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Abstract

We investigated the dynamics of a single-fluorophore-labeled pUC18julas
through a Brownian dynamics algorithm, followed up by a simulation of the flu
rescence correlation spectroscopy (FCS) process. Recenimgptal FCS mea-
surements indicated a sensitivity of the monomer mean square displaseime
DNA circles towards superhelicity. Simulations with homogeneous DNA elas-
ticity and local straight equilibrium are not sufficient to reproduce thieolesl
behavior. But inserting permanently bent sequences into the DNA, vi&icit
end loop formation, caused a dependence of the calculated FCS torrelarves
on superhelical density. Furthermore, our simulations allow us to takedntuat
the orientation of the fluorophore in polarized excitation, which might explan

observed appearance of a Rouse-like regime at intermediate time scales
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1 Introduction

DNA prokaryote cells, and also in yeast, is circular and idigoin often plectone-
mically supercoiled, a conformation which resembles atedigelephone cord (see
Figure 1). An important topological invariant in superbaliDNA is the number of
times the two DNA strands wind around each other - the linkinghberLk. It can
be expressed as the sum of two geometrical quantitigs= Tw+Wr. The twistTw
describes the twisting of one strand around the other in @apleonformation, while
the writheWr is a measure of the extent to which the DNA axis coils and foidkree
dimensions. The linking number differen&&k = Lk — Lkg quantifies the amount of
excess superhelicity introduced into the circular strieetuith respect to the relaxed
B-DNA molecule, which has one right-handed twist pet B8m.

Supercoiling is highly important for biological procesgeg. bringing two specific
DNA sites in close contact, which is required for transdoipt replication and recom-
bination? A thorough understanding of these processes require daidargistatements
about the internal dynamics of single sites on the DNA depethdn the superhelic-
ity. Until recently experimental information on circulaiNa was available in form of
the translational and rotational diffusion coefficientd #me dominant mode of internal
fluctuations from dynamical light scatteririg: However, the observation of a precisely
defined site on the DNA can give much deeper insight into thermal dynamics of
the molecules, which in connection with appropriate moeélsthen enable under-
standing the biologically important mechanism of sitee sitteraction in large DNA
molecules. To this aim, the single monomer dynamics of flpbooe-labeled super-
helical DNA have recently been measured with fluorescenoeledion spectroscopy
(FCS)5 FCS®7 is a powerful experimental method for measuring the dynarofc
molecules. It has been used to measure (anomalous) diff@Siflow, 1011 fast rota-
tional motion 213 photophysical propertié4 and miscellaneous chemical reactibns
both in vitro and in vivo, i.e. in living cells. FCS is capaldéresolving the internal
dynamics of labeled molecules that are larger than the fadame 1>16|t is based on

a correlation analysis of the fluorescence photons emitteddiecules that move in a



tiny laser focus (typical volume of 1 femtolitre) inside themple.

In the experimental studyan acceleration of the dynamics on all time scales was
observed with increasing superhelicity. Interestinglyimermediate time scales the
monomer dynamics showed characteristics reminiscent afts&model with mean-
square displacementt!/2. But for a semiflexible polymer such as DNA it is expected
that at length scales larger than the persistence lengtkirieécs should be governed
by Zimm dynamics, which is valid for flexible polymers with dmpdynamic interac-
tions. In this work we studied the effect of superhelicitytba dynamics of a polymer
model of a superhelical plasimd. We used a Brownian dynaaigezithm to calculate
the time trajectory of the system. A subsequent simulatidh@FCS process allows
us to show the possible effect of the rotational dynamictefittached fluorophore on

the experimental outcome.

Figure 1: The figure shows two representative conformatidissiperhelical DNA for
ALk = 0 andALk = —10. The attached fluorophor is shown in green together wsth it
two local direction vectors and fj.

2 Theory and Methods

2.1 Brownian dynamics algorithm

We use a Brownian dynamics (BD) algorithm that is descrilvedétail in Refl”:18
Here we present only the basic principles of the simulatibime DNA is modeled as
a chain ofN linear segments witlN + 1 beads assigned at each jaint To each seg-
ment a system of three orthogonal vectors of unit lengthtéehed( ﬁ, &,0i), whereg
points into the direction of thih segment. In a closed circular chain, bé&é 1 coin-

cides with the first bead. The energy of the system is givendognbnic potentials for



the bending angles between adjacent segments, the twesigigs between assigned
orientations of adjacent segments and deviations fromdhgilerium segment length.
The electrostatic interaction between different non-eelj segments is calculated us-
ing a Debye-Hickel potential with a renormalized linearrgeadensity of DNA as
described by Ret? The simulations were performed using a second-order Biamvni
dynamics algorithm. Hydrodynamic interactions betweentibads are described by
the Rotne-Prager tens®rfor translation diffusion, while rotation around the segine
axis is given by the rotational diffusion coefficieDto,; . The model allows for per-
manently bent sequences, deviating from the average eolip®f adjacent segments
vectorsg andg_ at thermal equilibrium in the case of non-bent sequencesaukn
iliary unit vectorb; with the polar coordinate&p*, 6*) in the local coordinate system
is introduced at the beiith joint, such that the relevant bending angle for the bemdin

energy is now calculated betwe@n; andb;.

