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In spite of the nanoscale and single-molecule insights into nucleoid associated
proteins (NAPs), their role in modulating the mesoscale viscoelasticity of entangled

DNA has been overlooked so far.

By combining microrheology and molecular

dynamics simulation we find that the abundant NAP “Integration Host Factor” (IHF)
lowers the viscosity of entangled ADNA 20-fold at physiological concentrations and
stoichiometries. Our results suggest that IHF may play a previously unappreciated
role in resolving DNA entanglements and in turn may be acting as a “genomic

fluidiser” for bacterial genomes.

Prokaryotic and eukaryotic genomes carry out com-
plex biological tasks which would be impossible if ran-
domly folded [1-5]. In bacteria, nucleoid-associated pro-
teins (NAPs) [3] play an important role in folding the
genome [3, 6-8]. Single-molecule techniques have shed
light into how certain NAPs bind, bend, kink, coat or
stiffen short DNA molecules in dilute conditions [7, 9-
14]. However, we have little to no evidence on what is
their impact on entangled and crowded DNA [6]. For in-
stance, while DNA segregation is impaired when NAPs
are removed from the cell [5, 8], the NAP-mediated mech-
anisms through which this segregation is achieved remain
to be determined. Here, we focus on the Integration Host
Factor (IHF), an abundant NAP, present at about 6,000
and 30,000 dimers per cell in E. coli during growing and
stationary phase, respectively [3, 15]. THF binds prefer-
entially to a consensus sequence with high affinity (dis-
sociation constant Ky ~ 2nM) but also non-specifically
(K4 ~ 2uM) [16] and creates among the sharpest DNA
bends in nature, up to 150° [13]. It plays a key role in hor-
izontal gene transfer, integration and excision of phage
ADNA [17] and DNA looping [18]. Recent evidence sug-
gest that IHF may also mediate DNA bridging through
non-specific, weak interactions which transiently stabilise
distal DNA segments in 3D proximity [13]. Additionally,
IHF appears to strengthen biofilms by interacting with
extracellular DNA [19]. In light of this evidence, it re-
mains unclear how THF affects DNA entanglements in
dense conditions, such as those of the bacterial nucleoid.

In this Letter we tackle this open question by cou-
pling Molecular Dynamics (MD) simulations and mi-
crorheology experiments. Our MD simulations suggest
that THF can speed up the dynamics of long DNA by
reducing entanglements. We validate these predictions
using microrheology on solutions of entangled ADNA at
volume fractions comparable to that of bacterial nu-

cleoid (~ 2%). Our results suggest that IHF may act
as a “fluidiser” by reducing entanglements between DNA
molecules and lowering the effective viscosity. By ex-
trapolating our findings to the E. coli genome, we argue
that at physiological stoichiometries IHF may reduce the
effective viscosity of the nucleoid ~200-fold, potentially
facilitating genome reorganisation and segregation.

MD simulations of Entangled DNA with IHF — We
model solutions of naked ADNA molecules using a varia-
tion of the Kremer-Grest model [20] to account for chain
stiffness. We simulate M=50 coarse-grained bead-spring
polymers N = 1,000 beads long where each bead has
size 0 = 50 bp, persistence length I, = 30 = 150 bp
and volume fraction p = 0.05 (see Fig. 1a). With these
choices, each polymer maps to ADNA (48,502 bp) and
the expected entanglement length is N, ~ 146 beads
~ 7,300 bp [21] (see [22]). The beads interact via a
cut-and-shift Lennard-Jones potential and are connected
by FENE springs to avoid chain crossings [20]. Each
chain is N/N, ~ 7 entanglement lengths long. With
these choices, our systems are in the loosely entangled
regime [23]. IHF dimers are modelled as permanent
stiff harmonic angles constraining triplets of consecu-
tive beads to be bent at 107° (the most frequent an-
gle observed in AFM [13]) and we neglects unspecific
bridging. The simulations are evolved with implicit sol-
vent (Langevin dynamics) at T' = 1.0¢/kp and timestep
dt = 0.017g, (7B: = kgT/7 is the Brownian time and ~
is the friction, set to 1 in LJ units, see SM).

To model different THF stoichiometries, we vary the
number of kinks along the chains, let the systems equi-
librate, and then perform a production run where we
measure the properties and dynamics of the chains. The
kinks are placed at random, mimicking non-specific bind-
ing. We choose to explore a range of stoichiometries that
is physiologically relevant and experimentally feasible in
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FIG. 1. Molecular Dynamics simulations of kinked semiflexible polymers. a. Snapshot of the simulation box (M = 50
chains N = 1,000 beads long with persistence length I, = 30 at volume fraction p = 0.05. IHF is modelled as static and stiff
harmonic angles forcing 107° kinks randomly placed along the chains. See also SI Movies. The inset shows an AFM image
of a short DNA bound by IHF from Ref. [13]. b. Normalised squared radius of gyration. (inset) Effective persistence length
Iy = 3(R§> /N. c. Entanglement length from Primitive Path Analysis. Grey shaded area represents predicted N (I;) with
appropriate propagation of errors. (inset) Snapshots from PPA. d. MSD of the centre of mass of the chains. e. Normalised

diffusion coefficient. The fitted curve is 1 + kz with x = 0.05 (in units of number of IHF in a polymer of 1,000 beads). f.

Relaxation time 7 defined as MSD(r) =
N, measured in ¢ with appropriate propagation of errors.

vitro, i.e. 6,000 and 30,000 THF dimers in growing and
stationary phase [15], correspond to 1 IHF dimer every
800 and 150 bp within a 4.6 Mbp-long E. coli genome.

First, we observe that the more the kinks, the

smaller the gyration radius of the chains (R;)
(1/N va [ri —roa)?) (Fig. 1b).  Due to the self-
avoiding interactions being screened in dense solu-
tions [24], we estimate the size of the chain as R, =
l,n/N/3l,, where [, is the persistence length. In analogy
with the case of freely kinked worm-like chains [25] (albeit
here we set the kink to a specific angle rather than leaving
a fully flexible joint as in Ref. [25]) we can renormalise
the persistence length to an effective I3 (Nr) that de-
pends on the number of kinks introduced in the chains,
Nir, and compute it as [ = 3(RZ2)/N. As shown in
Fig. 1b(inset), the effective persistence length decreases
from I, = 30 ~ 150 bp to around I, = 1.80 ~ 90 bp
when we add 1 THF every 2.5 beads (or 125 bp). Given
that we work at fixed polymer concentration, we use [}
to estimate the IHF-dependent entanglement length N

<R§). The shaded area represents the values expected using the numerical values of

as [21]

NZ =i [(eenici®) ™+ (eenii®) ] )
where ¢e = 0.06, I = 2I; is the Kuhn length and
PK = NM/(ZKL3) is the number density of Kuhn seg-
ments. The grey shaded area in Fig. 1c shows the ex-
pected increase in entanglement length corresponding to
the decrease in [ predicted by Eq. (1). The actual en-
tanglement length, measured directly via primitive path
analysis (PPA) [26] (see SM), is shown as symbols. The
actual increase in N, is more moderate than the pre-
diction yet we still observe a ~ 2-fold increase, in turn
halving the number of entanglements per chain, N/N,.

