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Abstract

A review of scanning probe microscopy characteri-
zation of duplex DNA morphology bound to micais pre-
sented, including a discussion of numerous proposed con-
trast mechanisms. The various contrast mechanisms are
reexamined in the light of a recently developed form of
quadruplex DNA [19]. A discussion of possible
morphological changesin duplex DNA and an interesting
consequence (e.g., DNA seguencing) is presented.
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Introduction

Plasmid DNA adsorbed onto micaisamodel system
for investigating the morphology of DNA bound to sili-
cates by two common forms of scanning probe microscopy
(SPM), atomic force microscopy (AFM) and low current
scanning tunneling microscopy (LCSTM). A fundamental
question that has yet to be resolved is the morphology of
DNA adsorbed to the silicate substrates. A consistent
observation among the many SPM examinations of DNA
on micaisthedisparity between helix diameter determined
by SPM and by classical crystallographic methods. X-ray
diffraction studiesindicate the common B-form of DNA to
be a double stranded helix about 2.0 nm in diameter [24].
However, numerous papers examining naked DNA on mica
employing AFM [5, 16] and LCSTM [7], indicatetheaverage
height of DNA to be 1 nm or less and the average width to
be no less than 3 nm, and usually much wider.

Thediscrepancy inlateral SPM width measurements
of DNA has been attributed in large part to broadening of
theimage by the finite probe geometry and sample motion.
Algorithms have been developed to correct for the probe
geometry artifacts to obtain more accurate representations
of thesampletopography [13, 18, 33]. Theseimprovements
tend to be minor for small cylindrically-shaped molecules,
such as DNA, since the majority of raw AFM image is
comprised of lost information that cannot be completely
restored [35]. Less invasive imaging techniques such as
“tapping” mode and dynamic forceimaging [1, 9, 39] have
improved our ability to correct for sample distortionsdueto
|ateral forces.

The discrepancy in vertical SPM height measure-
mentsof DNA havebeen moredifficult torationalize. Recent
low forcetapping mode measurementsof DNA heightinair
(0.79+0.05nm[8]) and in buffer (0.43+ 0.08 nm[2]) have
reported even smaller dimensionsthan earlier publications.
This is a noteworthy result because it suggests reductions
of DNA height dimensions of up to 75% compared to
crystallographic data. Only in an exceptional, recent
development, involving high resolution studies of densely
packed DNA, imaged in contact mode AFM in buffer, has
thenearly 2.0 nm diameter helix been obtained after the mica
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substrate was modified with cationic lipid bilayers[20]. All
these observations are combined into one consistent model
in which the treated substrate is proposed to be the source
of morphological changes seen inthe DNA.

Materialsand M ethods

Quadruplex DNA [19] and pBR322 DNA (Sigma, St.
Loius, MO) were mixed together at a concentration of 50
ng/Hl in abuffer consisting of 10 mM Tris(pH 7.8), 1 mM
EDTA and 1 mM MgCl,. Thesamplewasallowedtosit on
parafilm for 5 minutes at room temperature and adsorbed
onto freshly cleaved mica (Ted Pella Inc., Redding, CA),
immediately rinsed with 1 ml deionized water, dried in a
stream of dry nitrogen and allowed to stabilize in a37°C
oven before imaging. The sample was imaged with both
electron beam deposited tip on silicon cantilevers[12] and
standard silicon Nanoprobes using a Nanoscope E
controller (Digital Instruments, SantaBarbara, CA) in contact
modein dry air and under propanol.

Resultsand Discussion

Some of the proposed mechanisms to explain the
discrepancy in helix diameter of DNA on mica are con-
trollable. In AFM, these observationsinclude: compression
duetoloading force[4, 38] (Fig. 1), height reduction dueto
residua buffer salt burial [31] (Fig. 2), and vertical height
contrast changes due to cantilever buckling, tip
contamination and humidity [26, 27] (Fig. 3). In practice,
these contrast mechanisms can be controlled by imaging
with low forces, with clean tips, using careful sample spreads
and imaging under low humidity. Early inthe development
of imaging DNA in propanol [8], the low heights obtained
of DNA were thought to be partially the result of the
dehydration of the DNA in alcohol asthe DNA transforms
fromthe B to A conformations. Recently, Hansmaand co-
workers have devel oped techniquesfor imaging under more
physiologically relevant buffersemploying low probeforce
tapping AFM [9, 10] (Fig. 4) but without significant im-
provement inthevertical dimensionsof DNA. Lyubchenko
and co-workers have suggested that SPM probe-fluid-mica
adhesion complex play an important role in DNA height
measurements[14, 16]. These, too, can be user controlled,
and the height response as a function of substrate has been
systematically examined [2]. Systematic studiesinvolving
tip chemistry-DNA interactions have been hampered by
the invasive nature of tip doping, a process that invariably
reduces resolution due to the finite thickness of the dopant
(electron beam deposited tips not withstanding).