2.2 Monte Carlo algorithm

A starting conformation for the Brownian dynamics simuwdatis generated by a Monte
Carlo (MC) procedure. The Monte Carlo algorithm is derivemr Ref2! and uses the
modifications implemented in R&E The definition of the segments and beads is iden-
tical to the Brownian dynamics simulation. The energy tehage also been adopted,
except that no deviations of the equilibrium segment lehg#re allowed. The Monte
Carlo algorithm uses two different Monte Carlo steps. 1. jxivating step, a subchain
of 2-10 segments is randomly chosen, and rotated aboutdtsceand vector by the
angleB uniformly distributed in an interval—f, o). The fraction of this pivoting
step is 2/3, and the overall acceptance rate §0%.

2. In a reptation step a randomly chosen subchain of 5 segrseakchanged with a
randomly chosen subchain of 4 segments, if the end-to-estdratie of the 5-segment
subchain is not longer than 4 segments. Each subchain wastef by changing
the end-to-end distance such that it could be incorporatétegposition of the other
subchain. The deformation of a subchain was realized asw®eseg of rotations of

the individual segment vectogs until the condition for the end-to-end distance was



fulfilled. Here each subchain segment was rotated aroundettters x X by a small
angle proportional t¢§ x 7(\, whereX is the subchain end-to-end vector. The orienta-
tion of the inserted subchain was chosen such that the atientof the center-of-mass
with respect to the end-to-end axis coincides with the deition of the center-of-mass
of the exchanged subchain. The fraction of the reptatigmisté/3.

The acceptance of the MC pivoting step is the same as in theata Metropolis al-
gorithm. Regarding the reptational step the modificationBef.,2? which take into
account the entropy change by adjusting the end-to-enaistof the subchains, have
been kept the same. From the initial conformatiof Mbnte Carlo steps have been

calculated to obtain the starting conformation for the Br@m dynamics simulation.

2.3 Model of superhelical and linear DNA

As a model system for studying the dynamics of superheliééhve use the pUC18
plasmid. The pUC18 plasmid contains 2686 basepairs, threr@fe approximate the
circular DNA by a closed chain dff = 91 linear segments of length= 10 nm. The
bending persistence lengdiof the simulated DNA is set to 50 nm. The experimentally
determined values for the torsional elastic constant rdraye 2.0 x 10-1° erg cm?3
2.2 x 107 1° erg cn?? to ~ 3.0 x 1019 erg cm?526 For the simulations we adopt an
intermediate value of = 2.5 x 10-1° erg cm. The DNA stretch modulus was set to
63.3 pN, softer than the experimental val@feAs it was shown in Ref28 a softer elas-
tic stretch modulus does not alter significantly statisticaperties such as end-to-end
distances and corresponding relaxation times, while dwadd to lower computation
time. The bead radius is adjusted such that the transléatitifiasion coefficient ofn
beads placed equidistantly in a row with a distalyoequals the translational diffusion
coefficent of a cylinder with hydrodynamic radiagp and lengthnlp. The diffusion
coefficient of a cylinder can be calculated as described fry R while the diffusion
coefficient for the string of beads is given in the work of Haman et al** For the hy-
drodynamic radiusyp of DNA we set the value to.2 nm according to Re#! The ro-
tational diffusion coefficient equals a cylinder with rasliyp: Dot = kBT/47Tr7rﬁDIO.

We studied the circular DNA at different superhelical déasio = ALk/Lkg e.g. from



an relaxed DNA ato = 0 (ALk =0) to 0 ~ —0.015 ALKk = —4) ando ~ —0.037
(ALk = —10). For the linear DNA the same elasticity parameters amtocwo length
were used as for the circular DNA. All simulations were doh®.4 M salt condi-
tions and a temperature = 29315 K. The time step was set fit = 1 ns. Table 1

summarizes all used simulation parameters.

Parameter Description Value

At simulation time step Dns

T temperature 293.15K

I ionic strength 100 mM

n viscosity 103 Pas

D dielectric constant 80.18

N number of segments 91

lo equilibrium segment length 10 nm
elastic stretch modulus 63.3 pN
Kuhn length 100 nm
torsional rigidity constant Bx10 ¥ergcm

