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Scanning Force Microscopy of DNA Molecules Elongated by Convective
Fluid Flow in an Evaporating Droplet

Weining Wang, Jieyi Lin, and David C. Schwartz
W. M. Keck Laboratory for Biomolecular Imaging, Department of Chemistry, New York University, New York, New York 10003 USA

ABSTRACT Scanning force microscopy (SFM) was used to image intact, nearly fully elongated lambda bacteriophage DNA
molecules, fixed onto freshly cleaved mica surfaces. Molecular elongation and fixation were accomplished using a newly
characterized fixation technique, termed “fluid fixation.” Here convective fluid flows generated within an evaporating droplet
of DNA solution efficiently elongate DNA molecules for fixation onto suitably charged surfaces. SFM images of a very large
bacteriophage genome, G, showed the presence of double-stranded bubbles. We speculate that these structures may
contain putative replication forks. Overall, the experiments presented here demonstrate the viability of using fluid fixation for
the preparation of DNA molecules for SFM imaging. The combination of largely automatable optically based techniques with
the high-resolution SFM imaging presented here will likely produce a high-throughput system for detailed physical mapping
of genomic DNA or clones.

INTRODUCTION

Scanning force microscopy (SFM), also called atomic forcereplication and transcription, involve small molecular-scale
microscopy (AFM), has become an indispensable tool fointermediates with specific structural or conformational
the structural and biochemical investigation of biologically characteristics. Often the task is to map and identify such
relevant macromolecules (Hansma and Hoh, 1994; Bustanolecular-scale intermediates on a DNA chain that has a
mante and Rivetti, 1996). The increasing use of SFM anallength many orders of magnitude larger. Traditionally, these
ysis in the biological sciences is not surprising, given itsstructural or conformational features are biochemically iso-
convenience and versatility in the gathering of molecularlated and studied by gel electrophoresis and electron mi-
and potentially even atomic-level, structural information of croscopy. One important feature of SFM is that the sample
biological macromolecules. SFM has been most extensivelpreparation procedures are often similar to those used for
used for the imaging of DNA molecules (Bustamante et al. optical microscopy, whereas its spatial resolution is compa-
1992; Hansma et al., 1993, 1995, 1996a,b; Lyubchenko efble to that of electron microscopy. It can also be used to
al., 1993; Lyubchenko and Shlyyakhtenko, 1997; Henderstudy biological systems in their natural environment, i.e.,
son, 1992; Bezanilla et al., 1995; Mou et al., 1995; Yangin water. Thus SFM has the potential of becoming a useful
and Shao, 1993) and DNA-protein complexes (Rees et alalternative to electron microscopy and gel electrophoresis.
1993; Erie et al., 1994; Allison et al., 1996; Hansma, 1996) Although SFM has limited sample throughput, linking SFM
and has yielded new insights of biological interest. Exam+to complementary imaging techniques offered by light mi-
ples include the SFM imaging of DNA bending in transcrip- croscopy may offer new approaches to molecular analysis.
tion complexes (Rees et al., 1993) and other DNA-proteirOptical imaging approaches to restriction endonuclease
complexes (Erie et al., 1994), RNA polymerase activitymapping of clones or even genomic DNAs such as optical
(Kasas et al., 1997), and the precise localizatiofEciRlI mapping (Schwartz et al., 1993; Meng et al., 1995; Cai et
binding sites on plasmid DNAs (Allison et al., 1996). The al., 1995; Jing et al., submitted for publication) have obvi-
rapid progress made in the development of new SFM techated electrophoretic analysis in some applications. Optical
niques and applications has been facilitated in part by immapping uses fluorescence microscopy to image individual
proved tip and sample preparation procedures. These devddNA molecules after digestion with restriction endonucle-
opments will surely open new modes of biochemical andases. DNA molecules are fluorochrome stained after diges-
structural investigation. tion, so that cleavage sites appear as dark gaps created by
Another area in which SFM may play an important role isthe relaxation of newly formed molecular ends. A major
the qualitative and quantitative analysis of biomolecularemphasis of our laboratory in this direction is to integrate
systems for the scanning and characterization of moleculg8FM techniques with optical mapping approaches to simul-
entities. For example, many biological processes, such a@sneously image (using light and SFM techniques) biolog-
ically relevant structural features on concurrently acquired
restriction maps. Such future studies may also be used to
. : produce higher resolution restriction maps (Allison et al.,
Addrgss reprint requegts to Dr. David C. Schwart_z,W. M. Keck Labo.ratorylgge) or serve as the basis for new sequence acquisition
for Biomolecular Imaging, Department of Chemistry, New York Univer-
sity, 31 Washington Place, New York, New York 10003. Tel.: 212-998- approaches.
8249; Fax: 212-995-4681; E-mail: schwad01@mcrcr6.med.nyu.edu. SFM is a surface-based imaging technique that requires
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molecule will result in potentially observable molecular binding of DNA molecules to mica surfaces (Bezanilla et
features being obscured. Such occurrences are hardly avoidk., 1994; Hansma et al., 1996a; Kasas et al., 1997). How-
able when studying physical properties of large DNA mol-ever, these transition metal cations may not be compatible
ecules. Without proper sample handling, these long macrowaith biological processes, and complicated procedures may
molecules tangle, making the observation of structurabe required to allow biological activities (Kasas et al.,
features difficult (Hansma, 1996). Recently, DNA elonga-1997). Divalent metal ions may also cause significant per-
tion has attracted much attention. Several physical methodsirbations to DNA structures, especially large DNAs (Du-
have been employed to stretch DNA molecules; these inguid et al., 1993, 1995). On the other hand, mica does bind
clude laser tweezers (Smith et al., 1996; Strick et al., 1996DNA molecules tightly in air when biological compatible
Baumann et al., 1997), electric field (Volkmuth and Austin, cations exist. It is of interest, therefore, to investigate if such
1992; Zimmerman and Cox, 1994), as well as fluid flow surface cations also support fluid fixation of DNA mole-
(Meng et al., 1995; Cai et al., 1995; Jing et al., manuscriptules to mica.