To study the dynamics, we compute the mean squared
displacement (MSD) of the centre of mass of the chains
gs(t) = ([roa(t + to) — roar(to)]?), where the average is
performed over chains and t3. The more the kinks, the
faster the dynamics (Fig. 1d) and the larger the diffusion
coefficient D = lim;_,oo M SD/6t. In the ST movies, one
can also visually appreciate these faster dynamics.

We compute the relaxation time 7 as the time at which
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FIG. 2. Entangled solutions of ADNA are fluidised by IHF. a. MSDs at different stoichiometries of THF:DNAbp.
The shaded area enveloping the curves is the standard error computed over 10 movies in 3 independent experiments (> 100
tracers total). b Boxplot of the diffusion coefficient D from fitting M SD = 2Dt at large times. (Inset) Representative particle
trajectories tracked over 2 minutes. c. Normalised mean diffusion coefficient at increasing concentration of IHF. d. Complex
moduli G’ (solid) and G (dashed) for the control and for 1 THF every 100bp. e. Relaxation time 7 = wj' where wg is the
crossover frequency at which G'(wgr) = G”(wg). f. Elastic plateau obtained from the value of G’ at 50 Hz. We have indicated
the two biologically relevant stoichiometries in E. coli growing and stationary phases as “ECGP” and “ECSP”.

a polymer has diffused its own size, i.e. g3(7) = <R§)
and we find a scaling compatible with reptation, i.e.
7/70 ~ (N/N¢)3(Neo/N)? ~ (Neo/Ne)? (Fig. 1f), where
we used the N, in Fig. 1c. Thus, our simulations sug-
gest that IHF-induced kinks drive an effective increase in
DNA flexibility which in turn increases the entanglement
length (as per Eq. (1)), reducing the number of entangle-
ments per chain and speeding up the dynamics.

Microrheology of Entangled DNA with IHF — To ex-
perimentally validate our predictions, we perform mi-
crorheology [27, 28] on entangled ADNA (NEB, 48.5
kbp) at 1.5 mg/ml, corresponding to a volume fraction
of 1 — 4% for an effective DNA diameter d = 5 — 10
nm [29], valid at low salt and with h = 0.34 nm as the
height of one basepair. This is similar to the volume frac-
tion expected in FE. coli nucleoid. For a 4.6 Mbp genome
and Viucieoia = 7(0.5um)?(2um) ~ 1.5um® we obtain
¢ ~ 2% for a d = 5 nm DNA diameter. Samples are made
by mixing 9 ul of 1.5 mg/ml ADNA (stored in TE buffer)
with 1 ul of native IHF dimers at different concentrations
(stored in a 25 mM Tris pH 7.5, 550 mM KCl, 40% glyc-
erol solution). We track the diffusion of 500 nm tracers
spiked in the fluids, and extract their mean squared dis-
placements (Ar2(t)) (we have checked that larger bead
sizes yield the same results, see SM). In Figs. 2a,b we

show that as little as 50 THF dimers per ADNA, or 1
IHF every 1,000 bp (comparable to 1:300 expected in
growing phase), can significantly speed up the dynam-
ics. Adding as much 1 IHF every 100 bp, speeds up the
diffusion of the beads ~ 20-fold. One can also visually
appreciate this speed up from representative trajectories
shown in Fig. 2b(inset). Pleasingly, the normalised diffu-
sion coefficient Digr/ Dy follows the same trend as seen
in simulations, i.e. D(Nmgr) = Do(1 + £Nmr) with a
linear increase at large, yet physiological, stoichiometries
(compare Figs. 2c and 1le) [22]

To further characterise the viscoelastic properties of
the system, we use the generalised Stokes-Einstein rela-
tion (GSER) to compute the complex stress modulus [30]
(see SM). The control sample (pure solution of ADNA at
1.5 mg/ml) displays a pronounced viscoelasticity, with
a relaxation time 7 ~ 10 seconds and a high-frequency
elastic plateau G, ~ 1 Pa, in agreement with the val-
ues previously obtained via microrheology [28, 31] and
bulk rheology [32] on similar samples (Fig. 2d). Intro-
ducing ITHF at physiological stoichiometries significantly
affects the rheology of the solution by both decreasing
the relaxation timescale, which becomes 7 ~ 1 second at
1:100 THF:DNAbp (Fig. 2d,e), and decreasing the elastic
plateau to G), ~ 0.3 Pa (Fig. 2f).



The elastic plateau G, is related to the number of en-
tanglements as (24, 31) Z = L/L. = 5MG,/(4pNakgT),
with p = 1.5 mg/ml and M = 48,502 x 650 g/mol the
molecular weight of ADNA. We measure G,, as the value
of G’ at the largest frequency (50 Hz) sampled in this
work. [Considering the value of G’ at the crossover fre-
quency yields the same scaling as G'(50H z) (see SM).]
For our control, ADNA at 1.5 mg/ml, we find G), = 1.23
Pa yielding Z ~ 13 or L. ~ 3,700 bp ~ 1.2 pm, in line
with the one estimated for eukaryotic genomes [33].

On the other hand, by introducing THF at 1:100 DNA
bp we find that the elastic plateau yields a significantly
larger entanglement length L, ~ 15,300 bp ~ 5.2 um,
corresponding to Z ~ 3.1. We highlight that while the
diffusion coefficient of the beads and the viscous and elas-
tic moduli depend on the length of the polymers in so-
lution, the entanglement length L. does not, and it only
depends on polymer concentration and stiffness [21, 26].
Thus, we can extrapolate our results to infer the level
of entanglement in E. coli if no NAP or other packaging
protein is present as Zy ~ Lgenome/Le,0 =~ 1,200. This
implies that the expected relaxation timescale in absence
of NAPs should be ~ 79Z3 ~ 55 years, considering a mi-
croscopic disentanglement time of order 79 = 1 second (a
typical relaxation time for solutions of marginally entan-
gled DNA solutions with Z ~ 1 [28]). It is thus clear that
the bacterial nucleoid would not be able to undergo seg-
regation unaided by NAPs and other organising proteins.
Note that in Fig. 2c,e,f we have indicated the two bio-
logically relevant stoichiometries in E. coli growing and
stationary phases as “ECGP” and “ECSP”.

