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ABSTRACT: We report a kinetic and thermodynamic analysis of interactions between ssDNA and replication
protein A (RPA) using surface plasmon resonance (SPR) and fluorescence correlation spectroscopy (FCS)
at variable temperature. The two methods yield different values for the Gibbs free energy but nearly the
same value for the reaction enthalpy of ssDNA-RPA complex formation. The Gibbs free energy was
determined by SPR and FCS to be-62.6 and-54.7 kJ/mol, respectively. The values for the reaction
enthalpy are-64.4 and-66.5 kJ/mol. It is concluded that the difference in Gibbs free energy measured
by the two methods is due to different reaction entropies. The entropic contribution to the free energy at
25 °C is -1.8 kJ/mol for SPR and-11.8 kJ/mol for FCS. In SPR, the reaction is restricted to two
dimensions because of immobilization of the DNA molecules to the sensor surface. In contrast, FCS is
able to follow complex formation without spatial restrictions. In consequence, the reaction entropy
determined from SPR experiments is lower than for FCS experiments.

Methods for the characterization of DNA-protein interac-
tions are of great importance in the study of cellular
processes, such as DNA replication and repair. Surface
plasmon resonance (SPR)1 and fluorescence correlation
spectroscopy (FCS) have emerged as a powerful alternative
to classical biochemical methods for the characterization of
ligand-receptor binding in biomolecular systems. A key
advantage of the two methods, as compared to conventional
methods, lies in the speed and simplicity of the analysis. An
interesting phenomenon concerning SPR and FCS is that the
two methods often yield different values for the equilibrium
constants. To explain this, one has to take a closer look at
the thermodynamics of biomolecular interactions using SPR
and FCS.

SPR is a method to monitor the interactions between
biomolecules. It is an optical technique that uses the
evanescent wave phenomenon to measure changes in the
refractive index close to a sensor surface. The binding
between an analyte in solution and a receptor immobilized
on the sensor surface results in a change in the refractive
index (1, 2). Continuous monitoring of the SPR signal allows
the kinetics of binding to be followed in real time, and the

amount of bound ligand and the association and dissociation
rates can be measured with high precision. The main
advantage of SPR is that no particular property (e.g.,
fluorescence or radioactive label) of either of the interacting
molecules is required. It is assumed that the rate constants
determined by SPR reflect the true association and dissocia-
tion rates of the complex formation. This, however, might
be not the case, as the immobilization of one of the reaction
partners might well influence the kinetics of the binding
process.

FCS was developed in the early 1970s by Elson et. al (3-
5). It measures mean diffusion times and concentrations of
a fluorophore by evaluating fluctuations in the fluorescence
intensity. The latter originate from the Brownian motion of
the fluorophore through a small volume defined by the focus
of the excitation laser beam. The intensity fluctuations
depend on the speed of the fluorophore moving through the
focus. To follow a biochemical reaction by FCS, typically
one of the reactions partners is labeled by a fluorophore. As
the size of the reactant increases on complex formation, its
characteristic diffusion time will increase as well. Therefore,
FCS can be used to follow the binding process via deter-
mination of the diffusion times. A major advantage of this
method is that the molecules are freely moving in solution,
so the system is not influenced by a surface. To distinguish
between the free reactant and the complex, the diffusion time
has to increase at least by a factor of 2 upon binding (6, 7).
Care has to be taken to avoid photobleaching of the
fluorophore, which sets an upper limit for the diffusion times
that can be accurately determined by this technique. More-
over, the quantum efficiency of the fluorophore may change
upon binding.

In the present study, we have used SPR and FCS to
systematically compare the kinetic and thermodynamic data
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obtained for the interaction between human replication
protein A (RPA; also known as human single-stranded DNA
binding protein) and single-stranded DNA. This system is
well-characterized and therefore seems suitable for a com-
parative model study.