Thedisparity in DNA helical diameter isnot limited
to AFM. An average of 1 nm height was obtained using
low current scanning tunneling microscopy, with the re-

330

duced DNA diameter being attributed to low sample con-
ductivity [7] (Fig. 5). SPM isroutinely capable of 0.1 nm
vertical resolution and there are several types of standards
that can be used to accurately calibrate the height response
[32, 36] so the abnormal dimensions of DNA imaged by
SPM isunlikely to be acalibration error. Thundat and co-
workers have shown some incidences of stretched DNA
[28]. Under these conditions, the height of the stretched
DNA is about half the relaxed DNA (Fig. 6). No one has
been able to explain conclusively the difference between
crystallography and the cumulative scanning probe
microscopy results.

Thereis anatural curiosity as to why thisresult is
obtained so often via different SPM imaging modes. One
possibility is that the height discrepancy may actually
represent adifferent morphology of DNA bound to cationic
modified silicates. This idea stems from an observation
that Marsh et al. [ 19] noted while examining anovel form of
quadruplex DNA (G-quartet DNA or “ G-wires") co-adsorbed
withthewell characterized duplex DNA standard. Thedata
suggested that the reduced helical diameter of duplex DNA,
observed in tapping mode AFM images, might represent a
change in duplex DNA morphology because it measured
about 0.7 £ 0.2 nmtall inair and 0.5+ 0.2 nmin propanol,
whilethe co-adsorbed G-wires measured an average of 2.2
+ 0.2 nm tal in ar and propanol (Fig. 7). The height
dimension of the G-wireswerein good agreement withNMR
(nuclear magnetic resonance) models (2.4 nm diameter) of
G-quartet DNA [19, 22]. In essence, the G-wires, co-
adsorbed on the same micasubstrate asduplex DNA, acted
asacalibration standard from which it was determined that
duplex DNA had uncharacteristic dimensions, suggesting
that the duplex DNA might beflattened or “pinned” against
the mica substrate.

Cationic treatment of micaisnecessary to adequate-
ly bind DNA to the surfacefor the purpose of SPM imaging
[25, 30]. Duplex DNA isthought to adsorb onto the mica
surface viacationic bridges (Fig. 8) through the phosphate
backbone. If the strength of these bonds are sufficient,
pinning of the DNA might cause the flattened DNA to be
partially unwound [19] (Fig. 9). Thetwo to three hydrogen
bondsinaduplex DNA base pair contribute 2 to 3 kcal/mole
each while base stacking adds another 4 to 15 kcal/mole
stability to the helix, depending on the base order [24]. A
high estimate for the energy that supports the DNA helix
between to sets of duplex basesis about 50 kcal/mole. In
comparison, G-quartet DNA has a proposed box-like
structure that is stabilized by 8 hydrogen bonds/quartet,
twice as many base stacking interactions as duplex DNA,
plus ionic interactions from quartet pairs surrounding a
caged cation [19]. Theenergy stored between two G-4rings
is somewhere between 100-200 kcal/mole. Therefore,
cationic bonds, having an energy of about 75-100 kcal/mole,
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Figurel. (a-c) A seriesof imagesillustrating the effect on a plasmid molecule of progressively higher loading forces all
images were obtained at 45% relative humidity. (a) Loading force of 20 nN, even after repeated scans, height of arrowed
regionwas 1.01 nmandwidthis21 nm. (b) Loadingforceof 110 nN, height of arrowed regionis0.62 nm and width is29 nm.
(c) Loadingforceis170 nN, height is0.49 nm and widthis47 nm. (d-f) Threeimagesof the same DNA molecule under probe
forcesof 2 (d), 9(e) and 12 (f) nN, as shown by theforce curvesbelow. For (€) and (f), dashed linesweredrawnto indicate the
relative levels of the probe forces, because they were out of the range of the display. The horizontal dashed linefor () and
(f) were positioned according to a linear extrapolation of the set point voltage calibration. The resolution remained ap-
proximately constant. But in (f), the molecul e appeared damaged in many places. Scanning speed for thesethreeimageswas
4.73Hz. Humidity was 38%. With permission from references[4] and [38].

might be energetically favorable to tug at the phosphate
backbone of duplex DNA enough to partially unwind a
duplex helix over ashort interval. Eventually thestrain, and
subsequent stored energy, is so large that helical turn is
evident, but not at regular 3.4 nm intervals. However,
cationic bonds do not have the energy required to unwind
G-quartet DNA which would support the evidence of ability
to image quadruplex DNA close to independently verified
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dimensions.

