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ABSTRACT

We propose a new approach for reading the sequence of a DNA molecule passing between electrodes on a nanopore, using hydrogen bond-
mediated tunneling signals. The base-electrode interaction is modeled using a nucleo-base-functionalized STM probe that is pulled away from
a nucleoside monolayer. Watson —Crick recognition results in slow decay of the tunnel current, which is uniquely characteristic of the basepair
in over half the reads. Thirteen independent reads would yield the desired 99.99% accuracy.

Radical new approaches are required to bring down thé cost hydrogen bonds the phosphates on the opposite side of the
and increase the read lengthsf DNA sequencing. A DNA. Here, we demonstrate the feasibility of electrically
nanopore is a nanofluidic device that separates two liquid reading DNA basepairing, showing that with a guanine-
compartments, and contains a small hole that connects thdfunctionalized STM probe measurements of the decay of
two electrolyte reservoirs. The hole is so small that DNA tunnel current with distance clearly distinguish Watson
passes through one base at a time. This paper describes on€rick G-C pairs from G-T “wobble” basepairs. The inte-
component of a readout system that may be attached to agrated current signal identifies G-C interactions unambigu-
nanopore, reading the identities of the bases as they pas®usly in over half the single molecule measurements made
the pore. in an organic solvent. Surprisingly, the signals are nearly as
DNA bases can be identified statistically in nanopore distinctive in water, though the transport mechanism appears
translocation events, but the distinct single-molecule signalsto be different. We have not detected any false positives in
essential for sequencing are not yet availdiime intriguing the readout, so the accuracy is limited only by events in
proposal is to use electron tunneling to identify bases which identification fails. These failures occur in less than
electronically as they transit the nanopéré though there half the reads, so thirteen independent reads would yield the
is some debate about the feasibility of this approa®hshiro desired 99.99% accuracy (®5104).11
and Umezawahave shown that hydrogen bond (H-bond)-  We have studied tunneling in monolayers of deoxycytidine
mediated interactions between DNA bases can be “imaged”and thymidine attached to Au(111) using gold STM tips
in a scanning tunneling microscope (STM) using a tip functionalized with 8-mercaptoguanine. Benzenethiol-, 6-mer-
functionalized with one of the four DNA bases. However, captocytosine-functionalized and -unfunctionalized tips were
STM imaging of DNA is challenging, even in ultrahigh used as controls. We chose thiolated nucleosides to overcome
vacuum? and interpretation of STM contrast can be prob- the tendency of bases to lie flat on gdtd5'-Mercapto-
lematic® We propose combining nanopore tunneling with deoxycytidine ((i), referred to as “C”) and'-fercapto-
hydrogen bond-mediated molecular recognition in a schemethymidine ((ii), referred to as “T") were synthesized follow-
we call Sequencing by Recognition. Each base is identified ing published protocol¥1®> They form Watsor-Crick (i)
by a characteristic current distance response as single-and G-T wobble (ii) basepairs with guanitfe.
stranded DNA passes by chemically functionalized electrodes
in a nanopore. In this scheme, four separate reading heads o n o
would be used with each one responsible for identifying one " (/_g \>—§,\TH hx N—H- - 0\ e sH
of the four DNA bases. The circuit would be completed by R/" N N_<\0 \ T
o
a second electrode functionalized with a reagent that +o O R,
i W
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Figure 1. Raw current vs distance data for a bare Au tip (green), benzenethiol-modified tip (orange), and G-modified tip (black) on (a)
bare gold, (c) a thymidine SAM, and (d) a deoxycytidine SAM. Data taken with a C-functionalized probe on a thymidine SAM are shown
in (b) (blue lines, green lines are data for the bare probe). Initial conditiorisa®nA, V = 0.5 V, and retraction speed 133 nm/s. Data

were taken in trichlorobenzene.

imaged with an 8-mercaptoguanine functionalized STM data that there is large difference between H-bond-mediated
probe, confirming the phenomenon reported by Ohshiro and curves and non H-bond-mediated curves (Figure 1a versus
Umezaw8 and extending their result to these nucleosides. Figure 1b-d). Furthermore, the two H-bond G-T wobble
Striking though this effect is, an image-based analysis basepair (Figure 1c) gives a signal that is quite distinct from
presents several challenges: (a) It is not obvious how to the three H-bond G-C WatsetCrick basepair (Figure 1d).
choose the low point in the intensity distributions. (b) C and T form less stable hydrogen-bonded structtirasd
Topography and electronic effects are convoluted in the curves taken with a C-tip on a T-substrate lie between the
images. (c) Without a first-principles simulation of the controls and the G-T signals (blue lines, Figure 1b).
images, we cannot even be sure that “spots” in the image One reason for the remarkable robustness of these
correspond to nucleoside positions. (c) Long DNA molecules measurements may lie with the bonded nature of the
lying on a surface are unlikely to be free from secondary junctions. The tunneling path is composed of chemically
structure, which obscures access to bases. To better undeonded components from one metal surface to the other, a
stand the origin of the contrast modulation in the STM prerequisite for repeatable single-molecule electronic mea-
images, we measured the decay of tunnel current with surement3®