submitted for publication; Bensimon et al., 1994, 1995; Hu Here we report on the SFM imaging of fluid fixed DNA
et al., 1996; Perkins et al., 1995). Various fluid flow- molecules on freshly cleaved mica surfaces. Intact lambda
induced DNA elongation and fixation techniques have beemNA molecules have been elongated and imaged. Prelimi-
demonstrated (Meng et al., 1995; Cai et al., 1995; Jing et alnary results from the SFM imaging of bacteriophage G
manuscript submitted for publication; Bensimon et al.,DNA molecules are also presented.

1994, 1995; Hu et al., 1996). In one method, the solvent

flow for the elongation of DNA molecules was created by

tilting the substrate (Cai et al., 1995). In another method MATERIALS AND METHODS

surface-grgfted DNA molecgles were stretched.by the hy1 ambda bacteriophage DNA preparation for SFM
drodynamic force of a receding meniscus (Bensimon et al.,

1994, 1995; Hu et al., 1996). Fluid flow within an evapo- Lgmbda bacteriophage DNA (New England 'BioLabs, Beverly, MA) was
diluted to 0.05ug/ml in TE buffer (10 mM Tris, 1 mM EDTA, pH 7.6)

rating droplet has also been shown to be capable of elonV\-/ith 0.02% (v/v) Triton X-100 detergent (Boehringer Mannheim, India-

gating and aligning'DN'A m0|eCU|§3 (Jing et al., manu'scriptnapolis, IN). This concentration was determined by optical microscopy to
submitted for publication). In this method, termé@did  give a fairly large number of DNAs on the surface without causing
fixation, we determined that the elongation was due to thexggregation. Droplets of solution were spotted on a freshly cleaved ruby
velocity gradient of the convective fluid flow caused by the g“cal (tTEd F’ella,t FiltladcjiltngIEJ ClA) sur_fac§ wuthta pllgpette tlp.tr']l'he sl.zgtof tfhe
evaporation of the droplet, coupled with interactions of the_, P.c. Was CONTOIEC fo be:~ mm In diameter. Secause e velotty o

. o .. ... the convective flow within the droplet increases radially, by adjusting the
transkﬂ'ng coil with the adsorbent_surface- Fluid fixation gygpiet size, we can optimize the stretching forces (Jing et al., manuscript
has yielded well-elongated and aligned DNA moleculessubmitted for publication). The droplets were air-dried on a heating block
which have been used in the construction of high-resolutiorat 60°C. Samples were then mounted on the SFM sample holder for
restriction maps by optical mapping (Jing et al., manuscrip{Maging. Lambda DNA molecules for SFM imaging were not stained.
submitted for publication). The simplicity of these proce-
dures should make them valyab!e tools for thg m.an'pUIat'orf_ambda DNA preparation for
of DNA molecule conformation in other applications. .

