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ABSTRACT

We have used scanning force microscopy (SFM) to
study the conformation of a 1868 base pair plasmid
(p1868) in its open circular form and at a superhelical
density of o =-0.034. The samples were deposited on
a mica surface in the presence of MgCl 5. DNA images
were obtained both in air and in aqueous solutions,
and the dimensions of the DNA superhelix were
analysed. Evaluation of the whole plasmid yielded
average superhelix dimensions of 27 + 9 nm (outer
superhelix diameter D), 107 + 51 nm (superhelix pitch  P),
and 54 + 8° (superhelix pitch angle o). We also analysed
compact superhelical regions within the plasmid
separately, and determined values of D =9.2+3.3 nm,
P=42 + 13 nmand a =63 £ 20° for samples scanned
in air or rehydrated in water. These results indicate
relatively large conformation changes between super-
helical and more open regions of the plasmid. In
addition to the analysis of the DNA superhelix dimen-
sions, we have followed the deposition process of
open circular pl868 to mica in real time. These
experiments show that it is possible to image DNA
samples by SFM without prior drying, and that the
surface bound DNA molecules retain some ability to
change their position on the surface.

INTRODUCTION

supercoiling changes the DNA tertiary structure and can thereby
facilitate interactions over large distances between regulatory
proteins bound at enhancer sites and the promoter as discussed il
ref. (5). DNA supercoiling is of similar relevance to other cases
like replication or recombination [reviewed i)]( Accordingly,

the characterization of the superhelical DNA conformation is
important for the understanding of many DNA dependent
biological processes.

Structural studies of superhelical DNA are constrained by the
flexibility of the molecule. DNAs longer thanb0 nm (the
persistence length) behave as flexible filaments, and their
structure can only be characterized by average statistical properties.
Furthermore, the conformation of the molecule becomes very
sensitive to the environment, and processes such as drying and
staining used in classical electron microscopy are prone to
interfere with the structure determination. One way to circumvent
this problem is to apply biophysical methods that characterize the
structural properties of an ensemble of DNA molecules in
solution, such as light scattering, ultracentrifugation or spectroscopic
techniques. These methods are the least invasive way of studying
the structure of large DNA molecules but they lack the possibility
to observe structural details of single molecules.

Scanning force microscopy (SFM) (also termed atomic force
microscopy or AFM) is an emerging technique that can be used
for imaging DNA and other biomolecules without further fixing
or staining, the only constraint being that the molecule is bound
to a surface. SFM and its application for the study of biological
macromolecules are described in several recent revie@)st¢
which the reader is referred for additional information.

Negative supercoiling is an important feature of the DNA Preparation of the DNA sample for SFM imaging can be done
conformation of almost all prokaryotes and eukaryotes. Changdesg using M@™ to bind the DNA to the negatively charged surface

in the degree of supercoiling can have severe effects on the viabitfyfreshly cleaved mica. This process is relatively gentle and slow,
of a given organism because DNA supercoiling and various DN&nd it has been shown that the DNA re-equilibrates on the

associated processes are tightly interrelated [review&d.iR¢r ~ substrate under the conditions of deposition used héreNo
example, DNA supercoiling has been shown to be connected withrther treatment is required to enhance the contrast and scanning
DNA transcription in several aspects: (i) negative supercoilinig possible both in air and in liquid. Thus, the native hydration
can facilitate the melting of the DNA at the transcription start sitstate of the DNA can be preserved and artefacts due to drying of
and thereby stimulate transcriptional activity [e2g8){, (i) the  the sample can be avoided. A disadvantage of SFM is that upon
transcription process itself leads to the generation of sonbinding to the surface, the three-dimensional conformation of the
negative supercoiling behind the polymerase and positive supBNA is constrained to two dimensions, and information on the
coiling in front of the polymerase [reviewed)]@nd (iii) DNA  orientation of the molecule in the third dimension is lost. In this
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Figure 1. SFM images of plasmid p186&)(Open circular p1868 scanned in &%) Qpen circular p1868 scanned in wat€). $uperhelical p1868 scanned in air.
(D) Superhelical p1868 scanned in water.

