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ABSTRACT

Type IB DNA topoisomerases cleave and rejoin one
strand of the DNA duplex, allowing for the removal
of supercoils generated during replication and tran-
scription. In addition, electron microscopy of cellular
and viral ToplB-DNA complexes has suggested that
the enzyme promotes long-range DNA-DNA cross-
overs and synapses. Here, we have used the atomic
force microscope to visualize and quantify the inter-
action between vaccinia topoisomerase 1B (vTopIB)
and DNA. vTopIB was found to form filaments on
nicked-circular DNA by intramolecular synapsis of
two segments of a single DNA molecule. Measuring
the filament length as a function of protein concentra-
tion showed that synapsis is a highly cooperative pro-
cess. At high protein:DNA ratios, synapses between
distinct DNA molecules were observed, which led
to the formation of large vToplIB-induced DNA clus-
ters. These clusters were observed in the presence
of Mg?*, Ca®* or Mn?*, suggesting that the formation
of intermolecular vTopIB-mediated DNA synapsis is
favored by screening of the DNA charge.

INTRODUCTION

Type IB DNA topoisomerases (TopIB) remove the torsional
stress that accumulates in double-stranded DNA molecules
during replication and transcription. TopIB cleaves and rejoins
one strand of the DNA duplex (1), allowing for the removal
of positive or negative supercoils from supercoiled DNA. The
topoisomerase from vaccinia virus (vTopIB) is the smallest

topoisomerase known (314 amino acids), suggesting that
vTopIB constitutes the minimal functional unit of a type IB
enzyme (2). vTopIB binds non-specifically to duplex DNA (3),
although cleavage preferentially occurs at the target sequence
5'-(T/C)CCTT|, where | denotes the cleavage site (4,5). The
sequence-specific cleavage of vTopIB has allowed for accu-
rate determinations of the rate constants for cleavage and
religation, hence its use as a prototype. Sedimentation anal-
ysis, gel filtration, N-terminal sequencing of the native protein
and conceptual translation of the open reading frame of the
vToplB gene indicate that vIoplB is a monomeric protein with
a molecular mass of 36.7 kDa (6-8). vTopIB consists of two
domains joined through a hinge and binds circumferentially
to DNA (2,9,10). DNasel and exonuclease III footprinting
give an upper bound to the number of base pairs covered
by vTopIB when bound to DNA (25 bp, ~8.5 nm) (5,11).

The binding of eukaryotic Type IB topoisomerase to DNA
duplexes has been the subject of two previous studies that
relied on visualization using electron microscopy (12,13),
both of which demonstrated binding of topoisomerases at
intramolecular DNA crossovers. vTopIB was found to form
intramolecular loop structures in which non-contiguous DNA
segments were synapsed within filamentous protein stems
(13). Shuman et al. (13) suggested that these loops arise
through protein—protein-mediated DNA synapsis. The pres-
ence of filament-like structures at high topoisomerase:DNA
ratios and individual intramolecular nodes at low topoisome-
rase:DNA ratios led to the suggestion that binding of vTopIB
might be cooperative. However, the experimental strategy,
which included glutaraldehyde fixation, prevented reliable
quantification of the binding vTopIB to DNA.

Atomic force microscopy (AFM) (14) presents several
advantages over electron microscopy techniques, most notably
that no fixation procedures are needed to adsorb biological
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molecules on a surface. Furthermore, AFM allows rapid visu-
alization of many individual molecules and the measurements
of heights and volumes. Indeed, AFM has proven to be a very
suitable technique to characterize and quantify protein—protein
and DNA-protein interactions (15-18), and therefore we
employed this technique to study the interaction between
vTopIB and DNA. AFM revealed individual vTopIB binding
events, intramolecular synapsis and filament-like structures
on individual DNA molecules at vTopIB:DNA ratios from
10:1 to 60:1. Our data are supported by a model in which
DNA-bound vTopIB protein forms a single intramolecular
node in the DNA. From this single intramolecular node, a
filament-like structure extends by the binding of new vTopIB
protomers. We have used the theory published by McGhee and
von Hippel (19,20) to quantify the generation of filaments by
vTopIB on DNA. By measuring the length of the filaments
and the fractional saturation of the DNA as a function of the
concentration of vTopIB, the cooperativity parameter ® and
the association constant K* to form a node were determined.
At higher protein:DNA ratios, intermolecular synapses of
DNA molecules were observed in the presence of divalent
jons, such as Mg®", Ca®" and Mn*".