In order to use our results to obtain insights into the
impact of IHF on the viscoelasticity of the nucleoid in
vivo we address the role of substrate length on the action
of THF. We expect that short, unentangled DNA should
be insensitive to the addition of IHF, while longer and
deeply entangled DNA should be more affected. To test
this hypothesis we perform microrheology on dense solu-
tions (1 mg/ml) of DNA fragments with different lengths
but identical overall sequence composition. The samples
are obtained by digestion of ADNA via Xhol, BamHI,
Pstl and Haelll, restriction enzymes that cut ADNA into
2, 6, 29 and 150 fragments, respectively. As expected, we
observe that adding 1:80bp IHF to Haelll-cut ADNA (re-
ferred to as AHaelIl) does not affect the MSD of the
tracer beads (Fig. 3a). On the contrary, we observe a
~20-fold speed up when IHF is introduced in full length
ADNA (Fig. 3a,b) [34]. Using Stokes-Einstein, we can
compute the viscosity of the samples as n = kT /(3waD)
and, by rescaling the average fragment length [ by the en-
tanglement length with and without IHF (L. = 15,300
and L. = 3,700, respectively), the values of viscosity
collapse onto a master curve scaling with the average
number of entanglements, (Z), as n ~ (Z)° (Fig. 3c).
The exponent 6 = 1 observed at small (Z) is expected for
Rouse unentangled polymer solutions [24]. For (Z) 2 1,
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FIG. 3. Effect of Substrate length on IHF fluidifi-
cation. a. MSDs of passive tracers in dense solutions of
ADNA pre-digested with different restriction enzymes and be-
fore/after addition of 1 IHF every 80 bp. b. Diffusion coef-
ficients of the tracer particles extracted from the large time
behaviour as MSD = 2Dt. c. Viscosity n as a function of
average number of entanglements per chain (Z). d. Nor-
malised viscosity after/before adding IHF:80bp niur /10 plot-
ted against average fragment length. In this figure ADNA =
0 cuts, | = 48.5 kbp; AXhol = 1 cut, [ = 24.2 kbp; ABamHI
= 5 cuts, | = 8 kbp; APstl = 28 cuts, [ = 1.7 kbp; AHaelll =
149 cuts, [ = 323 bp. [ is the average fragment length.

our data displays a steeper scaling with § = 2. This
exponent may be due to the facts that (i) we are in a
crossover region to fully reptative systems (§ = 3) and
(ii) our systems are polydisperse [35], as they are gener-
ated by cutting ADNA with restriction enzymes [36].

Intriguingly, by plotting the ratio of the viscosity mea-
sured after and before IHF, ngr /70, we observe that the
speed up scales with the average length of the DNA frag-
ments as e /1m0 ~ (75 (Fig. 3d). To understand this
we have performed MD simulations of entangled poly-
mers of different length (see SM). We found that in the
regime investigated in this work the entanglement length
N, has a dependence on the polymer length N. More
specifically, by adding IHF the entanglement length in-
creases, and the system thus needs longer chains to enter
the fully entangled regime. This yields an effective scal-
ing Netup/Neo ~ N1/4 (see SM). Since the viscosity
can be estimated as ) = GeT = G.To(N/N)? ~ N2
this implies that the ratio, nmr/no ~ (Neo/Neur)? ~
N~95 in line with Fig. 3d.

By extrapolating this result to 4.6 Mbp long genomic
DNA with about 1 ITHF every 100 bp, we expect a reduc-
tion in viscosity nmr/no < 0.01, suggesting an effective
fludification of E. coli nucleoid viscosity of about 2 or-
ders of magnitude with respect to the case without THF.
The contribution of other NAPs, transcription factors



and genome topology (e.g., supercoiling [37]) will likely
affect this estimation and we hope to shed light into these
other factors in future works.

Conclusions — In spite of the wealth of single-
molecule evidence on how NAPs mechanically interact
with short, dilute DNA, the problem of how they regu-
late entanglements in dense and entangled DNA solutions
is poorly understood. We shed light into this problem by
performing MD simulations and microrheology on dense
ADNA solutions in presence of an abundant NAP called
Integration Host Factor (IHF). The key discovery of this
work is that THF acts as a “fluidiser” as it reduces the
effective viscosity of entangled ADNA by 20-fold at phys-
iological DNA concentrations and IHF:DNA stoichiome-
tries (Figs. 1-2). Notably, we measure a quantitatively
similar effect by measuring the zero-shear viscosity of
DNA solutions via bulk rheology (see SM, Fig. S7). This
fluidification is DNA-length-dependent and we estimate
(Fig. 3) that it may shorten the relaxation time of the
4.6 Mbp-long E. coli genome by more than 100-fold. In
the future we aim to study systems made of longer, su-
percoiled DNA and other NAPs such as HNS. We hope
that our in wvitro predictions will be tested in wvivo by
tracking chromosomal loci in live cells depleted of cer-
tain NAPs [38].
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MODEL AND METHODS

We model a A DNA molecule 48502 base-pairs (bp)
long as a bead-spring polymer made of 1000 beads. Each
bead has a diameter ¢ = 17 nm (or 50 bp) modelled via
a truncated and shifted Lennard-Jones repulsion

ULy(r) = 4e [(cr/r)l2 —(o/r)% + 1/4] , (S1)

for r < r. = 265 and 0 otherwise. Here r represents
the distance between beads and € = 1.0 parametrises the
strength of the potential. Consecutive beads are con-
nected through a permanent Finite Extensible Non-linear
Elastic (FENE) bond

Uppng(r) = —0.5K R2 log [1 - (r/Ro)ﬂ (S2)

with K = 30¢/0? and Ry = 1.60. The bending stiffness
of the polymer is controlled by a Kratky—Porod interac-
tion

= @(14—0%9), (S3)

Up(r)
which regulates the angle (0) defined by the two tan-
gent vectors connecting three consecutive beads along the
polymer. Here, I, = 30 = 150 bp is the bending persis-
tence length of DNA. Finally, we account for the effective
interaction between IHF and DNA through a harmonic
potential forcing a sharp angle 6y = 107° (or kink) along
the polymer,

Umnr (r) = Ko(6 — 00)?, (S4)

where a high value of Ky = 100 kT ensures small fluctu-
ations about the equilibrium angle . It is worth noting
here that by modelling THF in this way, the minimum
region of DNA affected by a molecule of IHF is 3 beads
(the ones necessary to define an IHF angle).