- . - fluorescence microscopy

The chemical and physical characteristics of surfaces also
play a signiﬁcant role in DNA elongation and fixation. In Forfluqrescence microscopy, lambda DNA prestained with oxazo.le yellow
the above-mentioned studies, substrate surfaces have beiodimer (YOYO-1; Molecular Probes, Eugene, OR) (@M in high-

- . . . o purity water) was prepared on mica surfaces in a procedure similar to that
derivatized to provide DNA anchoring sites, consisting of, described above. After the droplet dried, samples were stored in a desic-

for example, positively charged aminosilane compoundgator overnight or longer and then heated on a heating block6aeC for
covalently attached to glass surfaces. Surface-anchoring-2 h. The samples were then washed with isopropanol several times. A
sites are required to attach elongated DNA molecules ta@lass coverslip and 20%-mercaptoethanol solution was used to seal the
surfaces in an agueous environment. To achieve Optiméwca surface with prestained DNA for fluorescence imaging on an optical
microscope. The dehydration step before fluorescence imaging was nec-

elongation, however, a microscopically controlled S"Jrf":lceessary to prevent DNA from rapidly detaching from the mica surface. With

charge distribution is necessary. For SFM applications, it ishis dehydration step, fluid elongated and fixed DNA molecules remained

also necessary that the derivatized surfaces have atoméa the surface long enough to allow the acquisition of fluorescence images.

flathess. These surface issues have not yet been completely

solved. Fortunately, much analytical SFM imaging can be

performed under atmospheric conditions. For imaging inG bacteriophage preparation for SFM

air, mica is one of the most convenient substrates. Atomig pacteriophage (Carolina Biological Supply Co., Burlington, NC) was

cally flat surfaces over a large area can be easily obtained bytown in the laboratory. G phage DNA was extracted by a procedure that

peeling a top layer off a mica substrate. Although underi-was a modification of the procedure described by Fangman (1978). The G

vatized mica surfaces do not bind DNA molecules with phage DNA i_ntegrity and_ purity were confirmed by pulsed field gel
.. . . . . electrophoresis (PFGE) sizing (Schwartz and Cantor, 1984). For SFM

sufﬂmept aqhe5|on for aqueous |'mag|ng I_n mPSt Common!yimaging, G phage DNA of-20 ug/ml was pipetted onto a freshly cleaved

used biological buffers, introducing certain divalent transi-mica substrate. The concentration of the G DNA sample was adjusted in a

tion metal cations into the solution may lead to strongway similar to that of lambda DNA samples. A glass coverslip was put on
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the mica after the G phage DNA solution had been deposited. The freallow more efficient zooming to molecules. Lambda DNA
weight of the coverslip caused the sandwiched solution to spread. In casgfglecules elongated and fixed on freshly cleaved mica by

where a stronger fluid flow was necessary, an appropriate weight can al S fiuat .
be added to the coverslip. After the spreading of the solution, the (:overslithe same fluid fixation prOCEdure were also Imaged by

