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Partial sequencing of a single DNA molecule
with a scanning tunnelling microscope

Hiroyuki Tanaka* and Tomeji Kawai*

The scanning tunnelling micrescope is capable of the real-space
imaging and spectroscopy of molecules on an atomic scale.
Numercus attempts have been made to use the scanning tun-
nelling microscope to sequence single DNA molecules, but dif-
ficultios in preparing samples of long-chain DNA molecules on
surfaces, and problems in reproducing results have limited
these experiments™, Hers, we report single-molecule DNA
sequencing with a scanning tunnelling microscope by using
an oblique pulse-injection method to deposit the molecules
onto a copper surface. First, we show that guanine bases have
a distinct electronic state that allows them to be distinguished
from the other nucleic acid bases. Then, by comparing data on
M13mp18, a single-stranded phage DNA, with a known base
sequence’, the ‘electronic fingerprint’ of guanine bases in the
DHA molecule is identified. These results show that it is pos-
sible to sequence individual guanine bases in real long-chain
DNA molecules with high-resalution scanning tunnelling micro-
scope imaging and spectroscopy.

We have previously detected the characteristic electronic states of
the fluorescent dye molecule fluorescein isothiocyanate (FITC) in
single-molecule scanning tunnelling microscope (STM) obser-
vations and [—V measurements of short strands of DNA and
peptide nucleic acid (PNA) labelled with FITCY, bt we could not
ohserve peaks in the charcieristic electronic states of base molecules
due to scatter and the poor signal-to-noise ratio of the /=¥ curve™ !
Here, by using lock-in detection®, we have successfully detected elec-
tronic states that are exclusively characteristic of DNA /FNA.

Figure | shows typical STM images of single-stranded monomers
of FITC-modified PNA (FITC-TTGACC) and DNA (FITC-
TTGGOC), as well as the spectroscopic data for these samples. As
can be seen from the wide-area images (Fig. 1a,d), it is Jiffecult 1o
fully determine the base sequences of oligomers due to the existence
of ather adsorbed materials (thought 1o be nuclestide monomers,
buffers and salts that were not completely eliminated in the purifi-
cathon process) and the diversity of the adsorbed structures of the
oligomers themselves. However, by comparing two types of oligo-
mer, it is possible 1o assign guanine. With FITC-TTGACC, anly
one base is seen to shine in the middle of the base sequence,
whereas with FITC-TTGGCC there are two, as can be seen from
the wide-area image (Fig. 1d) and enlarged image (Fig. le).
Furthermore, with tunnelling spectroscopy obtained by lock-in
detection, it can be seen that the guanine base molecules differ
from the other base molecules and the underlying substrate in
that they have a characteristic peak in the electronic siate in the
vicinity of an applied voltage (V) of =1.6 ¥ (Fig. 1cf), OF the
four bases, it is thought that guanine is the easiest 1o detect
because it has the lowest wonization ]:u,:ul.:nha]"!. Ta the best of our
knowledge, there are no previcus STM reports where the charactier-
bstic state density of base molecules, adsorbed onto a metal substrate,
have been detected in this way'® 1114

Recent  theoretical calculations’™ of DMA base molecules
adsorbed on a Cu(111) surface suggest that peaks in the density
of states capable of being measured by STM should exist for all
four types of base molecules and not just guanine. Although the cal-
culated energy of the first peak below the Fermi energy of the gua-
nine/copper agrees well with our experimental values, the
theoretical predictions for the other bases are inconsistent with
our STM measurements. It s not understood why this characteristic
electronic state ocours only for guanine bases. However, 1o deter-
mine if these resulis are also correct for real DNA, and if they are
effective for sequencing. we analysed long-chain DNA strands.

