PHYSICAL REVIEW E 108, 014406 (2023)

Quantification of macromolecule crowding at single-molecule level
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Macromolecule crowding has a prominent impact on a series of biochemical processes in the cell. It is
also expected to promote macromolecular complexation induced by excluded volume effects, which conflicts
with recent advances in the thermodynamic interaction between inert, synthetic polymers, and nucleic acids.
Along this line, a method combining high-resolution magnetic tweezers and extended crowder-oxDNA model
was applied to resolve these discrepancies by systematically studying the kinetics and thermodynamics of the
folding-unfolding transition for an individual DNA hairpin in a crowded environment. More specifically, from
the magnetic tweezers-based experiments, the linear dependence of the critical force of the DNA hairpin on the
polyethylene glycol (PEG) concentration was demonstrated, which is consistent with the results based on the
crowder-oxDNA model in which the Lennard-Jones potential was adopted to express the interaction between
the crowders and the DNA hairpin. These consistencies highlight that the excluded volume effects are mainly
responsible for the interaction between PEG and the DNA hairpin, which is different from the interaction between
dextran and the DNA hairpin. In the meantime, the dependence of the folding rate on the molecule weight of
PEG, which was different from fluorescence resonance energy transfer-based results, was identified. The pro-
posed method opens a path to detect the interaction between an inert, synthetic molecule, and the DNA hairpin,
which is important to accurately mimic the cytosolic environments using mixtures of different inert molecules.
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I. INTRODUCTION

The heterogeneous cytosol is composed of biopolymers
with different shapes, sizes, and charges, which occupy 20-
30% of the cell volume [1-3], even up to 40% for Escherichia
coli [4,5]. This highly crowded environment in confined
space results in strongly reduced and nonrandom diffusion of
macromolecules and affects a series of cellular biochemical
processes, such as gene expression, cell division, etc. [6—10].
Until now, the impact of the physicochemical properties of
the crowded cytosol on the key biochemical processes in the
cell has not been clear. Therefore, the intracellular macro-
molecular crowding effects have attracted the attention of the
scientific community.

Macromolecular crowding is typically studied in vitro by
adding biologically inert and synthetic polymers into a con-
fined space to mimic the cellular environments [11-13]. The
early works in the literature [11,12] mainly concentrated on
the phase segregation of binary mixtures in a confined space,
such as the mixture of DNA and polyethylene glycol (PEG)
within an aqueous microspheroid. However, its impact on
the biochemical processes of the gene therapy, such as the
cleavage of DNA by HindIII enzyme in solutions of PEG 6000
at relatively high concentration values was inhibited by the en-
hanced formation of the DNA nanoparticles [13]. In the mean-
time, various types of simulations were performed on the self-
entanglement of polymer in the presence of macromolecular
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crowding [14-16], indicating that the macromolecular crowd-
ing enhanced the incidence of the physical knots by more than
an order of magnitude for all considered chain lengths [15].
In addition, these experimental and simulated results were
analyzed according to the conventional modeling of the pure
molecular crowding dynamics based on hard sphere excluded
volume considerations, which explicitly ignored any chemical
interactions between the inert, synthetic polymers, and the
probes. Nonetheless, the heterogeneous cytosol was replete
with nonspecific chemical interactions, both associative and
repulsive, which posed the question of whether high concen-
trations of biologically inert and synthetic polymers in cell-
like environments can faithfully mimic cellular environments.

With the implementation of single-molecule techniques
for investigating macromolecule crowding effects [12,17—
21], such as single-molecule fluorescence resonance energy
transfer (SmFRET), a series of advances were obtained in
studying the thermodynamic interaction between inert, syn-
thetic polymers, and nucleic acids [17,19,20]. Particularly, the
macromolecule crowding effects induced by PEG 8000, Ficoll
70, and E. coli lysate approximate to the cytosolic conditions
were systematically studied based on a FRET-based DNA
hairpin structure. From the acquired results, it was pointed
out that both PEG 8000 and Ficoll 70 strongly promoted more
compact FRET probe conformations and improved the probe
FRET efficiency in PEG 8000 or Ficoll 70, which was notably
larger than that in E. coli lysate at the same concentration
(vol%), and enhanced by the increasing concentration (vol%).
However, the probe FRET efficiency in Ficoll 70 was lower
than that in PEG 8000. In striking contrast, the changing
pattern of the probe FRET efficiency with the concentration
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of E. coli lysate revealed a notable reduction. Nevertheless,
it was then gradually recovered to the initial values in the
solutions without E. coli lysate. This effect was attributed to
the competition between the excluded volume interactions and
the associative interactions of the crowding agents and the
FRET probes [12]. The structural dynamics of DNA hairpins
was also further explored by conducting FRET-based experi-
ments in the presence of PEG 6000, Dextran 6000, or Ficoll
70000. From the extracted results, it was indicated that PEG
6000 promoted the DNA hairpin transition by simultaneously
increasing the folding rate and decreasing the unfolding rate,
while the folding rate was particularly affected. By means of
contrast, Dextran 6000 and Ficoll 70000, at similar wt % con-
centration values with PEG 6000, only resulted in a relatively
small increase in the folding rate and a negligible decrease in
the unfolding rate [19,20].

