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I
n recent years there is growing interest in
the development of smart surfaces for
applications in nano-biotechnology.1�6

The properties of these surfaces can be
switched by external stimuli such as the
pH, temperature, light, electrochemical
potential, enzymatic reactions, or ligand
binding.1�6 For the generation of smart
surfaces even switchable guest�host sys-
tems have been engineered.7,8 In this con-
tribution the multi-ligand-binding flavo-
protein dodecin is introduced as a key
element for surface modification in nano-
biotechnology, which allows the multiple
generation, erasure, and reprogramming
of surface architectures. Dodecin from
Halobacterium salinarum is a dodecameric

hollow-spherical riboflavin-binding protein
with a diameter of about 7 nm.9�16 Dodecin
comprises six binding pockets with octahe-
dral arrangement. Each dodecin binding
pocket can bind up to two flavin ligands.
Hence, dodecin is able to bind up to 12
flavins in total. Dodecin binds not only
native but also artificial flavins such as
flavin-DNA tethers with high affinity if the
flavins are oxidized, whereas flavin reduc-
tion induces the dissociation of the holo-
protein in apododecin and free flavin
ligands.9,13,15 For a single dodecin�flavin
bond the dissociation constant (Kd) deter-
minedby a fluorescence quenching binding
assay was found to be in the nanomolar
range.9,13,15 Further studies to elucidate the
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ABSTRACT In this paper the multiple (re)programming of protein�DNA

nanostructures comprising generation, deletion, and reprogramming on the same

flavin-DNA-modified surface is introduced. This work is based on a systematic study

of the binding affinity of the multi-ligand-binding flavoprotein dodecin on flavin-

terminated DNA monolayers by surface plasmon resonance and quartz crystal

microbalance with dissipation (QCM-D) measurements, surface plasmon fluores-

cence spectroscopy (SPFS), and dynamic AFM force spectroscopy. Depending on the

flavin surface coverage, a single apododecin is captured by one or more surface-

immobilized flavins. The corresponding complex binding and unbinding rate

constants kon(QCM) = 7.7� 103 M�1
3 s
�1 and koff(QCM) = 4.5� 10�3 s�1 (Kd(QCM) = 580 nM) were determined by QCM and were found to be in agreement

with values for koff determined by SPFS and force spectroscopy. Even though a single apododecin�flavin bond is relatively weak, stable dodecin

monolayers were formed on flavin-DNA-modified surfaces at high flavin surface coverage due to multivalent interactions between apododecin bearing six

binding pockets and the surface-bound flavin-DNA ligands. If bi- or multivalent flavin ligands are adsorbed on dodecin monolayers, stable sandwich-type

surface-DNA-flavin-apododecin-flavin ligand arrays are obtained. Nevertheless, the apododecin flavin complex is easily and quantitatively disassembled by

flavin reduction. Binding and release of apododecin are reversible processes, which can be carried out alternatingly several times to release one type of

ligand by an external redox trigger and subsequently replace it with a different ligand. Hence the versatile concept of reprogrammable functional

biointerfaces with the multi-ligand-binding flavoprotein dodecin is demonstrated.

KEYWORDS: dodecin . flavins and flavoproteins . multidentate ligands . multiple or multivalent binding . QCM-D . SPR
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binding kinetics and/or cooperative binding effects
involving individual binding sites have not been car-
ried out until now. Here we present the first detailed
study of the binding affinity of the multivalent tE
variant of apododecin (DtE) for flavin ligands attached
to a surface by surface plasmon resonance (SPR), sur-
face plasmon fluorescence spectroscopy (SPFS), and
quartz crystal microbalance with dissipation mode
(QCM-D) measurements. The flavin ligands were
attached to a gold surface by thiol-anchored double-
stranded DNA (dsDNA) tethers of 20 base pairs (bp).9,15

In order to form the flavin-modified DNA layer on gold,
a stepwise surfacemodification procedure, as depicted
in Scheme 1, was carried out. In adsorption/desorption
studies we monitor the time-dependent mass uptake/
loss due to association/dissociation of the holoprotein
complex formed between surface-tethered flavins
and free DtE in buffer solution (buffer A, see Materials
section in the Supporting Information).
By fitting the kinetic data to the Langmuir model

the binding/unbinding rate constants (kon/koff) can be
calculated.17�20 Based on the results of the binding
affinity studies, a strategy for the use of the DtE�flavin
system as a tool for reversible surface modification in

nano-biotechnology isdevelopedasshown inScheme1.
For this purpose we use the concept of multivalency for
the generation of protein�DNA surface architectures
with extended long-term stability. Bidentate flavin-DNA
ligands of different structure and flexibility are com-
paredwith respect to their ability to bind to apododecin
monolayers with increased affinity. Furthermore, we
show that sandwich-type flavin-apododecin-flavin
surface architectures can be generated and afterward
disassembled by flavin reduction; multiple erasure and
reprogramming of the surface architectures is possible.