The difficulties encountered in the past in sequencing single
long-chain DNA molecules with the STM hawe been due, in part,
1o the unsuitability of the sample preparation methods?. Although
rescarchers have managed to observe the macro structure of
DNAM, few studies have been able to make use of the full resolving
power of the STM, that is, the clear and reproducible observation of
individual mucleotides, Detailed STM imaging. spectroscopy and
manipulation studies of molecules are almost always restricted 1o
molecules that can be deposited onto a surface from the gas
phase!™17, although alternative sample prepasation methods have
been examined'"**, By developing a pubseinjection technique
for depositing molecules onto substrates that cannot be vapour
deposited (including supramalecular and biological maolecules
such as DNA), we have previously achieved reliable and repeatable
high-resohition STM obscrvations of the helical period of circular
double-stranded (plasmid) DNA, and of the individual nucleotides
in single-stranded () DNA oligomers and DNA polymers'=#,
However, this technigque suffers from the fact that ssDNA can
easily form secondary structures due to intrastrand base-pairing,
with the result that sections of sufficient length to allow sequencing
are rarely observed®. Most of the DNA stretching methods that have
50 far been developed for ascertaining the dymamics of DNA and
analysing single-molecule genes are either performed in liquid®
or atmospheric conditions™, making them unsuitable for high-
resolution, ultrahigh-vacuum studies. It was therefore necessary
1o develop a technique for stretching out ssDNA strands,

We have developed™ a method for stretching out and fixing
single-stranded MI3mpl8 DNA molecules (which contains 7,249
bases)” by using the flow effects resulting from the oblique injection®
of a DNA solution onto a substrate using a pul=e-injection technique
(Fig. 2a). When the DNA solution s injected perpendicularly onto
the substrate, no extended DMA is observed (sce Supplementary
Fig. 51). Figure Zb shows a typical wide-region STM image
(400 nm wide) of an 52 M13mpl8 extended and fixed by oblique
injection on a Cul(111) surface. Owing 1o the height differences at
deps in the substrate, the contrast is not ideal for recognizing
DA molecules, but it is possible 1o recognize two DNA strands
running from left to right. Figure 3 shows the image obtained
over & wider area (B00 nm wide), As a result of the wide scan
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with a Scanning Tunnelling Microscope
TANAKA Hiroyuki and KAWAI Tomoji

(The Institute of Scientific'and Industrial Research)

Introduction

Although developments in science and technology have resulted
in higher standards of living, people continue to strive for a safer
society with access to personal medicine. Investigations aimed at
the development of a high-speed, cheap, single-molecule-based
sequencer have been performed worldwide using advanced tech-
nologies such as nanotechnology and biotechnology. Since the
development of scanning tunnelling microscopy (STM), a typical
technological tool that allows for the visualization and manipula-
tion of individual molecules and atoms, researchers have attempted
to sequence individual nucleotides in DNA using STM. Although
several STM images showing the apparent macrostructure of DNA
were reported by researchers,' it was concluded at about 1990
that the majority of the images represented nothing but artifacts.
Notwithstanding the continued efforts of researchers devoted to
the STM imaging of DNA or DNA-related molecules, the general
consensus seemed to suggest that it is impossible to realize high
resolution STM imaging and sequencing of macromolecules such
as DNA.

It became clear that one of the difficulties concerned the sample
preparation method. STM achieves highest resolution under vac-
uum conditions. Under other conditions such as in air or liquid, the
resolution of the image is easily lost by contamination. DNA mol-
ecules require pH-controlling buffer solutions, the chemical com-
ponents of which (salts and buffer molecules) can lead to disturb-
ances in high resolution STM observations. Since most of the salts
and buffer can be removed by dialysis, DNA is typically deposited
directly onto a surface from solution under ambient conditions and
the sample is then loaded into the vacuum STM chamber. This
method, however, does not provide a sufficiently clean substrate
to allow for high-resolution imaging. If concentrated residual salts
and buffer cover the DNA during the drying process, this can lead
to additional contamination.

In an effort to overcome the aforementioned difficulties, we de-
veloped our own deposition method and became the first group to
successfully achieve the high-resolution STM imaging of DNA.>
> In our deposition method, the DNA solution is injected directly
into an ultrahigh vacuum using a pulse valve directed at a surface.
Although both DNA and solvent water molecules adsorb onto the
surface, the water molecules evaporate from the surface before
appreciable aggregation of DNA occurs. Use of this method also
minimizes the aggregation of salts and buffer onto DNA strands
and therefore improves high-resolution STM imaging. It should
be noted that injection of the amounts of water employed into an
ultrahigh vacuum (UHV) chamber may result in a fatal crash of the
expensive UHV pump system, in addition to contamination of the

valuable substrate and vacuum chamber; the use of conventional
UHYV experiments should obviate such outcomes.