Unless otherwise stated, solutions of naked DNA were
simulated by placing M = 50 of these coarse-grained
bead-spring (Kremer-Grest) polymers in a cubic box of
size L = 80.6 ¢ with periodic boundary conditions. The
volume fraction of the system is p = ”AgLAQ"S = 0.05.
According to Eq. (1) of the main text, for this choice
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Figure S1. Statistics of kinked simulated polymers.

(Left) time evolution of the squared radius of gyration R..
(Right) tangent-tangent correlation. Results shown here are
computed from simulations of a system with M = 50, N =
1000, I, = 3 o and p = 0.05. Different colours represent re-
sults for different number of IHF interactions per polymer. In
left panel, black lines represent the average (R2) computed at
long times ¢ > 1.2 x 107 7p;. In right panel points are data
from simulations and lines represent a fit using Eq. S9. The
persistence length obtained from this fit is shown in the inset
as function of the IHF concentration.

of parameters the expected entanglement length is N, =
146 o. Later we will show that this result is in agreement
with the Primitive Path Analysis computed from simu-
lations. Note that each chain is N/Ne ~ 7 entanglement
lengths, thus placing the system in the entangled regime.

To explore the effect of IHF on on the static and dy-
namic properties of the entangled polymers we system-
atically vary the number (Ngp) of IHF dimers in the
system. These kinks are placed randomly, mimicking
a non-specific binding of THF along the contour length
of any of the polymers. The system was evolved us-
ing a velocity-Verlet algorithm, assuming implicit sol-
vent (Langevin dynamics) at temperature T' = 1.0¢/kg,
timestep dt = 0.017g,, where 75, = kgT'/~ is the Brown-
ian time and <y is the friction, set to 1 in LJ units.

Equilibration

In simulations of polymer melts it is important to en-
sure that equilibrium is reached before gathering and
analysing the data. Therefore, our initial configuration



Nwr /M| (T) (Rg) (&) (Ne) D (Ne) @) )
[10°7s:]  [o7] o o] |[10~°c*/m:]| [o] [o] [o]

0 [3.764£0.19 913 +39 2.74£0.12 196 £ 6 | 3.16 £ 0.58 |162 + 13 2.93 £ 0.23|2.80

24 |3.27£0.17 867 £40 2.60£0.12 227+ 8 | 4.25+0.16 |157 £ 20 2.96 + 0.37(2.71

100 [2.22+0.15 847 £52 2.54 £ 0.16 243 £ 11| 512 £0.98 194 £ 18 2.76 £ 0.25|2.43

300 |0.98£0.06 677 £ 36 2.03 £ 0.11 464 + 24| 10.8 £ 0.11 |286 + 29 2.40 £+ 0.25|1.82

400 |0.73 +0.05 647 £ 38 1.94 £ 0.11 530 £ 32| 12.7 +0.35 |325 + 52 2.30 £ 0.37|1.57

Table S1. Summary of results from simulations of a system with M = 50, N = 1000, Ip = 3 o, p = 0.05. Columns from left to
right show: (1) The number of of IHF kinks per polymer, (2) the relaxation time obtained from the intersection of RZ(t) and
MSD(t), (3) the radius of gyration obtained at long times, (4) the persistence length obtained from Eq. S8 using Ry, (5) the
entanglement length obtained from Eq. 1 in the main text by using the value of I, obtained before, (6) the diffusion coefficient
from the fitting of the MSD at long times, (7) the entanglement length obtained from the PPA analysis, (8) the persistence
length obtained from Eq. 1 in the main text by using the previous value of N, and (9) the persistence length obtained from

the tangent-tangent correlation (see Fig. S1).

was obtained after a long equilibration (1.5 x107 7g,)
of a system with Nyyrp = 0. Then, we reset the time-
step to zero and we performed simulations with a vary-
ing number of kinks per polymer such as Nyyp/M =
0,24, 100, 300,400. Each of these simulations was run for
another 1.5 x107 7g,.

To assess equilibrium, we compute the temporal evo-
lution of the radius of gyration (Ry) of each polymer in
the simulation by using the relation

N

R0 = 5 3 reart) — ra(t)]

n=1

(S5)

where 7, (t), ron(t) and N represent the position of the
n-th bead of a polymer at time t, its centre of mass
(COM) and its length, respectively. We also compute
the mean squared displacement (MSD) of the COM of
each polymer as funtion of the lag-time (t)

MSD(t) = {|rear(to +t) — rear(to)|?). (S6)

The equilibration time ((7)) is found as the intersection of
the plots R (t) and MSD(t) averaged over all molecules.
This is the time it takes to the centre of mass of a poly-
mer to move a distance equal to its own radius. We also
confirmed that at this stage the radius of gyration fluc-
tuates around a steady state value (R,) (see left panel
in Fig. S1). This is the value used in the main plots of
Figs. 1b,f. As expected, introducing kinks into the sys-
tem decreases both R, and 7. From these results we
concluded that a reasonable time to start measuring the
properties and dynamics of the chains was 5 x1007g,. In
other words, we discarded the first 5 x10%7mg, (equilibra-
tion) of all our simulations and we performed the analysis
with the remaining data.

The radius of gyration found in simulations can be re-
lated to the persistence length (I;;) for the Worm-Like
Chain (WLC) model. In this model the end-to-end dis-
tance (R) of a polymer is given by:

(R?) = 2N [1 - lﬁp (1 - e_N/l;)] . (8T

Then, in the limit I < N we obtain (R?) = 2NI7.
We also know that for an entropically governed poly-
mer that follows a random walk in three dimensions
(R2) = (R?)/6, from which we find
(R2) = NI /3. (S8)
This relation is used to produce the plot in the inset
of Fig. 1b in the main text. It shows that adding THF
effectively decreases the persistence length of the system,
making it more flexible. By using this value of [} into
Eq. 1 of the main text we obtain the entanglement length
displayed by the gray curve in Fig. 1c of the main text.
The mean squared displacement computed after equi-
libration is shown in Fig. 1d of the main text. By fitting
the MSD at long times with the relation M .SD(t) = 6Dt,
we obtained the diffusion coefficient D in Fig le of the
main text. All the results presented in this section are
summarized in Table S1. They show that introducing
kinks into the system reduces the number of entangle-
ments (N/N,) of the polymers, so their mobility in-
creases. Supplementary movies provide a visual and in-
tuitive support of this. In cyan we represent the trajec-
tory of one polymer from our previous simulations with
Nigrp/M = 0. In red, we show the trajectory of the same
polymer but from the simulation with Nygp/M = 400.
Big beads in blue and red represent the position of the
COM of each polymer. At t =0 the COM of both poly-
mers have the same position, which is represented by the
black bead. It is observed that during the course of the
simulation the COM of the red chain moves a larger dis-
tance and also that the red chain is more compact. The
three different movies represent views of the same system
from different planes.