RESULTS AND DISCUSSION

In order tomodify the gold-coated sensor chips with
flavins, single-stranded DNA equipped with three
dithiane groups was adsorbed onto precleaned gold
surfaces in 20 mM tris-buffer at pH 7.5 containing 1 M
NaCl and 5 mM MgCl2 (for detailed structures of the
DNA strands see Supporting Information, Chart S1).9,15

Three dithiane rings forming six sulfur�gold bonds
were used for chemisorption on gold, since it has been
shown that oligonucleotides, which have been chemi-
sorbed by six thiol anchors, are stable against displace-
ment even at high salt concentration, at elevated

Scheme 1. (Top) Strategy for the generation of a flavin-modified dsDNA layer. (Bottom) The flavin-modified dsDNA layer is
used for the binding of apododecin and bidentate flavin-DNA ligands (writing). After disassembly of the surface architecture
by chemical flavin reduction (erasure) the flavin-modified dsDNA layer can be used for further writing and erasure cycles.
Multiple reprogramming using different bidentate flavin-DNA ligands is possible.
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temperature, or in the presence of alkaline solution (in
contrast to monofunctional thiol-terminated oligo-
nucleotides).21 In the next step a mixture of mercapto-
butanol (MCB) and mercaptopropionic acid (MPA) in
water was incubated in order to release nonspecifically
adsorbed DNA and patch any unmodified areas expos-
ing bare gold.9,15 After rinsing with buffer, comple-
mentary flavin-modified ssDNA was added for hy-
bridization.9,15 This resulted in a relative flavin surface
coverage of 100% with respect to the surface-tethered
dsDNA. We used a mixture of MCB and MPA (1:1) as
spacers between individual oligonucleotides, since
these relatively short thiols do not hamper the hybri-
dization event. In a previous study on surface-bound
molecular beacons (which were chemisorbed by three
dithiane groups as well) we have shown that by using
these spacers stable oligonucleotide layers can be
formedongold, andseveralhybridization/dehybridization

steps can be carried out without any decrease in
efficiency.22 In order to investigate different flavin
surface coverages at the same ssDNA-modified sensor
chip, dehybridization of the complementary ssDNA
(drawn in blue in Figures 1 and 2) was induced by
rinsing with pure water, before amixture with different
ratios between flavin-modified and flavin-free comple-
mentary ssDNA was added. Thus, the same surface
architecture with constant dsDNA concentration was
obtained, whereas the concentration of the flavin end
groups varied. Hence three surfaces with different
flavin surface coverages were prepared and subse-
quently investigated by SPR during the adsorption of
DtE and the subsequent rinsing with pure buffer solu-
tion (desorption). The corresponding SPR kinetic scan
curves (see Figure 1) revealed that an increase in the
flavin ligand concentration results in larger amounts
of adsorbed DtE.

Figure 1. SPR kinetic scan curves showing the adsorption/desorption kinetics of apododecin DtE via single/multiple binding
events with flavin ligands. The relative flavin surface coverages were 17% (A), 31% (B), and 43% (C). The cartoon below shows
the increased contribution of secondary binding events along with increased flavin ligand concentration, explaining the
changes in DtE binding/unbinding kinetics.

Figure 2. Frequency (blue) anddissipation (red) shifts (overtones 5�13) observed in situbyQCMfor adsorption/desorptionof
apododecin DtE on surfaces modified with two different surface coverages of flavin ligands: (A) 17% and (B) 100%.
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Desorption of the apoprotein upon rinsing with
buffer showed that the kinetics differ frommonoexpo-
nential kinetics for higher contents of the flavin
ligands. The latter is expected for a protein layer
formed exclusively by primary or monovalent binding
events (one apododecin binds one flavin ligand). Since
a single DtE molecule comprising six flavin binding
pockets can be bound by several linkages in parallel,
we explain the observed unbinding kinetics by an
increasing fraction of secondary or tertiary binding
events (individual apododecin DtE molecules bind
two or three flavin ligands) depending on the flavin
surface coverage as shown in the scheme in Figure 1.
For the sample with low surface concentration of flavin
ligands (17%), the contribution from secondary bind-
ing events is low (for details see Figure S3D in the
Supporting Information), whereas at higher flavin sur-
face coverage (31% and 43%) multiple binding events
become more and more frequent. In order to estimate
the maximum amount of apododecin that can be
bound to a flavin-terminated DNA monolayer, angular
SPR scan curves were measured before and after
apododecin DtE adsorption on three identically pre-
pared SPR chipswith a flavin surface coverage of 100%.
From the shifts observed an average optical thickness
(n � d) of the apododecin monolayer of 3.9 nm was
determined. Assuming a refractive index of n = 1.50 for
apododecin, an average layer thickness of 2.6 nm can
be calculated. As the diameter of apododecin DtE is
about 7 nm, this value for the layer thickness implies
that a partial monolayer is formed. In a control experi-
ment DtE showed no binding affinity to a layer of
pristine dsDNA (without flavin ligands). Thus, the DNA
layer creates an efficient barrier to prevent nonspecific
DtE adsorption.
Analogous results were obtained in QCM measure-