4D hydrodynamic DNA radius 1.2 nm

Table 1: BD and MC simulation parameter values

2.4 FCS simulation:

In order to model the outcome of FCS measurements on theai@iuDNA, we have
developed a program that uses the BD trajectories to caédcthie expected fluores-
cence intensity (t) for a labeled DNA diffusing through the focus of a FCS setup.
The normalized autocorrelation curgér) = (I(t+ 1) -1(t))/(1)? was calculated by
use of a multiz correlation algorithn#?:33 Here () denotes temporal averaging over
timet. This algorithm is also used by hardware correlator caratelyiemployed in
FCS experiments. Each trajectory is a time series of theasgmtsitions of a single
beadr;(t) to which the fluorophore is attached. It may also contain thentations
pi(t) (|fi(t)| = 1) of the fluorophore’s dipole vector, which can be represgrts a

superposition of the segment vectérand f; in the local reference frame. The dipole



vector accounts for the interaction of (partially) poladzexcitation light with the flu-
orophore. If a fractioriF, € [0, 1] of the excitation light is linearly polarized, parallel
to a unit vectorée = (1,0,0), then according to Ref? the excitation probability is

reduced:

fiol (B1(t)) = (1= Fpol) + Fpol - ({Bex Bi(t)))* < 1, )

where (-,-) denotes the Euclidean scalar product. The number of det@ttetons
Nohot(t) I 1(t) is calculated by first estimating the average nunMg(t) of photons
expected in one simulation stéipt + Atrcg]. ThenNpho(t) is drawn from a poissonian
distribution with averag®pnoi(t). This procedure accounts for the counting statistics

of the photon detection. The expected photon number is gigsen
. . K
Nphot(t) = No - Atrcs: Zl%‘ - Qaet- (T For(Bi (1)). 2
i=

HereK denotes the number of fluorophores near the laser fd¢giss the maximum
number of possibly detected photons per fluorophore andstey® whilegr andgget

are the quantum efficiencies of fluorescence and detecgspectively. The form of
the excitation and detection profile, which are assumed idéxgtical and completely

overlapping, is described by

®)

2
h(x,y,z):exp(—z-x—;yz—z z )

wg, Ty
The lateral width of the profile isny andy = w,/wyy is its aspect ratio, whene, is
the focal width inz direction.

Note that we neglect photophysical dynamics in the systeieh as bleaching or
triplet blinking, as we want to observe the effects of the DiNAtion only. The photo-
physics could be introduced into the simulation by makirgyfthorescence efficiency
gr time dependent and changing it for every particle with aadlé simulation. A full
simulation, but without the effects of polarization hasiedescribed in Ref? In real
experiments care has to be taken to discriminate inevigaibéophysical effects from

the other contributions to the measured correlation fonctiThe typical timescale of



the triplet dynamics i$0.1us, 10us],** which is near the expected effect of the rota-
tional dynamics.

For the simulations the trajectories were shifted in timeé space so that they pass
the focus consecutively. Each trajectory of lenigthivas shifted to satisfg (M /2) = 0.
This ensures that in average there is less than one panithe ifocus which mimics
real experiments in strongly diluted solutions. In ordestith obtain reasonable photon
statistics from only few trajectories that were simulate®, raised the fluorescence
efficiency to an unrealistically high value gf = 10. We compared simulations for
gr < 1 andg; = 10 and found that this change improves the statistics bus doé
change the results in any other respect. Refer to Table 2nfavarview of the FCS

simulation parameters used to generate the data.

Parameter Description DNA test systen
Atecs FCS simulation time step as lus

Dtpy Brownian motion time step — Qus
Tirajectory  length of a single trajectory Bs —

Tsim length of diffusion simulation — 50s

No absorbed photons per molecule ~6-1°st 10's1
Wy lateral width of excitation profile B um 0.5 um
O fluorescence quantum yield 10 0.97
Odet detection efficiency 0.1 0.1

£ excitation light polarization (1,0,0) (1,0,0)

C concentration of simulated particles — 3um—3

Table 2: FCS simulation parameter values for the DNA sinmatand the diffusion
simulations of the test system.

2.5 Test Diffusion Simulation

As a test system for the FCS simulation we also used a simphridan motion simu-
lation which calculates the trajectories of fluorophoresida a sphere around the laser
focus. The size of the simulation volume was chosen to beaat feve times larger

than the laser focus width in each direction. The positiét) of theith fluorophore



is updated in each simulation stAp,, by a random vectof\r, where each component
is drawn from a gaussian distribution with zero mean andwWd®DAty,,. D; denotes
the given translational diffusion coefficient. If a partideaves the simulation volume
it is deleted from the simulation and a new patrticle is posiid at a random spot on
the boundary of the volume such that the particle conceatragmains constant. In
addition this simulation also incorporates the rotatiatiélision of the fluorophore’s
dipole vectorpi(t). In every time stepp;(t) is updated with a random vectAp while
ensuring thatpi(t), pi(t) + Ap) = cogAp) and that f; (t) + Ap| = 1. HereAgis drawn
from a gaussian distribution with widt{i2D,At,,, whereD; is the given rotational dif-
fusion coefficient. This results in a Brownian translatiomation of the particle and
an independent random walk of the tip@ft) on a unit sphere. Table 2 summarizes

the used simulation parameters.