RPA is a heterotrimeric protein containing subunits of 70,
32, and 14 kDa. It is involved in replication and recombina-
tion processes and participates in the regulation of transcrip-
tion (8, 9). An essential role of RPA has been demonstrated
for nucleotide excision repair (NER), a pathway that removes
a variety of major DNA lesions including photoproducts,
adducts of carcinogens, and cisplatin (10-13). By its DNA
binding properties, RPA can be classified as a single-stranded
DNA binding protein. It binds with high affinity and low
sequence specificity to single-stranded DNA (14, 15). In
addition, RPA has been shown to bind with high affinity to
DNA lesions that cause a distortion of the DNA. Its affinity
for damaged sites on double-stranded DNA is by more than
1 order of magnitude higher than for undamaged double-
stranded DNA (16). Since the chemical nature of the DNA
lesions recognized by RPA is diverse, it is believed that RPA
binds to unpaired regions created at the sites of DNA
damage. The stronger binding of RPA to damaged versus
undamaged DNA suggests that RPA participates in the
damage recognition step in NER.

DNA binding domains have been identified on the 70 and
32 kDa subunits of RPA, although most of the DNA contacts
appear to be mediated by the 70 kDa subunit. Cross-linking
experiments have identified a binding site for damaged DNA
on this subunit (17). Furthermore, X-ray crystallography of
a complex between a fragment of the 70 kDa subunit and
(dC)8 has revealed details of the binding site for single-
stranded DNA. The DNA is bound in a shallow groove
containing several aromatic residues and a surplus of positive
charges (18).

The kinetics of ssDNA-RPA interactions have been
investigated earlier by SPR (19) and stopped-flow kinetic
analysis (20, 21) but only at a single distinct temperature.
Temperature-dependent SPR experiments have been reported
for various systems (22-26) but not for the system studied
here. Earlier FCS measurements on the kinetics of DNA-
protein interactions were in close agreement to classical
biochemical methods (27), but thermodynamic experiments
are not reported. Compared to classical thermodynamic
methods such as isothermal titration calorimetry (ITC) and
differential scanning calorimetry (DSC), SPR and FCS only
require the smallest amounts of DNA and protein.

In this study, we obtained kinetic and thermodynamic data
of ssDNA-RPA interactions using SPR spectroscopy and
FCS at variable temperature. We find distinctly different
equilibrium constants from the two different experimental
techniques. Our results indicate that this difference is due to
differences in the reaction entropy. The latter difference is
believed to result from the quite different degrees of freedom
for the reactants in SPR (receptor bound to a two-dimensional
surface) and FCS (both partners diffusing freely in solution).

MATERIALS AND METHODS

ssDNA and Proteins.A biotinylated 26-mer ssDNA with
the sequence 5′-AAG-TAT-TAT-AAT-CAC-TAA-ATA-
CGA-AA-3′ was purchased from Interactiva (Ulm, Ger-

many), and CY5-labeled ssDNA of the same sequence was
obtained from MWG-Biotech (Ebersberg, Germany). In both
cases, the DNA was modified at the 5′ end. RPA was
expressed inEscherichia coliBL21 (DE3) using the expres-
sion vector pET11d-thRPA (a generous gift from M. S.
Wold) and purified following the protocol of Henricksen et
al. (28) through Affigel-Blue (Biorad), hydroxylapatite
(Biorad), and anion-exchange chromatography on EMD-
TMAE (Merck). RPA eluted from EMD-TMAE at 200 mM
KCl at >95% purity as judged by SDS-PAGE and staining
with Coomassie Blue. Aliquots containing 10% glycerol were
shock-frozen in liquid nitrogen and stored at-78 °C until
use (16). For a quantitative determination of the DNA
binding activity of our RPA preparation, stoichiometric
fluorescence titrations of RPA and ssDNA were performed.
ssDNA at a concentration of 50 nM was titrated with RPA,
and the fraction of active protein was determined from the
equivalence point of the titration curve.