TANGENT-TANGENT CORRELATION

A different way to obtain the persistence length of a
polymer is by measuring the length-scale over which the
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Figure S2. Molecular Dynamics Simulations of Kinked Semiflexible Polymers. The system has M = 100 chains
N = 512 beads long with persistence length l,, = 100 at volume fraction p = 0.02 yielding an entanglement length N, ~ 45
or Z = N/N. ~ 10. a. Time evolution of the radius of gyration. b. Normalised squared radius of gyration. (inset) Effective
persistence length ;. c. Entanglement length from Primitive Path Analysis. Grey shaded area represents predicted NZ(l5)
with appropriate propagation of errors. d. MSD of the centre of mass of the chains. e. Normalised diffusion coefficient. The
fitted curve is 1+ kx with k = 0.015 (in units of number of IHF in 512 beads). f. Relaxation time 7. The shaded area represents
the values expected using the numerical values of N. measured in ¢ with appropriate propagation of errors.

direction of the chain is no longer correlated with itself,
i.e., by computing the tangent-tangent correlator:

(t(n) - t(n')) = eI/, (59)
where the tangent at the n — th bead is
I"rL+1 —ry,
tin) = ——mm, S10
(n) F—— (510)

and r,, represents the position of the bead. Results from
simulations with different number of kinks are shown in
the right panel of Fig. S1.

PRIMITIVE PATH ANALYSIS

We performed simulations of the primitive path anal-
ysis as described in reference [1]. That is, starting from
an equilibrated configuration of our polymer melts, we
set the velocity of all particles to zero. In the FENE
potential we set K = 100¢/0 and Ry = 1.20, this to pre-
vent chain crossings and ensure the topology conserva-
tion. We decreased the timestep from 0.01 7, to 0.001

m8r. Intra-chain excluded volume interactions are dis-
abled while inter-chain ones are retained. The bending
persistence length [, is set to zero so bonded beads inter-
act only through a FENE potential with new minimum
located at » = 0. The temperature of the system is low-
ered to T' = 0.001¢/kp and therefore thermal fluctuations
are negligible. We used a friction v = 40 in the first 103
time-steps of the simulation to facilitate energy dissipa-
tion. After this, v is restarted to its usual value (1) and
the system is equilibrated for 5 x10° timesteps. Under
these conditions the chains tend to reduce to the short-
est paths between their end-points. In doing so, inter-
chain interactions prevent crossings and therefore entan-
glements remain frustrated. From the final configura-
tions of the chains we compute the entanglement lengths
as (N) = (R2,/Nb2,) where R, is the end-to-end dis-
tance and by, is the average bond length in the primitive
path. The average is performed over all chains in the
system and different equilibrated configurations. Results
from simulations are shown in Table S1 and Fig. 1lc of
the main text. Following to reptation theory, the relax-
ation time of the system is expected to be proportional
to 7/79 = (Neo/N.)3. This prediction is represented by



Nwr /M| (T) (Rg) (&) (Ne) D (Ne) {p) | ()
[10°75:] o] o o] |[107°c*/m:]| [o] o [o]

0 [248+0.05 1546 £73 9.06£0.43 52+0.4| 11.7+0.8 | 86+4 14.1+0.6[9.73

10 |2.090.08 1363 £44 7.98£0.26 66 +0.5| 124+0.7 | 100+3 13.2+0.3(8.49
20 [1.38+£0.06 1173£48 6.87+£0.28 91+1 | 13.2+0.1 |102+4 13.1+0.6|7.67
50 |0.72£0.05 945+£48 5.54+£0.28 156+3 | 21.1+0.8 | 124+8 12.1+0.8(5.90
100 |0.26£0.02 67836 3.98+0.21 390 +10| 39.1+0.2 |169 12 10.8 +0.7|4.18

Table S2. Summary of results from simulations of a system with M = 100, N =512, Ip = 10 o, p = 0.02. Columns from left to
right show: (1) The number of of IHF kinks per polymer, (2) the relaxation time obtained from the intersection of R2(t) and
MSD(t), (3) the radius of gyration obtained at long times, (4) the persistence length obtained from Eq. S8 using Ry, (5) the
entanglement length obtained from Eq. 1 in the main text by using the value of I, obtained before, (6) the diffusion coefficient
from the fitting of the MSD at long times, (7) the entanglement length obtained from the PPA analysis, (8) the persistence
length obtained from Eq. 1 in the main text by using the previous value of N, and (9) the persistence length obtained from

the tangent-tangent correlation.

the gray curve in Fig. 1f in the main text, which accounts
for errors in the measurements of (V) via standard error
propagation.

PROBING THE EFFECT OF IHF IN STIFFER
POLYMERS

In the simulations we show in the main text we consid-
ered a persistence length of the polymers (I, = 30) that is
the same as the angle imposed to mimic IHF (defined by
the interaction between 3 consecutive beads). Because of
this, we wondered whether there may be some weaken-
ing of the kinking imposed by IHF in the simulations. In
other words, we expect that semi-flexible polymers with
l, > 30 should be more affected by introducing kinks
along the backbone.

To verify this, we performed simulations and asso-
ciated analysis on systems of polymers with [, = 10.
More specifically, we consider a solution of DNA with
M = 100 molecules, N = 512 beads each, in a cubic box
of size L = 1100 and p = 0.02 for which (according to
Refs. [2, 3]) we expect a similar level of entanglement as
the system simulated before.

Results from simulations with a varying number of
IHF angles per polymer (Nmg/M = 0,10,20,50,100)
are shown in Fig. S2. We stress that at the largest con-
centration used here (Ngr/M = 100), on average, only
a fraction fIHF = NIHF/(N — 2)M = 20% of the avail-
able angle-sites are covered. This is in contrast with the
Siur = 40% sites covered in the system described in the
main text at its largest concentration (Nmgr/M = 400).
Remarkably, the effect of THF in the new system is
more dramatic despite figr being smaller. For instance,
Figs. S2a-b show that R, decreases by more than a half
when increasing figr from 0% to 20%. In comparison,
Fig. 1b in the main text shows that R, decreased by less
than a half in going from figr = 0 to 40%.

In the inset of Fig. S2b we show the persistence length
computed from Eq. S8. However, we recall that this

equation is only valid in the random walk approximation,
N < lp,. This might be the reason why the entanglement
length (Fig. S2¢) from the PPA analysis (colour) and the
one obtained using Eq. 1 of the main text (gray curve) do
not match. The MSD and the diffusion coefficient com-
puted from simulations are shown in Figs. S2d-e. The
relaxation time in Fig. S2f is obtained from the intersec-
tion of R2(t) and MSD(t).