distance (i-z curves) over various modified and unmodified Do these curves probe intrinsic electronic differences
surfaces. i-z curves have the advantage of being normalizedbetween G-C and G-T hydrogen bonds or rather the
starting at approximately the same height above the surfacemechanical strength of the various types of bonds? To further
each time, but they are notoriously sensitive to fluctuations characterize the interaction, we fitted the curves with two

in geometry and contamination. exponentials

Remarkably repeatable current-distance curves were ob-
tained in an organic solvent, as illustrated in Figure 1. This i=i,exp— B,z 0<z<z (1a)
shows i-z data taken in trichlorobenzene with bare tips (green o
curves), benzenethiol-modified tips (orange curves) and i=i(z)exp—flz—2z) 7=z (1b)
8-mercaptoguanine-modified tips (black curves) on bare gold
(a), a B-thio-thymidine (c), and a'&hio-deoxycytidine self- To illustrate the fitting process, we show examples of fits
assembled monolayer (SAM) (d). Data are also shown for ato a few typical curves in Figure 2. The decay consists of
mercaptocytosine-functionalized probe with antercap- two regions. The current initially decays slowly (regions

tothymidine SAM (b). The plots show an overlay of all the labeledf; in Figure 2) and then more rapidly thereafter
data collected in a typical run in which the probe was (regions labeleg@, in Figure 2). Fits to eqs 1a and 1b yield
successfully functionalized>60% of the probes; see Sup- values fors,, 2, andz. Average values for the parameters
porting Information). It is immediately obvious from the raw [, and 5, are listed in Table 1 (histograms of all the data
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Figure 2. Some typical curves foa G probe and a deoxycytidine Break-point, z. (nm) Charge transfer (pC)
surface (a) or a thymidine surface (b) showing fits to eqs 1la and _ )
1b. Arrows point to the transition between the slow degay énd Figure 3. (a—c) Histograms (black bars) of the values of the
the rapid decayf,) regions at a distancz. breakpoint,z, for bare Au (a), a deoxycytidine SAM (b), and a
thymidine SAM (c) for some of the i-z curves shown in Figure 1.
) Panels &g show histograms of the charge transferred in each
Table 1. Average Effective Decay Constants retraction (all data) for (d) bare gold, (e) a deoxycytidine SAM, (f)
decay constant (A~1) a thymidine SAM, and (g) a SAM made with an equimolar mix of
thymidine deoxycytidine C and T. Black bars are for an 8-m_ercapto_guan_ine fqnctionalized
bare SAM SAM tip, orange bars are for a benzenethiol functionalized tip, and green
bare tp 07105 o0Mioor 066 £ 000 bars are fpr a bare_ tip. The green shaded_ block indicates the region
benzenethiol tip 0.59 + 0.04 0.50 + 0.05 0.61 + 0.04 of unambiguous signals for G-C basepairs.
G-tip 0.68 +0.13 ;= 0.124 £ 0.05¢ p;=0.105 £ 0.04

f2=058+0.19 =058+ 0.27 . L L
’ ’ These data were obtained in trichlorobenzene primarily