ments (see Figure 2). At 100% flavin surface coverage
(Figure 2B), multiple binding results in the formation of
a stable monolayer of biospecifically adsorbed protein
molecules, and extended rinsing has no noticeable
effect on its integrity. Due to the octahedral arrange-
ment of the six dodecin binding pockets, up to three
binding pockets should be accessible for each apodo-
decin molecule approaching the flavin-modified sur-
face. Nevertheless, when the adsorbed proteins form a
monolayer and neighboring molecules in this layer
experience steric repulsion, the likelihood of secondary
binding events decreases. Therefore, immediately
upon rinsing, we observe a minor decrease of the
adsorbed amount, which can be explained by desorp-
tion of the small fraction of protein molecules, which
are presumably attached via single linkages. At low
flavin surface coverages (17% in Figure 2A), the major-
ity of the apododecin molecules were bound to either
one or, possibly, two ligands.
According to the results of the QCM dissipation

measurements, the adsorption of apododecin starts

with a fast increase of the dissipation signal followed
by its sudden decrease upon further adsorption for the
sample with 100% flavin (Figure 2B). Such behavior is
often observed for heterogeneous adsorption layers,
and it was thoroughly investigated for adsorption of
globular proteins.23�27 The increase of the dissipation
signal in these systems was related to the mechanical
compliance of the binding tether. The soft sublayer
allows rocking and sliding motions of the adsorbed
particles, thus providing the major source of the
bandwidth shift.25 However, at high degrees of surface
coverage, lateral motion of the adsorbed particles is
being restricted, which results in a lower dissipation of
the acoustic waves.24 Thismodel explains the presence
of the transient peak in the dissipation signal observed
upon adsorption of the spherical apododecin mol-
ecules on the surface with flavin-dsDNA ligands
(Figure 2B). The fact that dissipation values for lower
overtones decrease below the initial level (compared
to the signal before the protein was adsorbed) is
related to the lateral motion of the DNA double
helices,28,29 which is also being restricted upon binding
with apododecin.
As previously mentioned, the geometry of apodo-

decin, characterized by the octahedral allocation of the
six binding pockets, allows the formation of up to three
linkages with flavin ligands attached to the substrate
surface via the dsDNA tethers with 20 bp. Upon bind-
ing of the multivalent apododecin with three flavin-
dsDNA ligands, we obtain a relatively stiff structural
unit on the surface. The overall rigidity of the surface
film is indicated by the low ratio of dissipation versus

frequency shift (Df ratio) and no noticeable spreading
of the frequency overtones. Considerable spreading of
the dissipation overtones, on the other hand, is a
characteristic behavior commonly observed for het-
erogeneous films.25 For samples with low concentra-
tion of flavin ligands, we observed a high ratio of
dissipation versus frequency shift upon adsorption of
apododecin (Figure 2A). In this case, themajority of the
adsorbed DtE molecules are bound via a single flavin-
DNA tether and the obtained structure is not restricted
in lateral motion. Mechanical compliance of the tether
with the attached protein molecule results in the
formation of a viscous layer, which is also indicated
by (minor) spreading of the frequency overtones (an
enlarged presentation of the frequency shifts depicted
in Figure 2A is shown in the Supporting Information,
Figure S1).30 Analogous to SPR the QCM-D measure-
ments show that even at a relatively low flavin surface
coverage secondary binding events have to be taken
into account, while at higher flavin surface coverage
the protein monolayer is highly stabilized by multiple
binding.31�35

In order to determine the binding/unbinding rate
constants (kon/koff) from QCM measurements, the fla-
vin surface coverage was further reduced to minimize
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the probability for multiple binding to occur. As shown
in the Supporting Information (Figure S2), average
values of kon(QCM) = 7.7 � 103 M�1