We made great strides in visualizing individual nucleotides within
a DNA oligomer, in addition to imaging the macrostructure of a
DNA oligomer and supramolecules. However, due to the intras-
trand base-pairing within long-chain single-stranded DNAs (ss-
DNAs), the macromolecules are not sufficiently stretched out on
the surface to facilitate efficient and reliable sequencing. Most of
the DNA stretching methods that have been developed to date for
ascertaining the dynamics of DNA and analyzing single-molecule
genes are either performed in liquid or atmospheric conditions,
making them unsuitable for high-resolution, ultrahigh-vacuum
studies. It was therefore necessary that a technique be developed
for stretching out sSDNA strands.

Fortunately, we recently overcame this problem by modifying our
previously developed deposition method. With this new approach,
the DNA solution is injected at a tilted surface.® This method
stretches out the individual DNA molecules across the surface and
allows the molecules to be imaged without removing them from the
vacuum. We found that when measuring the conductance spectrum
(the derivative of the current—voltage spectrum) over the four dif-
ferent DNA bases, guanine showed a characteristic conductance
peak when the STM tip was biased at —1.6 V. This characteristic
is unique to guanine. By imaging a stretched, single-stranded
M13mp18 DNA molecule,” with the sample biased at this voltage,
we obtained an image in which the guanine bases appeared larger
and brighter, and therefore could readily be identified. By matching
the relative position of the guanine bases with the known sequence,
we were able to sequence the guanine bases and identify the im-
aged segment within the known sequence of a real long-chain DNA
molecule.

Experimental procedure

We used two low-temperature STM systems, one (LT-STM,
Omicron GmbH) and the other (USM-1200S2N1, Unisoku). Both
STM chambers were cooled by liquid nitrogen, and the observation
temperature was 80 K. The substrate used was a Cu(111) surface,
cleaned to be atomically flat by argon ion sputtering at 773 K in
ultrahigh vacuum. M13mp18 ssDNA was purchased from Bayou
Biolabs and was subjected to dialysis (Slide-A-Lyzer MINI Dialy-
sis Unit, 10,000-molecular-weight-cut-off type; Rockford) against
water to remove excess buffer solution and salt. M13 mp18 DNA
was dissolved in water at concentrations of 0.5 nmol I'' and was de-
posited on clean Cu(111) surfaces using the oblique pulse injection
method at room temperature(see Fig.1a).

The distance from the pulse valve to the substrate was 50 mm.
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The solution was injected towards the substrate when the valve
was opened for 1.5 ms. When the DNA solution was injected per-
pendicularly onto the substrate, no extended DNA was observed
in atomic force microscopy images. When the DNA solution was
injected at a slanting angle such as 45° onto the substrate, extended
DNA was observed. The dI/dV map was measured with lock-in de-
tection of the a.c. tunnelling current by modulating the sample bias
(0.1 Vrms., 1 kHz) while keeping the feedback loop active.
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Fig. 1 Deposition and STM
analysis of single-stranded
M13mp18 DNA molecules
on a Cu(111) surface. a,
Schematic illustration of the
oblique injection method.
DNA strands tend to align
more perpendicular than
horizontal to the flow (injec-
tion) direction. The Cu(111)
substrate is inclined at ~45°
Xt 1. 1 f Htd b B 4E M4 tothe aqueous solution of

DNA, which is introduced
from a pulse valve. b, Typical wide-area image of M13mp18 (2V, 5 pA, width 400 nm). Atomic
steps in the Cu(111) substrate form a staircase surface structure. In this image, sections of
M13mp18 are visualized as linear adsorbed material running from the top left to bottom
right. ¢, An enlarged view of the rectangular region enclosed by the white dashed line in b (-2V,
5 pA, 100 nm). d, A dl/dV map of the same region as in ¢ (-1.5V, 20 pA, 100 nm). To maximize
the detection of the density of states of guanine, the measurements were made under slight-
ly lower bias conditions than in c. e, Part of the base sequence of M13mp18 obtained from
a databank (the sequence of bases at positions 5322 through 5461). To facilitate comparison
with the STM data, the guanine sites are indicated by red characters and are also connected
by red arrows to the corresponding parts of the image.