MATERIALS AND METHODS
DNA constructs

In all experiments, the pGEM-3Z plasmid (2743 bp) was used
in nicked-circular or in linear form. The nicked-circular DNA
was generated by relaxing the plasmid using the enzyme
N.BstNB I (New England Biolabs). This enzyme nicks the
plasmid at five positions. To generate a linear fragment, the
plasmid was digested with BamHI (New England Biolabs).
The nicked or linearized DNA molecules were then purified
using a DNA purification kit (MoBio Laboratories), checked
by gel electrophoresis and inspected by AFM. This method
resulted in nicked-circular and linear DNA molecules with
mean contour lengths of 919 = 69 nm and 928 = 52 nm,
respectively. These values agree with the expected B-form
contour length of the plasmid. The cleavage consensus
sequence of vaccinia topoisomerase [5'-(C/T)CCTT/],
occurred 16 times in the sequence of the DNA used.

Vaccinia topoisomerase 1B

vToplIB was purified as described previously (7). vTopIB was
aliquoted and stored at —80°C in 10 mM Phosphate Buffer
(PB) at pH 7.4. For each experiment, a new aliquot was thawed
and diluted in PB to the desired concentration.

AFM sample preparation

DNA molecules can be adsorbed on a mica surface using
divalent ions (such as Mg®", Mn*" or Ca®"), or using poly-
lysine (PL) (21,22). These two different adsorption methods
are known to yield significantly different appearances of bare
DNA on mica because in the first case DNA molecules equi-
librate in a 2D configuration, while in the second case they
are kinetically trapped onto the mica surface (23). Figure la
shows DNA molecules adsorbed using 13 mM MgCl, (similar
concentrations were used in experiments involving MnCl,
or CaCl,, discussed below), and Figure 1b shows DNA

molecules adsorbed on 0.01% polylysine-treated mica. In
both cases, there was no vTopIB present in the solution and
the length of the DNA used was identical. We observed indi-
vidual DNA molecules homogeneously distributed over the
mica surface in both cases. The polylysine-coated mica sub-
strates were extensively rinsed with water and dried to remove
any surface-mobile positive counterions (24,25). A control
experiment was performed with vTopIB imaged in buffer in
the absence of DNA (Figure lc). The height distribution
obtained from AFM (no. of events = 246) displayed a peak
and was fitted to a Gaussian function, yielding an average
height of 3.6 £ 0.9 nm, where we have quoted the standard
deviation of the Gaussian function fit. From X-ray crystallo-
graphy, the structure of the vTopIB catalytic domain shows
it to be an oblong shaped globular protein with dimensions
5.6 X 2.8 X 2.6 nm (2). Our AFM height measurements agreed
reasonably well with these dimensions given that they
reflected both the average height of different orientations of
the protein and the small deformation exerted by the tip in
buffer (estimated at 15%, given that average heights of dsSDNA
molecules under the same conditions measured 1.7 = 0.3 nm,
compared with a nominal value of 2 nm). Modeling of the
crystal structure of vTopIB onto B-form DNA indicated that
vToplIB likely covers an 18 bp DNA segment (2). This value,
n = 18 bp, will be used in our modeling below.

vTopIB-DNA binding reactions included 0.22 nM DNA
(circular or linear) and 2.5-40 nM vTopIB in PB buffer, sup-
plemented, when needed, with 13 mM MgCl, to promote
adsorption of the DNA molecules onto the mica. After mixing,
the sample was incubated at 37°C for 15 min and deposited on
a flat freshly cleaved mica surface, rinsed with water and dried
under a gentle stream of nitrogen.