3 s
�1 and koff(QCM) =

4.5 � 10�3 s�1 were obtained from the kinetic QCM
curves collected for a flavin surface coverage of 10%.
From these values a dissociation constant of Kd(QCM) =
580 nM was calculated, which is in good agreement
with a value of Kd = 400 nM determined by a fluores-
cence-quenching binding assay (in solution) for DtE
with flavin (CofC4)-DNA ligands with five bases.15

During the SPR measurements at flavin surface cov-
erages of 15% or less, the signal-to-noise ratio did not
allow for an accurate determination of the kon and koff
values (see Supporting Information, Figure S3).
The binding and release of a monodentate fluoro-

phore-labeled flavin-dsDNA ligand on aDtEmonolayer
could also be unraveled in SPFS measurements, in
which a value of koff(SPFS) = 1.6 � 10�3 s�1 was
determined (see Supporting Information, Figure S4).
In the Supporting Information (Figure S5) we show
further that a DtE monolayer with high long-term
stability can be formed by using flavin-DNA tethers
with a flavin surface coverage of 100%. In addition we
show by QCM measurements that, while a dodecin
monolayer formed by using flavin-DNA tethers with
a flavin surface coverage of 100% is stable upon
extended rinsing with buffer solution for hours (see
Figure S5), the apododecin�flavin complex can be
disassembled quantitatively and reversibly by chemi-
cal flavin reduction (see Figure S6). The same observa-
tion has been made previously by SPR, when electron
transfer through DNA monolayers was investigated.15

A koff value on the same order of magnitude as deter-
mined by QCM and SPFS, koff(AFM) = 6.8� 10�3 s�1, was
obtained by dynamic AFM spectroscopy (see Support-
ing Information, Figure S8).36�39 By comparing the
values for koff and Kd of DtE�flavin with those of
streptavidin�biotin, which shows an extraordinarily
high binding affinity and is thus often used for surface
modification in nano-biotechnology in sandwich type
assays,40�45 it turns out that a single DtE�flavin bond is
tooweak for permanent attachment of flavin ligands to
dodecin-modified surfaces. This can easily be esti-
mated by comparing the half-lifes τ > 50 h for a
streptavidin�biotin (koff = 3.8 � 10�6 s�1) (compare
ref 17) and τ = 2�10 min for a dodecin�flavin bond
(depending on the exact value of koff).
On the other hand, it should be possible to signifi-

cantly increase the binding strength of flavin-modified
ligands, if the concept of multivalent binding is applied,
i.e., if bi- or multidentate ligands are used.31�35,46,47 In
Figure 3 we compare the binding strength of a mono-
and bidentate fluorophore-labeled flavin-dsDNA
ligand (Bi1) adsorbed to a dodecin DtE monolayer
upon extended rinsing with buffer solution by SPFS.
For comparison also the fluorescence signal caused by
a nonbinding (flavin-free) fluorophore-labeled ssDNA

ligand was measured, since there is an additional
fluorescence signal by filling the flow cell with a
fluorophore-containing solution. After addition of the
nonbinding ligand (Figure 3A) the fluorescence signal
decreases as soon as the ligand-containing solution is
removed from the cell. While the vast majority of the
monodentate ligand could be removed after less than
1 h of rinsing with buffer (Figure 3B), a significant
amount of bidentate ligands Bi1 remains bound to
the dodecin monolayer even after rinsing for more
than 3 h (Figure 3C).
The same experiment shown in Figure 3 was

repeated using QCM-D. During the addition of the
nonbinding ssDNA ligand no significant change in
frequency could be observed. The frequency shift
collected during the addition of the monodentate
flavin-dsDNA ligand was small (about �1 Hz), and the
initial level was reached after rinsing for about 50 min
(data not shown).
The QCM-D curve measured during binding of the

bidentate flavin-dsDNA ligand Bi1 and subsequent
rinsing is shown in Figure 4. Also from the QCM-D
measurements it can be seen that the overall binding
strength for the bidentate dsDNA ligand is significantly
increased in comparison to the monodentate ligand.
After rinsing for more than 1 h, about 50% of the
bidentate ligand Bi1 stayed captured at the surface.
Fitting the binding and unbinding kinetics of ligand
Bi1 shown in Figure 4 revealed two kinetic regimes
(for details see Supporting Information, Figure S9).
Apparently some of the bidentate ligand molecules