because we expected that hydrogen bonding would be

are given in the Supporting Information). Values/bfare stronger in an organic ;olvent than in Water_. We repeate_:d
similar to the decay constants in the control experiments, so1€S€ measurements in an aqueous environment using
we conclude that this region corresponds to tunnel current Polyethylene-insulated probes, and the raw data are displayed
decay in the solvent with the H-bonds having broken. Values in Figure 4. The i-z curves in water clearly distinguish
of 1 are much smaller than those eitheygefor the control ~ Watson-Crick from wobble basepairing also (Figure 4c,d).
data. Values of; for G-C and G-T basepairs are quite The signals from €T (Figure 4b) are much more spread
similar to each other (but G-T basepairs appear to form lessout (Figure 4c) in this case, consistent with the known role
frequently; see Supporting Information). The main difference of water bridges in €T bonding!” The charge-transfer
between G-C and G-T basepairs lies in the extent of the signals obtained in water (Figure-5e) are not very different
curves, as quantified by the break-pomt Histograms of from those obtained in tricholorobenzene. G-C basepairs are
this quantity are shown in Figure 3a. G-C basepairs give  characterized (uniquely for 50% of the data) by a charge
signals that remain large out to ca. 1 nm (0.5 A, <1.25 transfer of>10 pC, while G-T and some G-C signals lie in
nm). G-T basepairs extend to ca. 0.5 nm (0.25+m <0.75 the 5-10 pC range. These data are at odds with our
nm). The G controls on bare surfaces show some evidenceexpectation that basepairs should rupture more readily in
of a nonspecific interaction (Figure 3a) but the extent is \ater. However, a side-by-side comparison of the i-z curves
small. Thus, we conclude that dominant effect lies with how n, trichlorobenzene and water (Figure-5g) shows that the

far the basepairs can be pulled before the H-bonds are brokengyrves obtained in water are quite different in shape from
This analysis is limited in scope, because 20% of the curveshose obtained in trichlorobenzene. They have a complex
failed to show a distinctive break, so we calculated the charge gy ciyre (Figure Se,g) while curves obtained in trichloroben-
transferred in each pull by integrating the raw current versus o (Figure 5d.) are almost all well fitted by egs 1a and
time data, a procedure that can be applied to all the data1b. We speculate that the basepairs do indeed rupture sooner

collected (F'gl.”e 3dH). We have also _mclu_ded data for_a in water but that signals are sustained by water bridges
SAM made with an equimolar C/T mix (Figure 3Qg). It is
between the bases.

immediately obvious that G-C interactions are uniquely . ] .
identified by charge transfers of 15 to 20 pC in these The decay constants in the first region of all of these

aExcludes 35% “nonbonded” curves (Supporting Information).

tunneling conditions (set-point conductareeé nS, with- ~ experiments/,) are much smaller than in solverit} and
drawal speee= 133 nm/s). Some of the G-C charge transfers t0oo small to be interpreted as true tunnel current decay
overlap the G-T data, possibly because of non Watstnick constantg? One interpretation is that the distortion of the

G-C basepairs or strained configurations owing to the rigid H-bond is much smaller than the overall extension of the
attachment of the 8-mercaptoguanine to the tip, but thesejunction because the H-bonds are stronger than other
artifacts do not provide false positive reads for G-C basepairs.components of the gafd.We model the tunnel junction as
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Figure 4. Raw current vs distance data taken in water. Color coding and experimental conditions are otherwise as in Figure 1.
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Figure 5. Analysis of decay curves taken in water. Histograms of the charge transferred in each retraction are shown in (a) (bare Au), (b)
(deoxycytidine SAM), and (c) (thymidine SAM). Black bars are for an 8-mercaptoguanine functionalized tip and green bars are for a bare
Au tip. Typical i-z curves in water (e,g) are compared with their counterparts in trichlorobenzene (d,f) showing the complex structure of
the data obtained in water (green curves are control data obtained with bare tips).

composed of two elastic elements in series, one a spring of In conclusion, we have shown that an electrical signal
spring constant; representing the various bonds (other than uniquely characteristic of WatserCrick basepairing can be
H-bonds) and the deformable prébeand the second  obtained in about half the tunneling measurements made by
corresponding to the hydrogen bonds themselves with spnngpu”mg apart G-C or G-T basepairs. Because this scheme
constaniy and separatiory. Consequentlyx, is less than  jaes not appear to produce false positives, it should only be
xr by @ factorky/(1 + k). Thus the apparent decay constant, necessary to oversample to the extent required to obtain a
f gpr?s(t:::t ; eaitated in terms of the real electronic decay positive signal at least 99.99% of the time (the NIH target
accuracy for sequence data). This could be achieved with
K just thirteen independent reads for a G-functionalized reading
Bapp= B m (2) head, assuming that sequence data were accurately aligned
in each run. Clearly modified bases (such as 8-mercapto-2-
The experimental curves are reproduced using reasonabléminoadenine) would be required for identification of the
values forg if the hydrogen bonds are a few times stiffer A-T basepair and mismatches may be more of a problem in
than other bonds in the tunnel junction (Supporting Informa- an aqueous environment. With these caveats, our results
tion). suggest that single molecule sequencing may be feasible
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using H-bond-mediated tunneling as a sensor in a nanopore (9) Shapir, E.; Cohen, H.; Borovok, N.; Kotlyar, A. B.; Porath, D. High-

reader.
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