-
rA than for poly-dA (0.18 versus 0.14kcal/mol), in agree-
ment with the higher value of the force where the shoul-
der occurs in the FEC is observed for poly-rA. On the other
hand, the cooperativity parameter yst is lower for poly-rA
than for poly-dA (0.5 versus 0.8 kcal/mol), which results in
a shorter stacking correlation length, as shown in Figure 6D.
Besides, the maximum correlation length is observed at larger
forces (~20-25 pN, Figure 6D), in agreement with the larger
stacking—unstacking transition force. In contrast, the free en-
ergy of stacking per base of poly-rA at zero force, Eq. 4, is
1.6 times larger than that of poly-dA. For poly-rC, we ob-
tain a lower egr = 0.13 kcal/mol than that for poly-rA but
a similar ysr = 0.4 kcal/mol, leading to a lower correla-
tion length (Figure 6d) and stacking free energy (AGS! =
0.20 kcal/mol for poly-rC vs AGJ =0.25 kcal/mol for
poly-rA).

Conclusions

Base pairing and stacking are recognized as the main driv-
ing forces in NAs folding. While Watson—Crick base pairing is
key to modeling specific secondary structures, stacking is less
specific and non-local, tending to pile up bases along molec-
ular chains. The cumulative effect of several stacked bases
does lead to cooperative and collective effects. Despite their
importance, stacking energies in ssNA are poorly known due
to their low values, about ~0.1 kcal/mol per base. Here, we
have applied the blocking-splint oligo method to accurately
measure the mechanical response of poly-dA tracks of 20-
40 bases in a broad range of forces and salt conditions us-
ing pulling experiments. A helix-coil model for stacking re-
produces the experimentally measured FECs, showing finite-
size effects. Such effects are due to the finite stacking corre-
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lation length &1 ~ 5—10 b, on the scale of 20-40b of the
poly-dA loops studied in the paper. We find that cooperativity
increases with salt concentration, doubling from yst ~ 0.5 to
~0.9 kcal/mol from 10 mM to 1 M NaCl. Cooperativity is ten
times larger than the energy parameter esy ~ 0.1 kcal/mol and
the stacking free energy per base (Eq. (4)) AG(S)T ~ 0.14(3)
kcal/mol, which are nearly salt independent. These results
suggest that cooperativity is salt-dependent, despite that stack-
ing stability remains salt-independent, in agreement with pre-
vious results (32). Consequently, the shoulder of the FECs of
poly-dA tracks becomes more prominent with salt, while the
area between the FECs and the unstacked elastic response re-
mains constant (Supplementary Figure S16). Moreover, the
salt correction parameter for DNA hybridization in the NN
model (~0.11 kcal/mol) (19-21) equals twice the salt cor-
rection parameter for ysr, 2m{ = 0.13(3) kcal/mol, suggest-
ing that double helix stability is mainly due to stacking, in
agreement with other studies (7,8). Remarkably, the measured
elasticities in 10mM MgCl, and 1M NaCl are indistinguish-
able, indicating that the 1:100 salt rule-of-thumb holds for
the stacking—unstacking transition. Therefore, the stacking co-
operativity, stability and correlation length can be extrapo-
lated to physiological conditions (64,65), of equivalent ionic
strength ~150—250 mM NaCl: ygr = 0.7 kcal/mol, es =
0.14 kcal/mol, &gy = 7 — 8 b.

We have also studied other purine sequences, such as poly-
dGdA tracks of weaker stacking showing a lower egr,ysr and
AG3T, leading to shorter &gy at the stacking-unstacking tran-
sition force and negligible finite-size effects. Overall, the poly-
purine sequences studied present a strong stacking coopera-
tivity with a correlation length of around 4b at zero force. Be-
sides, the formation of stable G-quadruplexes-like structures
precludes stacking measurements in poly-dG sequences using
our approach. Finally, we have applied the ST model to ho-
mopolymeric ssDNA and ssRNA sequences studied in previ-
ous works (32,33), finding that stacking energies are larger for
ssRNA. In contrast, the cooperativity and stacking correlation
length are lower.

Stacking cooperativity is crucial in NAs. In duplex DNA,
stacking is responsible for the allosteric effects (66) that prop-
agate long-range interactions in ligand binding, important
for regulating gene expression (67). Mechanical models with
cooperativity find collective binding affinities of periodicity
equal to the helical pitch (68). Cooperativity effects in the
form of stacked base triplets have also been observed in over-
stretched DNA that might be related to the triplets of the ge-
netic code (69). Besides, RNA folds cooperatively into large
tertiary structures stabilized by water bridges between phos-
phates and bases and additional inter-strand stacks. Previ-
ous studies of poly-rA RNA molecules (11,59,70) showed
that they form double-stranded helices stabilized by stack-
ing, despite being unable to form Watson—Crick base pairs.
We generally expect stacking interactions to be more impor-
tant than hydrogen bonding for cooperativity effects in du-
plex and ssNA since stacking is the only force that naturally
propagates along the phosphate backbone. Our results (yst >
>egr) support the relevance of stacking cooperativity in ssNA
in promoting different kinds of structures. The persistence
and stacking correlation lengths in ssNA are central param-
eters for understanding hybridization and assembly of ssNA
sequences, a key process for synthetic devices such as DNA
origami (15), DNA nanoswitches (16) and synthetic molecu-
lar machines (17).
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Moreover, the stacking properties of ssDNA regulate the
binding affinity of different single-stranded binding proteins
involved in replication and recombination (4). The distinct
elastic properties of homopolymeric sequences imply differ-
ent affinities of regulatory proteins that can be characterized
using high-throughput techniques such as FRET platforms
(71) and electrostatic traps (72). Moreover, the studies of ho-
mopolymeric sequences could be used as labels or targets for
recognizing specific sequences, such as in immune detection
(13). Overall, the distinct behaviors of homopolymeric single-
stranded sequences might have been important in codifying
specific functionalities in some stages of evolution.

Remarkably, in recent work, we have shown that RNA, but
not DNA, exhibits novel properties at cold temperatures be-
low 20°C attributed to the ribose-water interactions (73). It
would be interesting to measure the temperature-dependent
stacking in ssSRNA and ssDNA to search for differences in
the ribose-deoxyribose replacement. Measurements varying
the temperature would also allow to determine the entropy,
enthalpy and AC, of stacking.
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