3 Results

3.1 Homogeneous DNA

The Brownian dynamics simulation was used to calculate trajectories of superhe-
lical DNA with linking numbersALKk = 0 and—10. In the first set of simulations, the
equilibrium bending angle between segments was set to. 0thieechain had a straight
equilibrium conformation. The polymer conformations désed by the bead positions
{F;} and the segmental orientati¢fi } were recorded at a set bf discrete time points
{t}. For long time trajectories, positions and conformatiorsersaved every 1000th
time stepAt. In order to resolve dynamics on shorter time scales, autditishort time
trajectories have been used, where conformations werededat every time step. For
each set of parameters five long and five short time trajextdrave been calculated
with a length of 500ms and 1@ respectively. The short time trajectories allowed
us to obtain properties like the mean-square displacenw®Dj of a labeled bead in
the time interval[1ns 1us|, while the longer time trajectories were used in the time
range from Ls to 50ms. All calculated properties were averaged overithalated

trajectories.
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As a first step the translational diffusion coefficiédhtcan be estimated from the
slope of the center-of-mass trajectory. The center-ofsmigsis defined as the average
of the bead positiongm = (1/N) ZiN:Ji- The mean square displacement (MSD) of
the center-of-mass displays strictly normal diffusion driiene scales. If we fit it ac-
cording to the normal diffusion equatidnZ,, (1)) = 6D;T we obtain the translational
diffusion coefficient®; = 3.9um?s 1 (ALk=0) andD; = 5.0um?s ! (ALk = —10).
This reproduces the data found in dynamical light scatteekperiments and MC sim-
ulations* The shift to higher translational diffusion coefficientsdae explained by
the formation of a plectonemic, interwound structure atéasing linking number dif-
ferences, which is more compact as seen in Figure 1. Thenaiterotion of a bead

(r2,(1)) relative to the center-of-mass is defined as

(fa(1)%) = ;g[m (1) Tem(t+7) (O ~Tem®)2. @
t

The simulated data for the internal motion of the labeleditiegether with the overall
MSD are depicted in Figure 2. At small time scales the intemation follows a
power law(r2, (1)) O 9. For different linking number differenced_k we found the
exponentsr =~ 0.74 (ALk = 0) anda ~ 0.72 (ALk = —10), where we fitted in the time
range 10’ s< 1 < 107° s« T;. For comparsion we studied also linear DNA with
the same contour length of 910 nm, where the labeled beadagittoped in the DNA
center. The linear DNA yields an exponent= 0.74. The exponents are close t043
which is expected for the dynamics of linear semiflexibleypwdrs at length scales
belowlp.36 At times longer than the longest relaxation tifethe internal motion
saturates at a constant value. The longest relaxation timbe case of the linear
polymer isT; &~ 1 ms as calculated from the autocorrelation of the end-tbvetor.
At very short timesr < 1078 s the exponent falls into the range betwees @nd 09,
which is due to the discretization of the BD model. In Figune€included analytical
calculations for the internal motior2,(t)) of a monomer in the center of a linear
DNA, based on a Gaussian semiflexible chain as describedfii’Rend summarized

shortly in the appendix.
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Figure 2: (a) The figure shows the MS[Z,) of the DNA monomer relative to the
center-of-mass for circular DNA with different linking nier differencefdLk = 0
(blue), ALk = —10 (red) and for a linear DNAIflack). The symbolsdircles) indicate
the analytical prediction for a linear semiflexible polyméb) The total MSD(r?)
was calculated showing the additional contributions oteenf-mass diffusion for the
linking numbersALKk = 0 (blue), ALk = —10 (red) and linear DNA black). The dashed
lines mark ar®/4-, 12/3- andt/2-power law to guide the eydrom top to bottom).

The MSD of a labeled bea(ui?} as a superposition of the internal dynamics and the
center-of-mass motion, obeys at small times approximakedy3/4-power law of the
internal motion. In this time range the differences betwibel\Lk = —10 andALk =0
MSD curves do not exceed 4 % . For times> T; the contribution from the inter-

nal motion becomes negligible and the dynamics are dondratehe center-of-mass

12



diffusion. We defined a local time-dependent expor@(it) by fitting a power-law
(r2 (1)) O P in the interval[0.17,10t] around eachr. The results are shown in Fig-
ure 3. For the Rouse and Zimm model the MSD scales in the tiraitT; with a power
law /2 and1%/3, respectively?® For linear end-labeled dsDNA fragments of different
lengthL results consistent with the Zimm regime have been expetmigrobserved
only for very long polymers exceeding 40 10° bp3? (and references therein), which
corresponds to the limit of flexible polymets> I,. In Ref.16 the Zimm regime was
also observed for the longest measured linear dSSDNA maexfi?23.1 kbp. However,
for intermediate time scales an additional Rouse regimerejaarted for 2.4 to 23.1
kbp dsDNA. A recent theoretical stutfyshowed also the existence of a sub-Zimm
regime for end-monomer MSD, but could also not explain theeolled Rouse regime.
Interestingly, in a subsequent stidyith superhelical pUC18 plasmids an exponent
B = 0.5 typical of Rouse dynamics was found at intermediate timesl00 us.