Obviously, the cytosolic environments cannot be mimicked
by the addition of a biologically inert and synthetic molecule.
On top of that, the interactions between inert molecules and
probes vary with the species of the inert molecule. The key to
resolve these discrepancies among the recent single-molecule
experiments on macromolecule crowding is to identify the
interaction between the inert, synthetic polymer, and DNA
hairpin in crowded environments. Under this direction, in this
paper, single-molecule experiments and simulations based
on the extended crowder-oxDNA model were combined to
identify the interactions between an inert molecule and DNA
hairpin at the single-molecule level. The magnetic tweezers
were first employed to detect macromolecule crowding effects
caused by PEG on the stability of the DNA hairpin. Then, the
dependence of the critical forces on PEG concentration was
identified by analyzing the force-decedent open probability
and folding-unfolding rates. When the crowders representing
the inert polymers were added to the simulation systems, the
interaction potential between the crowder and DNA hairpins
was tuned according to the physical characteristics of the
inert molecule. Moreover, the extended ox-DNA model could
provide the open probability, folding-unfolding rates, and
critical forces of DNA hairpins in different crowded environ-
ments. These outcomes were further compared with the results
obtained in single-molecule experiments based on magnetic
tweezers. Consequently, a deep understanding of the interac-
tion between inert polymer and DNA hairpins was obtained,
which is of great importance to effectively mimic the cytosolic
environments using mixtures of different inert molecules.

II. MATERIALS AND METHODS

A. Single-molecule experiment

DNA hairpin structure with a sequence of 5-GAG
TCC TGG ATC CTG TTTTTTTT CAG GAT CCA GGA
CTC-3' was linked between two GC-rich double-stranded
DNA (dsDNA) handles with lengths of 228 bps and 361
bps, respectively. And the high GC contents of about
63% make them not easy to break during the folding
(unfolding) transition process [22—24]. The polymerase chain
reaction was applied to produce the two dsDNA handles with
bacteriophage A-DNA (New England Biolabs) as a template.
Thiol-labeled forward primer 5'-thiol-AAG CGG GGA TTT
CCG TCG GG-3' and reverse primer 5-ACC GCC AGC
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FIG. 1. Force-extension curve of DNA hairpin construct. The
inset depicts a sketch of folding-unfolding transitions of a DNA
hairpin construction at stretching force. The DNA hairpin sand-
wiched between two dsDNA handles was linked between a 2.8 um
diameter superparamagnetic dynal bead (M280 bead, Invitrogen) and
coverslip surface through specific biotin-streptavidin interaction and
sulfo-SMCC crosslinker (Thermo Scientific), respectively. With the
increasing force, the extension showed two distinct conformational
transitions. The DNA hairpin was unfolded to ssDNA at a force of
~11.7 pN, and B-form DNA handles were overstretched to S-form
DNA with 70% longer extension at a force of ~65 pN.

GAG GTG GCC-3’ were used to produce a 228-bp dsDNA
handle. Forward primer 5'-ATT ACC ATC TGC CTG GTA
TCA GGG C-3’ and biotin-labeled reverse primer 5'-bio-GCT
CCG CCG ACA CGT GG-3' were used to produce a 361-bp
dsDNA handle. BstXI restriction enzyme was added to cut
the end of DNA handles to generate sticky ends of four
bases ssDNA. Then, the synthesized ssDNA hairpin sequence
and two assistant flank ssDNA were mixed with both DNA
handles with equal molar concentration [25]. Additionally,
T4 polynucleotide kinase (New England Biolabs) was applied
to add a phosphate group at the 5’ end of synthesized ssDNA.
Next, T4 DNA ligase (New England Biolabs) was applied to
link the DNA hairpin with two dsDNA handles. Finally, the
DNA construct was purified by agarose gel using PureLink
gel purification kit (Invitrogen).

