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Abstract

Binding gene-wide single-stranded nucleic acids to surface-immobilized complementary probes is an important but challenging process for bio-
physical studies and diagnostic applications. The challenge comes from the conformational dynamics of the long chain that affects its accessibility
and weakens its hybridization to the probes. We investigated the binding of bacteriophage genome M13mp18 on several different 20-mer probes
immobilized on the surface of a multi-spot, label-free biosensor, and observed that only a few of them display strong binding capability with dis-
sociation constant as low as 10 pM. Comparing experimental data and computational analysis of the M13mp18 chain structural features, we
found that the capturing performance of a specific probe is directly related to the multiplicity of binding sites on the genomic strand, and poorly
connected with the predicted secondary and tertiary structure. WWe show that a model of weak cooperativity of transient bonds is compatible
with the measured binding kinetics and accounts for the enhancement of probe capturing observed when more than 20 partial pairings with
binding free energy lower than -10 kcal mol~" are present. This mechanism provides a specific pattern of response of a genomic strand on a

panel of properly selected oligomer probe sequences.
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Introduction

In the last decades, the research aimed at understanding and
controlling nucleic acid (NA) interactions for either analyti-
cal or nano-technological applications has been constantly ex-
panding (1,2). Thanks to the simplicity of the nucleotide (nt)
pairing code, extremely complex structures self-assembled by
the hybridization of several single-stranded (SS) chains can
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be modelled and fabricated (3,4). Such highly accurate de-
sign capability is typically achievable when the equilibrium of
the overall hybridization reaction is strongly shifted towards
the product structures and kinetic traps are avoided (5). In
contrast, the conformational behaviour of long SS NA chains
(>1000 nt), dominated by marginally stable and competing
pairings, remains elusive. This affects the understanding of
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natural processes, such as the modulation of mRNA transla-
tion (6) or the function of non-coding RNAs (7-9). Moreover,
the complex behaviour of long SS NA chains strongly impacts
the design of analytical tools relying on the hybridization with
oligomer probes with complementary sequence (10-12). In
such framework, the COVID-19 pandemic has boosted the re-
search on innovative methods for the direct detection of long
DNA or RNA strands without extraction and thermal cycles
(13-15) or even without amplification (16—18), but the direct
multiplex characterization of pools of long NA sequences by
methods suitable for mass screening still remains an unmet
need (19,20). Despite the complexity of the interactions and
the unavoidable presence of secondary structures affecting the
hybridization with complementary probe strands (21), recent
studies have shown that long NA strands can offer the oppor-
tunity of increasing the sensitivity and specificity of detection
through multivalent binding (18,22-24).

The complex polymer folding and dynamics of long SS
NA plays a major role especially when the binding occurs
on a surface rather than in free solution, mainly because of
entropic and electrical effects (25,26). The self-assembly of
large DNA structures on a surface or the capture of a long
SS NA by surface-immobilized probes are non-trivial even
when they occur efficiently in solution (27,28). This phe-
nomenon affects surface-based biosensors and microarrays,
which typically limit their targets to NA strands with length
up to a few hundreds nt (29-31). In contrast to more com-
mon fluorescence detection, label-free biosensors and microar-
rays (32-335) offer access to kinetics and more accurate ratio-
metric quantification (36). While label-free DNA microarrays
have been successfully exploited to quantify and study short
oligomers (26,37-39), the mechanism for capturing a long SS
NA sequence remains largely unexplored.

Here, we analysed by label-free microarray a wide panel
of oligomer probes for isothermal surface capturing of bac-
teriophage genome M13mp18, a SS DNA chain of 7249 nt
commonly used in NA research, as a model for a long SS NA
chain. We show that this long DNA genomic strand can pro-
vide a characteristic and sequence-specific pattern of response,
with only a few selected probes yielding remarkably efficient
binding. We find that such binding pattern is primarily en-
coded in the sequence through the multiplicity of sub-optimal
pairings between the long strand and the surface probes, as
schematically shown in Figure 1, a behaviour that is consis-
tent with a model of weak cooperativity of multiple tran-
sient bonds. Such a model, built on a simple coupling of re-
action kinetics, indicates that in a system in which multiple
bonds of a single chain is entropically disfavoured, there is
still a combinatorial advantage for rapidly alternating weak
bonds, yielding an overall enhancement of binding strength
and kinetics hence an intrinsic amplification of surface
hybridization.

Materials and methods

Computational methods
Selection of single stranded regions by base pairing probability
matrix—topology prediction
The sequence of the bacteriophage M13mp18, a circular sin-
gle stranded DNA chain with length N,,; = 7249 nucleotides

(nt) (Supplementary File S1) has been used as input for the
RNAFold (40) software as provided by the VIENNA Pack-
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Figure 1. Scheme of the circular single stranded DNA of bacteriophage
M13mp18 binding on 20-mer single stranded DNA probes immobilized in
different spots on the biosensor surface. Each probe is fully
complementary to a specific region of the long strand, but it forms partial
pairings also with other regions. The colored fragments on M13mp18
represent regions fully or partially complementary to probe 1 (red) or fully
complementary to probe 2 (blue).

age. The force field by Mathews (41) has been used for the
prediction of the base pairing probability of the circular DNA
at 37°C and the centroid structure, i.e., the structure in the en-
tire structure ensemble that has the minimum total base-pair
distance to the structures in the set. The centroid secondary
structure obtained from RNAFold annotated in .ct2 for-
mat (Supplementary File S2) has been processed by in-house
scripts in order to extract single strands with length equal or
greater than 35 nt resulting in 34 sequence regions. The se-
quence regions SSpy; selected by the analysis of the base pair-
ing probability matrix are reported in Supplementary File S3.

Coarse grained Monte-Carlo simulation—conformation pre-
diction

As schematically shown in Figure 2A, the SSpy regions of
M13mp18 have been used as input for performing Virtual
Move Monte Carlo (VMMC) (42) as implemented in the code
OxDNA (43). A Replica Exchange Monte Carlo (REMC)
scheme (44) has been adopted using the canonical NVT en-
semble with the temperature scheme T = 298, 306, 313, 320
K, and 10 millions of steps, with an attempt of exchange every
5000 steps and a writing rate of 1/2000 frame/steps (i.e. lead-
ing to 5000 frames collected for every DNA sequence). For
each sequence, the simulations have been performed in a cu-
bic box with the edge length equal to 42.5 nm (i.e. 50 inter-
nal units). The trial translational and angular rotational dis-
placements have been respectively set up at +0.4 A (delta =
0.1) and £7 arcdegrees (delta = 0.25). The structures cor-
responding to the thermal equilibrium condition of REMC
simulations (i.e., non-exchanging states) have been extracted
and converted to all-atoms models using the TacoxDNA util-
ity (45) for all the temperature explored by means of the
adopted REMC scheme. For the sake of homogeneity of sam-
pling for all the inspected sequences, the last 2 x 10° steps
(i.e. the last 1000 frames) have been considered for the ex-
traction of atomic structures in every trajectory. The result-
ing structures have been inspected in the form of a trajec-
tory using the contact maps MDMAT analysis tool of the
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Figure 2. Schematic of computational and experimental assessment of binding between M13mp18 and 20-mer DNA probes. (A) The regions of the
genomic DNA with the largest SS propensity and hence accessibility to probe binding are computed by RNAFold (40) (SSpn) and OXDNA (43) (SSwc).
20-mer probes with optimal pairing with their complementary fragments on M13mp18 (SSpp) are selected from the SSyc regions. (B) For all the 20-mer
sequences fully complementary to a fragment of M13mp18, the multiplicity Ny, of binding sites forming full or partial pairings on the M13mp18 strand is
computed by a local alignment algorithm (49) using a threshold A Gy, = —10 kcal mol~" for the hybridization free energy computed by Nupack (51).

