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Journey is often more beautiful than the destination….

Specific Protein-DNA Complex



TRANSPORT and TRAFFIC

How Do Proteins 
Manage to move ?



How Do We Manage It ?



Modes of Protein Transport on DNA

Sliding Dynamics
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Many nucleic acid enzymes and proteins that act on DNA quickly locate 
target sites by diffusing along nonspecific DNA. It has been shown 
that proteins can both hop and slide along double-stranded DNA1–3, 
although the microscopic mechanism of protein motion along DNA 
molecules is still not understood in molecular detail. In particular, the 
path traced by a sliding protein molecule along the surface of DNA has 
not been established. Both linear paths, parallel to the DNA axis, and 
helical paths, following a strand or groove of the DNA around the DNA 
axis, have been taken as assumptions in biophysical and biochemical 
models. Although rotation of sliding proteins around the DNA helix was 
implicitly4 and explicitly5,6 anticipated, such rotation was not shown to 
occur during diffusive sliding. The concept of rotational coupling has 
also arisen among structural biologists based on concepts of molecular 
recognition and observations of detailed structural complementarity 
between proteins and DNA7–9. Despite the persistent high profile of 
this question in the literature, it remains unknown whether sliding 
proteins track the DNA helix. Such tracking would have major  
biophysical and biochemical implications: for example, only a limited 
set of enzyme-helix juxtapositions would need to be considered in 
questions of protein-DNA interaction. In this work, we examine the 
dependence on protein size of the diffusion constant for sliding along 
DNA in order to distinguish pure translational diffusion (Fig. 1a) along 
DNA from rotation-coupled (or -slaved) diffusion (Fig. 1b). The result 
offers insights into the mechanism of target search and recognition of 
all DNA-binding proteins.

As a protein moves along DNA, it experiences three different 
 frictional forces arising from random collision with the solvent 

 molecules, and all three are proportional to the solvent viscosity, 
retarding the protein’s diffusive motion. One is the friction on 
colinear motion parallel to the DNA axis. In addition, if the protein 
spins along the DNA helix, there are two rotational components 
of the friction: the rotational friction for motion along the offset 
helical path due to circumnavigation of the DNA axis, and the 
additional rotational friction that arises from the body-centric 
protein rotation.

Einstein’s treatment of translational diffusion as a Brownian 
motion, together with Stokes’ expression for viscous friction, indicates 
that the diffusion constant of a protein sliding along DNA should 
vary with protein size as 1/R, where R is the radius of the protein. 
This 1/R dependence of the 1D diffusion constant (D1) is valid if the 
protein experiences only translational friction as it slides along DNA, 
regardless of the magnitude of this friction. However, if the protein is 
constrained to track the DNA helix (for instance, in order to maintain 
optimum contact between its DNA-binding patch and the surface of 
the DNA helix), the protein will be forced to rotate while translating, 
and, as a result, the size dependence of the diffusion constant can be 
quite different. Inclusion of protein rotational friction leads to a much 
stronger dependence of the diffusion constant on R, of the order 1/R3, 
typical of rotational diffusion. From the cocrystal structures of DNA-
bound protein molecules, we know that many proteins bind DNA 
with a significant offset from the DNA axis. When a protein so bound 
undergoes motion along the DNA double helix, the path it traces 
through space is not a straight line. We recently developed a theory 
to take the nonlinear path traced by offset protein molecules into 
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Nonspecifically bound proteins spin while diffusing  
along DNA
Paul C Blainey1, Guobin Luo1, S C Kou5, Walter F Mangel3, Gregory L Verdine1,4, Biman Bagchi2 & X Sunney Xie1

