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Abstract. A recently introduced DNA nanodevice can be used to selectively bind or release the protein
thrombin triggered by DNA effector strands. The release process is not well described by simple first or
second order reaction kinetics. Here, fluorescence resonance energy transfer and fluorescence correlation
spectroscopy experiments are used to explore the kinetics of the release process in detail. To this end the
influence of concentration variations and also of temperature is determined. The relevant kinetic parameters
are extracted from these experiments and the kinetic behavior of the system is simulated numerically using
a set of rate equations. The hydrodynamic radii of the aptamer device alone and bound to thrombin are
determined as well as the dissociation constant for the aptamer device-thrombin complex. The results from
the experiments and a numerical simulation support the view that the DNA effector strand first binds to
the aptamer device followed by the displacement of the protein.

PACS. 82.35.Pq Biopolymers, biopolymerization — 82.39.Pj Nucleic acids, DNA and RNA bases — 87.15.He

Dynamics and conformational changes

1 Introduction

DNA has been used for the construction of a variety
of nanomechanical devices capable of performing simple
movements (for reviews see [1,2]). In several cases these
conformational changes can be induced by so-called “fuel”
or “effector” strands which can be added to the device and
selectively removed again in a process known as branch
migration. Recently, this principle was combined with
the binding properties of DNA aptamers to construct a
simple molecular device which can grab or release a pro-
tein [3]. The operation of this device was monitored in elec-
trophoretic band shift experiments and in fluorescence res-
onance energy transfer (FRET) experiments as well as in
fluorescence anisotropy measurements. It was found that
the kinetics of protein release cannot be described by a
simple first or second order kinetic process alone. Several
scenarios are conceivable for the protein release in which
the DNA fuel strands play a more or less active role: they
can either bind to the device-protein complex and actively
help to displace the protein, or they can simply bind to
available free aptamer devices and thereby shift the chem-
ical equilibrium between the free and protein-bound ap-
tamers. In order to clarify this issue, we here perform a
more thorough investigation of the device kinetics. A de-
tailed account of the reaction steps involved in the protein
release by the aptamer device is given. The dissociation
constant K4 of the device-protein complex is determined
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by fluorescence correlation spectroscopy (FCS). The kinet-
ics of the protein release by the aptamer device triggered
by a fuel strand is then measured in FRET experiments
as a function of fuel strand concentration and of tempera-
ture. Subsequently, a kinetic model is employed to describe
the time course of fluorescence decay in these experiments
during the release of the protein from the device. From
K4, the appropriate initial concentrations of the device
and thrombin are obtained. From the kinetic model the
rate-determining steps in the release process can be de-
duced. This identifies the relevant processes leading to the
displacement of the protein from the aptamer device.

2 Experimental section
2.1 Operation principle of the aptamer device

The operation principle of the aptamer device has been
described in detail in [3]. Briefly, to construct the device
the sequence of an anti-thrombin aptamer (5'- GGTTG-
GTGTGGTTGG -3’ [4]) has been extended by a 12 base
long “toehold” section (5'- TAAGTTCATCTC -3’) which
serves as point of attachment for a fuel strand F' (5’- CA-
CACCAACCGAGATGAACTTACGGCGTTG -3'). Fis
partly complementary to the aptamer sequence and may
form a DNA duplex with the aptamer, resulting in the
displacement of the protein. The reaction steps involved
in protein release are schematically depicted in Figure 1.
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Fig. 1. (a) Schematic representation of reaction steps involved
in the release process: in the absence of protein, the aptamer
device strand may be present in a folded or in an unfolded
form (1). Added fuel strands may bind to the unfolded (2) or
the folded (3) device. Binding to the folded device may first
occur at the unstructured “toehold” section (3) from which
complete hybridization may proceed (4). In the presence of
protein, the aptamer device can bind to it with dissociation
constant K4 = k1o/ke (5). After addition of fuel strand, now
also an intermediate complex of aptamer device, protein, and
fuel strand can be formed (6). Finally, displacement of the
protein from the device and complete binding of fuel to device
strand leads to the release of protein (7). (b) Definition of
concentrations x1, T2, ...,xs for the kinetic model.