AFM imaging

Samples were imaged in air (except Figure lc, which was
taken in buffer solution) with a commercial AFM from
Nanotec Electronica operating in dynamic mode, using soft
cantilevers (0.39 N/m, Olympus OMCL-RC800PSA). Typical
tapping amplitudes were 15—-17 nm peak-to-peak at the reso-
nance frequency of the cantilevers, ~75 kHz. Image process-
ing, including measurement of filament lengths, was carried
out using WSxM freeware (www.nanotec.es). Standard image
processing included plane subtraction and flattening.

Theoretical description of protein binding to DNA

We used the theory described by McGhee and von Hippel (19)
to quantify the generation of filaments of vTopIB on DNA. We
briefly summarize the theory’s main elements here. The bind-
ing of a protein that covers n base pairs on a DNA is charac-
terized by an association constant K (Figure 1d, 1). The binding
of a protein on one side of a previously bound protein (while
on the other side there is no bound protein) has an association
constant K. This is denoted singly contiguous binding
(Figure 1d, ii). If a new protein binds between two previously
bound proteins one speaks of a doubly contiguous binding
event with an association constant Kw? (Figure 1d, iii). ® is
a measure for the degree of cooperativity of the binding
process: ® = 1 is defined as non-cooperative binding whereas
® > 1 is defined as cooperative binding.
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Figure 1. Control experiments. DNA molecules are not observed to cluster in the absence of vTopIB when adsorbed on a mica surface using MgCl, (a) or polylysine-
coated mica (b). The appearance of the DNA molecules differs as a result of the adsorption processes involved. (¢) Histogram of the height of vTopIB molecules
measured in buffer in the absence of DNA. The average height of vTopIB in solution is 3.6 + 0.9 nm, compatible with a monomeric state of the protein. An AFM
image of vToplIB in buffer is shown as an inset in (c). Bar size is 200 nm. (d) Summary of cooperativity theory (19,20). Three different binding events can take place:
isolated binding with an association constant K (d, 1), singly contiguous binding with an association constant Ko (d, ii) and doubly contiguous binding with association
constant Ko (d, iii). In our model an isolated binding event is attributed to the formation of an intramolecular node.

The parameters K and o that characterize binding can be
experimentally obtained from the AFM data by measuring the
filament length distribution at a given DNA saturation 0,
which is defined as the average fraction of DNA covered
by the protein. The filament length ¢ is defined as the number
of proteins that are bound next to each other without a gap
between them. 0 can be experimentally determined from the
images by calculating the fraction of the total contour length of
all DNA molecules present in the sample that has proteins
bound to it. At a given 0, the distribution of filament lengths
depends on the values of n, K and ® (20). The normalized
probability P, of finding a filament of length c is

Pe = [P(b1|b)] ' [1 = P(bi|by))] 1

where P(b,|b,) is the probability of finding a protein bound
right next to another one that is already bound to DNA (19).
bylb,, denotes the protein b, binding to the protein b,;

1—(n—20+1)v—R

P(by|b,) = 5
(bl 1) 2vim — 1)
where
2 0
R:\/[l_(n+1)v] +4ov(l — nv) andv:;. 3

From experimental data, P. can be calculated and plotted as a
function of the filament length c¢. Using a maximum-likelihood
(ML) data analysis (see below), a value for ®» was obtained for
different DNA saturations 6.

Once the cooperativity parameter ® is known, K can be
deduced using Equation 4

Q2o — 1)1 —nv)+v-—R]"!
2(0 — 1)(1 — nv)

1—(n+1)v+R]?

i

%zK(l—nv)[

where R and v are defined in Equation 3, N is the total number
of binding sites (bases of DNA) and L is the free protein
concentration defined as L = Ly — VN with Ly being the
total protein concentration (19). A fit of Equation 4 to the
plot of 6 versus the total concentration of vTopIB (L) yields
a value for the association constant K.

