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Recent	
   experimental	
   work	
   has	
   demonstrated	
   concentraNon-­‐dependent	
  
unbinding	
   rates	
   of	
   proteins	
   from	
   DNA	
   using	
   direct	
   fluorescence	
  
visualizaNon	
   of	
   the	
   bacterial	
   nucleoid	
   protein	
   Fis	
   (Graham,	
   et	
   al.	
   2011).	
  
Using	
   a	
   combinaNon	
   of	
   coarse-­‐grained	
   simulaNon	
   and	
   theory	
   we	
  
demonstrate	
  that	
  such	
  behavior	
  can	
  be	
  explained	
  by	
  taking	
   into	
  account	
  
the	
  dimeric	
  nature	
  of	
   the	
  protein,	
  which	
  permits	
  parNal	
  dissociaNon	
  and	
  
exchange	
   with	
   other	
   proteins	
   in	
   soluNon.	
   ConcentraNon-­‐dependent	
  
unbinding	
   is	
   generated	
   by	
   this	
   simple	
   model,	
   quanNtaNvely	
   explaining	
  
experimental	
  data.	
  This	
  effect	
  is	
  likely	
  to	
  play	
  a	
  major	
  role	
  in	
  determining	
  
binding	
   lifeNmes	
   of	
   proteins	
   in	
   vivo	
   where	
   there	
   are	
   very	
   high	
  
concentraNons	
  of	
  solvated	
  molecules.	
  

There is a marked decrease in the location of the apparent
transition to a highly bound chain when binders are
dimeric, due primarily to binding cooperativity. To
further examine the equilibrium structure, we introduce
the distinction between singly and doubly bound
binders, the former representing states where a binder is
only bound at a single monomer with the other monomer
unbound and the latter representing the state where both
monomers are simultaneously bound.

The singly bound state manifests itself in the along-
the-chain binding correlation functions along the DNA
substrate. The presence of a binder necessarily limits
the binding possibilities of an adjacent binder, which is
prevalent in the limit that the binders are primarily
doubly bound. We quantify this effect of cooperative
binding through the calculation of correlation functions
gðjÞ ¼

P
i hnini+ji=hn2i i, which calculates the probability of

having an occupied state ni+j ¼ 1 that is j binding pos-
itions away from an occupied state ni ¼ 1. gð0Þ ¼ 1 at
the j=0 position, so this is equivalent to choosing an
already bound monomer at j=0 and looking at the prob-
ability of having a bound monomer j positions away. This
is shown in Figure 2c, which plots g(j) versus j for a

number of concentrations c. At very low concentrations,
there is a large likelihood (compared with the large j limit)
that there will be binding at the immediately adjacent site.
This is due to the dimeric nature of the binders, and
simply implies that if one binder bead is bound the
adjacent binder bead is likely to be bound at the
adjacent site along the DNA.
However, after this binder, there is then a ‘correlation

hole’ where the probability of finding a bound binder is
significantly smaller. This is due to the presence of the
original binder; the large preference for the original
dimer to take positions i and i+1 limits the possibilities
for a dimer at i+2 (it is unlikely to bind at i+1 due to the
original dimer). This is a manifestation of the well-known
‘overlap’ effect that provides an anti-cooperative binding
behavior for multimeric DNA-binding proteins (29). The
resulting oscillations in the correlation function quickly
reach their averaged values at j > 3. At higher concentra-
tions c, these oscillations are suppressed even at low values
of j. j=1 at large c is essentially equivalent to the
averaged values for distant j > 3 binding sites, suggesting
that correlations due to the dimeric structure of the
binders are not significant. This suggests the presence of

Figure 1. (a) Geometry for simulations of DNA chain (orange) in a box with periodic boundary conditions (indicated by black box). At t < 0 ms,
high concentrations of binders (cyan) are introduced and irreversibly bind to the chain. At t=0ms, bound beads are tagged (dark blue) and cyan
binders are removed to attain a concentration c. When tagged dimers pass through the boundaries, the monomers become untagged. The total sum
of tagged binder monomers is nB, which decays over time (dark blue binders are less at t ¼ 7:3 ms than t ¼ 1:5 ms). (b) Phenomenological energy
landscape based on the Bell model, where there is an energy barrier to binding given by ! ~EB ¼ 3:0 (to yield binding time on the order of the
diffusion time !D) and an energy barrier to unbinding ! ~EUB. The overall binding energy is given by ! ~E0 ¼ ! ~EB $! ~EUB.