The fuel strand F' can be removed from the aptamer by
a complementary “removal” strand in a process known as
branch migration. In this way, the aptamer device can be
cyclically switched between a protein-binding and a non-
binding form. In the present work, we are only concerned
with the release process.

2.2 Fluorescence resonance energy transfer

For fluorescence experiments, the aptamer device strand
was labeled at the 3’ end via an additional thymidine
residue with the fluorophore Oregon Green 488 (OG488,
Molecular Probes/Invitrogen, Karlsruhe, Germany) and
the fuel strand was labeled with TAMRA (5(6)- car-
boxytetramethylrhodamine) at the 5 end. FRET is the
radiationless transfer of energy between two fluorophores
with overlapping excitation and emission spectra. The
transfer efficiency strongly depends on the separation of
the two dyes and can be used to characterize molecular
motion and binding events. An overview of FRET can be
found in reference [5]. FRET experiments were performed
on a FluoroLog- 322 spectrofluorometer (Horiba Jobin-
Yvon, Longjumeau, France). Fluorescence of OG488 was
excited with a 450 W Xenon lamp bandpass filtered at
488 nm by a double grating and detected with a photo-
multiplier detector through a second grating at 518 nm.
Emission and excitation slits were set to 5 nm. The con-
tent of the sample cuvette was stirred and temperature
controlled by the Peltier element F3004. The concentra-
tion of the aptamer device was 1 uM for the first and
50 nM for the second series of experiments. Thrombin
was added in the specified amount (no thrombin, 1:5, 1:1,
5:1 ratio) to the aptamer device and incubated for one
hour before starting the experiments. The fuel strand F
was then added in stoichiometry with the aptamer. Fluo-
rescence intensity was integrated for one second for each
data point. The data was recorded using the DataMax
software provided by the fluorometer manufacturer and
further processed using Igor Pro (Wave Metrics, Portland,

OR, USA).

2.3 Fluorescence correlation spectroscopy
2.3.1 Theory and data processing

Fluorescence correlation spectroscopy (FCS) is a statisti-
cal method for the determination of important physical
parameters of fluorescently labeled species such as diffu-
sion constants [6-12]. FCS measurements are usually per-
formed using a confocal microscope setup (see below). If
a diffusing fluorescent molecule or particle passes through
the confocal detection volume, fluorescence photons are
emitted that are detected and counted. The number of
fluorescence photons is evaluated statistically by means
of an autocorrelation analysis in order to obtain charac-
teristic diffusion times and constants. The autocorrelation
function G for an ellipsoidal detection volume with Gaus-
sian intensity distribution is:

1

Git)=1+ N Goi(t, ™) (1)
1

1
1+ (t/m) V1+1/5% - (t/m) @

Gpig(t, ™) =

where N denotes the average number of labeled molecules
inside the detection volume, ¢ the correlation time, and
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7p the characteristic diffusion time which is inversely pro-
portional to the diffusion coefficient D:

w2

_ Ty
™ = 4D. (3)

The structure parameter S is given by

where wy, is the radius of the detection volume parallel
to the beam and w, is the radius of the detection volume
perpendicular to the beam [8].

For two fluorescent components with differing diffusion
constants the diffusion part of the autocorrelation function
Gpig becomes:

Gpig(t, Tp1,D2) =
(1-Y)- ! : .
1+ (t/m™1) \/1+1/52'(t/TD1)
1 1

1+ (t/m™2) . \/1—1— 1/82 - (t/m2)
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where 1—Y denotes the fraction of molecules moving with
the diffusion constant mp; and Y the fraction with diffu-
sion constant Ty [12].