As shown by the inset in Fig. 1, the hairpin structure
sandwiched between the two handles was linked to a 2.8
um diameter superparamagnetic dynal bead (M280 bead,
Invitrogen) and the coverslip surface through specific biotin-
streptavidin interaction and sulfo-SMCC crosslinker (Thermo
Scientific), respectively. What’s more, the DNA construct was
manipulated by magnetic tweezers at different crowding con-
ditions with the concentrations of PEG ranging from 0 to 10%.

The magnetic tweezers were built on an inverted Olym-
pus microscope IX73. An oil-immersion objective (UP-
LFLN100X0O2, Olympus) and a CCD camera (Pike F032B,
AVT) were used to image the tethered and reference beads
on the coverslip surface. The permanent magnets were moved
with two micron resolution by motorized linear stage (LS-
110, PI) to control force. The focal plane of the objective
was adjusted with nanometer resolution by a piezo objective
actuator (PD72Z1CAOQ, PI) to build the image library, which
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FIG. 2. Schematic illustration of the extended oxXDNA model of
a DNA hairpin in a crowded environment. (a) The DNA hairpin has
a thymidine tetraloop and 15 bps in stem and its sequence is 5'-AAT
ATT AAATTA GAATTTT TTC TAA TTT AAT ATT-3'. The radius

of crowders r.. is 0.85nm. (b) The transition between the ssSDNA and
DNA hairpin in a crowded environment.

was used as a reference to measure the extension of the DNA
construct. A piezo objective actuator was also used to adjust
the focal plane during real-time measurements to cancel the
mechanical drift of the microscope. Real-time image analysis
was also carried out to get information on bead fluctuation and
molecule extension by using the LabView software.

B. Extended crowder-oxDNA model

OxDNA is a coarse-grained model that was originally
developed by three scientists at the University of Oxford
[26-28]. It has been widely used since reworked to treat
the thermodynamics and mechanical properties of the DNA
hairpin manipulated at a stretching force f. As illustrated in
Fig. 2(a), this model treats a DNA strand as a chain of rigid
bodies and captures the most relevant interactions of DNA, in-
cluding the backbone connectivity (Vpuck), hydrogen bonding
between Watson-Crick complementary base pairs (Vig_pond),
stacking between adjacent bases pairs along the chain (Veck),
cross stacking (Veross—stack)> and the excluded volume interac-
tions between base and backbone sites [29-31]. The complete
forms for all potentials can be written as a sum of all the
interaction terms as follows:

V = Z(Vback + Vstack + Ve/xc)
NN

+ Z(VH—bond + Vcross—stack + Vexc)- (1)

other

The electrostatic interactions were treated by using the Debye-
Hiickel approximation, with effective charges parameterized
to reproduce the stability of short duplexes at sodium con-
centrations ranging from 0.1 to 1 M [32,33]. The interaction
terms in Eq. (1), together with the electrostatic interactions,
drive the formation of right-handed DNA helixes and pairs in
an antiparallel manner.

In the current paper, the extended ox-DNA model was fur-
ther applied in crowding conditions [as indicated by Fig. 2(a)],
where crowders with radius r. were added to the simulation
systems to mimic the macromolecules, such as PEG, in solu-
tion, while its volume fraction (¢) ranged from 0% to 20%.
To account for the presence of the crowders, an interaction
potential Viowd exc, Was introduced into the extended ox-DNA
model, which includes the excluded volume interaction be-
tween two crowders (Verowd—crowd), between a crowder and a
nucleotide;”s backbone site (Verowd—back), and between a crow-
der and the nucleotide’s base site (Verowd—base)s respectively.
The general form of the excluded volume interaction potential
can be expressed as follows:

Vi(r,e,0) (r<r")

f(l", €,0, V*) == EVsmooth(rv ba rcut) (V>x< <r< rcul) (2)

0 (otherwise).