It is known that DNA-binding proteins can slide along the DNA helix while searching for specific binding sites, but their path 
of motion remains obscure. Do these proteins undergo simple one-dimensional (1D) translational diffusion, or do they rotate to 
maintain a specific orientation with respect to the DNA helix? We measured 1D diffusion constants as a function of protein size 
while maintaining the DNA-protein interface. Using bootstrap analysis of single-molecule diffusion data, we compared the results 
to theoretical predictions for pure translational motion and rotation-coupled sliding along the DNA. The data indicate that  
DNA-binding proteins undergo rotation-coupled sliding along the DNA helix and can be described by a model of diffusion along 
the DNA helix on a rugged free-energy landscape. A similar analysis including the 1D diffusion constants of eight proteins of  
varying size shows that rotation-coupled sliding is a general phenomenon. The average free-energy barrier for sliding along the 
DNA was 1.1 ± 0.2 kBT. Such small barriers facilitate rapid search for binding sites.
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Protein also takes Shortcuts 
Intersegmental Transfer
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Figure 2. The role of DNA geometry in the distribution of the length of the sliding events at salt concentrations of (A) 0.04 M and (B) 0.10 M on 100
bp linear (black) and circular (red) DNA. The length of each sliding event was measured in terms of the total number of DNA base pairs probed via an
uninterrupted sliding motion by the N-domain of Pax6 either when it was tethered to the C-domain (Pax6; solid lines) or as an isolated domain (Pax6N;
dotted lines). ‘Uninterrupted’ means sliding that occurred without intervening hopping or 3D diffusion events. Where the protein revisited a previously
probed DNA site, it was counted only once.

Figure 3. The effects of DNA curvature on the sliding dynamics of Pax6 at a salt concentration of (A) 0.04 M and (B) 0.10 M. Solid red and black lines
correspond to the sliding dynamics of the tethered N- and C-domains of Pax6 on 100 bp circular and linear DNA respectively. In addition, the sliding
dynamics of Pax6 on 300 bp (blue line) and 500 bp (green line) circular DNA is investigated. The most probable number of DNA base pairs between the
N- and C-domains of tethered Pax6 when both domains are engaged in sliding dynamics is estimated from the maxima of the corresponding distributions
of the sliding conformations. Snapshots that correspond to the two very different peaks shown for 100 bp circular DNA are presented in (C), while an
example of a Pax6 conformation corresponding to the single-peaked distributions on linear DNA geometry is shown in (D).

which the two recognition helices of the N- and C-domains
of Pax6 are typically placed in consecutive major grooves of
a DNA structure, as shown in Figure 3C and D (labeled as
‘1’ and ‘3’, respectively). In addition, an alternative, unique
mode of sliding dynamics exists for highly curved 100 bp
circular DNA, where the two domains of Pax6 simultane-
ously probe two DNA sites that are far (∼16–17 base pairs)
apart from each other and inaccessible otherwise on linear

DNA in a single sliding snapshot. An example of such dy-
namics is shown in the snapshot presented in Figure 3C, la-
beled ‘2’. These two sliding modes are mechanistically dif-
ferent from each other: the former common sliding tech-
nique helps the tethered DBDs to slide along the DNA ma-
jor grooves and read the DNA base pairs in both linear and
circular DNA. Such a sliding motion is strongly coupled
with rotation along the DNA major grooves (35,46,47). In
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Protein searches for its target DNA sequence inside crowded
cellularmilieu.

21

Making Passage Through Crowd

Scientific Reports volume 8, page 844 (2018)



Non-specific search Regime
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regulation of transcription initiation and/or elongation.32 It
might also affect plasmid replication and transposition.33 Hfq
has a significant affinity for DNA with a dissociation constant
in the range from nano- to micromolar (the corresponding
values pertaining to binding to RNA are 3 orders of magnitude
smaller).23 Hfq is part of a family of NAPs that bridge sections
of the DNA molecule, thereby organizing large parts of the
genome into domains.34 Accordingly, Hfq has been considered
to be one of the NAPs that shape the bacterial chromosome.28