Surface Plasmon Resonance. Interactions of RPA with
ssDNA were monitored using a surface plasmon resonance
biosensor instrument, BIAcore X (Biacore). The biotinylated
ssDNA was diluted to 1.5 nM in buffer containing 10 mM
sodium acetate, pH 4.8, and 1.0 M NaCl and manually
injected at a flow rate of 5µL min-1 onto an immobilized
streptavidin surface of the BIAcore sensor chip. The second
flow cell was left underivatized to correct for refractive index
changes, nonspecific binding, and instrument drift. Proteins
were diluted into running buffer containing 10 mM HEPES,
pH 7.4, 150 mM NaCl, 2 mM MgCl2, 0.005% Polysorbate-
20, and 1 mM DTT. The flow rate during the experiments
was 10µL min-1. Following RPA binding, regeneration was
performed with a 30 s injection of 0.25% SDS in buffer.
All sensorgrams were analyzed for bulk drift and mass
transport influenced kinetics. The temperature was controlled
using Peltier elements to maintain a constant temperature at
the sensor chip surface; the deviation from the preset
temperature was around 0.1°C. Each experiment was
repeated at least three times to ensure reproducibility.

Data Analysis for Surface Plasmon Resonance. The
procedures for the analysis were essentially the same as
described by the manufacturer (29). Both association and
dissociation rate constants can be extrapolated from the data
in the sensorgrams (30, 31). The ssDNA-RPA interaction
data were fit to a simple reversible reaction mechanism

A represents the RPA in solution, and B stands for the
immobilized ssDNA. ka and kd are the association and
dissociation rate constants, respectively. The two rate
constants were obtained by nonlinear fitting of the sensor-
gram data using the BIAevaluation 3.0 software supplied by
BIAcore. The dissociation rate constant is derived using the
equation

whereRt is the response at timet, andRt0 is the amplitude
of the response at the end of the injection. The association
rate constantka can be derived from the measuredkd values,
using

A + B y\z
ka

kd
AB (1)

Rt ) Rt0
e-kd(t-t0) (2)

Thermodynamic Analysis of DNA-Protein Interactions Biochemistry, Vol. 42, No. 34, 200310289



where [A] represents the concentration of the analyte (in this
case RPA), andRmax represents the maximum binding
capacity of the surface.

To test whether the assumption of a single-exponential
model for the binding between ssDNA and protein is
justified, all SPR data were fitted using a double-exponential
model as well. However,F-tests of the quality of the different
models clearly favor the single-exponential model (eq 1).

The equilibrium constantKD,SPR can be calculated from
the ratio of the kinetic rate constants

Moreover, the equilibrium constants may be determined from
biosensor data if the reaction reaches a steady-state response
Req during the association phase. The equilibrium constant
can be determined from nonlinear least squares curve fitting
of the data to

Fluorescence Correlation Spectroscopy. Measurements
were made on a ConfoCor 2 FCS instrument (Zeiss, Jena).
A HeNe laser with 5 mW power at 633 nm was focused by
a water immersion Zeiss C Apochromat 40× 1.2 objective,
and the laser attenuation was set to 0.3%. A 90µm pinhole
was used in the confocal detection channel. The samples were
measured in home-built sample chambers with an∼140µm
thick cover slide on the bottom. The focus of the lens was
placed∼200 µm above the surface of the cover slide. All
experiments were carried out with 1 and 5 nM ssDNA in
the same binding buffer as used for the SPR experiments.
At the beginning of each experiment, the diffusion time of
CY5 was determined by averaging three measurements of
60 s each. The diffusion time of the ssDNA was determined
once for each temperature. After filling the chamber with
ssDNA-protein solution and an incubation time of∼5 min
to reach equilibrium, the autocorrelation functions were
recorded for 180 s for each point of the reverse titration.

For temperature control, we used a Peltier element and
two PT100 sensors, one placed close to the Peltier element
and the other placed near the sample. The deviation from
the preset temperature was around 0.1°C.

Data Analysis for Fluorescence Correlation Spectroscopy.
The autocorrelation functions for the titration of ssDNA with
RPA were evaluated by a homemade routine performing
least-squares fits according to the extended autocorrelation
function forK different particles including triplet states (32):

whereT is the fraction of fluorescent molecules that are in
the triplet state with the lifetimeτtr, N is the average number
of fluorescent molecules in the sample volume,φi is the
fraction of theith component, andSis the structure parameter
that describes the shape of the sample volume. The charac-
teristic diffusion time of theith componentτi is the mean
time a particle spends in the illuminated volume. This
treatment is only valid if the quantum yield and the extinction
coefficient of the fluorophore do not change upon binding.
The diffusion timeτi is related to the diffusion coefficient
Di by the equation

wherewxy represents the waist radius of the laser beam in
the xy-plane perpendicular to the optical axis.