(C) The equilibrium and kinetic parameters of the binding between the genomic strand and the probes are measured by RPI biosensor. Top left: the
probes are immobilized in spots on a glass sensor glued on the inner wall of a cuvette and mixing is provided by a magnetic stirrer. Top right: the spot
surface density of molecules is obtained from the images of light reflected by the glass sensor surface. Bottom left: the RPI sensor is formed by a glass
substrate with anti-reflective coating for water. Bottom right: the binding parameters (GU, Ky, kon, koff) are obtained from the fit of the kinetic binding
curves measured on each spot type for different concentrations of genomic strand in solution. (D) Multivalent kinetic model for the binding of a long SS
NA on surface immobilized oligomer probes. The long strand has Ny, possible pairing sites for the oligomers (black and red dots). Each state is
characterized by the number of bindings forming with the surface, from 0 (long strand in solution, state S), up to Ny,. Each of the surface bound
sub-states B, forms jbindings with the surface probes. The association kinetic rate from state Sto B; is Nmkon1, Whereas the dissociation rate is Ko .
The kinetic rate of forming an additional paring from a surface bound state is given by k,,, multiplied by the number of unbound pairing sites on the long
NA strand, whereas the rate of breaking an elementary surface paring is ks, for all sub-states. Inset: the solution of the multi-state system provides the

overall kinetic rate ko, and ks for surface binding of M13mp18.

GROMACS 2020.1 suite (46) (Supplementary File S3 and
S4). The SSpym sequences have been assessed according to the
following criteria: (a) completely unpaired regions at 298 K
(SST25); (b) completely unpaired regions according to the
contacts averaged over all the four temperatures (SSTvar);
(c) paired regions according to the contacts averaged over
all the four temperatures that display a less permanent sec-
ondary structure (i.e. higher averaged nucleotide-nucleotide
distances) at higher temperatures (DSTvar). Sequence regions
SSmc (reported in Supplementary File S3) satisfying criteria
a or b but not ¢ were selected as candidate targets for probe
strands with complementary sequence (Figure 2A).

Oligomer probe selection—hybridization prediction

The SSyic regions of M13mp18 selected as single stranded by
coarse grained Monte-Carlo analysis were further analysed
for their hybridization efficiency with their candidate 20-mer
complementary probes. The criteria were: (i) the probe should
have little or no probability to form self-complementary hair-
pins; (ii) it should have the highest possible melting temper-
ature; (iii) it should have little end fraying. For condition (i)
we used RNAfold with built-in DNA parameters (40) and re-
tained only those having a predicted folding Gibbs free energy
AG = 0, meaning no predicted capability of forming hair-
pins. To evaluate the melting temperature for condition (ii),
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we used up-to-date nearest-neighbour parameters from (47) at
119 mM Na*. For the case where there were multiple probes
with the same melting temperature, we evaluated the possibil-
ity of end fraying with a mesoscopic model from (48), also cal-
culated at 119 mM Na*. Condition (iii) was met by selecting
the probe with the lowest 5" and 3’ average opening ampli-
tude (48). The genome sequence regions SSop providing op-
timal pairing with their fully complementary 20-mer probes
according to the criteria above and the probes’ sequences
are reported in Supplementary File S3. These selected probes
were used for the experimental characterization by optical
biosensor.

Probe selection by probe multiplicity analysis

A collection of all the possible 7249 20-mer single strands re-
verse complementary to M13mp18 was created by scanning
the genomic strand with step of 1 nt. For each of these candi-
date probes we computed all the pairing Ny, with M13mp18,
including partial pairing with mismatches, bulges and internal
loops (Figure 2B), providing a free energy for hybridization
below the threshold AG, = —10 kcal mol~! for 1 M NaCl at
25°C. This threshold approximately corresponds to the free
energy of hybridization of a fully complementary duplex with
6 base pairs and average nt sequence. The choice of AGy, is
meant to cut out shorter random pairings that are numerous
in a sequence of length Ny, and therefore to save only the ones
that characterize the sequence of the long strand. The speci-
ficity comes from the fact that a random probe sequence is un-
likely to provide many full or partial pairings with free-energy
of hybridization lower than AG,, with a strand of length Nj,.
To compute the sub-optimal matches, we exploited the Smith-
Waterman alignment algorithm (49) to find local alignments
between the whole genome sequence and each of its 20-mer
fragments. We used a custom scoring matrix approximating
the average free energy of pairing for the reverse complemen-
tary sequence of the fragment obtained by nearest neighbour
model (50) with gap opening penalty corresponding to the free
energy cost of a bulge and a cut-off score corresponding to
AG < —6 kcal/mol. Then, for each optimal and suboptimal
pairing with M13mp18, the free energy of hybridization was
computed by Nupack 4.0 (51), and the pairings with free en-
ergy larger than AGy, were discarded.

Probe binding measurements and analysis

DNA sequences

M13mp18 purified ssDNA was purchased from Bayou Bio-
labs (Metairie, LA, USA). Oligonucleotides were purchased
from Integrated DNA Technologies (Coralville, IA, USA)
with Ultramer synthesis. The selected 20-mer DNA probe se-
quences were elongated at the 3’ side with a 10-mer poly-T
strand modified at 3’ terminal with amine for covalent immo-
bilization on the biosensor surface.

Reagents

All buffers and reagents were purchased from Sigma-Aldrich
(Sigma-Aldrich, St. Louis, MO, USA) and prepared according
to common protocols using Milli-Q pure water.