All the results presented in this section are summarised
in Table S2. It is worth mentioning here that in the
absence of kinks we expect the persistence length to
be I, = 100, the one set in the simulations. Interest-
ingly, we obtained different values depending the way in
which [, was computed. In the random walk approx-
imation (Eq. S8) we get [, = 90. We attributed this
to the fact that the condition /, < N is not satisfied.
From the tangent-tangent correlation (Eq. S9) we obtain
l, = 9.730, close to the expected value. Finally, using
the value of N, from the PPA analysis we get I, = 14,
indicating that Eq. 1 of the main text is not a good ap-
proximation when [, is about the same order of mag-
nitude as N. Importantly, results shown here have the
same tendency as before (for the system with I, = 30),
and qualitatively match our previous findings Fig. S2b.

VARYING THE LENGTH OF THE POLYMERS

In this section we investigate the effect of length on
the fluidification of polymer melts. Monodisperse poly-
mers at different lengths are obtained after dividing each
of the polymers in the system described above (with
l, = 100) into s = 1,2,4,8,16 fragments of the same
size N = 512,256,126,64,32 and obtaining therefore
M = 100, 200, 400, 800, 1600 molecules. For each of these
substrates the volume fraction is constant (p = 0.02) and
we run simulations with either, a fixed number of IHF
interactions (Nmgg = 10000) or none (Nigr = 0). Fig-
ure. S3a shows that the squared radius of gyration as
function of the polymer size behaves as a self-avoiding-



a -IHF +HF b -IHF +HF 0 C
N=32 & @ 106) N=32 < 180 } T
N=64 0 N=64 [
403k N=128 A il N=128 Ay ki “ N
N=256 & @& ~ 7 N=256 &3 @ O - O
- N=512 5 B O, N 10%F N=512 5 s A _14or
_ o
5 = 04 7 © 100 |
X , . /A 42 ~ 107 A - % A ~ 0
102} - -
P 7~
- 1w Ll 60ry &
9 b s 2.0
d - 2 . o SN
10 102 100 200 300 400 500
N [o] ' N [o] N [o]
| s 21} 1
* T
. 18}
o ok \‘A ‘s 023 .
5 04T °~. z
n\?: -0.12 £ Y sy §
I NS I * i ¥
& A " 07 W z S
= e ooz ter
\\\ AN v ,/’
0.3} S = @’
ﬁ 0.1 F I
02 02 0.9 c
10 10 100
N [0] N [0] N [o]

Figure S3. Molecular Dynamics Simulations of Kinked Semiflexible Polymers of different length at p = 0.02. Top
panels show with empty symbols results from simulations with no IHF kinks (-IHF) and with filled symbols results with a fixed
total number of kinks Niur = 10000 (+IHF). Bottom panels show the ratio (data with IHF divided by data with no IHF) from
the top panels. a. Squared radius of gyration. b. Relaxation time 7. c. Entanglement length from Primitive Path Analysis.
All panels apart from c(top) are presented in Log-Log plots. Dashed lines representing the scaling exponents with polymer size
are obtained as a fit to the data in bottom panels while in top panels are a guide to the eye. The relaxation time is expected
to scale as N3 in entangled systems (reptation theory) and as N? for un-entangled polymers (Rouse theory).

walk (SAW) in three-dimensions: Rg ~ N?% with v =
3/5. The value of R, is consistently larger in simula-
tions without IHF (Ry o > Rg rnr). In presence of IHF,
the radius of gyration appears to scale more closely to
that of an ideal walk (v = 1/2). The ratio of the over-
lapping concentrations measured with and without THF
scales as ¢jyp/ch = (Rg,o/Rg,IHF)3 and according to sim-
ulations, this ratio scales as (Rg’o/RgJHF)3 ~ NT1/8
(see bottom panel in Fig. S3a). We expect that in the
large length regime this ratio to approach a constant and
length-independent value.

The relaxation time 7 obtained from the intersection
of the MSD(t) and R,(t) after equilibration is depicted
in Fig. S3b. Top panel shows that by adding IHF the
relaxation of the system is faster (rgr < 79) across all
lengths. These results can be explained in terms of the
reptation model. Consider an entangled chain made of
N beads, each of size b = 0. The movement of the chain
is constraint by a confining tube of diameter a ~ b\/N,
and average length L = aN/N,. The diffusion coefficient
of such chain is D, = kgT/N¢, with £ the friction. The
time for the chain to diffuse out the confining tube is

L2 ¢b? NY? N\?
T ~ F = kBTNez <ﬁ> = Te (ﬁ) B (Sll)

where 7, %N 2 is identified with the Rouse time that
it takes to an un-entangled chain made by N, monomers
of size b to diffuse its own size. The ratio of the repta-
tion timescales with and without IHF appears to follow a
slightly different scaling and as a consequence of this the
ratio TgF /1o ~ N~07. Again, we expect in the very long
chain regime this ratio to approach a length-independent
value.

Finally, for the entanglement length N., computed via
the PPA described above, we find that its value depends
on the chain length (see Fig. S3c). This is likely due
to finite size effects and in the large length limit we ob-
serve that the control (no IHF) system appears to con-
verge to a plateau. On the contrary, in presence of ITHF
this plateau is pushed to longer chains as they are ef-
fectively more flexible. In turn, it is necessary to reach
longer lengths to be fully in the entangled regime for
which the PPA gives more accurate results [4]. We find
that in the range of lengths considered here, the ratio
Nerrrp/Neo ~ NO923 indicating that introducing IHF
significantly increases the entanglement length in the sys-
tem.

The mean squared displacement computed from simu-
lations is shown in Fig. S4a and the corresponding diffu-
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Figure S4. Simulations of polymers with different
lengths. a. MSD computed from simulations of polymer
solutions at the same volume fraction p = 0.02 before and
after adding THF. b. Diffusion coefficient extracted from the
MSD at large times using M .SD(t) = 6Dt. ¢ Viscosity com-
puted from D (as n ~ 1/D) divided by the cubic of polymer
length (N?) as function of 1/N,. Data scales as N, 2, follow-
ing the expected relation: n ~ GeTe(N/Ne)3 ~ N3N72. d.
Normalized viscosity after/before adding THF.

sion coefficient in Fig. S4b. The mobility of the polymers
is in general larger when adding IHF, but we note that,
just as in experiments (see Fig. 3b of the main text), the
effect of THF is less marked for smaller chains.