Stableimaging of DNA was afforded by multivalent
cationic or aminopropyltriethoxy silane (APTES) treatment
of mica substrates [15]. Greater positive charge density,
e.g., by theaddition of nickel to theimaging buffer on mica
seems to improve reliable imaging under physiologically
relevant fluid environments [10]. Routine imaging of the
major groove over vast stretches of sample has been
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Figure2. Siximagesof gold-labeled DNA at different humidity levels. Images(a-€) are of thesame2 Umarea. Image(f) isa

4 Um scan, encompassing the previous scan area, imaged after restoring the humidity to 7%. Therepulsiveimaging forcewas
maintained at 3 NN for al humidity levels. Note the disappearance of the DNA when the residual salts begin to aggregate
under the influence of surface diffusion and the motion of the scanning tip [31].

achieved with densely packed DNA sampleson lipid-treated
mica[20]. Itisreasonable to expect that the packed DNA
adds lateral stability to the shear forces generated by an
AFM tip in contact mode, enabling thetip to feel the major
groove. Thundat has also seen a tendency for spiral
packaging of the DNA and attributes this result to charge
segregation asthe DNA bindsto mica[28] (Fig. 10). This
may explain the extraordinary high resolution images by
Mou et al. [20] of packed DNA imaged on cationic lipid
bilayersonthe surface of mica(Fig. 11).

InFigure 12 both low (&) and high (b) magnification
imagesof aloop of duplex plasmid DNA (pUC119) imaged
under propanol. Though there is sometip artifact evident
inFigure 12b, whichiscommon for high resol ution images,
thereisalso evidence of an average spacing between raised
features (arrowed structures) in each loop of about 10.4 +
1.0 nm. Interestingly, this distance equals three 3.4 nm
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repeatsin thehelical repeat structure of native duplex DNA,
also seen by Hansma et al. [10]. The discrete distances
madein thisobservation could support the proposed pinning
model inthat por tionsof the DNA helix may berelaxed due
to strong interactions between the cationically treated mica
and phosphate backbone. According to the analysis of
Bustamanteand Keller [3] theability to distinguish between
two raised features of similar height separated by distance

dwith avalley depth of Az and tip radius of curvature R is:
@

In propanol, the height between the pinned DNA and can-
didate helical twists (arrowed structures) isabout 0.3 nm, a
typical radius of curvature is 10 nm such that the smallest
lateral distanceto beresolvedis4.8 nm. This isinagreement
with the observed width of the DNA in Figure 12 of about 5

d=2,/2R.Az
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Figure 3. Humidity-dependent positive and negative con-
trast of AFM images of linear DNA (concentration 3 g/
ml). Black (low) towhite (high) correspondsto 5.2 nm. (a)
2 Um x 2 Jkm on micataken in 60% humidity. The DNA
strands show negative contrast. (b) Sameareaof thesample
in dry nitrogen ambient. The DNA strands show positive
contrast. (c) Deflectionimageof DNA obtained at very low
humidity. The change in contrast is very likely due to tip
contamination from salt deposit (middle left-hand-edge)
during upward scan. Reprinted with permission from
references[26] and [27].

nm, an alternative form used to describe lateral resolution
[32, 36]. This suggests that the average 10.4 nm spacing
may reflect some kind of optimized energy configuration
between the DNA and treated mica and leads to the
intriguing suggestion that the DNA may be partially
unwound.

One of the immediate consequences of flattening
dueto partial unwinding of duplex DNA would be accessto
the base pairs within the DNA helix, making partial se-
guencing of the DNA possible. No high resolutioninternal
DNA structure has been observed within pinned DNA by
the AFM. Thismight betheresult of tip-sample chemistry
which is complicated by the presence of residual cations.
Many of the first attempts to image bases were made on
singlestranded DNA. However, single stranded DNA tends
to base pair withitself, “clumping” the DNA and making it
impossibleto observeindividua bases[10]. Duplex DNA
can bemadetoliein straight lineson mica[23] potentially
facilitating sequencing. A reliable experimental procedure
that could unwind the helix of duplex DNA and open up
access to the bases might allow determination of the base
sequence of the DNA strand, one of the early but unful-
filled promises of SPM technol ogy.