Biosensor cartridge preparation

DNA probe strands were covalently immobilized on the sur-
face of a Reflective Phantom Interface (RPI) sensing sub-
strate forming a matrix of spots (52). Wedge-like glass
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chips (F2 optical glass, Schott) with 5° angle and a size of
8 mm x 12 mm were coated with SiO, to form an anti-
reflective layer of 80 nm. After plasma cleaning, the chips were
dip-coated with MCP2 (Lucidant Polymers Inc.; Sunnyvale,
CA USA), a copolymer of dimethylacrylamide (DMA), N-
acryloyloxysuccinimide (NAS) and 3-(trimethoxysilyl) propyl
methacrylate (MAPS)—copoly (DMA-NAS-MAPS) (39).
Droplets of spotting buffer (Na,HPO4, pH 8.5, 150 mM
and sucrose monolaurate 0.01%w/v) containing amine-
terminated DNA probes at concentrations of 10 uM were de-
posited on the chip surface by an automated, non-contact dis-
pensing system (sciFLEXARRAYER S3; Scienion AG, Berlin,
Germany). Following an overnight incubation, the chip sur-
face was rinsed with blocking buffer (Tris—=HCI, pH 8, 10 mM,
NaCl 150 mM, ethanolamine 50 mM) and distilled water be-
fore being dried. The diameter of the resulting spots of DNA
probes was between 150 and 200 pum. The sensor cartridges
were assembled by affixing the glass chips onto the inner wall
of 1 cm plastic cuvettes (Figure 2C). Prior to use, these car-
tridges were stored at a temperature of 4°C. All target DNA
were suspended in measuring buffer (PBS 1x, pH 7.4, with
final concentration of NaCl 1.137 M) before use.

Label-free measurement and analysis

The RPI measurements were performed using the apparatus
and the analysis described in (52). The sensor cartridges were
filled with 1.3 mL of measuring buffer and maintained at 25°C
during the measurement through a thermalized holder. A mag-
netic stirrer ensured quick mixing of the solution. Spikes of
single stranded DNA target, M13mp18 or oligomers, were
performed by adding 20 pl of measuring buffer containing dif-
ferent amounts of target molecules obtaining concentrations
from 1.5 pM up to 16 nM.

The intensity of light reflected by each spot as a function
of time ¢ was converted into the total mass surface density of
molecules o(#) according to (52). The mass surface density of
target single stranded DNA binding the surface-immobilized
20-mer probes was computed as Ao(t) = o(t) — 09, where oy
is the surface density of oligomer probes measured before the
addition of the target molecules. Each binding curve Ao(z),
obtained by averaging the signal from at least five spots with
identical composition, was fitted with the exponential growth
function:

Ao (t) = Aggy(1 — k) (1)

where Ao, is the asymptotic amplitude and k is the observed
binding rate. The initial slope o’ of each binding curve ex-
trapolated at Ao = 0 was obtained as 0’ = Ao,gk, and the
growth unit was computed as GU = ¢’/0y. The dissociation
equilibrium constant Ky and the kinetic constants for associa-
tion, ko, and dissociation, kg, were obtained from the analy-
sis of the amplitude Ao.4(c) and the initial slope 0'(c) of each
binding curve as functions of the target concentration c in so-
lution, assuming a pseudo-first order behaviour at small con-
centrations and a deviation from the ideal scaling only when
Ao approaches the surface saturation value Ao.. The equa-
tions used to fit the concentration dependence were proposed
in (26) for modeling the DNA hybridization on a surface. For
the analysis of the amplitudes Ac,,(c), here we adopted a lin-
ear approximation of the exponential coefficient exp( — w)
proposed in (53), (54) and (26) to account for weaker binding
with the increase of the fraction ¢ of bound sites on the sur-
face, where the coefficient w is proportional to the repulsive
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potential that the target has to overcome to form a contact

with the surface probes. For small values of w, the exponen-

tial coefficient can be approximated as 1 — w¢, with 0 < w

< 1, and the equilibrium values ¢.q of ¢(c) can be obtained
from the solution of (53,54)

¢eq _ ¢

1- ¢eq Kd

which, considering that Aoeq = A0 beq, vields

V-V
2w

(1 — wdeq) (2)

A(7eq(c) = Ao (3)
where ¥ =1+ w + % Eq. (3) becomes similar to a simple
Langmuir isotherm for either w = 0 or ¢ « Ky. From the
fit of the measured Ao,,(c) with Eq. (3), we obtained K4 and
A0 for each probe spot. The value of k., was obtained from
the fit of the initial slope o’(c) with the function (26)

C*

ct+c
and the dissociation rate constant was given by kg = Kgkop-
Eq. (4) accounts for a linear dependence of o'(c) for small
¢ and a progressive reduction of the observed binding ki-
netics when the concentration approaches the characteristic
value ¢”. In the fit with Eq. (4), ¢" was left as free parameter,
and its value typically corresponded to large surface cover-
age (i.e. Ao close to Aoy). The linear dependence of ¢’(c) at
small ¢ and the value of Ao, > 0.2 ng mm™ were taken as
quality check of the fit and the extracted parameters. Exam-
ples of fits of the measured binding curves and of their am-
plitudes and initial slopes as functions of ¢ are reported in
Supplementary Note S1. The use of Egs. (3) and (4) enables
to extrapolate the binding parameters of the pseudo-first or-
der behaviour observed for ¢ < Ky by fitting all data points,
including those for larger concentrations.

(4)

o'(c) = Aosckonc

Kinetic model for multivalent binding

The multivalent binding of M13mp18 with the surface
oligomer probes was modeled by the multi-state kinetic sys-
tem schematically represented in Figure 2D. The model com-
prises a single state for M13mp18 in solution (S), and multiple
states for the surface bound condition (B;), each characterized
by the number i of elementary bindings, which the long strand
forms with the surface probes, with 1 <7 < N,,,. Each state
B; is kinetically connected by a first-order reaction only with
states B; _ 1 (if i > 1) and B;, 1 (if i < N,,,). The rate constant
from the unbound state S to the first bound state B is given
by N,,kon1, which accounts for the fact that the probability of
binding with an oligomer probe upon contact with the surface
linearly scales with the total number of available binding sites
on the long strand. Analogously, the rate constant for adding
one more elementary binding after the first, i.e. moving from
state B; to B;, 1, is (N,, — i)kon2, where (N,,, — i) is the num-
ber of unpaired sites on the long strand. The rate constant ko2
is assumed to be the same for all bound states. Similarly, the
rate constant ky for removing one binding is the same for
all states with 7 > 1 and can be different from the rate con-
stant kg for leaving the surface from the state with only one
binding (i.e. from Bj to S), because kg also accounts for the
time required to diffuse away from the surface far enough so
that rebinding becomes unlikely. With these assumptions, the
fraction ¢ of occupied surface binding sites that can host the
long strand (0 < ¢ < 1) is obtained as ¢ = Y_b;, where ¢, is

the fraction of surface sites in which the long strand is bound
with i pairings (i.e. ¢, is the fraction of the surface bound pop-
ulation in state B;). According to the model, the values of ¢;
are given by a system of first-order differential equations (see
Supplementary Note S2)

By summing all ¢; to obtain the total fraction ¢ of occupied
surface sites, most of the terms of the system cancel out and it
simply gives:

% = Npkonic(1 —¢) — korr1Fig (5)
where F; = ¢1/¢ is the fraction of the bound population in
state By. In agreement with Eq. 5, the unbinding from the
surface only depends on the population of ¢, which in turn
depends on the solution of the full kinetic system. Assuming
a rapid equilibrium between the surface bound states, much
faster than the dissociation rate kyg (i.€. Ron2 + Rofr > Rogt)s
the value of ¢ is obtained from the equilibrium solution
dd;/dt = 0 for a constant value of ¢. In this case, F; is given

by
1
SN Nt (1)
i=1 (N,,—i)! \ Kp»

where Ky» = ko /kon2 is the adimensional equilibrium con-
stant for the first-order binding process between B; states. Eq.
(5) with Fy given by Eq. (6) represents a pseudo-first order be-
haviour with association and dissociation kinetic rates ko, =

N,kont and kg = koger Fr, respectively, and thus with equilib-
rium dissociation constant Ky = (kyg1/Ront )(F1/Nyy).

(6)

F =

Results and discussion

Computational selection of oligomer probes for
surface capture

To search for oligomer probes capable of capturing the long
SS strand M13mp18 on a surface, we compared two different
approaches for computational selection, analyzing either the
internal structure of M13mp18 or the strength and degener-
acy of M13mp18-probe binding (Figure 2A, B).

The secondary structure of the whole M13mp18 sequence
was investigated by means of base pairing probability matrix
(PM) to extract the centroid structure (Supplementary File S2).
With the aim of maximizing the accessibility of the M13mp18
to the complementary probes, we selected all the centroid re-
gions corresponding to SS strands of length equal or larger
than 35 nt (SSpwm). These regions are displayed by green and
yellow shades in Figure 3. All the other regions of M13mp18
(orange in Figure 3A and not shaded in Figure 3B) include ei-
ther partially DS regions or SS regions shorter than 335, there-
fore we address them as non-SS by PM. The internal dynamics
of the SSpy regions have been further investigated by coarse-
grained OxDNA Monte Carlo (MC) simulation (55) to distin-
guish between those with good (SSyc) versus reduced (non-SS
by MC) accessibility as obtained through the analysis of the
contact maps (Supplementary File S4) and displayed in Fig-
ure 3 as green and yellow shading, respectively. Thus, green
shadings in Figure 3 mark regions emerging as SS by both PM
and MC analysis. We performed a further selection to obtain
the 20-mer complementary probes that can bind such SSyic
regions with the largest stability based on a combination of
minimum free-energy of hybridization and maximum stability
of the terminal of the resulting duplex, as estimated by a meso-
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Figure 3. Map of M13mp18 sequence. (A) Positions of the regions complementary to the selected 20-mer probes along the M13mp18 sequence, and
regions evaluated as SS by base pairing probability matrix (SSpy) and Monte-Carlo simulations (SSyc). The color code is defined in the graphical
representation of the sets: regions classified as SS by both PM and MC (SSyc, green); regions classified as SS by PM (SSpy, yellow and green), but not
by MC (yellow); the remaining regions were classified as non-SS by PM (orange). (B) Multiplicity of binding of all the 20-mer sequences fully
complementary to a fragment of M13mp18. For each fragment of 20 nt starting with the position in abscissa, the blue line represents the number of
partial pairings N, with free energy of hybridization lower then A Gy, = —10 kcal mol~" as computed by Nupack 4.0 (51). Green and yellow shadow
colors indicate the same classification of the regions according to PM and MC analysis of panel a. The starting nt of the sequence fragments
complementary to the probe sequences selected for the experimental assessment by PRI biosensor are indicated as vertical dashed line.

scopic model for hybridization (48). Through the combination
of these criteria, among the SSyic regions of M13mp18, we se-
lected 33 20-base-long sequences with optimal probe pairing
(SSop) (Supplementary File S5).

As alternative approach for selecting the oligomer probes,
we counted the number of binding sites available on
M13mp18 to each of the 20 base-long sequences comple-
mentary to the 7249 20 base-long fragments present on the
circular genome. In the counting, we included all matches
with binding free energy AG computed by nearest-neighbour
model lower than AGy, = —10 kcal mol~'. Such threshold
was chosen to discriminate between the very large number of
short pairings statistically unavoidable, hence not meaningful,
and the few sequence-specific matches less likely to be found
by chance (see Materials and Methods and Supplementary
Note S3). The result is shown in Figure 3B, where we plot
the number of matches Ny, versus the starting position of
each complementary 20-mer (blue line). As apparent, N, can
vary from 1—no stable bond other than the perfect comple-
mentary region—up to about 80. Most of the sequence posi-
tions yield Ny, < 10, whereas only a few give Ny, > 30 (see
Supplementary Note S3). The adoption of the threshold AGy,
enables evaluating the multivalency of the interaction between
M13mp18 and the surface oligomer probes.

Considering all this information, we made an overall selec-
tion of 50 M13mp18-capturing probes to be experimentally
tested. Of each, the starting positions of the complementary
sequence on M13mp18 are marked in Figure 3A and B by
name labels and vertical dashed lines, respectively. The total
number of hits is given by the cross point between the dashed
line and the blue line (N,,). The selection includes: at least one
probe per SSpy region (33 probes); probes complementary to
M13mp18 fragments inside non-SS by MC (6 probes) or non-
SS by PM (10 probes) regions (Figure 3A); probes correspond-
ing to maxima in Ny, (11 probes with N, > 20) and probes
providing low values of Ny, (23 probes with N, < 10). An
additional negative control (DEB-NEG) was selected to have

minimum complementarity with the genome. The full list of
the 50 probes is reported in Supplementary File S5, where,
with the exception of DEB-NEG, each sequence is named af-
ter the initial position of the corresponding fully complemen-
tary strand on M13mp18 (e.g. NT2283 is the probe with se-
quence reverse complementary to the portion 2283-2303 of
M13mp18).

Binding of M13mp18 to surface probes

The selected probe sequences were experimentally tested by
measuring their binding with M13mp18 by RPI microar-
ray biosensor. The probe strands were immobilized in dif-
ferent spots on the surface of an RPI sensor and M13mp18
was added with stepwise increments of concentration ¢ in
the measuring cartridge. The optical signal from each spot
as a function of time ¢ was converted into surface density
Ao(t), expressed in ng mm~2, providing a quantification of
the amount of M13mp18 binding to the spot. The obtained
binding curves for a concentration ¢ of 0.5 nM are reported in
Figure 4A-E.