For the fluorescent dyes used, the formation of triplet
states has to be taken into account already at the rela-
tively low excitation intensities used. The relaxation time
of the triplet state 71, depends on the dye and is typically
on the order of a few microseconds. The autocorrelation
function can thus be written [9,12]:

1
Gt)=1+ N Gpig(t, ™01, ™2) - G (t, T1v) (6)
with

6 - exp(—t/7n,)

GTr(t,Tfn) =1+ -0 (7)

where O is the triplet fraction.

Experimentally, the various parameters were deter-
mined as follows: S is obtained from a calibration exper-
iment performed with the dye alone and fixed thereafter
for all the experiments. The characteristic diffusion time
of the aptamer 7p; was obtained from a sample without
thrombin. Therefore a single component fit according to
equation (6) with Gpig from equation (2) was performed.
This was repeated with a sample containing a hundredfold
excess of thrombin to obtain the characteristic diffusion
time of the aptamer thrombin complex 7po. For all the
other experiments Y, 71, © and N were obtained from
individual fits to each sample using equation (6) with Gpig
from equation (5), while 7p1 and o were fixed. This ap-
proach is similar to that by Schiirer et al. who used FCS
to determine the dissociation constant of a moenomycin
binding aptamer [13].

2.3.2 Experimental setup and methods for FCS
measurements

FCS experiments were performed with a commercial FCS
setup LSM 510 (Carl Zeiss, Jena, Germany), consisting of
the module ConfoCor 2 and an Axiovert 200 microscope
equipped with a Zeiss C-Apochromat 403, 40x, NA 1.2
water immersion objective. The 488 nm line of an argon
ion laser (Lasos/Zeiss) was used as illumination source for
excitation of Oregon Green 488. The laser was operated at
the recommended tube current of 6.1 A and the intensity
was fixed at 1% to avoid saturation effects. This intensity
corresponds to 29.1 yW in the sample volume [14]. Emit-
ted fluorescence was collected at wavelengths exceeding
505 nm after passing the 70 ym pinholes by two avalanche
photodiodes. A cross-correlation setup was chosen in all
the experiments to suppress the influence of detector af-
terpulsing. The system was calibrated using a 10 nM so-
lution of Alexa488 dye (Molecular Probes, Invitrogen) in
water. The fluorescence signal of this sample was mea-
sured ten times for 30 s. The autocorrelation function
was calculated for each measurement and fit with equa-
tion (1). The parameters Tp Alexasss = 23.5 £ 0.3 pus,
S = 5.3 +£0.2 and N are obtained from the fit. The
diffusion constant of Alexa488 was determined in refer-
ence [14] (D = 316 pym?/s) using Rhodamine 6G (D =
280 pum? /s [15]) as a reference. Hence, from equation (3)
the focal radius is obtained as wgy = 0.172£0.002 pm (3).
The focal volume is V' = 0.15 £ 0.01 fl. Varying amounts
of human a-thrombin (Fluka, Buchs, Switzerland) were
added to 25 nM solutions of the aptamer resulting in
thrombin concentrations between 2.5 nM and 2.5 yM. The
aptamer binding buffer used for the experiments contained
20 mM Tris HCI, 140 mM NaCl, 10 mM MgCl; and 10 mM
KCI at pH = 8.5. For each sample the fluorescence signal
was measured ten times over 30 s. The collected data was
evaluated using the Confocor 2 software and fitting pro-
cedures. For more detailed error calculations the data was
reprocessed using Igor Pro.