FutureResearch

DNA and RNA areroutinely exposed to silicate sur-
faces for numerous purposes, including oligonucleotide
synthesis[11], determination of the helical period [21], and
as a substrate for imaging chromosomes [6, 34]. DNA
strongly adsorbs non-covalently onto a variety of silicate
substrates (e.g., glass, silicon, or mica). Dueto DNA loss
by non-covalent adsorption onto silicate surfaces, glassware
is treated or scrupulously avoided in specia biochemical
assaysand when small samplesof DNA arebeing examined
[17]. Asmedical diagnostics use more solid state devices
(e.g., silicon chips as molecul ar substrates), understanding
the behavior and propertiesof DNA on silicabased surfaces
will becomecritical.
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Figure 5. Plasmid DNA (pUC18) adsorbed to mica imaged by STM in humid air. (a) The 1 nm step at the right side
corresponds to the thickness of one micalayer. The dark line at the bottom right represents a crack in the mica. Imaging
conditions: tunneling current, 0.25 pA; samplebias-2.5V: RH, 66%. (b) Thebox inthe overview marksthe areadisplaced in
theinset. Thisinset isa cutout of azoomed-inimage taken immediately after the overview. Imaging conditions: tunneling
current, 0.5 pA: samplebias, -7 V; RH, 65%. Reprinted with permission from reference[7].

Figure4 (on facing page). Comparison of DNA under different conditionson micaand AP-mica: () DNA inwater on bare
mica, (b) DNA inwater on AP-mica, (c) DNA inHEPES-Mg onbaremica, and (d) DNA inHEPES-Mgon AP-mica. (e) Plasmid
DNAInTE buffer 20mM Tris-HCI, pH 7.6, 1L mM EDTA). All imagesweretaken intapping modewith thevertical scaleof 5
nm from black to white. Analysisof imagestaken over smaller areasgives2.8 + 0.8 nmfor the DNA widthand 1.7 £ 0.37 nm
for theheight. Figures(a) through (d) reprinted with permission from reference[2]. Figure (e) courtesy of Yuri Lyubchenko.

Future effortsin our lab will employ image recon- function of normal and shear loading forces.

struction analysis to detect subtle changes in the con-

formation of DNA on the mica surface. Assuming that Acknowledgments
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geometry of the SPM probeapex. Thedifferenceindeformed

and pinned cross-sectional areas can be estimated from References

recent sensitive areameasuring techniquesinvolving probe

and samplereconstruction [35]. Employing the reconstruc- [1] Anselmetti D, Lithi R, Meyer E, Richmond R,
tion models of Vesenka and co-workers, a difference of up Dreier M, Frommer JE, Gintherodt H-J(1994) Attractive-
to 2.0 nm? isexpected, well abovethe+ 0.5 nm? sensitivity mode imaging of biological materials with dynamic force
of their technique. G-wiresand colloidal gold particleswill microscopy. Nanotechnology 5, 87-94.

be co-adsorbed onto the surface as control samples and to [2] BezanillaM, Manne S, Laney DE, Lyubchenko
characterize the probe geometry. The cross-sectional area YL, HansmaH (1995) Adsorption of DNA to Mica, silylated
of duplex DNA plasmid and G-wireswill be measured asa mica, and minerals: Characterization by atomic force

335



J. Vesenka, T. Marsh, E. Henderson and C. Vel landi

336

Figure®6. A seriesof tapping mode AFM images of lambda
DNA fragments adsorbed on micaprepared by critical point
mounting where both straightened and relaxed regions
coexist. Notethatin (a) and (b) thestraight regionsareat an
angle roughly parallel and perpendicular to the scan
direction. Figure(c) isahigher magnificationimage of the
lower right corner of (b) where the measured heights of
straight regions are 50% lower than therelaxed regions. (d)
Tapping mode AFM imagesof pBS' plasmid DNA prepared
by critical point drying. The length of elongated circular
molecules were 30% greater than the length of relaxed
circular DNA. (e) In pBS" DNA linearized with Smal the
elongated strand was 78% longer than the relaxed linear
DNA molecules. Note that relaxed unstretched molecules
of DNA appear to cross over stretched strands. Reprinted
with permission fromreference[28].
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Figure7. (a) Duplex and G-wires coadsorbed on micawith cross section (b) |maged inair. Notethat the height of the duplex
DNA isabout half that of the G-wires (dark arrows) wherethe DNA issuper coiled (middle arrows) and almost one quarter of
thediameter of the G-wiresfor relaxed duplex DNA (whitearrows). The same mixturewasimaged under propanol (c), and the
crosssection (d) indicatesthat the G-wiresmaintain an average of 2.2 nm diameter, whereasthe duplex DNA typically exhibits
afurther reductionin height. Also notethevast improvement inlateral resolution of both duplex and G-wire when imaging
inpropanol. Vertica height scaleis 10 nm.