Data analysis

The length of the vTopIB filaments was measured by tracing
the filaments with a segmented line. Tracing resulted in a
height profile along the contour of the DNA molecule. The
length of the filament was measured by attributing the begin-
ning and the end of the filament to the positions where the
height of the profile was reduced to half the maximum value.
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Next, the effect of tip convolution was taken into account
by subtracting from the measured filament length the extra
length induced by tip convolution, which was 13 nm. Tip
convolution was estimated following ref. (26), taking into
account the tip radius specified by the manufacturer, 10 nm,
and the DNA radius, 1 nm.

The ML method was used to estimate the cooperativity
parameter ®. The ML method is a powerful method to unam-
biguously estimate a parameter from a series of measurements
(27). The ML method computes the distribution parameters
that maximize the likelihood to observe a set of experimental
outcomes given a known probability function. The likelihood
function (LH) for the filament length distribution is defined as

S S
LH = [[ P = [T {IP(b1]5)) "1 = P(ba] b))} 5
i=1 i=1

where S is the number of data points in the data set and ¢; is
the length of the ith filament. Equation 5 can be rewritten as
InLH =S In[l — P(b|b,)] — S In P(by|b,)
S 6
+ ) " fer In P(by] by).

1

We then maximize this equation with respect to ®. Using the
Maple software package together with Equations 2 and 3,

(ii)

(iii)

an analytical solution for ® can be obtained:

s s 2 s
®= (SGani—l—GSz - 9n<Zc,~> — GSZCi
[ i=1 i=1

i=1

Ny s 2
—HSZCH'”(ZC:‘) )/GSZ. 7
i=1 i=1

Using Equation 7, ® can be calculated for different DNA
saturations O, which are experimentally obtained from the
images. The uncertainty in ® corresponds to the places
where In LH is below its half maximum (28). Because LH
is not symmetric around the peak value, the corresponding
uncertainty is also asymmetric. However, due to the negligible
difference between positive and negative errors found, we
simply quote their mean.

RESULTS

vTopIB generates filament-like structures
at low vTopIB:DNA ratios

We characterized the binding of vaccinia topoisomerase IB to
linear and circular DNA at vTopIB:DNA ratios from 10:1 to
60:1. These experiments are summarized in Figure 2a (linear
DNA) and Figure 2b (circular DNA). We found three different

(b)
(i)

(iii)

Figure 2. vTopIB-DNA complexes at low vTopIB:DNA values. The concentration of DNA is constant in all experiments and equal to 0.22 nM. (a) Gallery of AFM
images of vTopIB bound to linear DNA. Three different types of complexes were found. (a, i) Individual vTopIB proteins bound to DNA ([vTopIB] = 4 nM), nodes
(a, ii) and filament-like structures (a, iii) ([vTopIB] = 6.2 nM). (b) Gallery of AFM images of vTopIB bound to nicked-circular DNA. Similar types of complexes
were found. (b, i) Individual vTopIB-DNA complexes ([vTopIB] =4 nM), nodes (b, ii) and filament-like structures (b, iii) ([vTopIB] = 13.4nM). Bar size is 100 nm.



types of binding events: (i) isolated binding, (ii) nodes and
(iii) filament-like structures. We confirmed that binding of
individual vTopIB proteins to DNA did not cause wrapping
of the DNA around vTopIB as evinced by the absence of
shortening of the DNA contour length upon vTopIB binding.
The filament-like structures shown in Figure 2a (iii) and
Figure 2b (iii) are qualitatively different from each other.
In the first case, the filament-like structures involved a single
DNA duplex while in the second case, with circular DNA,
the filament-like structures involved two segments of the
circular DNA, hence two DNA duplexes. This conclusion is
further corroborated by measurements of the contour length
of the uncovered and the protein-covered parts of the DNA.
For instance, the full contour length of the DNA molecule in
Figure 2b (iii) is only recovered if the length of the filament is
counted twice, clearly showing that two duplexes participate
in that filament. A small fraction of filaments (<10%) invol-
ving a single DNA duplex were also found when using circular
DNA (see arrow in Figure 2). Although a tendency toward type
(iii) events was observed with increasing vTopIB:DNA ratio,
type (ii) or (iii) events were also found at low vTopIB:DNA
ratios. This suggests cooperative behavior in the binding of
vTopIB to DNA (13), which we quantify below.