2.4 Kinetic model for the opening step

For the opening step we have to consider the reactions
shown in Figure 1a. In general, in the presence of thrombin
a sample of aptamer devices will consist of free aptamers
and aptamers bound to the protein (reaction (5)). In ad-
dition, the aptamer itself may be present in a folded G
quadruplex form or in a random conformation. The equi-
librium between these forms is indicated in reaction (1).
Fuel strands added to the sample may bind to either
species: (2) indicates reaction with an unfolded aptamer
strand, (3,4) is the reaction with a folded strand, and (6,7)
is the reaction of fuel strand with an aptamer bound to
a protein. The latter reactions are subdivided into two
steps, where it is assumed that the fuel strand first binds
to the unstructured toehold section and then breaks open
the rest of the structure. In the following, we use the ab-
breviations x1 — xg for the concentrations of the molecules
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as defined in Figure 1b. The rate equations then read:

1 = —k1z1 + koo — k31703

To = +k1x1 — koo — kszow3 + keTs — kowawe + k1017
i3 = —k3r173 — ksw2w3 + kexs — k117327 + k1278

T4 = +kzz123 + k75 + k1378

5 = +ksTows — keTs — krs

6 = —kgxoxe + k1077 + k1328

7 = +korowe — k10T7 — k117327 + k1278

g = +ki1x3wy — ki2ws — k13xs.

The backward rates k4 = kg = k14 are already set to zero
as the final complex x4 is assumed to be very stable. Val-
ues for the various other rate constants can be estimated
as follows: we first focus on the opening of the device in
the absence of thrombin, i.e., on reactions (1)-(4). The
first reaction is related to the stability of the G quadruplex
secondary structure of the aptamer. From thermodynamic
data obtained on the quadruplex by Mergny et al. [16], a
reaction free energy of AGaggx = —13.7 kJ/mol is associ-
ated with reaction (1) at 7' = 298 K and in the presence
of Kt ions which corresponds to an equilibrium constant
of K =~ 250. Under the reaction conditions of our experi-
ments essentially all of the aptamer devices should there-
fore be in their quadruplex state, rendering reactions (1)
and (2) unimportant. Indeed, numerical simulations show
that rate constants ki and ko can be set to zero with-
out changing the final results (see below). Rates ks, ks
and ki1 are expected to be typical DNA hybridization
forward rates which are almost always on the order of
1073 nM~! s~ [17] which serves as an initial guess for
the numerical treatment. The rate kg can be estimated
from the typical association and dissociation rate of a
12 bp duplex and its equilibrium constant for hybridiza-
tion under the given buffer conditions. The equilibrium
constant K. = ks5/ke is calculated to be 2.46 x 109 M1
from the Gibbs free energy AGaosxk = —53.5 kJ/mol
which is obtained using the program HYTHER [18]. Thus
ke = 4.1 x 10~* s~ L. The rates kg and kyo are related
to the dissociation constant K of the aptamer device via
K4 = ki0/ke. The dissociation constant is measured by a
series of fluorescence correlation spectroscopy experiments
where the ratio of initial thrombin to initial aptamer is
varied (see Sect. 3).

Two sets of experiments with a different total concen-
tration of aptamer (50 nM and 1 puM) and various ra-
tios between protein and aptamer were performed. The
initial concentrations for the simulations were chosen ac-
cordingly. As will be shown below, the dissociation con-
stant for the device-protein complex was determined to
be K4 = 122 nM. From this value we obtain the initial
concentration of aptamer devices bound to a protein as:

27(0) = 1/2[(a +t + Kq) — ((a +t + K4)* — 4at)*/?], (8)
where a and t are the total aptamer and thrombin concen-

trations, respectively. The amount of free aptamer then is
22(0) = a — 27(0) while the amount of free thrombin is
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Fig. 2. Fluorescence autocorrelation recorded for the ap-
tamer device in the absence and presence of thrombin. The
characteristic diffusion times are b1 = 97.0 + 2.6 us and
Tp2 = 141.3 £ 3.5 us, respectively.

26(0) =t — 27(0). The fuel strand is added in stoichiom-
etry with the aptamer device z3(0) = a and all other
concentrations are initially set to zero.