Here, our BD simulations based on a homogeneously elastio clo not display
an intermediate regime as reported in Reénd which could have been attributed to
Rouse- or Zimm-like dynamics; the local exponghtemains above.@ on all time
scales. However, we do see a shallow minimum in the local mexpioas proposed
recently in Ref.4° reflecting the crossover from the stiff-rod limit to the fliebe chain
limit and then to normal translational diffusion. At higheuperhelical densities this

effect is diminished.
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Figure 3: The time-dependent local expongiit) of the MSD power-law(r2) [ A
was obtained by fitting in the time interv@.1t,101]. The local exponent is shown for
the linear black circle) and the circular DNA for a linking number differentdek =0
(blue dot) and ALk = —10 (red sgquare). In addition thecrosses indicate the local
exponentx (1) for internal motion of linear DNA.

An important finding ir? was a significant acceleration of the internal dynamics of
DNA with increasing superhelical density. This can be corag#o our earlier dynamic
light scattering (DLS) experimentswhere the internal dynamics were quantitated by
two parameters: the amplitude of internal motions and aariivatl diffusion coefficient,

a measure of the motions of the smallest rigid DNA subunitiéduperhelix. There the
amplitude decreased nonmonotonically for increasing shgbieal densities, display-

ing a local maximum atr =~ —0.03, while the internal diffusion coefficient significantly
increased for superhelical densitjeg > 0.04.

In our current simulations as Mthe internal motion is measured as the relative
displacement of the DNA monomer with respect to the centenass of the molecule
(Figure 2). For long times > T it approaches the constant valu@?, wherea signi-
fies the amplitude of internal motion. We obtain the ampéisal—= 86.1 nm (ALK = 0)
anda = 655 nm (ALk = —10). The decrease can be rationalized due to the more in-
terwound, tighter structure for higher superhelical diégsi which restricts the motion
of the individual segments. However, in the simulationshwibmogeneously elastic,

straight equilibrium DNA, the MSD of the internal motion ésEigure 2) displays no
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acceleration of the dynamics for higher linking numberetiénces.

3.2 Permantly bent sequences

As a possible explanation, it had been suggested ir°Reedt the experimentally ob-
served acceleration of dynamics with increasing linkinghber difference might stem
from a shift of the labeled segment towards the loop regipbkC18 plasmid is known
to contain permanently bent sequenéé$.The effect of the bent sequence is to or-
ganize the global structure by increasing the probabilityadn end loop at the bent
sequence at high superhelical densifiégherefore we simulated a circular DNA with
a permanently bent sequence, which was introduced intoupperkselices by assign-
ing at three adjacent joints a bending an@teof 40° lying in the same bending plane
(¢* = 0°), such that the sequence spans a total bending angle df t26ne configu-
ration of the system the labeled bead was placed directhedi¢nt sequence, such that
the labeled bead remains a longer fraction of time in the enpd. In order to probe
the dynamics in the stem region of the plectonemic structuesalso positioned the
labeled bead at 25% of the contour length L relative to the bent sequence.|&oys
were identified by using the method developed in Kelfin analogy to the definition
of the writheWr along the total contout® this method defines a local writhe(j) in
the vicinity of a segmenj. The Gauss integral describes then the average number of

cross-overs between the two tails of k segmeékts 18) at the segment

. 1 /T Titke1 rn—r
w(j)== dry x dr: . 5
(=5 r’;k/ml [dry > dr] Ty (5)

Segments which belong to the end loops in superhelices araatkerized by high local
writhe w. We checked that the bend sequence correlates with a maaimigge local
writhe, while the second configuration showed on averagéwacesl local writhe.

As seen in Figure 4, positioning the fluorophore in the beqgtieace greatly en-
hances its motion, especially fdt.k = —10, which can be compared to the speed-up of
end monomers relative to internal monomers in linear pohgnaue to the on average

greater fraction of time in an end loop. On the other hand tledlphore dynamics are
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diminished in the stem region ALk = —10. For the more compact structure of higher
superhelical densities the center-of-mass diffusDn= 4.9um? s 1; ALk = —10) is
faster than for theALkO-structures Dy = 4.4um? s 1; ALk = 0 ). Therefore the su-
perposition of the internal and the center-of-mass motioAEKk = —10 cooperatively
reinforces the acceleration at the bent sequence, raguidtia significant separation of
the MSD curves in Figure 4. On the other hand, when the lab®sted is positioned
at 25% of the contour length away from the bend, the diffezelmetween the MSD
curves forALk = 0 andALk = —10 is diminished due to the opposing trends of the

center-of-mass diffusion and the internal dynamics.
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Figure 4: (a) The figure shows the MS[Z,) of the DNA monomer relative to the
center-of-mass for a superhelix with an intrinsically beatjuence foALk = 0 (blue)
andALk = —10 (red) at the bend sequenceof-dashed) and in a distance df/4 rela-
tive to the bent sequencso{id). (b) The total MSD<ri2> including the center-of-mass
diffusion term is shown. The dashed lines mark34'-, 72/3- and t%/2-power law to
guide the eyeftom top to bottom).