In the present contribution, fluorescence microscopy was
used to measure the diffusion of Cy3-labeled Hfq on double-
stranded DNA. No significant effects of mutation and labeling
on Hfq function were observed previously.35 The untethered
DNA molecule was stretched by confinement to a 125 nm
channel. DNA internal motion was modulated with an almost-
fixed stretch per unit contour length by variation of the
molecular weight. Single proteins were hosted by λ-DNA and
its di- and trimeric concatemers. The use of concatemers
removed any uncertainty associated with the base pair
sequence, as would be the case for a series of different
DNAs with different molecular weights. Rouse relaxation times
were previously measured for the same molecules in the same
channel system.26 Coupling of DNA internal motion and
protein mobility was then investigated by exploring the relation
between the diffusion coefficient of Hfq and the Rouse
relaxation time of the hosting DNA molecule.
The DNA and Hfq molecules were dispersed in TE buffer

(10 mM Tris-HCl, 1 mM EDTA, pH 8.0), incubated
overnight, and brought into the array of nanochannels by
electrophoresis (experimental procedures are described in the
Supporting Information). After the electric field was switched
off, the DNA molecules were allowed to equilibrate for 2−5
min. DNA and Hfq were subsequently imaged by recording
video clips with frame-alternating excitation of DNA-bound
YOYO-1 and Hfq-bound Cy3 dye with an exposure time of
300 ms and a rate of 1.2 frames per second per dye molecule.
Typical fluorescence images of λ-DNA, dimeric λ-DNA2, and
trimeric λ-DNA3 molecules are shown in Figure 1a. The
molecules were heterogeneously stained with YOYO-1 as a
result of the relatively low intercalation ratio of one dye
molecule per 10 base pairs. Nevertheless, different concatemers
can easily be discerned on the basis of their stretch. Previously,
the stretch was measured in the same channel system, and the
results, together with the dye-corrected lengths along the
contours of the DNA molecules, are collected in Table 1.26

The stretch was about half the contour length, which implies
that the molecules were locally coiled. However, the molecules
were close to the transition from the blob regime to the
deflection regime, as indicated by Monte Carlo simulations.36

A coiled conformation complies with the 125 nm diameter of
the channel, which is about 2 times the stained DNA
persistence length of 60 nm.37 Furthermore, because of the
use of a channel of constant diameter, the stretch per unit
length of the contour (R/L) and hence the DNA segment
density are expected to be constant. Indeed, the value of R/L
for the λ-DNA2 dimers matches that for the λ-DNA monomers
within experimental error. For the λ-DNA3 trimers, the result is
significantly less but still within 12% of the value for the
monomers. For the analysis of the protein diffusion data, the
correspondingly higher segment density is of no consequence.
Video clips associated with diffusion of a single Hfq protein

on λ-DNA3 (Supporting Movie 1) and two Hfq proteins
(Supporting Movie 2) on λ-DNA2 were recorded. The time-

dependent fluctuation in density of a single λ-DNA2 molecule
projected along the channel (the kymograph) is displayed in
Figure 1b. Such a kymograph serves to characterize DNA
internal motion, as has previously been described.26 Super-
posed on the kymograph are the simultaneously measured
trajectories of two proteins diffusing inside the channel in the
same nanospace as occupied by the hosting DNA molecule
(Supporting Movie 2). Typical protein displacements were a
few micrometers, which exceeded the channel diameter by at
least an order of magnitude. Once the presence of a single
protein on DNA was established (as in Supporting Movie 1),
we recorded its trajectory using exclusive excitation of the Cy3
dye at a rate of 3.3 frames/s and a clip duration of 2−5 min.
No significant sticking of DNA or Hfq to the channel substrate
or coverslip was observed.
The trajectories of 20, 20, and 15 proteins diffusing on λ-

DNA, λ-DNA2, and λ-DNA3, respectively, were analyzed. We
first pooled the trajectories pertaining to the same DNA host.
From the trajectories, the probability distributions for
displacement of Hfq in the longitudinal direction of the
channel were determined for a range of lag times τ. The
minimum lag time of 300 ms was determined by the exposure
time required for imaging of the Cy3 dye. The practical limit of
the maximum lag time was 20 s; for longer times, the statistics
became progressively worse because of the finite duration of
the trajectories. An example of the probability distribution for
the displacement is shown in Figure 2a. For each lag time, a
Gaussian was fitted to the probability distribution by
optimizing the mean-square displacement ⟨Δz2(τ)⟩. The
results are shown in Figure 2b. It should be noted that
⟨Δz2⟩ refers to one-dimensional diffusion of the protein in the
longitudinal direction of the channel and in the interior of the