By putting together the results of this section we
can write the viscosity as 1 = GeT = GT.(N/N.)3 ~
N3N 2. This scaling is confirmed in Fig. S4c. We then
obtain that the ratio 7]IHF/770 ~ (]\[‘370/]\/ve’[HF)2 ~ N705
in the regime considered here as observed in both simu-
lations (see Fig. S4d) and experiments (see Fig. 3d in the
main text).

Numerical results obtained from simulations described
in this section are depicted in Table. S3.

GENERALISED STOKES EINSTEIN RELATION

In this section we discuss in more detail how we per-
form the conversion from MSD curves of the tracer beads
in the system to the stress relaxation modulus G*(w).
This is done via the so-called “Generalised Stokes Ein-
stein Relation” [5, 6], i.e. in its Laplace formulation

~ dkpgT

G* (S) = m; (812)

where d is the dimensionality of the MSD and (A72(s))
the Laplace transform of the MSD. To obtain the complex
modulus, the numerical data can be fitted by an analyiti-
cal function which is then analytically continued into the
complex domain as s — dw. In practice this equation
can be computed directly into the Fourier domain and
approximated by [6]

N B dkgT
&) = S (ot o) O
where
_ dlog (A72(1))

a(w) = ~dlogt - (S14)

and obtain the elastic and viscous moduli as
G'(w) = |G*(w)] cos (ra(w)/2) (S15)
G (w) = |G*(w)|sin (ra(w)/2) (S16)

respectively.

IHF PURIFICATION

IHF was produced in the E. coli strain BL21AI con-
taining the plasmid pRC188 (a gift from the Chalmers
laboratory, the University of Nottingham, UK). The E.
coli harbouring pRC188 were grown to an OD600 ~ 0.6
in 2L LB + 100 pg/ml carbenicillin at 37°C with shak-
ing at 180 rpm. Induction of IHF overexpression was
carried out by the addition of arabinose and IPTG to
respective final concentrations of 0.2% (w/v) and 1 mM,
growth was then allowed to continue for a further 3 hours
at 37°C with shaking at 180 rpm. The E. coli were col-
lected via centrifugation at 3500 x g for 20 minutes at
4°C. After discarding the supernatant cells were resus-
pended in 10 mM Tris pH 7.5, 10% sucrose (w/v) be-
fore being flash frozen in liquid nitrogen and stored at
-80°C. Cells overexpressing IHF were thawed on ice and
the buffer was adjusted to contain final concentrations
of 50 mM Tris pH 8.4, 150 mM KCI, 20 mM EDTA, 10
mM DTT and 0.2 mg/ml lysozyme. The cell suspension
was mixed by inversion and kept on ice for 15 minutes
before Brij58 was added to a final concentration of 0.1%
(w/v) followed by further mixing by inversion and a 15
minute incubation on ice. The lysed cells were clarified
by centrifugation at 4°C and 148,000 x g for 60 minutes.
The supernatant was collected and polymin P was added
to a final concentration of 0.075% (w/v) in a dropwise
fashion whilst stirring at 4°C, stirring was continued for
10 mins before centrifugation at 4°C and 30,600 x g for
20 minutes. The resulting supernatant was then sub-
jected to a 50% ammonium sulfate (AmSO4) precipita-
tion followed by an 80% AmSO4 precipitation. Pellets



N M (10) (T1ar) (R2o) (R2imr) Do Diar (Neo)  (Negur) |(po) (Iprar)
[10° 75, [10°75:] [0”] (0] |[107°0°/78:] [107°0°/78:]|  [o] o] [o] [o]
32 1600 0.37 £ 0.01 0.19 £ 0.01 474+0.3 28+0.2| 1973 +£26 2371 4+19.2 [284+0.01 29+0.15|9.44 3.93
64 800 2.62 +0.04 1.02 £ 0.02 129 + 2 67+ 1 704 £ 12 985 £ 15 47+ 1.2 564+0.6 |9.45 4.04
128 400 21.20 £ 0.44 5.76 £ 0.13 313+6 15243 | 214 £508 391 £ 10 64+21 8 £16 |9.49 4.13
256 200 | 204.14 £+ 6.04 34.194+1.25 691 £18 325+11 54+1.2 125+ 6 81 +5.7 115+£0.2]9.51 4.19
512 100 |2586.70 4+ 155.67 259.71 + 15.29 1546 =73 678 £36| 11.7+0.8 39+0.2 86 +3.6 169+11.7|/9.73 4.18

Table S3. Summary of results from simulations at fixed volume fraction (p = 0.02) and total number of IHF kinks. Results
with Nigr = 10000 (or 0) are represented by notations with subindex ur (or o). The persistence length set in simulation (see
Eq. S3) is Ip = 10. Columns from left to right show: (1) The size of each polymer, (2) the number of molecules in the system,
(3-4) the relaxation time obtained from the intersection of R2(t) and M SD(t), (5-6) the radius of gyration obtained at long
times, (7-8) the diffusion coefficient from the fitting of the M SD at long times, (9-10) the entanglement length obtained from
the PPA analysis and (11-12) the persistence length obtained from the tangent-tangent correlation.

and supernatant were collected following centrifugation
as above with polymin p, IHF was present in the super-
natant at 50% AmSO4 and in the pellet at 80% AmSO4.
AmSO4 precipitated IHF was dissolved in a sufficient vol-
ume of buffer A (50 mM Tris-HC1 pH 7.5, 2 mM EDTA,
10 mM B-ME, 10% glycerol) such that the conductivity
of the sample matched that of buffer A + 100 mM KCI.
The sample was loaded onto a self-poured 10 mL P-11
phosphocellulose XK-26 column equilibrated with buffer
A + 100 mM KCl, washed with 30 column volumes (CV)
of buffer A + 100 mM KCI and developed with a 20 CV
gradient of 0.1-1 M KCl in buffer A. Fractions contain-
ing IHF were identified by their absorbance at 280 nm
and with 15% SDS polyacrylamide gel electrophoresis,
these fractions were pooled. Pooled fractions were dia-
lyzed against buffer A + 100 mM NaCl. The sample was
then loaded onto a 5 mL: HiTrap Heparin column equili-
brated with the same buffer, washed with 6 CV of buffer
A + 100 mM NaCl and developed with a 20 CV gradient
of 0.1-1 M NaCl in buffer A. Fractions containing THF
were again identified using absorbance at 280 nm and
15% SDS polyacrylamide gel electrophoresis and pooled.
Pooled fractions were dialysed against buffer B (25 mM
Tris.HC1 pH 7.5, 550 mM KCl and 40% glycerol), the
dialysed fractions were then aliquoted and flash frozen in
liquid nitrogen before storage at -80%rcC. Protein con-
centrations were determined using the Bradford Protein
Assay (Bio-Rad).