The heights of isolated DNA-bound proteins, node events
and filament-like structures were measured in air. In every
experiment, we measured the height of the DNA (hDNA)
as a reference height. This is especially relevant for AFM
measurements conducted in air, as height measurements are
then sensitive to experimental imaging conditions (29). Values
for hDNA measured in air ranged from 0.6 to 0.9 nm. Isolated
DNA-binding events yielded a value for the height of a single
DNA-bound protein of 2.1 + 0.5 times hDNA (no. of events =
127); node events, a value of 2.4 + 0.5 times hDNA (no.
of events = 20); and filament-like structures, a value of
2.1 £ 0.6 times hDNA (no. of events = 66). The height of
individual DNA-free vTopIB molecules deposited on the
mica surface was 1.4 + 0.3 times hDNA (no. of events = 63).
The height distribution of isolated DNA-bound proteins con-
sisted of a single peak in all tested experimental conditions
(data not shown), consistent with the fact that vTopIB binds to
DNA as a monomer (2).

Intermolecular synapsis of DNA molecules
is found at high vTopIB:DNA ratios

Focusing on the protein filament-like structures, we increased
the concentration of vTopIB per DNA molecule in order to see
if longer protein filaments would result. Instead, this resulted
in large clusters containing many DNA molecules (Figure 3).
Such intermolecular synapses were found on both linear and
circular DNA in the presence of divalent ions, such as Mg2+,
Mn?** and Ca** (Figure 3a). Qualitatively, we did not note any
cation-specific effect. Hence, we focused the remainder of our
study on the biologically more relevant Mg>*. We quantified
this phenomenon counting the number of DNA molecules
involved in such clusters as a function of vTopIB concentra-
tion. Figure 3b plots the analysis of intermolecular synapsis
using ~ 1300 molecules, all adsorbed in the presence of MgCl,.
The number of DNA molecules involved in a cluster increased
monotonically with the vTopIB:DNA ratio (Figure 3b). This
trend saturated at a protein:DNA ratio of 125:1. We expect
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Figure 3. Intermolecular synapsis of DNA at high vTopIB:DNA values. The
concentration of DNA is constant in all experiments and equal to 0.22 nM.
(a) AFM images of linear and circular DNA molecules incubated with
[vTopIB] = 12.4 nM and [vTopIB] = 45 nM, respectively, showed clustering
in the presence of Mg>" cations (top). This effect was not cation—szpecific, as
incubation of linear DNA and 12.4 nM [vTopIB] together with Ca®* or Mn*"
likewise resulted in the formation of aggregates. Bar size is 100 nm. (b) Inter-
molecular synapsis of DNA was quantified by counting the number of DNA
molecules involved in an cluster at different vTopIB:DNA ratios in the presence
of MgCl,. The fraction of DNA molecules in a cluster increased linearly with
increasing vTopIB concentration and saturated at very high vTopIB concen-
trations. This saturation was due to an underestimation of the number of DNA
molecules involved (see text for details).

the number of DNA molecules involved in a cluster to be
underestimated at such high vTopIB:DNA ratios for two
reasons. First, the identification of the individual DNA mole-
cules becomes progressively more difficult. Second, since the
number of DNA molecules was constant in all experiments
the clusters were found increasingly far from each other. This
results in uncertainties in determining the average number of
DNA molecules per cluster because very large areas must be
scanned with the AFM to yield enough statistics.