This excluded volume interaction potential includes
the Lennard-Jones potential Vy,;(r,€,0) = 445[(‘7’)12 - %)6],
which was truncated by using the quadratic smoothing
function Vimootn (7, b, Fewt) = b(rew — 1)* to guarantee that the
excluded volume interaction potential is a differentiable func-
tion that is equal to O after a specified cutoff distance rcy.
The parameter r* was equal to 2r, for the crowder-crowder
interaction, and r. + r;, for the interaction with the backbone
site or the base site, where r;, corresponds to the radius of
the backbone site or the base site in the oxXDNA model, re-
spectively. The crowder radius used in current simulations is
r. = 0.85nm, and the parameter values of €, o, r*, b, and rey
in the excluded volume potential are in terms of the simulation
units of energy and distance, with one length unit equivalent
to 8.518 A, and one energy unit to 41.42pN nm. The scaled
parameters in Vrowd—crowa Were 2, 2.05, 2.0, 113.8, and 2.08,
respectively, those in Veowd—back Were 2, 1.4, 1.35, 2897, and
1.42, respectively, and finally, those in Viowd—base Were 2, 1.22,
1.17, 17111, and 1.24, respectively.

The DNA hairpin [illustrated in Fig. 2(a)] used in the
current simulations had 15 base pairs in the stem with double-
helix structures and four bases in single-stranded loops. The
mass, energy, and length units for the DNA hairpins used
in the dynamics simulations were set as my = 315.75Da,
€0 = 4.142 x 10720/, and Iy = 8.518 A, respectively, which
together determine the time unit as tp = (eo/molg)_%. In
the average-strength parametrizations that were used for all
simulations, the strengths of interactions Vspex and Vi—pond
were set to be the same for all types of nucleotides, and
were also parameterized to reproduce melting thermodynam-
ics of hairpins with average-sequence content as predicted
by Santal.ucia’s nearest-neighbor model [33]. The evolution
of the system was realized by solving the Newton’s equa-
tion of motion using the velocity Verlet algorithm. Then the
velocities and angular velocities of each particle were updated
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from a Maxwell-Boltzmann distribution at each temperature.
Brute-force closing simulations, as well as the forward-flux
sampling, were performed to study the kinetics of the hairpin
formation. The forward-flux sampling, a rare event method,
was used to accelerate the kinetic measurements [29,30].
The conformation transition between the folded and unfolded
states is demonstrated in Fig. 1(b), which was carried out at
different stretching forces at the temperature value of 310 K.

III. RESULTS AND DISCUSSIONS

A. Dynamics of DNA hairpin under macromolecule
crowding conditions

As can be observed in Fig. 1, the hairpin construct un-
dergoes a series of transitions with the increasing stretching
force from almost zero to 70.0 pN by moving the permanent
magnet pair closer to the sample. At a force of about 11.7 pN,
the extension suddenly increased with a stepsize of ~14 nm,
indicating the unfolding of DNA hairpin to single stranded
DNA (ssDNA). After that, the extension of DNA gradu-
ally increased until the overstretching transition occurred at
~65 pN, which showed a sudden extension increase of
~130 nm, that is consistent with the overstretching transition
of the dsDNA handles.

When the stretching force was reduced to below 11.7 pN,
the folding-unfolding transition was reversible at the ap-
plied experimental conditions, so the dynamics process of
the unfolding-folding transition of DNA hairpin at different
stretching forces can be recorded [Figs. 3(a)-3(c)]. At every
constant stretching force, the extension-time curve has two
distinct states of DNA hairpin indicated by long and short
extensions, representing the unfolded ssDNA state and the
folded hairpin state. The extension probability distribution in
the right panels has two clear peaks separated by a distance
of ~13 nm, which corresponds to the displacement differ-
ence of the folded hairpin state and unfolded ssDNA state
along the direction of the stretching force. With the increasing
stretching force from 10.33 pN to 11.34 pN, the time of
the DNA hairpin staying at a folded state was prominently
reduced, which demonstrated that the increasing stretching
force tended to destabilize the DNA hairpin.

To investigate the impact of the detected macromolecule
crowding on the stability of the DNA hairpin, the PEG 8000
macromolecule was added to the experimental buffer and its
wt% concentration ranged from 2.5% to 10%. As displayed in
Figs. 3(c)-3(e), at the constant stretching force of 11.34 pN,
the increasing concentration of macromolecule PEG 8000
induced DNA hairpin stay at folded state with higher prob-
ability. As a result, it can be inferred that macromolecule
crowding caused by macromolecule PEG 8000 enhanced the
stability of the DNA hairpin. When the macromolecule PEG
8000 in the experiment buffer was replaced by macromolecule
PEG 400, similar results were also observed.