was removed immediately and the sample was allowed to dry in air. With?Iuorescence microscopy. Fig. 2 shows a representative flu-
this procedure, we prepared well-elongated and aligned DNA molecule®@rescence micrograph. The degree of elongation is consis-
routinely. After drying, the samples were mounted on the SFM for imag-tent with the SFM results. This degree of elongation is also
ing. The G phage DNA molecules were not stained. consistent with previous results (Jing et al., manuscript
submitted for publication) on fluid elongated and fixed
adenovirus 2 DNA, where an average extensior 8% of
the DNA contour length was observed by optical micros-
The scanning force microscope used in the experiments was a BioScopsopy. It should be noted here that this degree of elongation
(Digital '”S”“)’A“e,”ts' tsfgéa garlb";ra_' CAT)hmOU”‘e‘é °,r\‘l ;‘)” ian:/erted EP“C;‘is not an intrinsic property of the fluid fixation technique,
microscope xiover , carl Zeiss, ornwood, . € compine: . . . . .
system WF;S (mounted on an air suspension table via silicone patches. I\R)Ut IS our own Chglce. By adjustlng the fluid fIOV\{ and
additional acoustic or air flow insulation was provided. High-quality DNA Surface characteristics, the degree of DNA elongation can
images could be obtained routinely under these conditions in both contadde varied. For example, in optical mapping applications, the
mode and tapping mode. All images presented in this paper were collectedegree of DNA elongation was chosen to preserve biochem-
in tapping mode in air with standard (unsharpened) silicon tips from Digitalj5| activities of the elongated DNA molecules.
Instruments. The apparent height of these fluid-fixed lambda DNAs

was ~1 nm. As examples, the molecule in Figahad an
Fluorescence microscopy apparent height of 0.9& 0.20 nm, and the molecule in Fig.

1 ¢ had an apparent height of 1.1% 0.28 nm. These
Fluqrescence images were ta_ken by an inverted optical_ _microscopie]umberS were smaller than both the 2-nm B-form DNA
equipped for epifluorescence with a 20Q&eiss plan-neufluar oil immer- . .
sion objective (Axiovert 135; Carl Zeiss). The fluorescence images wered'ame"'(':‘r and the previous SFM measurements b8 nm .
collected by a cooled CCD camera (13%61032 pixels; Princeton Instru-  ON segments of DNA elongated by molecular combing
ments, Trenton, NJ). The lengths of elongated DNA were measured byBensimon et al., 1994). The deviation may be attributed to
using IPLab Spectrum (Signal Analytics; Vienna, VA). the salt deposition, which increased the background signif-
icantly. The widths at the base for the DNA molecules in
Fig. 1,aandc, are 147.6+ 49.1 nm and 82.8- 15.6 nm,
respectively. These numbers are much larger than the DNA
The 48.5-kb lambda DNA molecule has a B-form contourdiameter of 2 nm. Although tip radii may play a role in the
length of ~16.5 um (using an upper limit of 0.34 nm/bp). increased width measurements, the major reason for the
Without proper elongation procedures, such molecules apexaggeration of DNA width here came from the large scan
pear as tangled masses on surfaces when imaged by batlzes we used.
SFM and light microscopy. The difficulty in preparing  The imaging of these fluid-fixed DNA molecules was
lambda DNA samples has also hindered attempts at SFMery stable. Repetitive scanning, including zooming and
physical mapping of lambda DNA (Allison et al., 1996). moving the scan origin, generated consistent images. The
Previously, entire lambda DNA molecules were only cap-same surface area could be scanned for several hours with
tured by SFM in unelongated form (Lyubchenko et al.,no discernible structural perturbations to the DNA mole-
1993; Hansma et al., 1996b). In this work, with the fluid cules being observed. This indicates that elongated DNA
fixation technique being applied to elongate these longmolecules are tightly bound to the mica surface. No damage
DNA molecules in the sample preparation step, entirdo DNA molecules due to scanning operations was ob-
lambda DNA molecules could be reliably and routinely served, even at much higher magnification than the images
imaged. In Fig. 1 we present typical SFM images of fully reported here. This may be an advantage of tapping mode
extended lambda DNA molecules. Figashows a lambda over contact mode for biological imaging. Surprisingly,
DNA that was uniformly elongated te-15.7 um—very  image quality is quite good, even in the absence of sophis-
close to its full contour length. Fig. h—d shows more ticated noise reduction measures, such as isolation from
images of fluid-fixed lambda DNA molecules (see Materi- acoustic noise. From the images in Fig. 1 it can be seen that
als and Methods). The alignment of these lambda DNAthe background noise level was indeed high. In addition, the
molecules along the fluid flow direction is obvious. The adverse effects of surface roughness and the scanner’s upper
majority of the fluid-fixed lambda DNA molecules imaged line limit to only 512 lines were more serious in such large
by SFM have lengths between 13 and f#h, which is  scans. Nonetheless, we were able to reproducibly image
~80-85% of the calculated polymer contour length. Cur-fluid-fixed DNA molecules. Other factors also affect the
rently we cannot generate a statistically reliable histogranguality of the images. For example, in Fig.al the blur
of DNA length distribution by SFM, because of a combi- around one end of the DNA molecule was due to the tip
nation of SFM’s low throughput and the very low DNA picking up contaminant during the scan. The DNA image in
density used in the experiments. This will be best dondrig. 1b shows a rougher profile. This sample had been dried
when fluorescence microscopy is interfaced with SFM, toin a desiccator for more than 24 h before imaging. These