We also explored the effect of divalent ions in the gene-
ration of intermolecular synapses. Typically, vTopIB—-DNA
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(a)

(b)

Figure 4. Intermolecular synapsis of DNA is affected by the presence of MgCl,.
(a) Linear DNA molecules were deposited on polylysine-coated mica and
incubated with vTopIB in the absence of MgCl, again resulting in the
observation of vTopIB-bound DNA (white arrows). Under these conditions,
however, the DNA molecules did not cluster. (b) Linecar DNA molecules
deposited on polylysine-coated mica showed intermolecular synapses when
incubated with vTopIB and MgCl,. Bar size is 200 nm.

binding reactions included 13 mM MgCl, in order to adhere
the DNA to the mica (DNA does not adsorb on a bare mica
surface). To isolate the effect of divalent ions, we instead
treated the mica surface with polylysine, which is a polymer
that positively charges the surface of the mica. Again we
observed binding of vTopIB to DNA (Figure 4a, white
arrows). Surprisingly, in the absence of divalent ions DNA
molecules were always isolated from each other, even at high
vTopIB concentrations (vTopIB:DNA = 123:1). To conclude
that the observation of isolated DNA molecules was not
caused by the chemistry of mica adsorption, we verified
that adding 13 mM MgCl, to the binding reaction and adsorb-
ing the product on polylysine mica again resulted in the obser-
vation of DNA clusters (Figure 4b). Note that the difference
in the physical appearance of the molecules and clusters
shown in Figures 3 and 4 is due to the different adsorption
processes on magnesium-coated and polylysine-coated mica
(see Materials and Methods).

vTopIB generates filaments on DNA in
a cooperative fashion

We used the AFM images obtained to quantify the binding of
vTopIB to DNA. The quantification of the binding of vTopIB

to DNA that follows was performed on circular DNA and
restricted to low DNA saturation, 6 < 0.25. We used circular
DNA to favor protein—protein interactions and low 6 to avoid
intermolecular synapsis of DNA.

We now describe the extension of vTopIB filaments on
DNA using the terminology of ref. (19), which is detailed
in Materials and Methods. The formation of vTopIB filaments
is likely to happen in the following steps (Figure 5). First,
a single intramolecular node is formed (Figure 5a, i and
Figure 5b, i). This intramolecular node may be composed
of either a single vTopIB engaging two DNA duplexes or a
dimer of vTopIB in which each monomer is bound to a single
DNA duplex. We describe the association of a vTopIB mono-
mer or dimer to the two DNA duplexes with the association
constant K*. Second, the filament is extended by the addition
of new vTopIB protomers (Figure 5, panel ii). The extension of
the node by vTopIB has an association constant of K*®, where
o is the cooperativity parameter for extending the filament.
Values of o larger than one indicate a cooperative process.
Finally, a filament of length c is generated (Figure 5a, iii and
Figure 5b, iii). Figure 5 shows a general cartoon depicting
the formation and extension of a filament by either vTopIB
monomers or dimers. The theory used here is applicable to
both cases (see Discussion).

In order to determine the association constant K* and the
cooperativity parameter ® of filament extension by vToplB,
we measured the length of filaments for several hundreds of
DNA molecules at different vTopIB:DNA ratios. An average
filament length was calculated and the DNA saturation 6 was
deduced. The distribution of filament lengths P, is shown in
Figure 6a for three different DNA saturations (8 = 0.07,
0.18 and 0.23). For each data set, the cooperativity para-
meter ® was estimated using the ML method described
in Materials and Methods. The results are summarized in
Table 1. Subsequently, Equation 1 was plotted in Figure 6a
using the ® obtained for each data set. The error-weighted
average cooperativity parameter was 7.7 = 1.1 x 10°. This
value shows the generation of filaments on DNA by vTopIB
is highly cooperative.

We also estimated the binding constant K* of the formation
of a vTopIB-DNA node. Figure 6b shows DNA saturations
() as a function of total vTopIB concentrations. This
data was fitted to Equation 4 using the least squares fitting
method, yielding K* = 4.0 0.6 x 10* M~ given o =
7.7 = 1.1 x 10>. The product K*®» was found to equal
3.1 £04x10°M ™"

DISCUSSION

We quantified the generation of filaments of vTopIB on DNA
using a theory of DNA binding (19,20). vTopIB was found
to form filaments on DNA in a highly cooperative fashion. Our
analysis gave a value of 7.7 + 1.1 x 10? for the cooperativity
parameter ®, and 4.0 + 0.6 X 10* M~! for the association
constant to generate a single intramolecular node K*. Kowal-
czykowski et al. (20) defined sigmoidal (cooperative) filament
growth by the criterion ® > 10n. Our measurement of ®
exceeds this threshold 40-fold. Our values are similar to
those obtained for different cooperative binding proteins.
For example, the gene 32 protein binds cooperatively to