SAMPLE PREPARATION

Solutions of ADNA and IHF were prepared as follows.
ADNA was commercially obtained from NEB. Before use,
ADNA was always fully thawed at 65°C and then left
equilibrating on a roller for 1h. The nominal concentra-
tion is 0.5 mg/ml and this was checked with a nanodrop.
To concentrated ADNA we used ethanol precipitation, i.e.
for a volume V, added V/9 of 3M sodium acetate (NaAc),
and 2(V+V/9) of 100% Ethanol. We then placed the mix

at -20°C overnight and then spun at 17,000g for 1 hour.
Pellets of DNA were clearly identifiable at the bottom.
We then removed the supernatant, washed the pellet with
70% ethanol for 3 times. At the end, the pellet was left
to dry for a few minutes and resuspended in TE buffer
(10 mM Tris, 1mM EDTA, made with DNAse free wa-
ter) to reach the desired concentration. The final con-
centration was then checked with a nanodrop. The mix
of ADNA and IHF were prepared by mixing 9ul of DNA,
0.5 ul of beads (of different sizes, see below), and 1 pl of
IHF (pure from stock or dilute in its own buffer) or pure
buffer (25 mM Tris pH 7.5, 550 mM KCl, 40% glycerol)
for negative control.

CONTROLS WITH DIFFERENT SLIDES
PREPARATION AND BEAD SIZES

To check that our results are not affected by the choice
of tracer size and our sample preparation we have re-
peated some of our measurements on a 0.5mg/ml solu-
tion of ADNA using different bead sizes with different
surface treatments: 500 nm polystyrene beads (Sigma),
800 nm Polyvinylpyrrolidone (PVP) coated beads (gifted
by Andrew Schofield, Edinburgh) and 1 gm Carboxyl La-
tex Beads (ThermoFisher). As seen in Fig. Sha-b, the
beads give MSDs which can be scaled on top of each
other within errors. It is known that smaller beads suffer
from a depletion layer which tends to underestimate the
entanglements in the fluid [7]. This effect appears to be
small and negligible in these samples most likely due to
the fact that the DNA concentration is larger than the
one considered in Ref. [7].

We have also checked that the concentration of DNA
remains the same before and after incubation in the
chamber slide. This was done by measuring the 260nm
wavelength absorbance with a nanodrop before and after
a 5 ul drop of DNA was sandwiched between two slides
and left to incubate for 10 minutes (the time typically
needed for microrheology measurements). We have not
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Figure S5. Controls. a. MSD of different beads spiked in a
solution of ADNA at 0.5 mg/ml. b. Same as a with the MSD
scaled by the particle size. ¢ Comparison of the microrheology
performed on NaOH cleaned and BSA treated chambers, with
and without THF added to a 0.5mg/ml solution of ADNA . d.
Comparison between the MSDs obtained via particle track-
ing and differential dynamic microscopy (DDM) on the same
video. Note that in d we use a single movie while in the other
panels (and in the main text) we average across 5-10 movies.
One can appreciate that the data points fall on top of each
other, within errors.

observed any change in DNA concentration after the in-
cubation suggesting that the adsorption of DNA to the
glass slide is, if present, negligible with respect to the
bulk.

In Fig. S5¢ we also report MSDs of beads on NaOH
cleaned and BSA coated slides. The former were cleaned
by soaking overnight into NaOH, washed with water and
dried with nitrogen before used for sandwiching the DNA
samples. The latter were prepared by NaOH cleaning fol-
lowed by deposition of a BSA (20 mg/ml) drop on the
slides and cover slips, left for 20 minutes, followed by
washing and drying with nitrogen. As one can appreciate
from Fig. Sbc, the curves obtained for the samples with
and without THF (prepared as 9 pul DNA at 0.5mg/ml +
1 pl of THF at 245uM or 1 pl of IHF storage buffer for
the controls) are on top of each other. In Fig. S5d we
finally report a check done on our postprocessing analy-
sis where we analyse a single movie either with particle
tracking or DDM (differential dynamic microscopy) [8].
One can again appreciate that the two different analysis
yield very similar MSDs. Note that the error bars are
larger because we are considering only a single movie,
while in other plots we average over several (up to 10)
movies from independent samples and/or positions in the
samples.
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Figure S6. Elastic modulus at the cross-over frequency as
function of the IHF concentration.

ELASTICITY SCALING

To determine the IHF-concentration-dependent me-
chanical properties of our solutions (at 1.5 mg/ml -
DNA), here we report the value of G’ at the cross-over
frequency wg. This provides (at each value of the THF
concentration) a pair of data points (wg, G'(wg)) that
can be uniquely and consistently found across all our
samples. In Fig. S6 we show the scaling of G'(wg) with
the THF concentration. Importantly, this is the same be-
haviour as the one reported in Fig.2f of the main text
for G’ at the largest frequency in our experiments (50
Hz). We note that, since G'(wg) represents a low bound
value of the elastic plateau (G)), a better approximation
is: G, ~ G'(50 Hz).

BULK RHEOLOGY

Bulk rheological measurements were performed using
a stress controlled Kinexus Pro rheometer by NETZSCH.
Samples made of 360 pl of 0.5mg/ml ADNA and 40 ul of
IHF (at 245 uM) or IHF buffer were prepared as stated
in the main text, minus the beads. All stress tests were
performed at 25°C using 40 mm stainless steel paral-
lel plate geometries. Samples were carefully pipetted to
avoid bubbles formation. Gap height between plates was
maintained at 150-200 ym and trimming was performed
where needed such that a good fill to the plate edges was
achieved. To minimise solvent evaporation a solvent trap
was fitted using light mineral oil [Sigma-Aldrich, 330779-
1L] in the solvent well. To obtain the shear stress curves,
the shear stress was increased in a step-wise manner, from
0.01 Pa to ~ 10 Pa, then decreased from ~ 10 Pa to 0.01
Pa. This looping was repeated to ensure that the curve
was reproducible and there are no hysteresis effects.

The result from independent samples (3 for IHF and
2 controls) stress sweep is shown in Fig. S7. The zero-
shear (low shear stress) values of viscosity for the THF
samples are about 15 times smaller than the viscosity of
the controls where IHF is not added (and instead buffer
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Figure S7. Bulk rheology. This figure shows results from
bulk rheology stress sweep experiments ranging from 0.01 to
10 Pa. The average zero-shear viscosity for the controls is
15-fold larger than the samples in which IHF is added.

is added). This is in quantitative agreement with the 20-
fold decrease observed in the main text. The larger effect
seen in the main text is likely due to the fact that the
solutions used for microrheology are 3 times more con-
centrated (1.5mg/ml instead of 0.5mg/ml used for bulk
rheology).
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