The fluorescence intensity I measured in FRET exper-
iments is proportional to the concentration of the fluores-
cent species in the sample, i.e. [ x x1+xo+x7+E1T5+E20s.
Here it is assumed that binding of the aptamer device to
thrombin (z7) does not affect the fluorescence and that
binding of fuel strand z3 to the toehold of the aptamer
device (z5) leads to a reduction of the fluorescence by a
factor 0 < &; < 1 due to FRET, whereas binding to the
toehold of the thrombin-aptamer complex (xg) leads to a
reduction of the fluorescence by a factor 0 < & < 1. As
mentioned above, species x1 does not play an important
role in the process considered here and from the simula-
tions described below, we found that &; = 0 fits the exper-
imental results best. Therefore, the intensity is essentially
given by: I < 22 4+ x7 + &218.

For comparison between experiment and Kkinetic
model, the rate equations were implemented and solved
using Matlab (The MathWorks, Natick, MA, USA). To
adjust the remaining free rate constants, the least-squares
deviation between the experimentally obtained data and
the calculated fluorescence intensities was minimized. This
was done for all eight experimental time traces simultane-
ously.

3 Results and discussion

In Figure 2, the normalized autocorrelation functions for
the aptamer device in the absence of thrombin and in the
presence of a hundredfold excess of thrombin is shown.
The latter is chosen in order to ensure that all aptamer
devices are bound to the protein. From these two curves
the characteristic diffusion times are determined by single
component fits using equation (6) with Gpg from equa-
tion (2). For the aptamer alone, a diffusion time of Tp; =
97.0 £ 2.6 us is obtained, while for the aptamer bound
to thrombin the diffusion time is 7po = 141.3 + 3.5 us.
Hence the diffusion constants are D = 76.6 & 3.3 ym?/s
and Dy = 52.6 +2.2 um?/s. The FCS measurements were
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Fig. 3. Titration curve obtained from FCS measurements. The
percentage of bound aptamer-thrombin-complex (Y') is plotted
as a function of initial thrombin concentration [T]o. The solid
line corresponds to a fit of equation (8) to the data with K4
as the only free parameter. We obtain K4 = 122 + 16 nM.

performed at a temperature of 7' = 21.8 £ 1.0 °C for
which the viscosity of water is n = 0.96 +0.02 mPa s [22].
From this the hydrodynamic radii Ry = kT /67nD of
the aptamer and the protein-aptamer complex are ob-
tained as Ryg1 = 2.9 £ 0.2 nm and Rygs = 4.3 £ 0.3 nm.
From NMR and X-ray structures, respectively, the size
of the aptamer [19] and that of thrombin bound to the
aptamer [20] can be estimated. The radius of rotation of
these structures is rape ~ 1.6 nm and rAp¢+Tn ~ 3 nm.
In the aptamer device, the original aptamer structure has
been extended by a 12 nt long toehold. In a random con-
formation this can be expected to have an end-to-end
distance of roughly /2[,l = 3.2 nm, where the contour
length is [ = 12 - 0.43 nm = 5.2 nm and the persistence
length for ssDNA was taken as [, = 1 nm [21]. Assuming
that this length just adds to the diameter of the struc-
tures, a radius of rotation of 7Apt—tochold =~ 3.2 nm and
T Apt—toehold+Th ~ 4.6 nm is obtained which is in very good
agreement with the hydrodynamic radii.

From FCS measurements with varying thrombin con-
centrations and two-component fits according to equa-
tion (6) with Gpig from equation (5), the dissociation
constant K of the device-thrombin complex can be ob-
tained. The values displayed in Figure 3 correspond to the
value Y in (5), i.e. the relative amount of aptamer-device
bound to thrombin with respect to the initial amount
of aptamer-device in solution. The solid line represents
a fit with equation (8) (with Y = x7(0)/a) to the data
for the given initial concentration of the aptamer device
of a = 25 nM. From this fit, a dissociation constant of
K4 = 122 +£ 16 nM is obtained. This lies well within the
range of dissociation constants previously reported for the
unmodified thrombin-aptamer (3 — 450 nM) [4,23].