As described in Methods, we simulated the FCS process frentralfiectories ob-
tained by the BD algorithm. Figure 5 shows the resulting radized FCS correlation
curves for superhelices which contain a bent sequence. araipn of the correla-
tion curves with the linking number difference is visiblehe monitored bead is at the
bent sequence (see Figure 5(a) ). Then higher linking nuwifferencesALk imply

faster decorrelation. In contrast we could not observe iftisgl up any more, if the
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labeled bead was shifted away from the bent sequence (seeeFE(r) ) or if the cir-

cular DNA did not contain a bent sequence (see Figure 8bhelfdcus aspect ratio

is increased ty = 5, the splitting decreases, but the FCS correlation curkestél

clearly distinguishable (data not shown).
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Figure 5: Normalized FCS correlation functiogi@) - (N) of circular DNA at different
linking number differences. For polarized light the dipetector was set along the
segment vectog and the focus axial ratio wag= 1. (a) Fluorophore at the bent
sequence and with unpolarized light, (b) fluorophore at thredbsequence and with
50% linearly polarized light and (c) fluorophore positiorse@®5 % relative to the bent
sequence and with 50% linearly polarized light.

3.3 Polarization

In the following we studied how the results are modified whelapzation is included
into the model of the FCS process. The dipole vector of therdjpizore is repre-
sented by a constant vectgr in the local coordinate syster(rﬁ ,0i,&) and can be
expressed generally as a superposition ofghand fi-vector. Here we assume that
the dipole vector is rigidly attached to one DNA segment aidivs the translational
and rotational motion of the segment. In experiments withesbelical DN a fluo-
rophore is attached to the DNA by binding it to a third DNA silghat subsequently
forms a triple helix. One end of the intercalating stranchient fixed to the ring. Un-
der special experimental conditions this structure is kméwbe quite stable, which

should make the fluorophore’s dipole moment follow the riygamics. When the
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triple helix is destabilized the fluorophore is connecteth®s superhelical DNA by a
freely moving 10 nucleotide linker and thus the dipole motaatirection should no
longer correlate with the superhelical DNA conformationheTDNA is discretized
with segments of equilibrium length. Due to the discretization, normal modes of the
semiflexible polymer which are associated with smaller flerasnd time scales are not
factored in. But modes of lenght scales smaller thaa 10 nm are faster than the
temporal resolution of a typical FCS setup and their coutiiim is therefore negligi-
ble. The rotating dipole moment is known to introduce an tiolail decay term into
the FCS autocorrelation function, which is related to thgoti vector angular corre-
lations (Bi (t+ 7) i (t)). From Figure 6 we can infer that the dynamics of the dipole
vector at 25 % L from the bent sequence remains mostly unethogmpared to the
linear DNA and to circular DNA without intrinsic bending. bontrast the superheli-
cal ALk = —10-structure displays faster dynamics along the direatiothe segment
vectorg = (f; —Ti_1)/|fi —Ti_1|. This is even enhanced if the fluorophore is attached
directly to the bent sequence, which has an increased piitypaih being in an end
loop. The dynamics perpendicular to the segment vectorlasgly separated by two
order of magnitudes from the dynamics parallel to the segwestor as shown in Fig-
ure 6(b), which simply reflects that twisting motions argdashan bending motion&
Only the decorrelation of; at the bent sequence is slowed down to time scales com-
parable to those d@&, which might indicate that the motions are not independearhf
each other. To extract the MS@®?(1)) from the correlation curves, which have been
normalized to satisfg(Atrcs) = 1, we applied the same approach as used for the ex-
perimental data published in Réfand which is widely used for the analysis of FCS
correlation functions. The transformation employed iscdesd in the appendix. As
seen in Figure 7 and Figure 8 a cross-over regime appearsvede the stiff-rod limit
and the normal translational diffusion. The slope of therimediate regime depends
on the fraction of linearly polarized ligi#,o;, but the appearance of this regime is inde-
pendent of whether a bend has been inserted, and of thegoositihe observed bead.
We only show exemplarily the results fBg, = 0.5 as this may be used to account for

various experimental effects that disturb the polarizatiothe focus, or for imperfect
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alignment of the fluorophore dipole. If for instance a noapaation maintaining fiber
is used in the setup or there are imperfections in a fiberntlag lead to temperature
and strain dependent mixing of polarizatidfi§.e. elliptical polarization at the output,
which we model as superposition of non polarized and liggaslarized light). Also it
is known that the polarization in the focus of an objectivéwiiigh numerical aperture

is elliptical if the objective is initially illuminated wit linearly polarized light*®