Figure 3. SPFS kinetic scan curve collected during ligand
addition and subsequent rinsingwith buffer (start of rinsing
is indicated by arrows) for a Cy5-labeled nonbinding (flavin-
free) ssDNA ligand (A), a Cy5-labeled monodentate flavin-
dsDNA ligand (B), and a Cy5-labeledbidentateflavin-dsDNA
ligand Bi1 (C) at a dodecin DtE monolayer (prepared with
100% flavin surface coverage). In the scan curve there is an
additional signal increase (and decrease) when the peristal-
tic pump was switched on (and off).
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were bound only by one of the two flavins. At this point
it is worth mentioning that the previously determined
binding/unbinding rate constants (kon/koff) for the
apododecin�flavin system describe the binding of a
single flavin-DNA ligand at one of the two accessible
sites of one of the six dodecin binding pockets. For
small flavin ligands it is expected that the second
binding event may occur also with higher affinity,
because the isoalloxazine moieties of both flavin
ligands will then be arranged in an aromatic tetrad
together with two tryptophanes being part of the
apoprotein. The formation of the aromatic tetrad is
expected to increase the overall stability of the com-
plex due to electronic interaction.9,13,15 In the case of
rather bulky flavin-DNA ligands on the other hand, the
binding of the second ligand in the same pocket
could be hampered for steric reasons and might thus
occur with lower affinity. For the bidentate dsDNA
ligand Bi1 both flavin ligands are attached to the
same end of the dsDNA, and the length of the linkers
used for 30 and 50 modification is not exactly the same.
When the rather bulky bidentate dsDNA ligand Bi1 is
bound, both flavins have to be incorporated into the
same dodecin binding pocket, which may result in
steric constraints limiting the overall binding effi-
ciency. Therefore, we decided to investigate another
bidentate ligand, Bi2, consisting of ssDNA with 20
bases equipped with flavins on both ends (the 30 and
the 50 end). Due to the high flexibility of the ssDNA,
both flavins of this ligand can be bound to the same
binding pocket of a single DtE molecule, to two
different binding pockets of the same DtE molecule,
or to two binding pockets belonging to different DtE
molecules. In Figure 5 the binding/unbinding kinetics
of the new bidentate flavin-ssDNA ligand Bi2 are
shown. After rinsing for almost 1 h the vast majority
of the ligand molecules remain captured at the sur-
face. Apparently the more flexible structure of ligand
Bi2 allows both flavins to approach the most con-
venient binding positions in combination with each
other. A detailed analysis of the binding and unbind-
ing kinetics of ligand Bi2 is provided in the Support-
ing Information, Figure S10.

Next we used the unique redox properties of dode-
cin in order to remove and reassemble the sandwich-
type flavin-apododecin-flavin ligand array as shown in
Figure 6.We first disassembled the surface architecture
by flavin reduction (using a buffered sodium dithionite
solution). This resulted in the release of the ligand and
dodecin molecules. Thereafter the dodecin monolayer
was restored by addition of a fresh apododecin DtE
solution, and subsequently a new fraction of bidentate
ligand Bi1 was captured.
Using another flavin-dsDNA-modified chip we show

in Figure 7 that it is even possible to replace one type of
bidentate ligand by a different one, i.e., to reprogram
the surface architecture. In Figure 7A the QCM fre-
quency and dissipation shifts measured during the
adsorption (and subsequent rinsing with buffer) of
ligand Bi1 at a dodecin DtE monolayer (prepared with
100% flavin surface coverage) are shown. Thereafter

Figure 5. QCM frequency (blue) and dissipation (red) shifts
(overtones 5�13) for adsorption/desorption of a bidentate
flavin-ssDNA ligand (ligand Bi2, comprising 20 bases,
equipped with flavins on both ends) at a dodecin DtE
monolayer (prepared with 100% flavin surface coverage).

Figure 6. QCM frequency shifts (overtones 5�13) for
adsorption/desorption of the bidentate flavin-dsDNA
ligand Bi1 at a dodecin DtE monolayer (prepared with
100% flavin surface coverage), followed by disassembly of
the sandwich-type surface architecture by flavin reduction
using a solution of sodium dithionite, reassembly of the
surface architecture by addition of apododecin DtE, and
subsequent adsorption/desorption of the ligand Bi1.