Figure 1b shows a typical wide-region STM image (400 nm wide)
of an ss M13mp18 extended and fixed by oblique injection on a
Cu(111) surface. Owing to the height differences at steps in the
substrate, the contrast is not ideal for recognizing DNA molecules,
but it is possible to recognize two DNA strands running from left to
right. Using this extended DNA, and to check whether or not it is
possible to assign the individual guanine units, we measured topog-
raphy images and dI/dV map images over the 100-nm-wide region
highlighted in Fig. 1b. In the topography image of Fig. 1c, the indi-
vidual nucleotides are shown as bright points, which are exception-
ally bright in some places. The nucleotides that appeared brightest
in the topography image also appear as clear bright points in the
dl/dV map of Fig. 1d. For comparison, part of the known base se-
quence of M13mpl18 is shown in Fig. le. The observed image and
the known guanine sequence match almost perfectly, illustrating
that STM can be used to sequence the guanine in real DNA.

Fig.2 Bias voltage depen-
dence on the STM imaging
of M13mp18 DNA on a
Cu(111) surface. a,b, Raw

data obtained with the same
tip on the same 70 nm x 9
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Vs=-2 V (b). The ripple pat-
tern on the surface is a standing wave in the electrons of the Cu(111) surface. ¢, Part of the
known base sequence of M13mp18 (the sequence of bases at positions 2911 to 3011). To facili-
tate comparison with the STM data, the guanine sites are indicated by red characters and are
also connected by red arrows to the corresponding parts of the image. Some of the cytosine
units are indicated by blue characters and the corresponding nucleotides in the STM images
(a,b) are indicated by white arrows. The yellow arrows in the STM images indicate contami-
nants.

To make further advances towards the use of STM as a practical
tool for sequencing, we must be able to recognize all four types of
base molecule, and achieve greater speed and precision. In general,
lock-in detection sacrifices temporal resolution for the sake of im-
proved signal-to-noise ratio. If STM software and control mechan-
isms capable of finding chain-shaped polymers such as DNA can
be developed, then the time taken to scan parts where the sample
is not present can be greatly reduced. Savings in cost and time can
also be made if sequencing is performed from the topographic im-

age alone without using a lock-in amplifier, but it would still be

necessary to use a method for identifying contamination. A method
that is relatively fast and easy to implement involves comparing the
STM bias dependence. That is, if guanine can be distinguished by
comparing two images obtained at a value of Vs that is much lower
than the peak in the density of states for guanine (for example, -2
V) and in fact at a value close to 0 V, then it should be possible to
perform sequencing at high speed without the need for spectros-
copy. As shown in Fig. 2, comparing images obtained at different
bias voltages helps distinguish between DNA base molecules and
contaminants: irregular points of brightness that do not vary with
the bias voltage (yellow arrows in Fig. 2a) are contaminants.

The undulating pattern surrounding the DNA chain in Fig. 2a is
observed at low bias conditions (Vs =0.1 V), and is thus a standing
wave resulting from the scattering of surface electrons.® Compared
with the image obtained with a low bias voltage, some of the nu-
cleotides in the high bias image (Vs=-2 V) are brighter and thus
correspond to guanine. To verify this, we compared the results with
the sequence extracted from a databank (at positions 2911-3011) as
shown in Fig. 2c, which can confirm if the guanine base molecules
are completely matched either individually or in groups (g, gg,
ggg). It can thus be seen that it is possible to recognize the guanine
pattern with few errors simply by obtaining a pair of STM topo-
graphic images in this way (preferably dual bias mode). By closely
examining the sections of the STM images of Fig. 2 where the nu-
cleotides are neatly arranged, it appears as though the cytosine units
are smaller than the thymine units (white arrows).

Fig.3 Example of pinpoint sequencing The false-
colour STM image which measures 67 nm across,
shows a DNA molecule running from bottom left to
top right (the sequence of bases at positions 5084 to
5210; agaatgtcccttttattactggtcgtgtgactggtgaatctgcca-
atgtaaataatccatttcagacgattgagcgtcaaaatgtaggtatttcca-
tgagcgtttttcctgttgcaatggetggegg). As can be seen, this
STM image was featured on the cover of the journal.