20



De(t+1) e(t) O

F(t+1) f(t) O

107 10° 10" 10° 10° 10 10° 107

lagtimet/s

Figure 6: The figure shows the calculated temporal cormaif the dipole vector.
The labeled bead was positioned directly at the bent segudntdashed), while in
a second case a labeled bead in a distance of 25% of the totaldohtour length
from the bend was introducedo{id) (ALk = 0 (blue); ALk = —10 (red)). DNA with-
out permanently bent sequences is marked Wiitte dots (ALk = 0) andred squares
(ALk = —10). For comparison the linear DNA is includesblf{d black). In (a) the

Qipole vectorp; has been aligned along the segment veg&taand in (b) along the
fi-vector.
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Figure 7: (a) MSD(r2(1)) and (b) FCS correlation curves that were calculated for
circular DNA with an intrinsic bend, where the labeled besagadsitioned at the bent
sequence. Results for two linking number differentek = 0 (blue) andALk = —10
(red) are shown. Solid curves indicate 50% polarized excitdigit and dashed curves
show the results for unpolarized excitation.
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Figure 8: (a) MSD(r2(t)) and (b) FCS correlation curves that were calculated for
circular DNA without an intrinsic bend. Results for two ling number differences
ALk = 0 (blue) andALk = —10 (red) are shown. Solid curves indicate 50% polarized
excitation light and dashed curves show the results for lanjzed excitation.

To further investigate the appearance of an intermediaieneewe implemented a
simple test system which consists of freely diffusing a8 with rotationally diffus-
ing dipole vectors. We simulated different runs which altiihe same translational

diffusion speed, while the rotational diffusion speed wharged. The correlation
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times of both fractions were chosen to be in the same rangeoas from the DNA
simulations. Figure 9(a) shows the resulting FCS autoladroa functions which are
normalized in a way that the translational diffusion pansrtap. This way one can
directly observe the effect of the different rotation speed the correlation function.
The rotational and diffusional motion are each charaaterizy a typical correlation
time 1, and ;. These times were extracted from the curves in Figure 9(dijttoyg

them with a model, consisting of the standard factor for 3bmad diffusive motion

and a factor for the rotational diffusioif. The model reads

9(1) = <1> {1_Frot‘|’|:rot <C1 eXp(—TTr) +c exp(— fgrr))] .

< r
[1+TTJ1 {1+ ! }% (6)

2

whereFq: represents the strength of the rotational part eng- 860/9,c, = 4 were
set to account for the setup of our virtual experiment, asritesd in Ref3* The re-
sults are incorporated in Figure 9(b), which shows the MSesiextracted from the
correlation curves that were normalizeddgi@\tecs) = 1 as for the DNA simulations.
We observe also an intermediate regime for excitation wéttiglly polarized light,
which can be attributed to the cross-over from rotationalagyics of the dipole vector
to translation diffusion. The intermediate regime appdatsveen the rotational and
translational correlation timeg and 1;, as long as the rotational motion can be re-
solved with the FCS setup or equivalently> Atgcs. For 7, < Atecsthe MSD curve
approaches simply the curve for the normal translatiorféigion. The results from
this test system also confirm that the FCS simulation geeenatalistic correlation
curves, as they have also been reported for comparableiegues (slowly rotating
quantum dots) in Ret® For the DNA simulations, where the fluorophore is excited
with linearly polarized light, as shown in Figure 7 and Fig@the cross-over regime
is therefore determined by the rotational dynamics of therfiphore dipole vector
(see Figure 6), the diffusion constant and the temporalluden Atgcs of the FCS
experiment.

A comparable interpretatidn of results has been reported for single particle track-
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ing measurements of fluorescence tagged phospholipid mekdn plasma mem-
branes of living cells. The experimental d#tashow hop diffusion for this system
with three clearly separated regimes in the RMS curve. Deslia et al.*” explain

these findings by a crossover between two regimes of norrffakidin characterized
by different diffusion coefficients. On a fast timescale amserves the free normal
diffusion of the phospholipids inside certain compartrsesftthe membrane. On com-
parably longer timescales a slower normal diffusion is seleat averages over the
small timescales and describes the movement of the mokebel@een the compart-
ments. These two regimes are interconnected by an anomaleusiediate regime

similar to our findings for the test system and the super@leD®NA system.
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Figure 9: (a) shows the normalized FCS correlation functbthe test system for
non-polarized (black) and 50% linearly polarized exaitatiight (rotational diffusion
coefficient increases in the order red — green — blue). Theslaional diffusion
coefficient isD; = 4 um? s 1 andy = 1 for all curves. The FCS correlation curves
have been normalized (360 us) = 1. The inset (b) shows the MSD2)(1) we
have extracted from the corresponding FCS correlationesurifhe translational and
rotational correlation times and1,, that were extracted using (6), are displayed (for
the blue curva; < Atecs). Note how they limit the intermediate regime.