B 7 Figure 8 (at left). Electronegatively charged phosphate
DNA at Low Humidity groups from the DNA backbone are stabilized on mica
‘ substrate via positively charged cation species.
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Figure 9. Model of differen-tia
stability of duplex DNA and
quadruplex DNA during imaging
by AFM. The height of plasmid
DNA is significantly diminished
compared to the height of the G-
wire. A possibleexplanationisthat
an uncoiling of the double helix
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someof the DNA strands appear to be straightened. Notethat unstretched relaxed DNA fragmentsfreely crossthe anomalous
DNA. With permission from reference[28].

31, 65-70.

[23] ShaiuWL, Larson DD, VesenkaJ, Henderson E
(1993) Atomic force microscopy of oriented linear DNA
molecules labeled with 5 nm gold spheres. Nucleic Acids
Res. 21,99-103.

[24] Sinden RR (1994) DNA Structure and Function.
Academic Press, San Diego, CA. pp. 12-14, 23-25.

[25] Thundat T, Allison DR, Warmack RJ, Brown GM,
Jacobson KB, Schrick JJ, Ferrell TL (1992) Atomic force
microscopy of DNA on micaand chemically modified mica.
Scanning Microsc. 6,911-918.

[26] Thundat T, Allison DP, Warmack RJ, Ferrell TL
(1992) Imagingisolated strands of DNA moleculesby atomic
force microscopy. Ultramicroscopy 42-44, 1101-1106.

[27] Thundat T, Warmack RJ, Allison DP, Bottomley
LA, Lourenco AJ, Ferrell TL (1992) Atomicforcemicroscopy
of deoxyribonucleic acid strands adsorbed on mica: The
effect of humidity on apparent width and image contrast. J.
Vac. Sci. Technol. A 10, 630-636.

[28] Thundat T, Allison DR, Warmack RJ (1995)
Stretched DNA structures observed with atomic force
microscopy. NucleicAcids Res. 22, 4224-4228.

[29] Venczd EA, Sen D (1993) Perdlel and antiparallel
G-DNA structures from a complex telomeric sequence.
Biochemistry 32, 65-70.

[30] VesenkaJ, Guthold M, Tang CL, Keller D, Delaine
E, Bustamante C (1992) Substrate preparation for reliable
imaging of DNA molecul eswith the scanning force micro-
scope. Ultramicroscopy 42-44, 1243-1249.

[31] Vesenka J, Manne S, Yang G, Bustamante CJ,

339

Henderson E (1993) Humidity effects on atomic force
microscopy of gold-labeled DNA on mica. Scanning Mi-
crosc. 7, 781-788.

[32] VesenkaJ, Manne S, Giberson R, Marsh T, Hen-
derson E (1993) Calloidal gold particlesasanincompressible
atomic force microscope imaging standard for assessing
the compressibility of biomolecules. Biophys. J. 65, 992-
997.

[33] VesenkaJ, Miller R, Henderson E (1994) Three-
dimensional probe reconstruction for atomic force
microscopy. Rev. Sci. Instrum. 65, 2249-2251.

[34] Vesenka J, Mosher C, Schaus S, Ambrosio L,
Henderson E (1995) Combining optical and atomic force
microscopy for life sciences research. Biotechniques 19,
240-253.

[35] VesenkaJ, Marsh T, Miller R, Henderson E (1996)
Atomic force microscopy image reconstruction of G-wire
DNA. J. Vec. Sci. Tech. B. 14, 1413-1417.

[36] Xu S, Arsndorf MF (1994) Calibration of the
scanning (atomic) force microscope with gold particles. J.
Microsc. 173, 199-210.

[37] Yagil G, Sussman JL (1986) Effect of substrate
on DNA topology. EMBO J. 5, 1719-1725.