Scanning force microscopy

RESULTS AND DISCUSSION
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FIGURE 1 @) SFM image of a fluid-fixed lambda DNA on freshly cleaved mica surface. The length of the molecules jsmM5(@) SFM image of
two fluid-fixed lambda DNA molecules. Their lengths are 14t (left) and 15.2um (right), respectively. The sample in this image was dried in a
desiccator for 24 h before imaginge) (SFM image of a less than fully extended lambda DNA. The length of the molecule isub@.8Nonuniform
elongation in this molecule is clearly shown by its brighter, less stretched@mérid and an internal sectiond) SFM image of another two lambda DNA
molecules. Their lengths are 126n (top) and 10.5um (botton), respectively. Note the that shorter molecule has an unstretched end.

DNA molecules may have been more tightly bound to theon mica will add new capability to SFM imaging of DNA
surface and, therefore, followed the rough surface terraimolecules and other biomacromolecular samples.

more closely. These problems are not fundamental and will In addition to length information, SFM images of DNA
be solved when more favorable imaging conditions arealso provide high-resolution width and height information.
provided. Because an atomically flat surface can be obUsing such information, it is possible to examine the degree
tained by simply lifting a layer off a mica sheet, for many of uniformity in DNA elongation (Thundat et al., 1994).
SFM imaging applications, freshly cleaved mica remainsFig. 1 ¢ shows an example of nonuniform elongation along
the most convenient choice of substrate. The simple method single DNA molecule, with an apparent length of 10.6
for preparing well-elongated and aligned DNA moleculesum. The SFM image shows nonuniform elongation, evi-
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aminosilane derivatized glass (Cai et al., 1995; Jing et al.,
manuscript submitted for publication) or mica surface (Hu
etal., 1996), and the hydrodynamic drag on DNA molecules
caused by the fluid flow. Similar mechanisms could be
responsible for the elongation on freshly cleaved mica sur-
faces. For the muscovite type of mica used in this work,
charge balance is maintained by cations, predominantly
potassium ion, in the interlayer sites (Gaines, 1957). In the
solid phase, these cations serve as bridges to help bind the
two negatively charged mica layers together. We speculate
that these cation sites may play the role of anchoring sites
for DNA adhesion by serving as the bridges between the
] ) o negatively charged mica surface and the negatively charged
FIGURE 2 Fluorespence micrograph image of fluid-fixed lambda DNA DNA molecules. The force between DNA molecules and
on freshly cleaved mica surface. The molecular lengths arei/2,813.5 . . .
um, 13.6 wm, respectively top to bottor). An intact, but not fuly ~ these cations sites, albeit much weaker than the force be-
elongated DNA can also be seen. The molecular length of this unstretchetveen DNA molecules and, e.g., aminosilane, may be
lambda DNA is 14.2um. The scale bar representsuin. enough for fluid fixation. In the case of a constant fluid
flow, it is likely that the existence of a derivatized surface
that provides strong DNA adhesion points (anchoring sites)
denced by segments that are both wider and taller. Thesgould be necessary for the elongation of DNA molecules.
segments, one at the top end and the other in the lowddowever, if the flow field has a velocity gradient, as in the
interior (Fig. 1¢), may have a lower degree of elongation case of a convective flow field in a drying droplet, DNA
compared to other parts of the molecule. A similar obsermolecules are partially elongated before being immobilized
vation can be made of the bottom molecule in Figd,1 on a surface. Video microscopy of the elongation process of
which shows incompletely elongated end. We do not knowyOYO-1-stained DNA molecules during droplet drying has
if this inhomogeneity in DNA length is a result of nonuni- shown evidence of this mechanism of DNA elongation (Jing
form elongation or of relaxation on the surface, becauset al., manuscript submitted for publication). It is also pos-
neither the surface charge distribution nor the fluid flow sible that different mechanisms contribute to the elongation
pattern is well characterized. Thundat and co-workers havef DNA molecules, and under different conditions the dom-