(b)

e

k"\' \ —
s

Nucleic Acids Research, 2005, Vol. 33, No. 18 5951

wun P ha
e (iii) 1
,. N
= Y 4 Y
Y 7 ¢
b [ g
¢ L i al
5 .- %
" il C
A, .y B pr
h £
Af Ko L
“ 30
7
)\ il \ i
& .
= ™ )\ [}
" ol 2 & 1
= Y )
o~ ’,/ o 1
o 3 Z ¢
& y <
o 4 §
- f {
< (4 o
S g q e
\ P Ao
TN
— & Y
e, (|||) g 3
) 7 g
k l /
v i P
p) W =
¥ =
g 1
Je " §
>
S 2\
“ wa \ c
\\/ P \
|} 5 \
‘ K*w®
{
!
1
1
= (!
24 i Y
‘4 2V < 5
= \\, = h
o
= Y P )
. , s )
~ )
~ ¢ ¢
¢ § §
2z 7 &
" ? W
< y -
% < < o~
R Py W

Figure 5. Model describing the formation of filaments of vTopIB on DNA. The constituents of the filaments may be vTopIB dimers (a) or monomers (b).
The formation of filaments requires several steps. (i) The formation of an intramolecular node with an association constant K*. (ii) The node is extended by binding of
new vTopIB protomers with an association constant of K*w. (iii) A filament of length ¢ is generated.

Table 1. Cooperativity parameters for different DNA saturations considering
n =18 bp

Data set Number of Number 0 [0}

filaments of DNA
1 70 107 0.07 5.6+ 1.4x10°
2 123 116 0.18 9.1 +1.7 x 10°
3 95 98 0.24 8.8+ 1.8 x10°

poly(rA) with parameters ® = 1.2 x 10>, n=7.5 and
K=9x10> M~' (30); and The T4 UvsX protein forms
filaments on single-stranded DNA with parameters ® =
1.0 x 10, n = 4.0 and K = 4.3 x 10* M~ (31). The values
for K* and o quoted in this work may have a slightly different
interpretation compared to other reported values. The reason
for this is that in our work, the parameters K* and o relate to
the respective formation and extension of a node [consisting of
two monomers of vTopIB (Figure 5a) or a single monomer
(Figure 5b)], whereas the parameters obtained in the binding
of gene 32 protein and the T4 UvsX-protein relate to single
monomers binding to their substrate.

We now discuss whether vTopIB monomers or dimers
are the minimal constituents of a single intramolecular syn-
apsis. AFM-volume analysis has been proven to be useful in

distinguishing between proteins adsorbed as monomers or
as dimers (32). However, the volume analysis becomes
less straightforward when proteins are small, as in the case
of 36.7 kDa vTopIB, and becomes especially non-transparent
when they are bound to DNA, because the proteins are of
comparable height to the bare DNA. We found that, within
the error, the heights of isolated binding events and filament-
like structures were identical and equal to 2.1 = 0.5 times
hDNA. In the case of vTopIB binding to DNA, it was therefore
impossible to unambiguously determine the number of
vTopIB monomers that make up the intramolecular node,
and hence we cannot rule out the possibility of a monomer
of vTopIB being involved in the synapse of two DNA
molecules.

