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Abstract
This study creates a device where the DNA is electronically integrated to serve as both the
biological target and electrical transducer in a CNT–DNA–CNT device. We detect DNA binding
and methylation by the methyltransferase M.SssI at the single molecule level. We demonstrate
sequence-specific, reversible binding of M.SssI and protein-catalyzed methylation that alters the
protein-binding affinity of the device. This device, which relies on the exquisite electrical
sensitivity of DNA, represents a unique route for the specific, single molecule detection of
enzymatic activity.

Introduction
Here we describe a molecular-scale electrical device that can sense an individual reaction
between a DNA duplex and a methyltransferase enzyme. The device consists of a DNA
duplex that is chemically wired between carbon nanotube (CNT) leads and can be operated
as a field effect transistor (Fig. 1). In general, CNTs and nanowires incorporated in field-
effect transistors offer valuable detection platforms because their conductivity is modulated
by binding of analytes.1–5 One drawback of these devices is that the conductivity changes
are not specific and depend upon the characteristics of the analyte and its mode of
interaction with the CNT.6,7 Interference associated with non-specific binding of analytes
presents a challenge to detection, particularly in single molecule measurements. We and
others have previously shown that single wall CNT devices provide a general means to
measure the electrical properties of single molecules incorporated into an oxidatively cut
gap in the CNT.8–16 These measurements can be carried out in aqueous solution, making
them useful for detection of biomolecules. In one such experiment, a DNA duplex wired
into the gap in the CNT was shown to be sensitive to perturbations in base stacking,16

consistent with observations made using ensemble electrochemical studies.17–20

In this study, we probe the specific reaction of a methlytransferase. The methyltransferase
M.SssI binds the sequence 5′-CG-3′ and, in the presence of the cofactor S-adenosyl
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methionine (SAM), methylates the cytosine base.21 Methyltransferases such as M.SssI, and
the closely related M.HhaI, perform this reaction on DNA through a base flipping
mechanism that is clearly visualized from the crystal structure of M.HhaI bound to DNA
with its cytosine base completely rotated out of the π-stacked core of the DNA duplex.22,23

In electrochemical studies this base flipping action interrupts charge transport through
DNA.24 In this study, we show that CNT–DNA–CNT devices that contain a conductive,
bridging segment of DNA duplex can also detect binding and base flipping by M.SssI by
disruption of DNA-mediated charge transport.

Results and discussion
Device preparation

To fabricate the devices used in this study we utilized our previously published
procedure.11–16,25,26 Chemical vapor deposition is used to grow sparse single walled CNTs
on a doped silicon wafer containing 300 nm of native oxide on its surface. Electron beam
lithography then opens a nanoscale window in PMMA over a section of the nanotube. The
exposed portion of the tube can then be cut with an oxidative plasma etch, leaving
carboxylic acids on the termini of the tubes. The nanotubes were treated with a 2-(N-
morpholino)ethansulfonic acid (MES) buffer solution containing the amide activating/
coupling agents EDCI and Sulfo-NHS, activating the carboxylic acids for amide coupling
with 3′- and 5′-amine-modified DNA, and in so doing, covalently bridging the gap in the
CNT with a single DNA duplex (Fig. 1). We perform electrical characterization of the
devices in ambient conditions with the silicon wafer serving as a global back gate.

Sensing methyltransferase activity
We record measurements as a function of the methyltransferase binding and reactivity to
evaluate the current flow through the device. The scheme for a typical M.SssI binding
experiment on a DNA-bridged device is given in Fig. 2, and the corresponding conductance-
voltage characteristics are given in Fig. 3. For these initial experiments the DNA sequence
has more than one 5′-CG-3′ binding site for M.SssI. However, given the footprint of M.
SssI which spans at least 6 base pairs on each side of the binding site,27 the 15-mer DNA
segment would only accommodate binding by a single M.SssI protein at a central site. We
observe an average conductance of 1.4 ± 0.8 μS for the 3 devices tested (Fig. 3, left
column). Upon incubation of these devices with 6 nM M.SssI, as well as 300 μM of the
requisite SAM cofactor, we observed a 91 ± 15% reduction in the conductance. Notably, the
M.SssI concentration utilized for our experiments is just below the binding affinity of this
enzyme (Kd = 11 nM).28 The crystal structure of M.HhaI bound to methylated DNA shows
that base flipping occurs even when the protein is bound to this substrate,23 although the
binding affinity is reduced.29–31 In these single-molecule devices, it is apparent that the
protein remains bound with the base flipped out, even after the methylation reaction is
complete. Washing these devices with buffer is necessary to dissociate the enzyme and
recover the conductance to close to the initial value.

To test for sequence-specific binding, we bridge the nanotube gap with a sequence that lacks
the M.SssI binding site (Fig. 3, right column). Before treatment with the methyltransferase,
the devices have an average conductance 1.5 ± 0.4 μS. Even after extended incubation (>1
h) of these devices with M.SssI and the SAM cofactor, we did not see any dramatic changes
in the characteristics. Clearly, the correct sequence is necessary for the M.SssI binding and
subsequent base flipping that shuts off current flow through the device.