also observed nonuniform stretching with sections of DNAinant mechanism could be different. Hansma and co-work-
stretched as much as 80% beyond their normal polymeers have demonstrated that certain divalent transition metal
contour length (Thundat et al., 1994). In their case, becausens, such as Ni" and Zrf*, may enhance DNA binding to
a stretched section was connected at the two ends to tanglaedica surfaces (Bezanilla et al., 1994; Hansma et al., 19964a;
DNA masses, relaxation was less likely and the stretchinglasas et al., 1997). These cations, on the other hand, are
should be due to the hydrodynamic drag forces. We havalso known to perturb the structure of DNA molecules
used much milder flow fields, as evidenced by the fact thasignificantly and to provoke DNA condensation (Duguid et
we did not observe overstretched DNAs under conditionsl., 1993, 1995; Bloomfield, 1996; Baumann et al., 1997). It
used in this work; nonetheless, nonuniform elongation hasvill be of interest to see if these cations will support the
been observed, indicating that DNA stretching behavior iselongation and fixation of DNA molecules on mica for SFM
very sensitively determined by DNA/surface interactionsimaging in aqueous solutions.
and DNA/flow interactions. This issue will be most easily To demonstrate the potential of combining fluid fixation
addressed when we have more precise knowledge and ewith SFM, we next present preliminary results of SFM
perimental control over these two aspects of fluid fixationimaging of bacteriophage G DNA. G phage is a very large
techniques. SFM has been demonstrated to resolve helichhcteriophage, containing a linear 670-kb DNA molecule
turns (Hansma et al., 1995; Mou et al., 1995); thus we carfSewer et al., 1995; Hutson et al., 1995; Donelli et al.,
expect it to be an excellent tool for fine mapping of seg-1975). Direct deposition of such a large coil of DNA on a
mental density across individual fixed molecules. surface without elongation would yield samples that are
These experiments have demonstrated that fluid fixatiomnsuitable for SFM studies aimed at resolving internal
of large DNA molecules on freshly cleaved mica is possible structural features. Fig. 8shows an image of fluid-fixed G
In earlier experiments, derivatized glass or mica surfacephage DNA molecules. Sections of three molecules were
were used to provide DNA anchoring sites (Meng et al.,captured in this image. Again, all molecules are apparently
1995; Cai et al., 1995; Jing et al., manuscript submitted fowell elongated and aligned along the fluid flow direction.
publication; Bensimon et al., 1994, 1995; Hu et al., 1996).The apparent height of 1.8#¢ 0.42 nm revealed that they
In those experiments, it was shown that elongation was are single helices of double-stranded DNA molecules. The
result of an interplay between DNA anchoring, mediated bywidth at the base was 476 7.6 nm. In Fig. 3awe can also
the electrostatic interactions between the negatively chargeske “bubbles” in the interior of these elongated DNA mol-
DNA molecules and a positively charged surface, e.g.ecules. The extended form of DNA used simplifies the
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loops in a multistrand DNA bundle. If they are loops in an
otherwise multistrand bundle, we should expect to observe
significant differences in the height and width between the
loop arms and the main strand. Considering that our samples
have been carefully prepared to avoid DNA aggregation
(see Material and Methods), it becomes even less possible
that the images were DNA bundles. The exact replication
mechanism of G phage is not known. The initial stage of
replication for most linear DNAs, however, should involve
the formation of such replication bubbles (Kornberg and
Baker, 1992; Godson, private communication). A conclu-
sive assignment of these as replication bubbles would re-
quire further experiments, including better experimental
controls to enrich replication intermediates during the DNA
preparation (Wolfson et al., 1971; Dressler et al., 1971).
These experiments, in combination with the physical and
genetic mapping of this complex genome (Dore et al.,
1977), will shed light on the replication mechanism of this
phage. Here our major goal is to demonstrate the utility of
SFM as a qualitative analytical tool when combined with
molecular manipulation in sample preparation for the ob-