4 Conclusions

In this work we studied the dynamics of circular DNA using a Blgorithm in which
DNA is represented as a chain of linear segméhtMechanical properties are in-

cluded via harmonic potentials for bending, stretching smdting of the segments
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and electrostatics are treated within a Debye-Hickel aggtroThe BD generated time
trajectories of the DNA conformations allowed us to simellatibsequently the FCS
process of single labeled DNA and compare it to recent FC8raxgnts on superhe-
lical DNA.® We focused on the question whether an acceleration of thardigs with
increasing superhelical density can be observed. Also we imterested whether an
intermediate regime appears, which was reported in therempstal study, and there
was associated with Rouse dynamics of the plasmid. Thenaltelynamics are gov-
erned by the physics of semiflexible polymers at short tinadesc Inspecting the MSD
at intermediate time scales showed a shallow minimum indbal lexponent, which
indicates the decrease of the internal motion before thetarfsthe normal transla-
tional diffusion as proposed in Réf. Additionally this effect is even weakened for
higher superhelical densities. Nevertheless for the atUBINA length of 910 nm the
local exponent remains on all timescales well aboX@ fr the Zimm and 12 for the
Rouse regime. For a homogeneously elastic, straightibguih DNA chain we see
no acceleration of the dynamics with increasing superaketiensities. Therefore we
investigated how the insertion of permanently bent seqgentto the DNA changes
the dynamics. The positioning of the labeled DNA monomehwigard to the bent
sequence strongly influences the motion due to the eneafjgtiavored formation of
end loop-like structures at the bent site. The motion of bezeshr or in a bent se-
guence is enhanced while it is suppressed for beads thabaittoped about 25% of
the contour length away from the bent sequence. For higlparkalical densities this
effect is more pronounced, which in turn with the more comygaticture and higher
translational diffusion coefficient results in an accdiedadynamics. Consequently the
corresponding FCS autocorrelation curves differ depetatethe superhelical density.
By taking fluorophore polarization explicitly into accouatir FCS simulations can ex-
plain the experimentally observed apparent Rouse-likenmegunder the assumption
that the dipole is rigidly attached to the DNA segment. If throphore is excited
with partially polarized light we can show that an internsdiregime with a reduced
local exponent appears in the FCS autocorrelation curvessd simulation results di-

rectly imply further experiments that could shed more lightthe system at hand, by
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testing and quantifying the polarization dependence oHB& curves. The simplest
possibility would be to compare measurements with linepdlarized and circularly

polarized light as this can be implemented experimentaliyeceasily by introducing

aA /4 waveplate into the excitation laser beam path.

The contributions of polarized excitation are commonly visible in FCS experi-
ments, as the decorrelation time of the dipole vector is babw the fastest resolvable
time scales. For the simulations presented here, the dipai®r dynamics are slow
enough to become accessible in experiments. Thus we centhatithe intermediate
regime originates from the visibility of two well separatéecay terms for the trans-
lational and the rotational motion in the autocorrelationve and polarization effects

have to be taken into account in the analysis and interjpoatat FCS data.

5 Appendix

5.1 Dynamics of Gaussian semiflexible chain

An analytical description of the dynamics of a Gaussian #erilble chains has been
given in the work of Harnau, Winkler and Reinek&rA polymer chain can be repre-
sented as a continuous, differentiable space crifsg) with the contour coordinate
se [—-L/2,L/2]. The equation of motion of the Gaussian semiflexible polyimelud-
ing hydrodynamic interactions is given by a Langevin eqmtivhich can be solved
by an expansion in terms of the eigenfunctipn(s). The internal motion is then given
according to Eq. (4.3) by

a0 =220 3wk (1-ew( -1 ). %

m & Tk
whereTty are the relaxation times in the free draining limit (Eq. &@)2and the
relaxation timed (Eq. (3.10)) as denoted in Réf.In order to compare the analytical
solution with the simulation, we calculated the internaltioio (7,2) for a chain of

contour length_ of 910 nm, a Stokes diameter of a behe: 2.4 nm and at identical

temperaturel’ and viscosityn. A high-frequency cutoff ofA = 150 was set for the
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number of contributing modes in the sum in Eq.(7). The irdemotion was evaluated

at the DNA centes= 0.

5.2 Extracting (r;?(1)) from correlation functions

FCS measurements produce correlation funct@grs. These may be converted into
the mean square distance functi@#(t)), which characterizes the Brownian motion
of the fluorescing probes. As described in Réf.the theoretical model for fluorescing

particles in a gaussian focus reads:

2 w2\ (2 @y
g(T)zgo-<1+3-'W2> -<1+ ' ) , (8)

Xy 3 V2W>2<y

wheregg is a normalization constant which we chose in accordande Ref.>6 to
be g(Atrcs). We then numerically inverted (8) to obta{i?(t)). For the last step,
we employed thefsolve () method from the Matlab 2008a numerics package with

default parameters.
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