(http://www.nature.com/nnano/journal/v4/n8/covers/
index.html)

Conclusions

In conclusion, by developing a
method for extending and fixing DNA strands, we have taken a step
towards the realization of electronic-based single-molecule DNA
sequencing. Of the four bases, we were able to precisely identify
guanine because the STM is able to pick up on the characteristics of
its electronic state, which is largely independent of the adsorption
structure. If vibrational spectroscopy is performed using inelastic
electron tunnelling spectroscopy, it should be possible to identify
all of the base molecules.” Furthermore, because STM can select a
specific position of interest along a DNA strand, as shown in Fig.3,
the technique could have a unique advantage in analysing, for ex-
ample, single nucleotide polymorphisms.
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Zc3h12ais an RNase essential for controlling immune
responses by regulating mRNA decay

Kazufumi Matsushita'~*, Osamu Takeuchi'*, Daron M. Standley”, Yutaro Kumagai'”', Tatsukata Kawagoe',
Tohru Miyake'~, Takashi Satoh'~, Hiroki Kato'", Tohru Tsujimura®, Haruki Makamura® & Shizuo Akira''

Toll-like recepiors (TLRs) recognize microbial components, and
evoke inflammation and immune responses’ ", TLR stimulation
activates complex gene expression networks that regulate the
magnitude and duration of the immune resction, Here we idemtify
the TLR-inducible gene Zc¥hi2a as an immune response modifier
that has an essential role in preventing immume disorders, Zethl 2a-
deficient mice suffered from severe anacedn, and most died within
12weeks. Zedhi2a™'™ mice abio showed augmented scram
Iimmunoglobulin levels and antoantibody production, together with
a greatly increased number of plasma cells, as well as infiltration of
plasma cells to the hung. Most Zcihl2a ™ splenic T cells showed
effector/memary characteristics and produced inmterferon-y in
response to T-cell receptor stimulstion. Macrophages from
Fe¥ii2a™"" mice showed highly increased production of interfeukin
(IL)-6 and 1L-12p#0 (also knoswn as 1112k}, but not TNF, in response
to TLR ligands. Although the sctivation of TLR signalling pathways
was normal, [I6 messenger RNA decay was severely Impalred in
Zeshiza™'" macrophages. Overexpressian of Zo3hl2a accelerated
M6 mANA degradation via fts 3-untranslated reglon (UTR), and
destabilized RNAs with 3-UTRs for genes including 146, M12pd0
and the caldiionin receptor gene Caler, Zo3h1 2a contains o putative
amine-terminal nuclease domain, and the expressed protein had
RMase activity, consistent with a role in the decay of 6 mRNA,
Together, these resulis indicate that Zcihl2a is an essential RNase
that prevents immune disorders by directly controlling the stabiliny
of a st of inflammatory genes.

The innate immune responses induced by TLRS are tightly controlled,
because sherrant activation of TLE responses s harmful to the host,
resailting in inflammatory diseases™', TIR signalling induces the
expression of severa] genes, although only some of these genes have been
functionally characterized as immune responss mosdifiers. Therefore,
investigation of TLR-usducible genes w important Tor clrifing the
camirel mechanisens of inmade mmune recctions. To examine TLR-
Induced gene expression comprehensively, we performed microarmay
atalysis uning riouse macroph frowm wikl-type, Myslss " and
Trf " ek known as Tiaenl ") mice stimulated with Hpogolysa:
charide [LPS), a TLR4 ligand. We selected 214 genes i which the
expression was isduced more than twodold e ther at D or 4 b after sfmu-
lation in wild-type cells, Hicrarchical ;Il.mermﬁ of ihese LIS induaible
gemes shaved thar they coald be classified indo three major clusbon
(Supplementary Fig. la), Among the chusters, genes in cluster 1 were
mp.dly induced ima MylDs drp:ﬂd:m manner, This dluster comiaimed,
amoig others, Tl Nfkbizand 236 Cluster 11 also comtained the gene
encoding ZeXhl2a (Supplementary Fig. 1b). Morthern blot analysn
confirmed that Zolifde mRNA was rapidly induced in mouse macro-
phages afler LPS stimdation and gradimlly decroased with 1ime

{Supplementary Fig. el #cIh12a has o COCH-type 2ine-fnger matif,
and forms a Gxmily with the hnrrml:'rp,nm proteing Zc3hl2h, Zcihillc
amd Ze3hil Fractionatbon experiments showed that the Zc3hiza
prodein is mainly localized in the cytoplasm, rather than in the nucleus
(Bupplemmentary Fig. 1d).