According to the extension probability distribution, the
free-energy landscape of the DNA hairpin can be obtained.
More specifically, the free energy F was subjected to the
modulation of stretching force f, and can be expressed as
follows: F = H — TS — fX, where T, H, and S refer to the
absolute temperature, enthalpy, and entropy, respectively. The

40 (a) 0% PEG8000 , 10.33pN

401 (b) 0% PEG8000 , 10.82pN

40(c) 0% PEGS8000 , 11.34pN

2.5% PEG8000 , 11.34pN
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FIG. 3. Dynamics of the DNA hairpin at different stretching
forces and crowding conditions. [(a)—(c)] Extension time courses of
the DNA hairpin were measured in a solution of 150 mM NaCl,
10 mM Tris, pH 7.2, at forces of 10.33 pN,10.82 pN, and 11.34
pN, respectively. (C ~ G) Extension time courses of DNA hairpin at
11.34 pN were measured in the same solution with the concentration
of PEG 8000 ranging from 0% to 10%. The right panels show the
corresponding extension probability distribution with two distinct
peaks separated by ~13 nm.

free energy F, = H. — TS, — fX, and F,=H,— TS, — fX,
separately correspond to those in the folded hairpin state and
unfolded ssDNA states, where X. and X, stand for the dis-
placement of the folded hairpin and unfolded ssDNA states
along the direction of extension. Thus, the free energy differ-
ence between two states can be expressed as follows: AF =
F,—F.=AH —TAS — fAX and the open probability at
the unfolded ssDNA state P,(f) was defined as the percentage
of time at unfolded ssDNA state [34], which is force depen-
dent and can be expressed as follows:

Fo

e T 1

Po(f) = Fo Fe

= AF
e BT 4 e BT 14 e
The free-energy landscape at the critical force should be sym-
metric, namely, AF (f = feit) = AH — TAS — foitAX = 0.
Hence, AH — TAS = f.itAX was obtained. Consequently,
the free energy difference can be rewritten as follows:
AF(f) = (fuit — f)AX, where AX = x.+ x, is constant
around room temperature. Thus, the open probability P,(f)
can be reexpressed as follows:

3

1
FolF) =9 T eUei—NAX/kT * )

This two-state Boltzmann relationship was used to fit the open
probability obtained from the single-molecule experiment
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FIG. 4. Force-dependent open probability of DNA hairpin in ex-
periment buffer with different concentrations of PEG 8000 (a) and
PEG 400 (b). Fitting with the two-state Boltzmann relationship gives
the critical forces at P,(f) = 50%.

under different macromolecule crowding conditions. As
shown in Figs. 4(a) and 4(b) the critical forces under different
crowding conditions can be obtained at P,(f) = 50%. For ex-
ample, the critical force of the DNA hairpin in 10% PEG 8000
was 12.37pN, and the critical forces increase by increasing the
concentration of PEG 8000. The critical forces changing with
the increasing concentration of PEG 400 macromolecules also
follow similar rules.

The folded (unfolded) states correspond to two local
minimal free-energy states in the free-energy landscape of
the DNA hairpin and transfer to each other by crossing the
transition state with the force-dependent unfolding rate
ko(f) = kS exp(fx,/kgT) and folding rate k.(f)=
k? exp(—fx./kgT) [35,36], where x., x, kp, and T
represent the distances to the transition point from the
folded and unfolded states, the Boltzmann constant, and
the absolute temperature, respectively. The logarithm of the
folding-unfolding rates can be expressed as follows:

Ink,(f) = Ink® + (x,/ksT)f,
Ink.(f) = Ink — (x./ksT)f,

which were used to fit linear functions of force in the force
range close to the equilibrium critical force and their cross
point of the unfolding (folding) rates gives the equilibrium
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FIG. 5. Force-dependent folding and unfolding rates of DNA
hairpin in the experimental solution with different concentrations
of PEG 8000 (a) and PEG 400 (b). The cross points indicated by
different color arrows give the critical forces, which are consistent
with the analysis of the force-dependent open probability of the DNA
hairpin. (c) The critical forces as a function of the PEG concentration
and its dependence on the molecular weight of PEG.

critical force. As can be ascertained from Figs. 5(a) and 5(b),
the cross points of the unfolding (folding) rates indicated by
color arrows separately give the critical forces of the DNA
hairpin in experiment buffer with different concentration val-
ues of the PEG 8000 and PEG 400 macromolecules. It is
interesting to note that all of them are consistent with the anal-
ysis of force-dependent open probability shown in Figs. 4(a)
and 4(b). Finally, the generalized dependence of the critical
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forces on the concentration of the PEG 8000 and PEG 400
macromolecules is outlined in Fig. 5(c). Obviously, the critical
forces linearly pertain to the increasing concentration of the
PEG 8000 or PEG 400 macromolecules. As the same time,
the critical forces of the DNA hairpin at the same wt% con-
centration of PEG macromolecule are strongly dependent on
the molecular weight of PEG, namely, the critical forces of the
DNA hairpin in the solution with the PEG 8000 are relatively
larger than those in the solution with the PEG 400.