We find that only about 10% of the probes displayed a
strong binding capability characterized by large amplitude
and fast response, whereas most of the probes provided a very
weak binding. Given the large diversity of responses, in terms
of both amplitudes and kinetics, we quantified the binding on
the different probes by the initial slope of the binding curves
obtained as the growth unit GU (see Materials and methods).
The values of GU for all probes are reported in Figure 4F
in which the color of the bars indicates the class of probes
according to the PM and MC calculation (see Figure 3A). Re-
markably, two of the probes with the strongest binding are
targeting complementary sequences on M13mp18 predicted
to be non-SS by PM assessment (orange). In contrast, none of
the probes targeting strands resulting as non-SS by MC sim-
ulations (yellow) displayed a large binding. Figure 4F also re-
ports the multiplicity Ny, of pairing sites with AG < AGy, for

20z AInr g uo 1senb Aq 80601 £2/9.G9E)6/18U/E60 L0 /I0P/3[01B-90UBAPE/IBU/WOD dNODIWBPEeIE.//:SARY WOl papeojumoq


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae576#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae576#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae576#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae576#supplementary-data

Nucleic Acids Research, 2024 7
1.0 o —nizess [—nez50
|— NTo202 A — NT3078 C — NTa3se E
- |— nTo418 ——NT3170 |—— NTe408
E [T - e
= |— NT1363 —NT3718 — NT6930
o — nT1as8 |— nrag22 — nTea73
c [— nT1508 — NTa014 — w7074
= [——NT1617 —— NT4266 [——NT7217
20,5 —nriers — NT4561 — DEB-NEG ]
2
']
°
3
T !
= ——
“00 ‘ 3 -—ﬁ —-—‘aﬁ
0 5000 10000 O 5000 10000; 0 5000 10000 ; 0O 5000 10000: O 5000 10000
0.15 5 - 70
> Foleo
v?; =
@ 50 2
o =]
= - 40 5
= e
= S]
0 30 2
= B
@ 20 &
2 @ =
O] ® =}
o L 10 =
@
0

I
LA DD A 4D D D 5D 0D 0 A0 N (D D AD AR )
B R N R A T SR RN I RN

VLV LV LV KV KD KD <
QRLEREN

2

AN
B e S 8 e e S e S ST
S S S S SIS

Figure 4. Binding pattern of M13mp18 on the surface-immobilized 20-mer probes. (A-E) Binding curves of M13mp18 measured by RPI as surface
density as function of time. After the acquisition of a baseline, M13mp18 was added into the RPI cartridge at a concentration of 0.5 nM at 1200 s. The
binding curves are divided into five graphs for clarity. The line colors indicate the probe spots reported in the legend of each panel. (F) Pattern of binding
kinetics of M13mp18 expressed by GU (bar plot, left axis) and pattern of multiplicity of binding expressed as Ny, (points, right axis) for different 20-mer
probes immobilized on the RPI sensor. The GU values are obtained from the fit of the binding curves of panels A-E. The color of the bars is the same of
Figure 3A and indicates probes predicted as SS by both PM and MC calculation (green), as SS by PM but not by MC (yellow), and as not fully SS by PM
(orange), or indicates a control sequence without a fully complementary region in M13mp18 (blue). The data points corresponding to the largest values

of N (N > 22) are represented by different symbols.

each probe on the M13mp18 sequence. All probes yielding a
large GU also display a large value of Ny,, hence indicating
a fundamental role of this parameter for efficient binding of
M13mp18 to the surface probes.

The binding pattern of Figure 4F is specific for the sequence
of M13mp18 as confirmed by control experiments performed
with a different genomic strand on the same panel of probes,
which overall provided different and much smaller responses
(Supplementary Note S4). However, neither the full comple-
mentarity of the probe strand nor the secondary structure pre-
diction provide sufficient support to identify strong binding
probes. In contrast, a large multiplicity of binding sites Ny, ap-
pears as a requirement to obtain rapid capture of M13mp18
by the surface probes.

Effect of the multiplicity of binding sites

To asses the role of the multiplicity of binding on the capacity
of each probe to capture the genomic strand, we studied the
effect of N, on binding efficiency. Figure SA compares the
measured GU with the number of binding sites Ny,,. As antici-
pated in Figure 4, none of the 40 probes with the lowest value
of N, (N, < 22) displayed a large GU. In contrast, all the 6
probes with the largest GU have also a large Ny,. The color
of the data points in Figure 5A indicates the sequence accessi-
bility predicted by PM and MC calculation of the secondary
structure (Figure 3A). The data confirm that in the presence of
a large Ny, the SS propensity of a M13mp18 region becomes
a secondary fact.

The figure also demonstrates that a large value of Ny, is a
necessary but not sufficient condition to achieve a rapid sur-
face capture of the M13mp18 strand. More generally, differ-
ent sequence features were found to contribute to the com-
plex hybridization kinetics of oligomers (56,57). In the case
of this study, among the secondary factors to consider, even
a weak probe-probe interaction on the surface can contribute
to slightly decrease the binding kinetics of M13mp18 (37,58),
but only for the probes with large Ny, (Supplementary Note
S5). Therefore, the distribution of data points in Figure SA
suggests an upper limit of the GU that increases with N, as
represented by the dashed line separating a region of the plot
with GU < «N,, with « = 3.3 x 107¢ s! (green shaded area),
and a not accessible region (pink shaded area) for GU > oN,,.
Since the parameter GU is obtained as the initial slope o’ of
the binding curves divided by the surface density of probes,
and o’ is given by the kinetic rate for association ko, times
the saturation surface density of M13mp18 (see Materials and
methods), the observed effect of Ny, on GU suggests a direct
contribution of Ny, on key.

Figure 5B shows the scaling with M13mp18 concentration
of the initial slope o’ of the binding curves (see Materials and
Methods) measured on the spots of the probes with the largest
N In general, we find that o’ linearly scale with ¢ for all
probes for surface densities of M13mp18 well below the sur-
face saturation (see Supplementary Note S1). This behaviour
is consistent with a pseudo-first order binding process at small
concentrations (35,59), indicating that each M13mp18 chain
binds the surface independently if not too crowded. The fitting
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Figure 5. Effect of the multiplicity of binding on GU for M13mp18. (A) GU
measured from the binding curves of Figure 4A-E plotted as a function of
the multiplicity of binding Ny, of each probe. The symbol colors are the
same of the corresponding bars of Figure 4F and represent the
accessibility estimated by PM and MC, as also indicated in the

figure legend. The name of the probes with N, > 22 is reported in the
figure and the corresponding data points are represented by the same
symbols of Figure 4F. The pink-shaded area represents a region of the GU
— N, plane without data points. (B) Dependence of the initial slope of
the binding curves on M13mp18 concentration for the probes with Ny, >
22, as indicated in the legend. The continuous lines are linear fit to the
data points with the same color. The horizontal dashed line

represents the GU corresponding to 3o from the baseline noise and the
vertical arrows indicate the limit of detection for the different probes.

of GU vs c enables to estimate the limit of detection (LOD) of
M13mp18, defined as the concentration (indicated by arrows)
yielding the lowest detectable signal (horizontal dashed line).
The LOD for probes NT1843, NT1855, NT2283, NT2295
and NT4935 is within 3 pM, which is about 100 times lower
than most of the probes with low Ny, value.