Our kinetic model disregards the possibility of dimer
formation of thrombin [24,25] as well as the fact that the
aptamer may bind to two distinct binding sites on the pro-
tein [20] (see also discussion below). If there were a con-
siderable amount of these structures, they should in fact
show up in the FCS experiments as more slowly diffusing
species. As this does not seem to be the case in the range

S 0.8 hybridization

S

S 0.6 -

> release

‘w 0.4

3

)= 0.2

0.0 , , 3
0 1000 2000 3000

b) 1.0 t(s)

— hybridization

S 0.8 -—

e |

> release

c

2

£

0.0~ T T T T T 1
0 1000 2000 3000
t(s)
Fig. 4. (a) Fluorescence time traces recorded from the aptamer
device for a device concentration of [Alo = 1 M and and

5:1, 1:1, 1:5, 0:1 ratios of thrombin to aptamer (from top to
bottom) after initiation of the protein release process by the
addition of fuel strands. The initial drop corresponds to the
hybridization of fuel strand and aptamer device and is second
order, whereas the slow decay phase corresponds to the release
of protein (see text). (b) Corresponding time traces calculated
from the kinetic model for the protein release process using a
single set of rate constants for all traces. The overall behavior
of the experimental traces is well reproduced. In particular, the
fast hybridization and slow release phase correspond well with
the experimental data.

of concentrations considered here, we assume that for our
kinetic analysis the consideration of simple 1:1 aptamer-
thrombin complexes is sufficient.

The experimental results for the fluorescence intensity
decay obtained from the aptamer device after addition of
the fuel strand are shown in a linear plot in Figure 4a
and as semi-log plots in Figure 5 (crosses) for several ra-
tios between device and protein. Figures 4a and 5a con-
tain the traces for [A]g = 21(0) + 22(0) + 27(0) = 1 pM,
whereas the data points in Figure 5b were recorded for
[A]o = 50 nM. For both concentrations, when thrombin
is added in excess to the aptamer device, the long term
decay can be well fit by an exponential as can be immedi-
ately seen from the linear slopes in Figure 5. This process
corresponds to the release of the protein by the aptamer
device. From this exponential, the rate constant k3 can
be determined to be k13 = 6.5 x 10~* s~ 1. For the numer-
ical simulations, k13 was fixed at that value. In contrast
to the behavior at long reaction times, the initial fluo-
rescence drop is quite different for the two sets of time
traces in Figures 5a and 5b. This indicates the contribu-
tion of a concentration-dependent second order step such
as hybridization between fuel and device strand (possibly
controlled by rate constants k3, ks, k7 or k11). To obtain a
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Fig. 5. (a) Log-lin plot of the experimental data (one cross for
every 50th data point) and the the corresponding calculated
traces (solid lines) for a device concentration of [A]p = 1 uM
and 5:1, 1:1, 1:5, 0:1 ratios of thrombin to aptamer (from top
to bottom). This graph combines the traces shown in Figure 4a
and 4b in a single plot. (b) Log-lin plot for a device concentra-
tion of [A]o = 50 nM and 5:1, 1:1, 1:5, 0:1 ratios of thrombin
to aptamer (from top to bottom). Comparison to (a) shows
that the initial drop which corresponds to the hybridization of
fuel strand and aptamer device strongly depends on the DNA
concentrations. For the corresponding calculated time traces
(solid lines) the same parameters were used as in (a).

quantitative description of the overall process, the kinetic
model described above was used to find a set of rate con-
stants which reasonably fits all of the experimental data in
Figures 5a and 5b simultaneously. It has to be mentioned
that almost perfect agreement between a single time trace
and the model can be achieved, as can be seen for the
upper trace in Figure ba. However, we here aimed at a
comprehensive description of our data to better capture
the concentration dependent processes. Based on the con-
siderations put forward in Section 2.4, rate constants were
allowed to vary within physically reasonable boundaries to
minimize the least-squares deviation from all of the exper-
imental curves in Figures 5a and 5b at once.