For a DNA hairpin staying at the folded state, the un-
folding probability as a function of time is defined as the
probability for the unfolding transition to occur at least once
within the time period. The folding probability can be defined
similarly. During the conformation fluctuation at constant
forces, the dwell time at each state determines the transition
rates. The unfolding-folding probabilities as a function of time
were obtained by analyzing the cumulative distribution of the
dwell time, which can be fitted by an exponential function of
p) = 1 — exp(—kt) [34], which can yield the transition rates
of k, and k..

As shown in Figs. 6(a) and 6(b) at a constant stretching
force of 11.34 pN, the folding-unfolding probabilities of the
DNA hairpin as a function of time is strongly subjected to
the concentration of the PEG 8000 macromolecule ranging
from 0% to 10%, which was further proven by a significant
enhancement in the folding rate and a concomitant reduction
in the unfolding rate upon increasing the amounts of the PEG
8000 macromolecule [(depicted in the insets of Figs. 6(a)
and 6(b)]. The folding rate k. increased from 0.121 s~! in
the solution without PEG 8000 to 0.433 s~! in only 10%
PEG 8000. In contrast, the unfolding rate k, decreased from
0.731 s~! in the solution without PEG 8000 to 0.022 s~! in
10% PEG 8000. These changes in the folding-unfolding rates
resulted in the equilibrium constant keq = ]]i—o shifts by more
than two orders of magnitude in favor of the folded hairpin
state in only 10% PEG 8000.

Figures 6(c) and 6(d) demonstrate the folding-unfolding
probabilities of the DNA hairpin as a function of time at
different concentration values of PEG 400 macromolecules,
and their respective insets provide the folding-unfolding rates
as a function of the concentration of PEG 400. At the same
constant stretching force 11.34 pN, the dependence of the
unfolding rate k, on the concentration of PEG 400 was similar
to that of PEG 8000, namely, the unfolding rate k, was re-
duced from 0.859 s~! in the buffer without PEG 400 to 0.123
s~! in only 10% PEG 400. Nonetheless, the folding rate k.
as a function of the concentration of the PEG 400 macro-
molecule was totally different from that of the PEG 8000
macromolecule shown in the inset of Fig. 6(a). The folding
rate k. was enhanced up to 0.195 s~! in a buffer with 1% PEG
400 from 0.081 s~ ! in a buffer without PEG 400. However,
it was not further increased by increasing amounts of PEG
400 macromolecule to the experimental buffer. Consequently,
the equilibrium constant keq = ]Iz—; shifts by one order of mag-
nitude in favor of the folded hairpin state in only 10% PEG
400 mainly originated from the reduction of the unfolding
rate k,.

The implementation of the magnetic tweezers-based re-
sults in the development of the critical forces of the DNA
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FIG. 6. Distribution of the folding-unfolding probabilities are
shown as a function of time in a solution with different PEG
concentration values at a stretching force of 11.34 pN. Fitting
with exponential function p(r) = 1 — exp(—kt) gives the folding-
unfolding rates at different PEG concentration values and their
dependence on the concentration of the PEG 8000 and PEG 400
macromolecules are shown in their insets.
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hairpins in different crowding conditions that linearly per-
tain to the increasing PEG concentrations. In addition,
they are totally different from the nonlinear behaviors on
the increasing dextran concentration using atomic force
microscopy-based single cell force spectroscopy [37]. Gen-
erally, the macromolecule crowding effects are expected
to promote macromolecular complexation by the excluded
volume effects. However, by comparing the proposed mag-
netic tweezers-based experiment and the recent single-cell
experiments in the literature, a discrepancy between the
macromolecule crowding effects caused by different macro-
molecules was found, which will be further clarified based on
the extended crowder-oxDNA model.