The autocorrelation functions for the complex formation
were fitted using eq 6 for two particles (K ) 2) (i.e., ssDNA
molecules and ssDNA-RPA complexes). From measure-
ments of CY5, the structure parameterSwas determined for
each experiment. The diffusion timeτ1 was obtained from
measurements of the free ssDNA in the absence of protein
for each experiment. At saturating protein concentrations,
the diffusion timeτ2 of the protein-DNA complex could
be determined. The degree of bindingθ ) φ2 ) 1 - φ1

remained the only unknown parameter and was determined
from eq 6 at each titration point. The resultingθ values were
fitted to

with R ) [A] + [B] + KD,FCS, where [A] is the RPA
concentration, [B] is the concentration of ssDNA, andKD,FCS

is the equilibrium constant for the dissociation.
Thermodynamics. The Gibbs free energy change∆G for

a reaction is related to the equilibrium dissociation constant
by

R is the gas constant, andT is the absolute temperature. A
noncalorimetric approach to determine the reaction enthalpy
∆H for a binding reaction is the van’t Hoff analysis. A key
assumption in using the van’t Hoff relationship is that the
binding reaction involves a single equilibrium throughout
the temperature range studied. For protein reactants, it may
be necessary to establish that they do not aggregate or change
conformation over the temperature range studied. For a
simple equilibrium reaction, the van’t Hoff enthalpy change
is calculated from the temperature dependence of a given
equilibrium dissociation constant. The relationship between
the equilibrium constant and the reaction enthalpy∆H, and
the reaction entropy∆S, is the van’t Hoff expression

The slope of lnKD versus 1/T provides∆H/R, from which
the enthalpy can be calculated.

The temperature-dependent measurements can also be used
to obtain the activation energyEA for the association and

Di )
wxy

2

4τi
(7)

θ )
R - xR2 - 4[A][B]

2[B]
(8)

∆G ) -RT ln KA ) RT ln KD (9)

ln KD ) ∆H
R

1
T

- ∆S
R

(10)

Rt )
ka[A] Rmax

ka[A] + kd

(1 - e-(ka[A] +kd)(t-t0)) (3)

KD,SPR)
kd

ka
(4)

Req ) Rmax
1

1 +
KD

[A]

(5)

G(τ) )

1 +
T

1 - T
e-τ/τtr

N
∑
i)1

K φi

1 +
τ

τi

1

x1 +
τ

S2τi

+ 1 (6)
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dissociation phase using the Arrhenius relationship

wherek is an apparent rate constant, andk0 is the frequency
factor for the given reaction.

RESULTS

It is known that RPA binds to ssDNA in different ways,
depending on the length of the DNA strand (33). Only
ssDNA molecules longer than 15-16 nucleotides are ef-
ficiently bound by RPA, and the size of the binding site on
the ssDNA strand is between 8 and 10 nucleotides. Therefore,
we have chosen a 26-mer oligonucleotide to avoid the
binding of more than one RPA per DNA. The same
oligonucleotide was used for both SPR and FCS experiments.
Moreover, we have performed SPR experiments with a 15-
mer oligonucleotide to compare if there is a difference in
RPA binding.

Kinetic and Thermodynamic Data Obtained by SPR.
Kinetic analysis of RPA binding required a biosensor surface
derivatized with low levels of ssDNA to avoid mass-transfer
effects and to approach equilibrium binding (Figure 1).
Analysis of the dissociation data revealed a dissociation rate
constant of 1.31× 10-4 s-1 at 25 °C. Analysis of the
association data for protein concentrations ranging from 0.2
to 3 nM resulted in an association rate constant of 1.25×
107 M-1 s-1 at 25°C. From the rate constants, an equilibrium
constantKD,SPR ) 1.05× 10-11 M was calculated.