Figure 4. Frequency (blue) and dissipation (red) shifts
(overtones 5�13) for adsorption/desorption of the Cy5-
labeled bidentate flavin-dsDNA ligand Bi1 at a dodecin DtE
monolayer (prepared with 100% flavin surface coverage).
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the ligand and the DtE monolayer were released by
reduction before a new DtE monolayer was formed.
After the QCMmeasurement was restarted (in order to
start the measurement exactly at Δf = 0 and ΔD = 0)
ligand Bi1was adsorbed a second time (see Figure 7B).
Following this procedure ligand Bi1 was removed
again, and the dodecinmonolayerwas restored; before
this time ligand Bi2 was adsorbed at the same flavin-
dsDNA modified chip (see Figure 7C). Hence, multiple
reprogramming of a sandwich-type flavin-apododecin-
flavin surface architecture using the same flavin-
DNA tethers attached to a single chip was achieved.
It is further worth noting that for the adsorption of the
bidentate ligand Bi2 the decrease in frequency is
somewhat larger than for the bidentate ligand Bi1
(both ligands were added at a concentration of 5 μM),

even though the molar mass of ligand Bi2 is approxi-
mately half of that of ligand Bi1. Assuming that there is
no significant difference in the contribution of trapped
solvent molecules to the overall frequency shift,23 this
implies that more molecules of the flexible ligand Bi2
can be adsorbed in comparison to ligand Bi1. Hence, in
order to optimize the binding properties of multivalent
flavin ligands, the flavins should be attached by rather
long and flexible tethers. A more detailed comparison
of the binding and unbinding kinetics of the ligands
Bi1 and Bi2 including the determination of the indivi-
dual binding affinities is provided in the Supporting
Information.
Since in contrast to Bi2 the ligand Bi1 is Cy5-labeled,

the fluorescence signal could be used as an additional
readout channel. In Figure 8 the shifts in the SPR and
SPFS kinetic scan curves during adsorption (and sub-
sequent rinsing with buffer) of the fluorescent ligand
Bi1 at a dodecin DtE monolayer (prepared with 100%
flavin surface coverage) followed by reprogramming
the surface in order to obtain a surface modified with
the nonfluorescent ligand Bi2 are shown. By compar-
ing the increase in the SPR signal during ligand binding
for both ligands it can be seen that a larger amount of
the flexible ligand Bi2 can be adsorbed in comparison
to ligand Bi1 (as observed previously in the QCM-D
measurements shown in Figure 7).

CONCLUSIONS

We have shown by QCM-D, SPR, and SPFS measure-
ments how protein�DNA nanostructures can be gen-
erated, deleted, and reprogrammed on the same
surface by exploiting multivalency and the redox
properties of dodecin. Using flavin-modified dsDNA
monolayers we have studied the binding properties of
the multi-ligand-binding flavoprotein dodecin. The
degree of multivalency depends strongly on the
amount of flavins presented at the surface, which are

Figure 7. QCM frequency (blue) and dissipation (red) shifts
(overtones 5�13) for adsorption/desorption of bidentate
flavin-DNA ligands at three dodecin monolayers formed at
the sameflavin-DNA-modified chip. In (A) the ligand Bi1was
adsorbed followed by rinsing with buffer, before the ligand
and the dodecin monolayer were released by chemical
reduction with a buffered argon-saturated solution of
sodium dithionite (100 mM). Thereafter a new dodecin
monolayer was formed by adsorption of apododecin DtE,
the measurement was restarted, and in (B) the adsorption/
desorption kinetics of the ligand Bi1 were monitored a
second time. Again the ligand and the dodecin monolayer
were released, a new dodecin monolayer was formed, and
the measurement was restarted before in (C) the adsorp-
tion/desorption kinetics of the ligand Bi2 were monitored.

Figure 8. SPR and SPFS kinetic scan curves collected during
adsorption/desorption of the fluorescent bidentate ligand
Bi1 at a dodecin DtE monolayer (prepared with 100% flavin
surface coverage), followed by disassembly of the sand-
wich-type surface architecture by flavin reduction using a
solution of sodium dithionite, reassembly of the surface
architecture by addition of apododecin DtE, and subse-
quent adsorption/desorption of the nonfluorescent biden-
tate ligand Bi2.
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available for (apo)dodecin binding. At low flavin sur-
face coverages (e15%) the vast amount of dodecin
molecules are captured only via a single binding event.
Thus, it was possible to determine the previously
unknown kinetic binding parameters, i.e., the bind-
ing/unbinding rate constants (kon/koff) of a single
apododecin-flavin-DNA complex by QCM mea-
surements. The thermodynamic value of Kd(QCM) =
580 nM calculated from kon(QCM) = 7.7 � 103 M�1