servation of small molecular structures. The putative repli-
cation bubbles shown here have dimensions near the reso-
lution limit of optical microscopy, but can clearly be
observed by SFM without the use of sharpened tips and
more sophisticated noise reduction measures. Higt®ws
a higher magnification scan of the bubble in the bottom of
the image in Fig. 3. A twist of the upper arm can be seen.
This is possibly because when this DNA landed on the
surface, the bubble plane was not parallel to the surface.
One of the goals of this study was to explore the possi-
bility of preparing surface-mounted DNA samples for re-
producible SFM imaging using only the common sample
preparation protocols in optical mapping. The results are
quite satisfactory. These encouraging results open the way
for the incorporation of SFM techniques into our optical
mapping procedures. Optical mapping has been demon-
strated to be a powerful approach for the construction of
high-resolution restriction maps (Schwartz et al., 1993;
Meng et al., 1995; Cai et al., 1995; Jing et al., manuscript
submitted for publication). One major advantage of optical
mapping is that the spatial order of restriction fragments is
FIGURE 3 @) SFM image of fluid flow elongated G phage DNA maintained after enzyme digestion. This offers an enormous
molecules on mica surfacé)(A higher magnification scan of a bubbledn opportunity for the development of a combined SFM and
optical mapping-based DNA analysis approach to quickly
locate and study biologically important sites on a DNA.
unambiguous identification of these features. We tentativelfExamples include locating replication origins or DNA het-
identified them as replication bubbles, because the two armsroduplex mapping of mutations such as substitutions and
of each of these “bubbles” have the same height and widtlleletions (Westmoreland et al., 1969; Kim et al., 1972). In
(1.90 = 0.39 nm and 46.0+ 9.0 nm, respectively) as a the latter application, the mismatch sequence sites or dele-
single double-stranded DNA. Further evidence supportindion sites should show up as single-stranded bubbles along
the two bubble arms as double-stranded comes from tha double-stranded heteroduplex DNA and can be resolved
apparent rigidity and smoothness of these bubble arm$y SFM. It should be noted that because SFM has the
Single-stranded DNA molecules are usually much less rigicbotential of achieving atomic resolution, a single base-pair
and tend to form branches of base-pairing regions (see fdsubble should be observable. The distance between such a
example, Hansma, 1996). Based on their heights andite and restriction sites can then be used to determine the
widths, we can also argue against that these bubbles atecation of sites of interest on a physical map. Alternatively,
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if the location of a site of interest is known, optical mapping Donelli, G., E. Dore, C. Frontali, and M. E. Grandolfo. 1975. Structure and
will allow us to zoom to the exact restriction fragment physico-chemical properties of bacteriophage G Ill. A homogeneous

directly. This i ticularl ful f tudyi Il DNA of molecular weight 5x 10°. J. Mol. Biol. 94:555-565.
rectly. IS IS particularly usetul for studying smail ea- Dore, E., C. Frontali, and M. Grignoli. 1977. The molecular complexity of

tures in a long section of DNA. G DNA. Virology. 79:442—445.

Dressler, D., J. Wolfson, and M. Magazin. 1971. Initiation and replication
of DNA synthesis during replication of bacteriophage Proc. Natl.
Acad. Sci. USA69:998-1002.
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CONCLUSIONS Duguid, J. G., V. A. Bloomfield, J. M. Benevides, and G. J. Thomas, Jr.
Large DNA molecules have been elongated and aligned on 1993. Raman spectroscopy of DNA-metal complexes. I. Interactions and
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length were imaged. Ev_|dence of nonuniform elongatlonErie’ D. A, G. Yang, H. C. Schultz, and C. Bustamante. 1994. DNA

was also observed and discussed. Elongated G phage DNAsending by Cro protein in specific and nonspecific complexes: implica-

have also been imaged with replication bubbles in their tions for protein site recognition and specificitfcience.266:

interiors. These experiments demonstrated the utility of 1562-1566.
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