Evaluating the temperature-dependent measurements (Fig-
ure 2) in the same way, we obtained the values given in
Table 1. Theka for the complex formation ranged from 0.96
to 1.74× 107 M-1 s-1, and thekd ranged from 0.26 to 8.45
× 10-4 s-1. Therefore, theKD,SPR values were estimated to
be 0.27-4.86× 10-11 M. Performing a van’t Hoff analysis
(Figure 3A), we obtained a value for the reaction enthalpy
∆H ) -64.4( 5.5 kJ mol-1. From the Arrhenius plot shown
in Figure 3B (eq 11), we obtain an activation energyEA )

14.43( 1.49 kJ mol-1 for the association reaction, indicating
that a large amount of energy has to be expended for binding
to occur. The activation energy for the dissociation reaction
is 78.93 ( 5.38 kJ mol-1. The difference between the
activation energies for dissociation and association is equal
to the reaction enthalpy. This yields a value for the reaction
enthalpy of 64.50( 5.58 kJ mol-1, which is in good
agreement with the value of the van’t Hoff analysis.

Thermodynamic Data Obtained by FCS. The binding of
RPA to ssDNA was studied by FCS. Normalized autocor-
relation curves are shown in Figure 4. The diffusion times
of free and protein-bound ssDNA were determined from the
autocorrelation functions with no protein and excess of
protein in the solution from the fit to a one component model
(eq 6,θ ) 0 or θ ) 1). From this, we obtained a diffusion
time τDNA ) 152.1( 2.4µs for the free DNA andτcomplex)
450.8 ( 5.2 µs for the complex (both values taken at 25
°C). With increasing temperature, we found a decrease in
the diffusion times that can be attributed to viscosity changes
of the aqueous solution (34). The progress of complex
formation at 25°C is shown in Figure 5. The diffusion times
were obtained by least-squares fits using eq 6 for a single
particle (K ) 1). It is clearly seen that the mean diffusion
time increases with increasing RPA concentration and
reaches a constant value, indicating the formation of ss-
DNA-RPA complexes.

The diffusion coefficientsDi of CY5, ssDNA, and the
ssDNA-RPA complex, respectively, were calculated from

FIGURE 1: SPR sensorgrams showing the interactions between RPA
and ssDNA at RPA concentrations of 0.3, 0.5, 1.5, and 3.0 nM at
25 °C. Binding was allowed to proceed for 600 s of the association
phase followed by 600 s of running buffer injection period for
dissociation. All curves are corrected for bulk shift using an
underivatized cell. The baseline drift corrected fits for the dissocia-
tion and association phase are shown in the plot. A value of 1.05
( 0.08× 10-11 M was determined forKD,SPR.

ln k ) ln k0 -
EA

R
1
T

(11)

FIGURE 2: Sensorgrams and fits for association for ssDNA-RPA
interactions at 10, 15, 20, 25, 30, 35, and 40°C. The RPA
concentration was 1.7 nM. Binding was allowed to proceed for
360 s of association phase followed by 360 s of a running buffer
injection period for dissociation. A decrease in the response with
increasing temperature is due to the temperature dependence of the
refractive index; the rate of dissociation becomes faster with
increasing temperature.

Table 1: Values ofKa, kd, andKD,SPR for the ssDNA-RPA
Interactions at Various Temperatures Obtained from SPR
Experiments

T [°C] ka [M -1 s-1] kd [s-1] KD,SPR[M]

10 9.56( 0.25× 106 2.55( 0.33× 10-5 2.66( 0.36× 10-12

15 1.05( 0.03× 107 7.27( 0.30× 10-5 6.90( 0.33× 10-12

20 1.08( 0.02× 107 9.46( 0.59× 10-5 8.78( 0.56× 10-12

25 1.25( 0.07× 107 1.31( 0.07× 10-4 1.05( 0.08× 10-11

30 1.34( 0.08× 107 2.82( 0.08× 10-4 2.11( 0.14× 10-11

35 1.52( 0.06× 107 3.97( 0.26× 10-4 2.61( 0.20× 10-11

40 1.74( 0.04× 107 8.45( 0.53× 10-4 4.86( 0.33× 10-11
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the diffusion timesτi using eq 7. The dynamics of molecules
in liquids are not well-understood, and numerous theoretical
models are found in the literature. A simple approach is to
assume an Arrhenius behavior of the temperature dependence
of the diffusion coefficient (35) (i.e.,D ) D0e-EA/RT) (Figure

6), with an activation energyEA that is equal to the enthalpy
barrier to molecular migration.