Probe binding strength and kinetics

The large difference in the observed GU for the selected
oligomer probes demonstrates a significant heterogeneity in
their strength of hybridization with M13mp18. To further in-
vestigate the origin of this diversity, we analyzed the concen-
tration dependence of the amplitudes and rates of the binding
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Figure 6. Equilibrium and kinetic parameters measured by RPI for
M13mp18 binding on the 20-mer surface probes. (A) Kinetic constant for
dissociation as a function of the equilibrium constant. (B) Kinetic constant
for hybridization as a function of the equilibrium constant. In both graphs:
vertical and horizontal error bars represent the average standard
deviations from multiple measurements for each probe; the dashed lines
represent power low fits to the data points yielding exponents 0.509 (A)
and -0.504 (B); the symbol color and type is the same of Figure 5A; only
data points corresponding to saturation amplitude Ao, > 0.2 ng mm~—2
are reported.

curves to obtain equilibrium and kinetic binding parameters
(see Materials and methods and Supplementary Note S1).
Figure 6 reports the equilibrium and kinetic constants for
all the probes that provide a signal large enough to enable
an accurate analysis (Ao, > 0.2 ng mm~2). Remarkably, the
measured Ky spans 4 orders of magnitude, down to 10 pM,
whereas both ki and ko, extend for less than 3 orders of
magnitude, reaching extreme values of 5 x 107 s~ and 5
x 10° M~1s™1, respectively, for the lowest K4. The maximum
value of k,, observed is well within the limit for transport
limitation estimated for M13mp18 in our set-up, as shown
in Supplementary Note S6. The figure shows that both kinetic
rate constants approximately scale with Ky especially for K4 <
10 nM. The observed behaviour indicates a weaker than linear
increase of k. and decrease of k,,, compatible with kg o
KS'S and ko, o K;0‘5. We can then conclude that both kinetic
rate constants contribute to the large range of Ky values. Data
with K4 > 10 nM are less accurate because the value of Ky
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Figure 7. Ratio between the equilibrium dissociation constant for
M13mp18 and for oligomer sequences fully complementary to each
surface probe as a function of the multiplicity of binding Ny, of the
probes. The shaded areas represent the regions with Ky of M13mp18
larger (pink) or smaller (green) than that of the oligomer complementary
to the corresponding probe sequence. The vertical dashed line is a guide
to the eye indicating N, = 20. The symbol color and type is the same of
Figure 5A; only data points corresponding to saturation amplitude for
M13mp18 Ao, > 0.2 ng mm~2 are reported.

approaches the maximum concentration of M13mp18 used
in the experiments.

The saturation of the spot surface by binding of M13mp18
was obtained as the asymptotic value Aoy of the surface
density at large concentration of M13mp18 (see Materi-
als and methods). The average value of Aoy was 0.49 ng
mm~2 (see Supplementary Note S7), which corresponds to
an average distance between surface bound M13mp18 of
86 nm, slightly larger than the hydrodynamic diameter of
70 nm + 10 nm measured by dynamic light scattering
(Supplementary Note S8). The larger size of M13mp18 on the
probe spots suggests a spreading on the surface, in agreement
with the notion of multivalent binding with the immobilized
probes.

Data in Figure 6 are represented with the same symbols and
colors of Figure 5A, which enable noticing that the seven
probes with the lowest values of Ky are also among those with
the largest Ny, hence confirming that the multiplicity of bind-
ing sites on M13mp18 strongly affects the binding strength.
In particular, four probes yielded extreme values of both k¢
and ko, (NT1855, NT2283, NT4935, NT2581), whereas for
one probe the low value of Ky is primarily ascribed to kg
(NT2576), and for other two probes to k., (NT1843 and
NT2295).

We then compared the binding parameters of M13mp18 to
those of oligomer strands fully complementary to the selected
probes. In this way, we evaluated the effects of probe sequence
composition, which can either directly determine the strength
of hybridization, or the propensity to form transient internal
hairpins or dimers, hence reducing the binding with the target
strand. Figure 7 reports the ratio between the Ky obtained for
M13mp18 and that of the corresponding oligomer strands.
The plot clearly shows two regimes: for low value of N, (N,
< 20) the ratio of the Ky is larger than 1 (and even reaches
100), indicating a much weaker binding of M13mp18; for the
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Figure 8. Dependence of M13mp18 kinetic constants on the multiplicity
of binding. Kinetic rate constants for (A) dissociation and (B) association
as a function of N, of the probes. The symbol color and type is the same
of Figure BA. Only data points corresponding to saturation amplitude for
M13mp18 Ao, > 0.2 ng mm~2 are reported. The background shading
represents, for each value of N, the probability density function of
finding the corresponding value of kinetic constant computed by Egs. (5)
and (6) with Ky, = 55.6, and assuming a Gaussian distribution for the
values of log(kon1), log(kes1) with mean log(3 x 10° M~'s~") and log(8 x
1075 s7"), respectively, and a standard deviation of one decade. The inset
in panel a reports the shading gray scale of the probability density
function.

largest N, M13mp18 binds stronger than the oligomer com-
plementary to the probe by a factor up to 25.

As expected, the kinetic rate constants also show a strong
dependence on Ny,. This is apparent in Figure 8 where kg
tends to decrease with Ny, whereas ko, displays an oppo-
site behaviour. This suggests that the genomic strand can find
more rapidly a conformation suitable to binding if the num-
ber of sequence regions partially complementary to the surface
probe is larger. Analogously, the lifetime of binding of the ge-
nomic strand increases with this number.

Multivalent binding model

The observed effect of Ny, on equilibrium and kinetic binding
parameters of M13mp18, made reliable by the large ensemble
of tested probe sequences, raises questions that we addressed
by developing a kinetic model for multivalent binding on the
surface-immobilized oligomer probes. Specifically, we aimed
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to understand why both kinetic rates seem to scale with Ny,
in a similar way. A particular challenge is the rather limited
range of values of k. Indeed, one would expect that, with Ny,
as large as 60, the binding lifetime of M13mp18 were many
orders of magnitude larger than for smaller Ny, values. The
narrow range of kg in the experimental observation suggests
that, despite the large Ny,, only a limited number of elemen-
tary bindings takes place at the same time.

The dependence of the surface binding of M13mp18 on N,
is described by the kinetic model schematically represented in
Figure 2D. As detailed in the Materials and Methods section,
the parameters of the model are: the kinetic rate ko, for asso-
ciation with the first elementary pairing that M13mp18 forms
with the surface probes, and the rate kg for dissociation from
the last elementary pairing, before diffusing into the bulk solu-
tion; the kinetic rates for adding or removing one elementary
pairing with the surface probes after the first, konp and kygpo,
respectively, where ku/kona = Ky is the equilibrium con-
stant for such first-order binding process; the concentration ¢
of M13mp18 in solution; the fraction ¢ of surface sites occu-
pied by M13mp18; the multiplicity Ny, of available binding
sites on M13mp18 for a given oligomer probe.