We start the simulations with k3 = ks =
1073 oMt s ky = kg = ka = 0; kg = 4.1 x 1074 s~
ki3 = 6.5 x 107* 57! as fixed parameters and vary the re-
maining parameters kl, kg, k/’7, kg, klO; kll; klg, §1 and §2.

It turns out that rate constant ki can be varied over
an extremely wide range and can be even set to zero with-
out deteriorating the result. As kg & k1 /250 in the model,
this essentially makes reactions (1) and (2) unimportant
(and, hence, k3). Furthermore, it is found that the best
results are obtained if the fluorescence reduction & = 0.
This means that in our experiments, reaction (4) is essen-
tially unobservable as it is accompanied only by a neg-

ligible fluorescence change. In summary, in the absence
of protein, we essentially observe hybridization of the ef-
fector strand with the folded aptamer device as a single
reaction step. The rates kg and k7 cannot be resolved in
our experiments, and in effect reactions (3) and (4) can
be lumped together in one single second order reaction.
Instead of ks = 1073 nM ! s71, kg = 4.1 x 1074 571, and
k7 = 6.7 x 107* s7!, one can use the modified forward
rate ki = ks - kr/(ke + k7) = 6.2 x 1074 nM~! 57! with
kg = k% = 0. The situation is different in the presence of
protein. Here reactions (6) and (7) are indeed observed as
separate steps.

Of the remaining free kinetic parameters kg, k19, k11,
k12 we find that backward rate k1o again has no signifi-
cant influence on the result of the numerical simulation.
The ratio k10/ky is fixed by the dissociation constant Ky
determined above. To find reasonable agreement between
simulations and experiment the quenching factor is now
set to & = 0.3. Physically, this means that in species xg
(fuel strand bound to protein-aptamer complex), the dis-
tance between the fluorophores is large enough to prevent
a complete quenching at this stage. This can be easily un-
derstood as a result of the presence of the relatively large
protein.

Results of numerical simulations are shown in Fig-
ures 4b and 5 (solid lines) for the following parame-
ter settings: k1 = 0, ke = 0, ks = 0, kg = O,
ki =62 x107* nM~! s71 K =0, kb = 0, ks = 0,
kg = 1075 nM~! Sil, kip = 1.2 x 10-3 Sil, ki1 =
10=4 nM~! S_l, ki = 0, ki3 = 6.5 X 10~4 nM~! S_l7
k14 =0, & =0, & = 0.3. In this context, setting a rate
constant to zero means that the corresponding rate cannot
be extracted from our experiment, but it may be necessary
to choose a non-zero value for different initial concentra-
tions. Compared with the protein-free case, the forward
rate ki1 for hybridization of the effector strand with the
toehold section of the device is reduced by almost one
order of magnitude. This indicates that hybridization is
indeed slightly inhibited due to the presence of the pro-
tein.

There is a good overall agreement between the simu-
lation and the experimental results. The main features, a
fast initial drop in fluorescence followed by a slow decay
in the presence of thrombin are well reproduced. In Fig-
ure Ha, the situation for low and high protein concentra-
tions are particularly well reproduced while there is some
deviation for the intermediate case where [A]p = [T]o.
The overall trend is also captured for the lower concen-
trations (Fig. 5b), and we find the long-term exponen-
tial behavior in both calculated and experimental traces.
The logarithmic scale exaggerates the deviations at low
intensity strengths. However, it becomes clear that the
calculated initial decay is slower than that measured for
[A]lo = 50 nM, except for [T]op = 250 nM (upper trace),
indicating the limitations of our numerical model.

From these results, the following simplistic picture
emerges which reasonably accounts for the kinetics of the
aptamer device observed experimentally: in the presence
of protein, device strands are either bound to the protein
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or free in solution. When fuel strands are added, they hy-
bridize to the free device strands in a fast reaction and to
the bound device strands in a slightly slower reaction. In
the intermediate complex composed of aptamer, protein
and fuel strand, the fluorescence is only partly quenched
due to FRET. From this intermediate state, the protein is
released in a slow first order process and the fuel strand
binds to the device strand completely. Obviously the first
step — hybridization of fuel and device — is concentra-
tion dependent, while the second is not, which explains
the main features observed in Figures 4a and 5.