3 s
�1

and koff(QCM) = 4.5� 10�3 s�1 is in good agreementwith
a dissociation constant of Kd = 400 nM, which has been
determined previously by a fluorescence quenching
binding assay (in solution).15 Using SPFS and dynamic
AFM-based single-molecule force spectroscopy as ad-
ditional methods the values koff(SPFS) = 1.6 � 10�3 s�1

and koff(AFM) = 6.8� 10�3 s�1 were obtained, which are
in the same order of magnitude as the value from
QCM. Even though the monovalent apododecin�flavin
binding interaction (Kd(QCM) = 580 nM and koff(QCM) =
4.5 � 10�3 s�1) is orders of magnitude weaker than
that of streptavidin�biotin (Kd≈ 10 fM and koff = 3.8�
10�6 s�1),17,41�45 it is in the same range or even
stronger than that of other prominent guest�host
systems such as vancomycin�DADA (Kd = 1.6 μM
and koff = 31 s�1),34,48 concanavalin A�mannotriose
(Kd = 250 nM and koff = 1.2 � 10�2 s�1),49 or further
lectins,50 cyclodextrin�adamantane (Kd = 22 μM and

koff = 2 � 103 s�1),39 or His-tag-Ni2þ�NTA (Kd ≈ 1 μM
and koff ≈ 2 s�1).51�53 In contrast to any of these
guest�host systems the apododecin�flavin system
can be easily and reversibly disassembled by ligand
reduction, as we have shown by QCM and previously
also by SPR measurements.15

Using the concept of multivalency, dodecin can be
employed for the generation of rather stable sand-
wich-type flavin-apododecin-flavin surface architec-
tures. Already bidentate flavin-DNA ligands bind to a
dodecin layer (formed on top of a flavin-terminated
DNAmonolayer) sufficiently strong that themajority of
the ligands remain captured after rinsing with buffer
solution for 1 h. By comparing the two bidentate flavin-
DNA model ligands Bi1 and Bi2, we have shown that
the more flexible arrangement of the flavin anchors in
Bi2 enhances the overall binding affinity. The forma-
tion of branched DNA molecules by hybridization of
two or more flavin-modified ssDNA strands together
with additionally functionalized ssDNA could be a
simple and versatile access to functionalized multi-
valent ligands for applications in nano-biotechnology.
Furthermore, we anticipate that due to the octahedral
arrangement of the six dodecin binding pockets,
dodecin is a promising building block for the genera-
tion of extended highly ordered three-dimensional
protein�DNA nanostructures.

METHODS

Expression, Purification, and Refolding of Heterologously Expressed Apo-
dodecin Variants. The heterologous overexpression of N-terminally
His6-tagged halopilic apododecin flavin binding variant triple
E (tE; E45A delE50 delE51) was performed by transformation of
the recombinant plasmid pDOD (pET22b(þ), Novagen) with sub-
cloned tE PCR product into chemocompetent BL21 (De3) E. coli
strain. Purification and refolding processes were done as described
previously.12 Dodecameric dodecin was detected by size exclusion
chromatography on a Superdex 200 10/300GL column (GEHealth-
care Life Sciences) equilibrated and eluted with buffer A. Since
there might be some minor protein denaturation/precipitation
upon long-term storage, the (apo)protein solutions were filtered
through a cellulose 200 nm PVDF-membrane filter, hydrophilic,
0.22 μm (ROTH), prior to use.

Preparation of the Gold Substrates. SPR-Chip preparation: Gold
substrates were prepared by vacuum evaporation of gold
(48 nm layer thickness) onto cleaned glass slides (nBK7 = 1.515
at 633 nm), which were precoated with a thin titanium layer
(1.5 nm) to improve adhesion. The gold substrates were freshly
cleaned prior to use by treatment with piranha solution (3:1
concentrated H2SO4/30%H2O2, CAUTION: piranha solution
reacts violently with most organic materials and must be handled
with extreme care) for 5 min at room temperature and then
rinsed with pure water.

For the QCM-D measurements standard sensor chips
(QSX301, Q-Sense, Västra Frölunda, Sweden) with the following
specifications were used: frequency 4.95 MHz ( 50 kHz, dia-
meter 14 mm, thickness 0.3 mm, RMS surface roughness of
electrode <3 nm. Beforemodification, the sensors were cleaned
with a UV cleaner for 10min, thereafter with basic piranha (1:1:5
of H2O2, 25% ammonia solution, MQ water) at 75 �C for 5 min,
and again with UV treatment for 10 min.