The DNA aggregation found at high vTopIB:DNA ratios
can be understood as an extension of the cooperative binding
behavior presented above. Essentially, at similar protein:DNA
ratios we found that intermolecular synapses are favored on
linear DNA molecules while intramolecular synapses are
favored in circular ones. This is unsurprising considering
that the radius of gyration is larger for linear DNA than for
circular DNA. Topological constrains of circular DNA could
facilitate the propagation of a filament built up of vTopIB.
Hence, interactions between two duplexes of the same
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Figure 6. Quantitative analysis of the binding of vTopIB to DNA. (a) Filament
length distribution for three different data sets. For each set @ was estimated
using the ML method resulting in @ = 5.6 = 1.4 x 10° for DNA saturation
0 = 0.07 (closed squares); ® = 9.1 = 1.7 X 10> for DNA saturation 6 = 0.18
(closed circles); and ® = 8.8 + 1.8 x 10> for DNA saturation § = 0.23 (closed
triangles). The solid lines in (a) are plots of Equation 1 using the obtained .
(b) Fractional DNA saturation as a function of total vTopIB concentration.
The fit of Equation 4 to these data using n =18, N =2743 and
® = 7.7+ 1.1 x 10% yielded a value for K* = 4.0 + 0.4 x 10* M.

molecule are more likely to occur in circular than in linear
DNA. As expected, at very high protein—-DNA ratios we also
found clusters of circular DNA.

Interestingly, we found a correlation between DNA aggre-
gation and the presence of the divalent ions Mg>*, Ca* or
Mn?>*. The fact that the aggregation was not an effect only
caused by one specific ion supports the notion that DNA
aggregation is a more general effect. In general, divalent
ions reduce the Debye length, which is the characteristic
length scale of the electrostatic interaction between two
charged objects in an electrolyte solution (33). Since vTopIB
does not bind divalent ions (34), their presence in the binding
reaction has the effect of reducing the electrostatic repulsion
between two DNA molecules and, as a consequence, in favor-
ing interactions between two DNA-bound vTopIB molecules.
Divalent ions consequently favor the formation of inter-
molecular synapsis.

Although our measurements provide clear evidence for
cooperative extension of vTopIB filaments on DNA duplexes,
the question remains what mechanism gives rise to the

observed cooperativity. This question is especially intrigu-
ing given the fact that vTopIB is most likely a monomer
in solution (6), in accordance with Figure 1. The clustering
reported here is strictly DNA mediated. We speculate that a
conformational change in the vTopIB due to DNA binding
may be responsible for the cooperativity observed here.
Such conformational changes of proteins upon DNA bind-
ing have been previously reported (35,36). Specifically,
dimerization of the DNA-binding domains of the retinoid
X receptor has been shown to be induced by DNA binding
(37). Similarly, a conformational change in vTopIB upon
DNA binding may trigger multimerization of vTopIB. Such
a conformational change in vTopIB may seem reasonable
given its clamp-like structure and the presence of a hinge
domain (2,10)

Besides altering the number of supercoils in DNA mole-
cules, Type IB topoisomerase have been shown to possess
strand transferase activity that can result in DNA recombina-
tion (38-42). Furthermore, Type IB topoisomerase and site-
specific tyrosine recombinases have been shown to share struc-
tural features in their catalytic domains and descend from a
common ancestor (2). The vTopIB-mediated DNA synapsis
shown and quantified here may be the first step in its strand
transferase activity and we speculate that it may have been
inherited from its ancestor. A filament structure built up of
vTopIB dimers similar to those reported here could help to
keep the two DNA duplexes to be joined in close proximity.
In addition, our observation of vTopIB-mediated DNA con-
densation is consistent with the suggestion that this topoiso-
merase assists packaging the DNA into progeny virus particles
(13), where it plays a role in the transcription of viral early
genes (43).

In summary, we have presented the first quantitative AFM
study of vTopIB binding to DNA. AFM images showed indi-
vidual vTopIB proteins binding to DNA, single intramolecular
synapsis and filament-like structures. vTopIB generated
filament-like structures on individual DNA molecules at pro-
tein:DNA ratios between 10:1 and 60:1. We calculated the
association constant of creating an intramolecular node by
vTopIB and the cooperativity parameter from the filament-
lengths distribution at different DNA saturations. From
these values, we conclude that the formation of filaments
on DNA by vTopIB is a highly cooperative process. In addi-
tion, intermolecular synapses of DNA were observed at high
vTopIB:DNA ratios. Interestingly, this interaction was pro-
moted by divalent ions.
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