According to the model, the observed k,, rate for surface
binding of M13mp18 linearly increases with N,,, to account
for the increased probability of finding at least one pairing
upon contact with the surface, hence ko, = Nimkon1. At a cer-
tain time, the binding with the surface can involve more than
one pairing site, but we assumed that the unbinding of the
whole M13mp18 strand from the surface is always preceded
by a single binding. Therefore, the observed overall rate of
unbinding is k¢ = F1 ko1, where the factor Fy represents the
fraction of bound population forming only one transient pair-
ing with the surface probes, hence it accounts for the combi-
natorial probability of observing a single binding, which de-
creases with the multiplicity Np,.

To account for the fact that the experimentally observed
binding curves of M13mp18 are well fitted by simple expo-
nential growths (see Supplementary Note S1), we hypotized
that the kinetics of adding or removing a single elementary
pairing with the surface probes is much faster than the rate
ko1 for dissociation of the whole strand from the surface. In-
deed, kg can be longer than kg, because it also accounts
for the diffusion of M13mp18 far enough from the surface so
that the rebinding probability becomes unlikely. In this frame-
work, the binding curves of M13mp18 are described by the
pseudo-first order model given by Egs. (5) and (6).

The expression of F; given by Eq. (6) accounts both for
the cooperativity of parallel bindings through the power law
dependence on Ky, and for the combinatorial effect of mul-
tiple independent binding sites (i.e. combinatorial entropy).
Similar equations have been proposed by others to describe
the thermodynamics of systems composed by multivalent flex-
ible ligands interacting with receptors on a surface (60,61).
Moreover, the consistency of a pseudo-first order binding be-
haviour for this class of systems in presence of weak and in-
dependent multivalent interactions has been postulated and
demonstrated in previous work (62,63). Here, the model rep-
resented in Figure 2D enables a kinetic description in addition
to the equilibrium solution based on the same concepts. Eq. (5)
does not account for the non-ideal scaling of the amplitudes
and the rates of the binding curves experimentally observed
approaching the surface saturation, which is ascribed to sur-
face crowding of M13mp18 (see Materials and methods and
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Supplementary Note S1). Therefore, Eq. 5 provides the basis
for the interpretation of the observed kinetics of binding for
surface coverage not too close to saturation (e.g. ¢ < 0.5).

In the limit of rapid exchange of elementary pairings when
M13mp18 is on the surface, the coefficient F; depends only on
Ny, and K, (Eq. 6), and it enables to account for two different
limiting regimes (see Supplementary Note S2): (i) if the bind-
ing of each single elementary pairing is strong (i.e. the equi-
librium constant Ky, of the pairings following the first one is
small), all M13mp18 strands bind to the surface probes with
a number of pairings close to Ny, and the observed k¢ can be
several orders of magnitude smaller than kg (strong cooper-
ativity); (ii) in contrast, for a weak binding of each single pair-
ing (i.e. Ky, is large), the genomic strand only binds the surface
probes with one or a few sequence regions at the same time
undergoing a dynamic equilibrium, and the observed dissoci-
ation rate scales with Ny, as ko &~ kogr /[1 + (N — 1)/Kga ]
(weak cooperativity). The small range of variation of kg re-
ported in Figure 8, which does not decrease exponentially with
N, is consistent with the case ii of weak cooperativity.

Despite the overall dependence of the surface binding of
M13mp18 on Ny, as shown in Figures 7 and 8, for similar
values of N, different oligomer probe sequences can yield
binding parameters as different as 2 orders of magnitude. Ac-
cordingly, assuming a range of values for ko1 and kg dis-
tributed on a Gaussian with standard deviation of a factor
of 10, Eq. (5) was used to predict the range of observed ki-
netic constants as a function of N,,. Such behaviour is shown
in Figure 8, where the grey shading represents the probability
of observing values of k,, and k¢ given the mean values of
the Gaussian distributions of ko1 and kygq for Ny, = 1 and
the value of Ky,. These parameters were varied to maximize
the overlapping between the computed probability of ke, and
ko and the measured values (see caption to Figure 8). The fit
of the shaded region to the measured data yields Ky, = 55.6,
hence confirming the scenario of weak cooperativity emerging
as a result of multivalency.

Weak cooperativity

The experimental observation confirms that the number of op-
timal and suboptimal pairing sites defined by Ny, is highly cor-
related to the probe binding performance of M13mp18. This
reveals the complex nature of the binding of a large genomic
strand to short probes on a surface, in which the relevant fac-
tor is not the strength of the best DNA-DNA hybridization,
but the availability of multiple interaction sites. An insight of
the mechanism of such cooperative effect is given by the obser-
vation that the plurality of binding sites is necessary to provide
strong binding but does not yield an exponential growth of
the binding strength. The multi-state kinetic model accounts
for this behaviour (Egs. 5 and 6) suggesting a model of weak
cooperativity, in which each interaction site of M13mp18 un-
dergoes a rapid binding and unbinding to the surface bed of
probes, with a small number of parallel bonds present at each
time (see Supplementary Note S2). Therefore, the meaning of
a large value of Ny, is having a pool of interaction sites on the
genomic strand large enough that it is highly probable for each
detaching bond to be soon replaced by another one, leading
to a serial rather than parallel pattern of cooperativity.

As shown in Figures SA and 7, probe sequences with
Ny, > 20 provide a large binding signal for M13mp18 and
a Ky lower than that of the corresponding complementary
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oligomers. This means that for such value of Ny, the equi-
librium probability of at least two pairings between the ge-
nomic strand and the probe bed is rather large. The equilib-
rium constant Ky, = ko /konz represents also the ratio be-
tween the probabilities of finding a single probe-specific site
on M13mp18 in the unbound and bound state. Therefore, the
value of Ky, extracted from the fit of the observed kinetics
with Eq. 5 (Figure 8) corresponds to a probability p, = (1 +
Kg)~! as low as 1.8% that a specific M13mp18 site is bound
to the surface probes. Thus, for 20 independent sites this cor-
responds to a probability of (20 — 1)p, = 34% of forming a
second binding when the first is present. Figure 7 shows that
for N, = 20 the binding strength of M13mp18 becomes sim-
ilar to that of oligomers with sequence complementary to the
surface probes. This value of N,, corresponds to a decrease
of the overall Ky of a factor F;/N,, = 30 due to the multi-
plicity of binding, and in turn represents a quantification of
the difference of binding strength for complementary 20-mers
and for a long chain with a complementary 20-mer, without
multivalent binding.