Figure 1. (a) Fluorescence images of λ-DNA, λ-DNA2 dimer, and λ-
DNA3 trimer confined to a 125 nm channel. (b) Kymograph of λ-
DNA2 density fluctuations (grayscale). The simultaneously recorded
trajectories of two Hfq proteins diffusing on the dimeric DNA
molecule are superposed in red. It should be noticed that the two
trajectories are close for 50 s < t < 100 s. The duration of the clip is 3
min (Supporting Movie 2).
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indicated DNA molecule. Linear least-squares fits intersecting
the origin confirm diffusional transport according to ⟨Δz2⟩ =
2Dτ, where D is the protein diffusion coefficient. Values of D
and their standard deviations as obtained from the regression
analysis for diffusion of Hfq on λ-DNA and its di- and trimeric
concatemers are collected in Table 1. For freely diffusing Hfq
inside the channel without DNA, D = (10.0 ± 0.2) × 105 nm2/
s (average of 15 proteins). A striking observation is that the
diffusion coefficient is highly dependent on the molecular
weight of the hosting DNA molecule, with the largest decrease
in mobility by a factor of ∼50 in the interior of the λ-DNA
monomer.
Besides pooling the trajectories, we also obtained the

diffusion coefficient of each individually observed protein.
The results are shown in Figure 2c. Irrespective of the DNA
molecular weight, rather wide variations in the value of D were
observed. Similar variations have been reported for other
DNA-binding proteins.2−8 For instance, in the case of LacI
repressor along elongated DNA, the diffusion coefficient varies

from 2.3 × 102 to 1.3 × 105 nm2/s.2 A 2 orders of magnitude
variation, from 1.0 × 103 to 2.1 × 105 nm2/s, was observed for
the lateral diffusion of Rad51 on DNA.4 The channel-confined
DNA molecules were not stretched to full extent but were
coiled with a typical R/L ratio of about 0.5 (see Table 1).
Hence, our results are not uniquely related to diffusion along
DNA but also reflect three-dimensional diffusion through the
interior of the coil. In agreement with the ensemble-pooled
results, there is a clear trend toward larger diffusion coefficients
with increasing molecular weight of the DNA host.
Quantification of DNA’s internal motion is required in order

to relate it to the transport of protein. The intramolecular
dynamics of λ-DNA and its concatemers confined to exactly
the same channel system was previously investigated through
analysis of fluorescence correlation.26 The derived intermediate
dynamic structure factors showed predominant odd modes
associated with end-to-end fluctuation and typical stretched
exponential relaxation behavior pertaining to Rouse dynamics.
The reported values of the relaxation time associated with
fluctuations in the DNA density (i.e., the Rouse time τR) are
collected in Table 1. Following a 3-fold increase in molecular
weight, the intramolecular dynamics slowed considerably, with
a 2 orders of magnitude increase in the value of τR. Despite this
large transition in density fluctuation, there was no substantial
change in the time-averaged density because the stretch
remained proportional to the contour length within a margin
of 12%. A linear relation between the diffusion constant of Hfq
(as derived from the pooled trajectories) and the Rouse
relaxation time of the hosting DNA molecule was observed
(see Figure 3).