To inwttigﬂr the fonctional roles of Ze3hi2a in the control of
immune responses dn viv, we penerated  Zelh) do-deficient mice
(Supplementary Fig 22 and 2b), PCR with reverse transcription
(RT-PCR) amalysis confirmed that the expression of Zedvl2n was
abrogated In ZeahiZo™' T macrophage (Supplementary Fig. 2c).
Abhough Ze3hi2n" mie are bom 0 a Mendelian ratio, they
showed growth resardation, and most of the mice spontaneously died
within 12weeks aof birth (Fig. 1a). Zedhl2n ' mice showed severe
splenomegaly and lymphoadenopathy (Fig. 1b). Histologleal exami-
iation revesled mfiltration of plasma cells in the lung, paracpithelium
of the bile duct and pancreas (Fig. Ic and Suppbementary Fig, 3)
Flasma cells alio scoumulated in Zedhida™™ lymph nodes and
1.|sl¢'\=||\. iFs'ﬁ. Ick In the lymph nodes, gmnuhmu formatbon was
wbvepved '|¢,5||.||1H 1 1he gd:ﬂrr.:linn of g'unl celly vath fused macgo-
phages. MNevertheless, inllammatory changes were not observed in
either the intestine or the jointsof Zedbl2e ' mice (data not shown).

FeahiZa™'" mice suffered from severe ansemia, together with an
increase in white blooc cells and platelets (Fig 1d). Furthermaore,
ZedhlIn mice developed  hyperimmunoglobulinemia  of all
immunoglobulin Botypes tested (Fig. 1e), and plasma cells infiliraed
in Ihu]:mgiulﬂ-ﬂilial tiasues were readily stained with anti- kgl or anti-
Igh antibodies (Fig. 1gl. Produciion of anti-nuclear antibodies and
anti-doable-stranded-DNA antibodies were detected [0 SeifhiZa™'
e :hs,. I Plow CyInmetT amalysis showed that abowt 70% of
CEE9" Boeells were Igh ™ 15D, bat immunaglobulin®, indicating that
mast Zekhide ' I cellsunderwent a chass switch i the spleen [Fig. 2a
aind ddata not shown), Funthermore. CDIS8 " CO19™ plasma cells were
abundant in the spleen of Ze3hiZa™ " mice {Frg. 2b). In addition, the
expression of CIGY wis upregulated in splenic CD3" T cell, and
CIME™ " Coe2L T cells accumulated in the periphery (Fig. 3¢ and
Supplementary Frg. 4a). Nevertheles, the propartion of 047 Foxpd ”
regalatory T cells was comparable betwern wild-1ype and Zc3hi2e
mice {Supplementary Fig 4}, Stimulation of splenic T cells with anti
C133 antibody resulted im increased production of TFN-1, bat mod 11-17
||-'i-g 2d and ."&1||||'-l|.'|!1r|:urg,I |-JH. deh, Terl 19" {alen knowam s lgr.'-‘b' }
erythroblast population was higher in Ze3hi2n " spleens, probably
reflecting the responaes to anaemia [Supplementary Fig 4], However,
the rets ol Ko T ok and of CIM " 10 CDE® cells were raod altered in
Zevhldn ' spleens (Supplersentary Fig. 4e, £, To examine whether
haematopoictic cells are sufficient for the development of disease, we
iransforred bone marrow cells from Zeliida ™ mice 1o recipient

' sssrutey 1 biont Detirse, "L st sbory of Syasems immmsslagy, VIR imimnoiogy eomler Besegrh Conter, Rasasrch Instduls tor Microtal Daasien, s Linwarany, 31
Warnade-oka, Suta, Onaks 5650071, lapan “Department of Pathology, Hyogs Colege of Madsona, 141 Mubngawa- cha, Mishnormiya, Hyogo S63-8501, lapan “Besearch Camis fer
Siruchsral g Funchions! Probsomacy imd St o Peolen Bepsgech, Ossis Universty, 1) Taracs o, Sute, Ok s SA5- 0871, kg
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