The reduced affinity of M13mpl8 sites to the sur-
face probes—involving each single bond and the weak
cooperativity—can be understood as an intrinsic entropic ef-
fect necessarily present every time a polymer binds a surface.
This effect has been studied and quantified because of its gen-
eral relevance not only in biology but in any process involving
polymer adsorpion/desorption. An estimate of the entropic
penalty AS, inherent to the reduced conformational space of
a polymer of gyration radius r; bound in one position to a
flat surface is AS; = kg In(Erf(€/2r,)), where Erf is the error
function and ¢ is the distance between the binding site and the
surface (64). Assuming ¢ ~ 2 nm and 4 ~ 35 nm, (equal to
the hydrodynamic radius 7, measured by dynamic light scat-
tering, see Supplementary Note S8), we expect a weakening
of the equilibrium constant of about 30 times, in line with
the values of Ky (M13mp18) /K4 (oligomer) measured for
low binding multiplicity from Figure 7, as well as with the
enhancement factor F;/N,, obtained from the model for Ky
(M13mp18) =Ky (oligomer) (i.e. Ny, = 20). An even stronger
entropy penalty AS; is associated to the formation of a second
bond to the surface when the first is set. We can approximate
AS; as the entropy loss when a second point of the circular
M13mp18 genome is pinned on the first bound position. In
this case AS, ~ 3/2kgln[n(n — m)~'m~1], where we used the
notion that 3/2kpln(n1) is the entropy of creating a loop in
a polymer of length 71 (65). n and m are, respectively, the
lengths of the entire M13mp18 genome and of the distance
between the two binding positions, both measured in Khun
lengths. With this simple approach we obtain TAS; = 4.5-6.5
kcal mol=! (T = 25°C), depending on . Having considered
the entropy of loop with no surface, this result is an underes-
timate of the real AS,.

The free energy penalty for the formation of an additional
surface binding after the first can also be approximately de-
termined from Ky, extracted from the experiments. Once the
first bond is made, the position of the second probe-specific
binding site on M13mp18 is confined to a volume of order
r; in contact with the surface, corresponding to an effective
concentration of ¢; = 16.5 uM. We can thus convert the first
order equilibrium constant Ky, into a corresponding bimolec-
ular dissociation constant as Ky = K4, ~ 1 mM, which
should be compared to the binding of the same probe-specific
sequence when disconnected from the rest of the polymer. As

"

a reference we take the equilibrium constant for the binding
of freely diffusing 12-mers to their complementary probes on
a surface, whose equilibrium constant for hybridization was
found to be of the order of 10 nM (26,37), i.e. about 5 or-
ders of magnitude stronger, in turn corresponding to a free
energy penalty ascribed to the decrease of polymer entropy
upon binding of AG = 6.8 kcal mol~" at 25°C. This value
is in line with the upper extreme of the evaluation above and
provides a further indication of the key role played by entropy
in the phenomenology here described.

Despite the weak cooperativity of multiple binding of
M13mp18, such effect can provide a large amplification fac-
tor of probe capturing capability. The kinetic model yielding
to Egs. (5) and (6) enables a quantification of the enhancement
due to the multiplicity of binding (Supplementary Note S9).
Most of the probes provide enhancement factor Fi/Ny, of
about 10 for Ky, and those with N, > 35 display more than
100-fold decrease of the equilibrium constant (i.e. larger bind-
ing strength). Only one probe (NT2283) displays an enhance-
ment factor larger than 1000 due to Ny, = 59. Such non-
linear dependence of the enhancement factor on N, is due
to its combined effects on association and dissociation kinet-
ics. Specifically, for large Ny, the decrease of kg through the
Fy factor becomes the major contribution.

Conclusion

We analyzed 50 surface-immobilized 20-mer probes comple-
mentary to different regions of the bacteriophage genome
M13mp18 and observed very different capturing capabilities.
Overall, the equilibrium constants of the whole set of probes
spanned four orders of magnitude. Most of the probes showed
a very slow binding as quantified by the the growth unit GU,
whereas a few sequences provided enhanced capturing perfor-
mance, with Ky as low as 10 pM, and ko, of § x 10° M~ s~1,
The observed response pattern represents a fingerprint spe-
cific for the target genomic strand and we investigated how
such response pattern is encoded in the sequence of the target
strand. We estimated the accessibility of each region of the ge-
nomic strand by pairing probability matrix and coarse grained
Monte Carlo, and the pairing stability with the probes by a
mesoscale model for hybridization. Unexpectedly, we found
that these features play a minor role in the binding strength
and kinetics between the long genomic strand and the surface
oligomer probes. Instead, we observed that the capturing ca-
pability largely depends on the number of binding sites Ny,
with small enough free-energy of hybridization of the long
strand for the surface probes (AG < —10 kcal mol~'). Probe
sequences with N, > 20 displayed a large enhancement of
both kinetic rates for association and dissociation, yielding
K4 smaller than those for hybridization of oligomers with the
same sequence. This represents a fundamental criterion of de-
sign for oligomer probes targeting long DNA or RNA strands
with high affinity and specificity. Following the principle of
the multiplicity of binding sites, an optimal set of probes can
be selected for the specific capture and discrimination of long
target strands, like viral or cellular genomic DNA, mRNA or
long non-coding RNA. For the experimental conditions and
sequence lengths used in this study, N;, > 20 appears as an
effective threshold for the selection of probes with enhanced
capturing strengths and kinetics.

The multiplicity of partial pairings with the surface probes
represents a form of multivalent binding yielding a strong en-
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hancement of the capturing capability for a few probes, cor-
responding to a LOD as small as 2 pM for direct, label-free
detection. We found that the observed experimental depen-
dence of the surface binding parameters with the multiplicity
Ny, is consistent with a model of weak cooperativity, in which
the binding of the long strand to the surface by more than one
site at the same time is strongly disfavoured by the entropic
penalty associated to the constrained chain conformation. In
such scenario, the cooperativity does not arise from the multi-
ple parallel binding of many sites, which would lead to an ex-
ponential decrease of kg with Ny, but from the combinatorial
probability of forming more than one binding among several
transient bindings, which leads to a smooth dependence on
N, as shown in Figure 8. Such weak cooperativity of binding
modulates in a predictable fashion the kinetics and strength of
each probe sequence. The discovery of the proposed rational
criterion to control the direct capture of M13mp18 highlights
the importance of the multiplicity of weak interactions as a
possibly general mechanism of binding of long NA strands.
This finding is expected to be foundational towards its ex-
ploitation in diverse contexts, including DNA microarrays,
surface-based sequencing technologies, and rapid methods for
the direct detection of genomic strands (22-24), as well as for
the design of DNA nanostructures on a surface (66). In all
these cases, the sensitivity and specificity (61) of the capture
of long NA strands can be finely modulated by taking into
account the multiplicity of binding with oligomers that is in-
herent in the sequences.
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