Titration curves can be obtained from the FCS curves by
fitting a two species model (eq 6) with fixed diffusion times
to the autocorrelation function at each titration point. A fit
using eq 8 gave a value of 2.61× 10-10 M for the
dissociation constant at 25°C.

Titration curves derived from autocorrelation functions at
various temperatures are depicted in Figure 7A,B. The
measurements were performed at DNA concentrations of 1
nM (Figure 7A) and 5 nM (Figure 7B). Unfortunately, it
was not possible to obtain reliable data for temperatures
above 25°C at 1 nM DNA. We assume that this is due to
instabilities of the dye and the protein in very dilute solutions.
Nevertheless, the equilibrium constants obtained from both
experiments are the same within the experimental error. The
KD,FCSvalues obtained from these titration curves ranged from
0.64 to 8.52× 10-10 M in the temperature range studied.
Performing a van’t Hoff analysis (Figure 8), we obtained a
value for the enthalpy of the reaction∆H of -66.5( 8.9 kJ
mol-1.

FIGURE 3: (A) van’t Hoff plot of the ssDNA-RPA interaction
obtained from SPR measurements. Linear fit to eq 10 gave a value
for ∆H of -64.4 ( 5.5 kJ mol-1. (B) Arrhenius plot for the
association (2) and dissociation (9) reaction of RPA with ssDNA
obtained from SPR experiments. Error bars have been omitted
because they are smaller than the symbols used.

FIGURE 4: Normalized autocorrelation functions for different RPA
concentrations at 25°C. The percentage of the complex was
determined by a two component fit to each function. Curves for
0% (solid line), 40% (dashed line), 81% (dotted line), and 100%
(dash-dotted line) of the ssDNA-RPA complex are shown. An
increase in diffusion time with increasing complex fraction can
clearly be seen.

FIGURE 5: Progress of complex formation at 25°C as a function
of RPA concentration. The diffusion times were obtained by fitting
eq 6 for one particle (K ) 1). Error bars have been omitted from
the plot because they are smaller than the symbols used.

FIGURE 6: Temperature dependence of the diffusion coefficient for
CY5 (9), ssDNA (b), and the ssDNA-RPA complex (2) according
to Arrhenius behavior. The diffusion coefficients were calculated
using eq 7. Error bars have been omitted from the plot because
they are smaller than the symbols used.
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The equilibrium constants and thermodynamic parameters
of ssDNA-RPA interactions at 25°C obtained by SPR and
FCS are summarized in Table 2. Within the experimental
error, both methods yield the same values of the reaction
enthalpy.

DISCUSSION AND CONCLUSION

The application of SPR and FCS to analyzing the binding
of RPA to ssDNA yields information about the kinetics and
thermodynamics. No modification of the protein is required,
and biotinylated and fluorescently labeled DNA strands are
available from commercial sources. Salt concentration, pH,
and temperature can be varied over a wide range. This has
been demonstrated here by measuring the kinetics and
thermodynamics in a temperature range from 10 to 40°C.

A number of studies have been published utilizing SPR
to study the kinetics and thermodynamics of interactions
between various proteins, including RPA, and DNA (19, 22,
36-40). The kinetic data we obtained by SPR for the
formation of a ssDNA-RPA complex are comparable to
values reported in the literature (19). We found values for
the rate constants and the equilibrium constant that are
slightly deviating from the reported values for a 70-mer
ssDNA. This length difference may well be the reason for
the discrepancy, as the binding process is known to depend
on the length of the DNA. To the best of our knowledge,
FCS has not been used previously to obtain equilibrium
constants at different temperatures. In the work reported here,
we have demonstrated how temperature-dependent SPR and
FCS measurements can be performed and evaluated to
determine the thermodynamic data of DNA-protein interac-
tions.