Protein diffusion on DNA is envisioned to proceed by a
combination of at least three different mechanisms.9−12 First,
the protein remains firmly attached and only moves with the
bound DNA segment. Second, the protein remains bound but
slides along the contour of the DNA molecule through one-
dimensional diffusion. Third, the protein disengages from a

Table 1. Diffusion Coefficients D of Hfq Diffusing on λ-DNA and Its Di- and Trimeric Concatemers Confined to a 125 nm
Channel; DNA Rouse Times τR, Stretches R, Dye-Corrected Contour Lengths L, and Stretches Per Unit Contour Length R/L
Are Also Included26

D (105 nm2/s) τR (ms) R (μm) L (μm) R/L

λ-DNA 0.185 ± 0.005 60 ± 5 11.3 ± 0.1 21.4 0.528 ± 0.005
λ-DNA2 0.95 ± 0.02 560 ± 60 22.7 ± 0.2 42.8 0.530 ± 0.005
λ-DNA3 3.0 ± 0.1 1800 ± 300 29.9 ± 0.6 64.2 0.466 ± 0.009

Figure 2. (a) Probability distribution for the displacement Δz along
the direction of the channel of Hfq on λ-DNA3 for a lag time (τ) of
8.5 s. The solid curve represents a Gaussian fit. (b) Mean-square
displacement ⟨Δz2⟩ for Hfq (black ●), Hfq on λ-DNA (blue ▼), λ-
DNA2 (green ■), and λ-DNA3 (red ▲) (averaged over 15, 20, 20,
and 15 molecules, respectively). The solid lines represent linear fits
that give the diffusion coefficient D. (c) Histograms of diffusion
coefficients D pertaining to Hfq on λ-DNA (blue), λ-DNA2 (green),
and λ-DNA3 (red).

Figure 3. Protein diffusion coefficient D as derived from the pooled
trajectories vs DNA Rouse time τR for Hfq hosted by λ-DNA (blue),
λ-DNA2 (green), and λ-DNA3 (red). The dashed line represents the
D ∝ τR variation.
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  Highlighting research on multiscale simulations and 
theoretical biophysics of complex systems from the group 
of Dr Arnab Bhattacherjee. 

 Disparity in anomalous diffusion of proteins searching for their 
target DNA sites in a crowded medium is controlled by the size, 
shape and mobility of macromolecular crowders 

 Crucial biological processes take place when DNA Binding 
Proteins (DBPs) search and specifically bind to their respective 
target DNA sites by bypassing other macromolecules that act 
as crowding agents. Using extensive computer simulations, 
Dey et al. have analysed the role of the physical properties of 
these crowding agents, such as size, shape and mobility, on 
the target search dynamics of DNA binding proteins. 
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ABSTRACT

Intracellular space is at a premium due to the
high concentrations of biomolecules and is ex-
pected to have a fundamental effect on how large
macromolecules move in the cell. Here, we report
that crowded solutions promote intramolecular DNA
translocation by two human DNA repair glycosy-
lases. The crowding effect increases both the effi-
ciency and average distance of DNA chain transloca-
tion by hindering escape of the enzymes to bulk solu-
tion. The increased contact time with the DNA chain
provides for redundant damage patrolling within in-
dividual DNA chains at the expense of slowing the
overall rate of damaged base removal from a popu-
lation of molecules. The significant biological impli-
cation is that a crowded cellular environment could
influence the mechanism of damage recognition as
much as any property of the enzyme or DNA.

A signi!cant triumph in biochemistry over the last 20
years was the ability to isolate human DNA repair en-
zymes and study their in vitro properties using de!ned DNA
substrates containing damaged sites. Typically, these stud-
ies have been performed using dilute conditions, where the
concentration of the enzyme, DNA and buffer components
were low compared to the concentration of water. Although
a wealth of insights into the thermodynamic, kinetic and
structural properties of enzymes have resulted from such
approaches (1–7), DNA repair enzymes act in a crowded
cellular environment with quite different physical proper-
ties (8,9). Thus, an open question is how the complex intra-
cellular milieu affects the ability of enzymes to locate and
repair damage sites embedded in a large polymeric DNA
substrate.