The cofactor SAM is required for the methyltransferase activity, because it is the source of
the electrophilic methyl group and is necessary for the specific binding of the enzyme to the
substrate. We tested the conductance of the devices in the absence and presence of SAM. To
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simplify the analysis, we utilized devices that only have one centrally located 5′-CG-3′
binding site for M.SssI. When a DNA-bridged device was incubated with M.SssI in the
absence of the SAM cofactor, we observed a small attenuation in its conductance. This may
be due to the introduction of more scattering sites in the channel of the device upon protein
binding.12 However, when the same device was subsequently incubated with M.SssI in the
presence of the SAM cofactor, we observed a >90% attenuation of its conductance. In turn,
the conductance of the device could be recovered to its original value with a buffer wash.
This is shown in Fig. S1.†

We next investigate how methylation of the M.SssI binding site influences the measurement
of subsequent activity by M.SssI. To address this question, we again utilize devices with a
single M. SssI binding site and first expose these devices to M.SssI and SAM in order to
methylate the site. Similar to the experiments described above, we observe a large decrease
in the current flow through the device that recovers to close to its original conductivity when
the protein is washed away (Fig. 4, steps 1–4). If we then re-subject this now methylated
device to M.SssI and SAM, we see no change in the conductance (Fig. 4, Steps 5–7). This
result reflects the reduced affinity of M.SssI for methylated DNA. Initially, the 6 nM
concentration of M.SssI is high enough for binding and base flipping to occur at the non-
methylated substrate. With the protein washed away, the added methyl group itself does not
inhibit DNA charge transport as it does not perturb the base stack. When the device is re-
subjected to 6 nM M.SssI, however, this concentration is no longer high enough to initiate
binding to the now methylated DNA. These changes in the binding potential of the DNA are
sensitively translated here from the single molecule level as an electrical output; chemical
modification of the DNA wire by the protein alters subsequent protein binding and the
resulting electrical response.

Taken together, these experiments show that the DNA segment that has been covalently
wired into these devices is simultaneously a sensitive recognition element and transducer of
methyltransferase binding. The base flipping by M.SssI at its specific recognition sequence
disrupts charge transport through the DNA base pair π-stack and causes nearly complete
attenuation of the device conductance. These devices can be used to sensitively distinguish
DNA that lacks the 5′-CG-3′ binding site, as M.SssI does not bind and base flip this DNA
as well as DNA that contains the binding site. This device represents a unique and promising
route for specific, single molecule measurements of binding and activity by
methyltransferases and other DNA-binding proteins.

Conclusion
Thus, we demonstrate, for the first time, DNA binding and methylation by the
methyltransferase M.SssI at the single molecule level using an electrical device. These
studies take the next step in complexity up from our earlier studies in which we used these
devices to detect DNA cutting by a restriction enzyme.16 Unlike these previous studies in
which detection was achieved by irreversible destruction of the device, here we detect the
sequence-specific binding and activity of M.SssI in a way that leaves the device intact, yet
reports on the enzymatic reaction. We observe the result of the chemical modification to
DNA carried out by M.SssI, which alters the protein binding affinity of the device but not its
conductivity. Thus, this work generalizes our CNT platform for measurements of binding
and activity by other proteins whose activity disrupts DNA-mediated charge transport such
as transcription factors and enzymes that perturb the DNA base pair π-stack upon binding
and reaction.
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Fig. 1.
Electronic integration of DNA into a CNT device. Oxidative cutting of the CNT creates a
gap with carboxylic acid point contacts on the cut ends. Amine-modified DNA is then
covalently attached to these point contacts by peptide coupling and forms an electronic
bridge across the gap. The resulting DNA-mediated path for current flow through the device
is sensitive to perturbations that disrupt charge transport.
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Fig. 2.
Electrical detection of M.SssI binding at a DNA-bridged CNT device. (1) A DNA segment
containing the M.SssI binding site (with target base to be methylated shown in purple) forms
a conductive bridge between the two ends of a gap cut in a CNT device. (2) Upon addition
of M.SssI and SAM cofactor (represented by the blue hexagon), the methyltransferase binds
the DNA at its recognition site, and flips the base to be methylated out of the DNA π-stack,
thereby cutting off charge transport through the DNA. M.SssI remains bound with the base
flipped even after the methylation reaction is complete. (3) Upon rinsing, M.SssI dissociates
from the DNA; the methylated base re-inserts into the DNA π-stack and restores charge
transport through the device.
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Fig. 3.
Sequence specific M.SssI binding and disruption of charge transport through the DNA
molecules. For each, the numbered points correspond to the numbered steps illustrated in
Fig. 2. Left column: M. SssI binding at a DNA-bridged device containing the M.SssI
recognition site. The sequence was H2N-5′-CGGCCCGGCCGCGCG-3-NH2. Right
column: Lack of M.SssI binding at a DNA-bridged device that does not contain the M.SssI
recognition site. The sequence was H2N-5′-ATTAAATTAATATAT-3′-NH2. Typical
normalized conductance curves (top) and average relative conductance values (bottom) are
shown for the respective DNA-bridged devices in (1) buffer before addition of M.SssI, (2)
buffer with M.SssI and SAM, and (3) buffer after M.SssI has been rinsed away. The buffer
conditions were 50 mM NaCl, 10 mM Tris-HCl, 10 mM MgCl2, 1 mM Dithiothreitol, pH
7.9. The conductance of each device was normalized with respect to the highest conductance
value.
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Fig. 4.
M.SssI-catalyzed DNA methylation alters the protein-binding affinity of the device. A
device containing a single M.SssI binding site was taken through the illustrated steps (left)
and the corresponding relative conductances (top right) were measured in (1) buffer
containing 10 nM BSA before addition of M.SssI, (2) buffer and M.SssI without SAM, (3)
buffer and M.SssI with SAM (represented by the blue hexagon), and (4) buffer after M.SssI
has been rinsed away. Note that current attenuation is only observed for step (3). After
methylation, the device was taken through the same sequence of steps (5)–(8) with no
attenuation observed. The sequence was H2N-5′-GACAGTCGACATGTC -3′-NH2, with
the single 5′-CG-3′ binding site located in the middle. The buffer conditions were 50 mM
NaCl, 10 mM Tris-HCl, 10 mM MgCl2, 1 mM Dithiothreitol, pH 7.9.
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