The reduction in hybridization rate between effector
strand and toehold in the presence of thrombin is partic-
ularly interesting. We can imagine several reasons for the
reduced efficiency of hybridization: 1. when thrombin is
bound to the aptamer device, the protein simply occupies
space and hybridization between toehold and fuel strand
might be sterically hindered; 2. the original DNA throm-
bin aptamer was found to bind to either exosite I or II
of thrombin [20]. These exosites — also known as anion-
binding exosites — exhibit positively charged residues [26]
and may therefore electrostatically interact with the neg-
atively charged backbone of the aptamer. These charged
regions can also interact with the toehold of the aptamer
device and may therefore reduce its capability for hy-
bridization with the fuel strand. It is well conceivable that
in cases where an aptamer binds to less (or more highly)
charged residues of a protein, the effect on hybridization
efficiency will be quite different.

In addition to the concentration dependence, we also
determined the temperature dependence of the release
process. Figure 6 shows the intensity decay for [A]p =
50 nM and [T]o = 250 nM for temperatures T = 15 °C,
20 °C, 25 °C, 30 °C and 35 °C after addition of the fuel
strand. As one would expect the fluorescence intensity de-
creases faster as the temperature rises. However, the influ-
ence of temperature on the release process is quite complex
as the various chemical equilibria shown in Figure 1 are
affected to a different extent. We here concentrate on the
kinetic behavior at long times which can be fit well by a
single exponential. As discussed above, this corresponds
to the protein release process. In the inset of Figure 3, an
Arrhenius plot of the release rate constants (correspond-
ing to ki3 in Fig. 1) is shown. From a fit of the usual
Arrhenius equation In(k/A) = —E,/RT to the data, we
obtain a frequency factor of A = 5.3+ 1.6 s~! and an
activation energy of E, = 11.7 &+ 0.8 kJ/mol. Hence, E,
is on the same order as the energy of a typical hydrogen
bond.

4 Conclusion

We have studied the kinetics of protein release by a pre-
viously introduced aptamer-based molecular device which
can be triggered by the addition of a DNA effector strand.
The kinetics was studied in FRET experiments for differ-
ent device concentrations and for various ratios between
device strands and protein, and also as a function of tem-
perature. A kinetic model of the relevant reaction steps for
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Fig. 6. Fluorescence intensity decay for [A]o = 50 nM and
[T]o = 250 nM at temperatures T = 15 °C, 20 °C, 25 °C,
30 °C, and 35 °C (from top trace to bottom trace). In the inset,
an Arrhenius plot of the exponential decay rates obtained from
the long-time behavior of the fluorescence traces is shown.

the protein release process was developed and compared
to the experimentally obtained data in numerical simula-
tions. The results of the calculations suggest a simple two-
step mechanism for the protein release, in which the DNA
first binds to the “toehold” section of the DNA device, fol-
lowed by a slow first order protein release process. An im-
portant input parameter for the kinetic model — the dis-
sociation constant K4 of the aptamer-protein complex —
was determined in fluorescence correlation spectroscopy
experiments to be Ky ~ 120 nM. The hydrodynamic ra-
dius obtained for the complex agrees well with structural
data from X-ray diffraction and NMR experiments.

Even though our DNA nanodevice is an artificially
constructed molecular system with only a few compo-
nents, already a considerable number of reactions have to
be considered to understand its kinetic behavior. As shown
in this work, kinetic studies using biophysical techniques
such as fluorescence resonance energy transfer and fluo-
rescence correlation spectroscopy supported by numerical
modeling can help to elucidate the most relevant kinetic
processes governing the device behavior. Such informa-
tion will become more and more important in the near
future, when increasingly complex molecular devices and
machines based on DNA will be developed.
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