B. Simulation results

In the extended crowder-oxDNA model, crowders were
added to simulated systems to mimic the macromolecule
crowding, the impact of crowders on the kinetic behavior
of the DNA hairpin will be further explored to clarify
the above-mentioned discrepancies. DNA hairpin with
a thymidine tetraloop and 15 bps in its stem was used
to perform simulations. Its kinetic behaviors in different
crowding conditions, with volume fractions ranging from 0 to
20% and the crowder radius 7, of 0.85 nm, were successfully
reproduced and the extension-time curves of the DNA hairpin
in the simulation systems with a volume fraction of 0% and
5% were demonstrated in Fig. 7, in which the extension-time
curve at a constant stretching force transited between the
unfolded ssDNA and the folded hairpin states. Moreover,
the extension probability distribution in their right panel
exhibited two clear peaks separated by a distance of about
12.5 nm. By taking into account the stretching force, this
distance was reasonably consistent with the contour length of
the single-stranded nucleotide.

The dynamics of the DNA hairpin depends on the stretch-
ing forces and the volume fractions of crowders in the
simulated systems. Figs. 7(a)-7(e) demonstrate the dynamics
of the DNA hairpin in the simulated systems without crow-
ders. As a comparison, Figs. 7(f)-7(j) indicate those in the
simulated systems with volume fraction ¢ = 5%. Obviously,
their common features are that the increasing stretching forces
make the DNA hairpin prone to stay at an unfolded ssDNA
state. However, the stretching force, at which the DNA hairpin
has roughly equal probability to stay at the folded hairpin and
the unfolded ssDNA states, was increased from about 6.81 pN
to 7.05 pN, indicating that the addition of crowders to the
simulated systems enhanced the stability of the DNA hairpin.

The force-dependent open probability and the folding-
unfolding rates changing with the stretching force can be
identified from the dynamics of the DNA hairpin in different
crowding conditions, such as those at volume fractions of 0%
and 5% in Fig. 7. Figure 8(a) depicts the fitting curves of the
force-dependent open probability by Eq. (2) and the critical
forces at P,(f) = 50%, which were gradually enhanced from
6.67 pN to 8.30 pN with the increasing volume fractions from
0% to 20%. The dependence of the folding-unfolding rates
in different crowding conditions on the stretching forces and
their fitting lines by Eq. (3) are demonstrated in Fig. 8(b).
At the cross points indicated by different color arrows, the

25F 0%-5.84pN

25} 0%-6.32pN

25 0%-6.81pN

0%-7.05pN

Extension(nm)

0%-7-30pN

0 50 100

150 200 250 300 3500.0000.0150.0300.045
Time(us) P

25[ 5%6.32pN

25F 5%-6.66pN

25F 5% 7.05pN

25} 5%7.30pN )

Extension(nm)

25F 5%-7.78pN (i)

0 50 100 150 200 250 0.000 0.015 0.030 0.045

Time(us) P

FIG. 7. Dynamics of the DNA hairpin at different stretching
forces and crowding conditions. Extension time courses of the DNA
hairpin were measured in simulated systems with volume fractions
of 0% [(a)—(e)] and 5% [(f)—(j)]. The right panels show their corre-
sponding extension probability distribution with two distinct peaks
separated by ~12.5 nm.

folding rate was equal to the unfolding rate and the cor-
responding stretching forces are the critical forces at the
different volume fractions from 0% to 20%:; all of these are to-
tally consistent with the analysis based on the force-dependent
open probability and, more importantly, the linear dependence
of the critical forces on the increasing volume fractions, as
shown in the inset of Fig. 8(b), is reasonably consistent with
the single-molecule experimental results in Fig. 5(c).

As pointed out by a recently reported single-molecule ex-
periment [38], the stability of the DNA hairpin depends on its
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FIG. 8. In simulation systems with increasing volume fractions
from 0% to 20%. (a) Force-dependent open probability of the DNA
hairpin versus stretching force, fitting with the two-state Boltzmann
relationship gives the critical forces. (b) The dependence of the
force-dependent folding-unfolding rates of the DNA hairpin on the
stretching forces. The cross points indicated by different color arrows
give the critical forces, which are consistent with the analysis of the
force-dependent open probability of the DNA hairpin.

stem length, loop length, and the GC content in the stem of the
DNA hairpin. To enhance the simulation speed, the sequence
of the DNA hairpin used in the magnetic tweezers-based ex-
periment was replaced by sequence 5'-AAT ATT AAA TTA
GAA TTTT TTC TAA TTT AAT ATT-3’ to perform simula-
tions, in which the GC content in the stem of the DNA hairpin
was reduced to 6.7% from 60%, and the loop size was also
reduced to 4 nt from 8 nt. Its corresponding critical force
at a volume fraction of 0%, as shown Fig. 8(b), was about
6.67pN, which was reasonably consistent with the previous
obtained single-molecule experiment value of DNA hairpin
with a similar sequence [38]. This sequence replacement does
not alter the linear dependence of the critical forces of the
DNA hairpin on the increasing volume fractions.