The SPR experiments might be affected by the fact that
the DNA is immobilized on the surface of the sensor chip;
thus, the rate constants obtained might not be the true
association and dissociation rates. To obtain values that are
not influenced by the surface, we need to perform competi-
tive measurements in future work. This allows us to
determine the affinity in solution so it is possible to compare
the true equilibrium constants with the results from FCS
experiments.

In our FCS experiments, the quantum efficiency of the
dye was not influenced by the binding process. Previous
experiments showed that the binding of DNA to RPA is not
altered significantly by attaching a label to the DNA (16). It
was found that the equilibrium constant remained the same
within the experimental error for labeled and unlabeled DNA.
Moreover, there was no interaction between RPA and free
CY5. Therefore, significant deviations due to labeling can
be ruled out in our experiments. The fluorescence emission
rate per dye molecule increased by approximately 50% when
the temperature was decreased from 40 to 10°C. This
tendency has also been observed by Widengren and Schwille
(34). We note, however, that the data analysis described
above is not influenced by this effect, as long as the intensity
of the signal is sufficiently high and as long as the data set
for each temperature is evaluated separately. Photobleaching
occurred at laser attenuation above 0.7%; therefore, we
performed our experiments below this threshold value.
Photobleaching also occurred at RPA concentrations above

FIGURE 7: (A) Titration curves derived from the autocorrelation
functions for a DNA concentration of 1 nM at 10°C (9) and 25
°C (b). We were not able to obtain reliable data above 25°C. (B)
Titration curves derived from the autocorrelation functions for a
DNA concentration of 5 nM at 10°C (9), 25 °C (b), and 40°C
(2). The values for the equilibrium constants are, within the range
of error, the same for the two different DNA concentrations. Error
bars have been omitted from the plot because they are smaller than
the symbols used.

FIGURE 8: van’t Hoff plot of the ssDNA-RPA interaction obtained
from titration curves at 5 nM DNA concentration. Linear fit to eq
10 gave a value for∆H of -66.5 ( 8.9 kJ mol-1.

Table 2: Equilibrium Constants and Thermodynamic Parameters of
ssDNA-RPA Interactions at 25°C Obtained from SPR and FCS
Experiments

method KD [M] ∆G [kJ/mol] ∆H [kJ/mol] T∆S[kJ/mol]

SPR 1.05( 0.08× 10-11 -62.6( 0.19 -64.4( 5.5 -1.8
FCS 2.61( 0.80× 10-10 -54.7( 0.75 -66.5( 8.9 -11.8
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50 nM, which indicates that a slowly diffusing complex with
two or more RPA molecules is formed. It is known that RPA
forms dimers or trimers upon binding to DNA (33), depend-
ing on the length of the DNA.

The equilibrium constantKD,FCS for the binding obtained
by FCS is by a factor of 20-25 higher than the value
obtained by SPR, depending on the temperature. This was
verified by performing the FCS experiments at lower DNA
concentrations. In addition to reverse titrations, we observed
also the complex formation by adding protein to ssDNA
solutions to ensure that the dissociation and formation
processes are not kinetically hindered. The values found by
SPR and FCS are in agreement with data published earlier
(16, 19); the differences are to be sought in different DNA
and buffers used in the experiments. The reaction enthalpy
gained by SPR and FCS are the same within the experimental
error, and the van’t Hoff plots of SPR and FCS data were
linear with regression coefficients>0.98.

In this study, we took a closer look at the thermodynamics
of ssDNA-RPA interactions using SPR and FCS at variable
temperature. We found different values for the Gibbs free
energy but nearly the same value for the reaction enthalpy
of ssDNA-RPA complex formation. We have clear evi-
dences that the difference inKD and therefore in Gibbs free
energy measured by the two methods is due to different
reaction entropies. In SPR, the reaction is restricted to two
dimensions because of immobilization of the DNA molecules
to the sensor surface. In contrast, FCS is able to follow
complex formation without spatial restrictions. In conse-
quence, the reaction in three dimensions is entropically less
favorable than the reaction at the solid liquid interface. This
might be due to differences in the cratic entropy between
the two geometries; however, the role of hydration cannot
be assessed by our experiments.
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