The human intracellular environment has numerous
physical properties that could dramatically affect enzyme

activity. These include high inorganic ion and metabolite
concentrations (10,11), lower dielectric properties (12–14),
higher bulk viscosity (15,16), and the presence of high con-
centrations of macromolecules which consume available
volume (‘molecular crowding’) (17,18). Indeed, the concen-
tration of macromolecules in human cells is an astounding
∼100–300 mg/ml (9,19), which means that 10–40% of the
total cellular volume is consumed by large molecules (of-
ten called the excluded volume). Taken together, these pa-
rameters could affect association of an enzyme with its tar-
get in complex ways. For instance, high ion concentrations
are expected to shield electrostatic interactions between an
enzyme and its highly charged DNA substrate (10,20,21),
while a lower dielectric constant could have an opposite ef-
fect. Increases in macroscopic viscosity will slow the trans-
lational movement of macromolecules and due to entropic
effects, crowded environments will push macromolecular
association when the complex consumes a smaller volume
than the free component species (9,22,23).

Although volume exclusion largely explains the effects
of crowded environments on binding equilibria, crowding
has been reported to have a surprisingly small effect on the
diffusion-controlled association kinetics of macromolecules
(24). Indeed, it has been observed that some diffusion-
controlled association reactions occur at nearly the same
rates in crowded solutions and in cells as they do in dilute
solution (24,25). These kinetic effects are counterintuitive,
but can be understood by considering that macromolecu-
lar crowders alter the macroscopic viscosity and available
volume in crowded solutions, but do not change the mi-
croscopic viscosity (26,27). Thus, over short nanometer dis-
tances, the rotational and translational diffusion of proteins
is not greatly affected by crowding because the protein only
feels the microscopic viscosity of the solvent that is present
in the spaces between the larger crowding molecules (28).
Over larger distances, hard sphere repulsion between the
protein and crowding molecules increases the effective vis-
cosity and slows translational diffusion (8,28,29). When two

*To whom correspondence should be addressed. Tel: +1 410 502 2758; Fax: +1 410 955 3023; Email: jstivers@jhmi.edu
†These authors contributed equally to the paper as !rst authors.

C© The Author(s) 2015. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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Dynamic DNA binding licenses a repair factor to bypass roadblocks in 
search of DNA lesions, Finkelstein et. al. Nature Communications,  7:  
10607, (2016)
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Does Speed always come at the cost of Stability?  
How Protein searches on Nucleosomal DNA
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•High binding affinity of proteins to DNA may not be a retarding factor, rather on 
nucleosomal DNA it helps pioneer factors to minimise the impact of nucleosome 
dynamics. 

•Fastest transport to target DNA site is observed when nucleosome association and 
dissociation rates of a protein are comparable. The ‘dissociation-compensated-
association’ ensures tradeoff between nuclear mobility and error in search process.

Conclusions



Changing the Path : TRANSPORT of Protein on ssDNA track

✦ Long but short-lived ssDNA intermediate binds to RPA during DNA replication. 
  

✦ Shorter ssDNA intermediates (<30 nt) form a stable RPA-ssDNA complex for  
processing and repairing the DNA damage.

ssDNA length dependent RPA activity
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ΔGH25−H62
= 0.46 ± 0.001 kcal/mol ΔGH62−L62

= 0.7 ± 0.001 kcal/mol



TRANSPORT of RPA Protein on ssDNA
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RPA-dT25



Cooperative Binding of ssDNA to RPA
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•The mechanism of binding of RPA to ssDNA differs with the length of ssDNA. The short length 
of ssDNA binds to RPA through 'reptation dynamics', where dynamic bulges on ssDNA form and 
dissolute continuously. In contrast, longer ssDNA binds to RPA in a cooperative fashion. 

•The cooperative binding of ssDNA to RPA involves a conformational change from a stable 
‘linear’ intermediate to a 'horse-shoe' shaped final state.  

•The presence of these two distinct binding modes are connected via a dynamic equilibrium. The 
relative population of these states is a function of ssDNA length. 

•RPA associates more strongly with short length of ssDNA compared to long ssDNA. 

•The kinetic association for longer ssDNA is much faster compared to shorter one.

Conclusions
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