IV. CONCLUSIONS AND PERSPECTIVES

In this paper, a magnetic tweezers-based experiment in
combination with simulations based on the crowder-oxDNA
model was applied to identify the discrepancies among the

macromolecule crowding effects caused by different macro-
molecules, such as PEG and dextran. The incorporation of
the PEG 8000 or PEG 400 macromolecules into the ex-
periment buffer enhanced the stability of the DNA hairpin.
The critical forces of the DNA hairpin in the experimental
buffer with different concentration values of the PEG 8000 or
PEG 400 macromolecules were separately identified by force-
dependent open probability and the folding-unfolding rates,
which were reasonably consistent with each other and linearly
pertained to the increasing PEG concentrations. Nevertheless,
the critical force of the DNA hairpin in the experimental buffer
with the PEG 8000 macromolecule was obviously larger than
that in experimental buffer with the PEG 400 macromolecule
at the same concentration.

The magnetic tweezers exhibited high precision and stabil-
ity, by which the dependence of the folding rates changing
with the PEG concentration on the molecule weight could
be accurately identified. From the previously reported FRET-
based experiments in the literature, it was pointed out that
the folding rates increased with increasing PEG concentration
and decreased for the unfolding rates, which was universal for
the PEG 8000 and PEG 400 macromolecules. By means of
contrast, from the proposed current magnetic tweezers-based
experiments, it was found that the folding rates changing with
the concentration of PEG was dependent on the molecule
weight. At a constant stretching force of 11.34 pN, by in-
creasing PEG concentration from 0% to 10%, the folding rate
of the DNA hairpin in the experimental buffer with the PEG
8000 was gradually increased. However, in the experimental
buffer with the 1% PEG 400 macromolecule, it was first
enhanced up to 0.195 s~! from 0.081 s~! in the experiment
buffer without PEG 400, but it did not further increase by
increasing the amounts of PEG 400 to the experimental buffer.
As far as the unfolding rate of the DNA hairpin &, in the
experimental buffer with either the PEG 8000 or PEG 400
macromolecules is concerned, both of which were gradually
reduced, an independency on the molecule weight of PEG was
detected.

The magnetic tweezer-based experiment results were fur-
ther compared with the simulated outcomes based on the
extended crowder-oxDNA model. In the extended crowder-
oxDNA model, the crowders were added to the simulated
systems to mimic the behavior of macromolecules, as well
as the interactions between the two crowders, between the
crowder and the nucleotides backbone site, and between the
crowder and the nucleotides base site, which were described
by the excluded volume interactions. By increasing the vol-
ume fractions from 0% to 20%, the stability of the DNA
hairpin was obviously enhanced and the critical forces were
linearly associated with the increasing volume fractions of
crowders, which is in direct agreement with the magnetic
tweezer-based experimental results. Thereby, it can be ar-
gued that the excluded volume interactions (also known as
the depletion effects) are mainly responsible for the interac-
tion between the PEG macromolecule and the DNA hairpin.
In striking contrast, the nonlinear behaviors in atomic force
microscopy-based single cell force spectroscopy cannot be
solely explained by the excluded volume interactions, and
other nonspecific interactions, such as the associative inter-
actions, should be also taken into account.
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The combination of the magnetic tweezers-based experi-
ment and simulations based on the crowder-oxDNA model
opens a path to further investigate the macromolecule crowd-
ing effects. The interaction potential between the crowder
and the DNA hairpin can be tuned according to the physical
characters of the inert, synthetic molecule, such as dextran and
Ficoll, and then the crowder-oxDNA model could provide the
open probability, folding-unfolding rates, and critical forces
of DNA hairpins in different crowded environments. These
outcomes will be further compared with the results obtained in
single-molecule experiments based on magnetic tweezers. As
a result, the interaction between an inert, synthetic molecule,
and the DNA hairpin could be substantially understood, which
is of great importance to mimic the cytosolic environments
using mixtures of the different inert molecules.
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