Smooth gold substrates for the AFM force measurements
and imaging were prepared by template stripping. After

depositing a 50 nm gold layer on the “prime”-quality silicon
wafer, used as a template, a glass slide was glued onto the gold
surface using a two-component epoxy adhesive. After drying
the glass slide bearing the gold layerwas peeled off andused for
further modification without cleaning.54

Deposition of DNA, Apododecin, and Ligands. The disulfide-
modified ssDNA was adsorbed on the SPR, QCM-D, or AFM
substrates in the followingway. TheDNAwas dissolved in buffer
A and adsorbed to the gold surface for 1 h. The 1,2-dithiane and
flavin-modified ssDNAwas used at a concentration of 2 μM, and
the (1,2-dithiane)3-modified ssDNA at 5 μM, respectively. Effi-
cient covalent tethering of the DNA strands to the gold surface
was accomplished via the reaction of one or three dithiane
groups with gold. The series of three disulfide groups substan-
tially increased the overall binding strength, providing sufficient
stability of the DNA monolayer on gold. After adsorption was
completed, the surface was rinsed with buffer andMQwater. To
replace nonspecifically adsorbed DNA strands and saturate free
sites at the gold surface, in the next step a mixture of low-
molecular-weight thiols was adsorbed.55 Equimolar amounts of
mercaptobutanol and mercaptopropionic acid, dissolved in
water at 2 mM overall concentration, were adsorbed on the
DNA-gold surface for 30min followed by rinsing withMQwater.
In order to obtain the flavin-dsDNA ligandmodified surface, the
surface-grafted ssDNA was hybridized with complementary
flavin-modified ssDNA at 5 μM in buffer A. Dehybridization
could be achieved by intense rinsing with pure water.56 In all
experiments apododecin DtE was added at a concentration of
5 μM. The mono- and bidentate flavin ligands were added at a
concentration of 5 μM. Each step of surface modification was
monitored by SPR or QCM-D measurements.

SPR and SPFS. For SPR and SPFS a commercially available
setup from from Res-Tec (Resonant Technologies, Framersheim,
Germany) was used. In order to estimate the maximum amount
of apododecin that can be bound to a flavin-terminated DNA
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monolayer, angular SPR scan curves were measured before and
after apododecin DtE adsorption on three identically prepared
SPR chipswith a flavin surface coverage of 100%. From the shifts
observed an average optical thickness (n � d) of the apodode-
cin monolayer of 3.9 nm was determined using the software
Winspall, version 3.0.2.0 (Max Planck Institute of Polymer
Research, Mainz, Germany).

QCM-D. QCM-D measurements were performed with a
Q-sense E1 instrument (Q-Sense, Göteborg, Sweden), which
was controlled by the QSoft 401 acquisition software. The QCM
sensor crystals were cleaned in a BioForce ozone cleaner
(BioForce, Ames, USA).

Dynamic AFM Force Spectroscopy and AFM Imaging. Dynamic AFM
force spectroscopy and AFM imaging were performed using an
Asylum MFP-3D Bio AFM (Asylum Research, Santa Barbara, CA,
USA). In these measurements Olympus Biolever probes (Bruker
OBL-10, Bruker AXS, Camarillo, CA, USA) with a nominal spring
constant of 30 pN 3 nm

�1 were used. Topographic images were
acquired in tris-buffer using intermittent contact mode and
contact mode. Calibration of the cantilevers was performed
using the thermal noise method. The variation of the obtained
values for the spring constant from the nominal values was in
the range of (4 pN 3 nm

�1. The sensitivity of the optical levers
was obtained from force curves collected in several ap-
proach�retract cycles of the probe on a freshly cleaned glass
surface. In the measurements a constant approach velocity of
the cantilever toward the sample surfacewas used (0.5 μm 3 s

�1),
while the retract velocity was varied in the range from 0.05 to
3.5 μm 3 s

�1. Upon contact with the substrate surface the
cantilever deflection was kept low to prevent damage of the
protein structure.57 At each loading rate up to 2000 FD curves
were recorded to acquire sufficient data for estimation of the
most probable rupture force.

In order to measure the protein�ligand interactions, the
gold-coated AFM tipwasmodifiedwith the flavin-ssDNA ligand.
Prior tomodification the AFMprobewas rinsed with 2-propanol
and purewater. Afterward, it was immersed in a 2 μMsolution of
the 50-flavin- and 30-dithiol-modified ssDNA for 1 h according to
the procedure described above for the modification of gold
substrates. The gold-coated substrate surface used for AFM
measurements was modified with the 50-flavin- and 30-dithiol-
modified ssDNA as described above and apododecin DtE was
immobilized on this surface via binding the flavin ligands. For
this purpose DtE was added at a concentration of 20 nM
(concentration of the dodecameric apoprotein) in buffer A
solution. The low adsorption density enabled the formation of
multiple linkagesbetween a single apododecinmolecule and the
surface-bound flavin ligands oriented almost parallel to each
other, increasing the binding strength between apododecin and
theflavin-modified surface. For a systemcontainingparallel bond
attachment the rupture force increases with the number of
bonds involved in this linkage.39,58�60 Thus, it was assumed that
in the measurements the rupture of the apododecin�flavin tip
bonds prevail over apododecin�flavin surface rupture.
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