[38] Yang J, Shao Z (1993) Effect of probeforce on
the resolution of atomic force microscopy of DNA. Ultra-
microscopy 50, 157-170.

[39] Zhong Q, InnissD, Kjoller K, ElingsVB (1993)
Fractured polymer/silica fiber surface studied by tapping
mode atomic force microscopy. Surf. Sci. Lett. 290, L 688-
L692



J. Vesenka, T. Marsh, E. Henderson and C. Vel landi

Figure 11. Theright handedness of the doublehelix isalso
resolved by the AFM. These results show the excellent
stability of these samples and the reproducibility of AFM.
() pBR322 (4.36 kb). (b) pBR325 (6 kb). (c) Haelll
restriction fragmentsof @X174. Occasionally, eventhe minor
grooves were recognizable (see b). It isalso seen that the
handedness is better resolved when the DNA strand is
parallel with thefast scan direction (seec). Thisisbecause
the instrumental drift is more noticeable in the slow scan
direction. With permissionfromreference[20].

Discussion with Reviewers

Y.L. Lyubchenko: Partial unwinding of DNA caused by
interaction with the substrate should lead to elongation of
the molecules. Was this effect observed by the authors?
Authors. Thisquestion isan important test of the pinning
model. The authors are currently pursuing experiments to
measure the change in contour lengths due to DNA
intercalators, moleculesthat will relax the helix of the DNA,
leading to an increase of contour length. Side-by-side
comparisons of contour length from samples of DNA on
mica that are not intercalated might help establish a
meaningful baselinedifference. Unfortunately, acalculation
of the amount of contour length increase based on
intercal ation of relaxed DNA resultsinonly asmall change
of overall length, about 10%, currently within the statistical
noise of contour length measurements. It is expected that
the pinning model would result in even smaller changesin
contour length measurements. It ishoped that more accurate
measurements of the counter length that account for the
artificial broadening of the tip shape might improve these
statistics and enable ameaningful comparison.

H.G. Hansma: How reproducibleisthe 10 nm lump spacing
for different samples and different tips? From how many
samplesand tipswere these datataken? |n our experience,
| thought the lump spacing wastypically 8-12 nm, i.e., more
variable than reported here, but we have not analyzed it in
detail. Based on the quality of the image in Figure 12, it
seems like alot of high quality image gathering needs to
precede image reconstruction.

Authors. These results were reproducible from two dif-
ferent samples taken with two different tips each. The
authors have seen this behavior over many years, like
Hansma, but never sat down to quantify the observations
before. Theresult of an “average” 10 nm lump spacing is
exactly that, an average taken over 100 pointsfrom several
different plasmids. Theauthorscarefully includethe caveat
under the Figure caption, also in the text, that tip geometry
can not be ruled out asthe source of thisrepeated affect. It




Thediameter of duplex and quadruplex DNA measured by SPM

Figure12. Low (a) and high (b) magnificationimagesof aloopin double stranded DNA (pUC119) imaged under propanal.
Theaverage spacing between rai sed features (arrowed in (b)) in each loop isabout 10.4 + 1.0 nm. Thisdistance equalsexactly
three 3.4 nm repeats in the helical structure of native duplex DNA, in agreement with the model proposed in the text that
portions of the DNA helix are partially relaxed due to strong interactions between the cationically treated micaand phosphate
backbone. Based on the ability to distinguish between individual raised features with avalley of 0.3 nm height separating
them, and atip radius of curvature of 10 nm, the closest resolved features could be as close as 4.8 nm apart (seetext, Results
and Discussion, for details). Thisisinagreement with thewidth the DNA and suggeststhat the average 10.4 nm spacing may
reflect some kind of optimized energy configuration between the DNA and treated mica.

is here that image reconstruction is potentially most
valuable. However, theauthorstill lack intermittent contact
imaging (e.g., DI’sTapping® Mode) and are unableto keep
calibrations particles secured on mica in propanol long
enough to obtain a useful tip calibration. No image
reconstruction was carried out on these samples for that
reason, and no mention that this technique was used was
made in the text. However, the image reconstruction
procedure, once a satisfactory field of gold particles has
been found to act asacalibration standard, isavery robust
process. High quality datais needed only in the sense that
asharper tip allowsfor more of thesampletobe“seen.” A
blunt tip yields no more useful data with image
reconstruction that it does without it. The bottom line is
that image reconstruction is a partial fix when tips are
reasonably sharp. Thefield of biological AFM still needs
sharp, robust tips.
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