Figure 2. (a) Titration curves demonstrating the equilibrium number of binders nP along a chain of N ¼ 50 binding sites versus the change in energy
on binding ! ~E0 for the monomer (a) and dimer (b) situations for a number of different concentrations c. Points represent values determined from
simulation, and the lines are the theoretical predictions assuming "0 ¼ $11:6 for (a) and "0 % $13:5 for (b). This demonstrates that the equilibrium
behavior of these systems can be described using straightforward statistical mechanics. In (c), the along-the-chain binding correlation function g(j) is
plotted versus index distance j. At low concentrations (c % 50 nm) there is an abundance of binders at j=1 due to the dimeric behavior of the
binders, along with a correlation hole at j=2. This oscillation becomes smaller at large c due to the stabilization of singly bound states. ! ~E0 ¼ $5:0.
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near-quantitative matching occurred between numerical
and simulation investigations; this established that the ap-
propriate physics are articulated in the numerical calcula-
tion such that simulation is reproduced; however, for
the time scales of experimental data (! 1600 s) only the
numerical calculation is computationally expedient.
Figure 6 plots the experimental (a), numerical and analyt-
ical (both b) results on plots of bound fraction hnBi=N
versus time t in seconds. A number of concentrations c
in nM are used, and clearly the appropriate trends are
observed. Figure 6 demonstrates the predictions for the
experimental and theoretical values for koff as a function
of concentration c. The slope is k1 and the intercept is k0,
both values which match qualitatively with the theoretical
predictions. Disparities arise in the apparent equilibrium
values of the decays observed in the experiment versus the
calculation, with the latter decaying to hnBi=N! 0 and
the former demonstrating a decay to a finite hnBi=N > 0.
We attribute this to sequence-dependent effects, and verify
that this result is likely due to binding energy inhomogen-
eity, via analysis in the SD of the case of Gaussian ran-
dom distributed binding energies (Supplementary Data,
Fig. S3). The manifestation of this effect suggests that
sequence-dependence may richly affect concentration-de-
pendent off-rate behavior in in vivo environments where
local binder competition may couple with highly variable
and correlated sequence-dependent binding affinities.

CONCLUSION

Experimental work on DNA-binding proteins Fis, HU
and NHP6A has recently demonstrated the appearance
of concentration-dependent unbinding (16), with similar
behaviors observed in other systems (22). This behavior
does not occur in usual models of protein–DNA inter-
actions widely used to fit kinetic data where there is by
construction a concentration-independent off-rate. This
concentration-independent unbinding models a ‘spontan-
eous dissociation’ pathway, involving a transition over a

rate-limiting barrier associated with the DNA–protein
complex itself and not dependent on other nearby mol-
ecules. Here we have shown that simply generalizing
such models to dimeric proteins having two interaction
sites per protein, with each subunit having concentra-
tion-independent unbinding kinetics, leads to ‘concentra-
tion-dependent’ off-kinetics of the form koff ¼ k0+k1c as
observed for Fis. This arises from the conformational
flexibility of the dimeric protein model, which allows
partial dissociation of one side of the protein from its
binding site, and subsequent capture of that site by a
second protein from solution. The rate at which this can
occur is simply controlled by solution phase concentra-
tion, as observed in the single-molecule studies (16,22).
Our model is able to reproduce rates seen experimentally
well, with reasonable choices of microscopic parameters.
We note that in the concentration range near to the
apparent dissociation point, exchange is the dominant
process controlling dissociation, and there is effectively a
stabilization of the partially bound state.
Our model is exceedingly simple; undoubtedly more

complex behaviors can be generated by addition of add-
itional features. For example, we do not consider the role
of binding cooperativity in this model except through
the implicit inclusion of overlapping anticooperative
effects present in multimeric-binding systems (29).
Cooperativity may serve to promote competition effects
by favoring the clustering of binders that promotes singly
bound dimers. We also consider DNA chains that are es-
sentially saturated; in vivo behavior may provide different
mechanisms for binding site competition or sequence-
dependent effects that are not articulated in this model.
These are thus open questions that when investigated may
reveal a rich array of competitions that could enhance or
suppress concentration-dependent unbinding effects.
However, the present article shows that much of the con-
centration-dependent unbinding observed for Fis can be
attributed to its dimeric structure, without invoking more
complex causes.

Figure 6. (a) Exchange results from the experimental literature [Graham et al. (16)] that demonstrate the concentration-dependent decrease in
fluorescence due to a change in the unbinding reaction constant (Used by permission of Oxford University Press). (b) The analogous exchange
calculation (nB versus time t) for a binding energy of ! ~E0 ¼ #12:3, at concentrations relevant to experiments carried out by Graham, et al. (16).
Both numerical (N) and analytical calculations (A) are performed, with quantitative matching between the two for ~!0 ¼ #10:4 in the analytical
result. Qualitative matching of both of these to experimental observations in (a) is observed to occur, suggesting that this model captures much of the
physics of concentration-dependent binding dynamics. Effective unbinding rate constants koff (in s#1) can be extracted from these plots using
exponential fits, and the results are in (c). Experimental results come from Graham, et al. (16). Qualitative matching is demonstrated, and better
fits may be obtained on adjustment of both !0 and ! ~E0 used in the theory.
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SimulaNons	
  of	
  dimeric	
  binding	
  (le\)	
  are	
  performed	
  
where	
   iniNally	
   bound	
   proteins	
   (dark	
   blue)	
   are	
  
tagged	
   and	
   slowly	
   leave	
   the	
   simulaNon	
   box.	
   The	
  
leaving	
   of	
   these	
   tagged	
   molecules	
   demonstrates	
  
quanNtaNve	
   matching	
   between	
   experimental	
   data	
  
(Graham,	
   et	
   al.	
   2011,	
   upper	
   right)	
   and	
   both	
  
numerical	
  and	
  analyNcal	
  calculaNons	
  (bo]om	
  right).	
  

Funding: NSF [DMR-0907781, MCB-1022117 and DMR-1206868]; the NIH [1U54CA143869-01 (NU-PS-OC) and 1R01GM105847-01]; the 
DDR&E and AFOSR [FA9550-10-1-0167]; and the Northwestern International Institute for Nanotechnology.