respect cryo-electron microscopy (cryo-EM) is advantageous agarabolic tip the theoretical resolution is 6.4 nm for objects of
3D images of DNA can be obtained from 3D reconstruction agqual heightd). Thus, compared with the dimension of the DNA
stereo pair micrograph$,12). Cryo-EM, however, also constrains double helix, the tip is relatively large. This leads to a distortion
the molecule into a 100 nm thin layer of ice, which is less than tleé the true dimensions of the DNA in the SFM image. For
extension of typical plasmid DNAs. In addition, it has beemxample, with standard tips one usually observes an apparent
argued that the conformation of the DNA can change during tiwédth of (1.0 nm for double-stranded DNA as compared with the
quick freezing process in cryo-EM3J). In summary, no single known outer diameter of 2.37 nm for B-form DNA7). In
method can be relied on to give all necessary structuratldition, interactions between the tip and the sample can occur,
information about a flexible biopolymer, and SFM offers thee.g. atomic repulsion between tip and sample or attractive
possibility to gain complementary data on the conformation afapillary forces mediated by the thin water layer on the sample
single DNA molecules in near physiological conditions that arsurface in ambient aif.§,28). The latter artefact can be greatly
difficult to obtain by other methods. reduced by scanning the sample not in air, but in liquid, a

Here we describe the use of SFM to study a small (1868 bfgchnique that has been considerably developed in recent years
superhelical plasmid at= —0.034 and its open circular form. A (22,29-34).
superhelical density aroud= —0.03 corresponds to the amount In this report we present images of superhelical and open
of negative supercoiling lBscherichia colthat is not constrained circular plasmids. We show that high resolution images of DNA
by bound proteinsl@). Thus, the conformations of the superhelicaplasmids can be obtained both in air and in water and demonstrate
molecules studied here are likely to be similar to those observiedw the superhelix dimensions can be determined from the SFM
in the bacterial cell. images.

SFM has been used in a variety of studies of linear and circular
DNA [e.g. (10,15—22)] and DNA—protein complexes [e.g. MATERIALS AND METHODS
(23-26)]. The resolution of the SFM image is limited mostly by
the size of the scanning tip, which typically has a tip curvatui®@NA plasmid p1868 is a derivative of pUC18 and was purified
radius between 5 and 15 nm. With a curvature radius of 10 nm foom E.coli HB 101 as described previousBb(36). Details on
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the construction of the plasmid and the purification procedure aversion 1.57. The dimensions of the superhelix were determined

given elsewhere (Hammermanng¥lal, manuscript submitted). according to two strategies: the average dimensions of the

Gel electrophoretic analysis showed that the superhelical fractisaperhelix were calculated according to the formalism described

used here consistedd@0% of topoisomers —6 corresponding toin ref. (37). In addition, direct SFM measurements were used to

a superhelical density of = —0.034 in 40 mM Tris-acetate, pH evaluate regions of the plasmid that showed a continuous

8.0 and 1 mM EDTA. In additiohll0% of the material was plectonemic tract.

present as topoisomer —7 and another 10% was in the open

circular form. The SFM images were obtained with a NanoscopgesuLTS

Il (Digital Instruments, Santa Barbara, CA) operating in the

‘tapping mode’ following one of three different protocols: SFM images of the p1868 plasmid are displayed in FidLi2s
and3. For the superhelical plasmids £ —0.034) in FigurdC

Protocol | and D a 2 2 um overview is presented, and in Fige@and D

DNA samples were prepared by deposition of 10 qil1 a magnlfled images of single m_olec_ules are depicted. _The open
2-5 nM DNA solution in 10 mM HEPES—KOH, pH 8.0, 10 m Sircular plasmids are shown in Figuté and B (overview),
MgCl, and30 mM NaCl onto a piece of freshly cleaved mica/9ure 2A and B (magnification of single molecules), and in
(Plano GmbH, Wetzlar, Germany). The mica disc was Washa%?u_rw (time course demons_tratlng the blnc_Jlng to the surface).
immediately by dropping distilled water onto the surface and the eémaggbs \(/jvere dmade by _ulsmg tge thrr(]ae ddlfferent protocols that
drying the sample in a nitrogen stream. Images were recordedir esgn ed unoer I\{Iatenasgn Metho Sb ined b .

air at ambient humidity using etched Si-probes (type Nanosensars) cc0rding to protocol I, DNA images were obtained by scanning
purchased from L.O.T. Oriel (Darmstadt, Germany) with a forcis @i after deposition and drying the sample as described under
constant 17-64 N/m, a thickness of 3.54%@ a resonance aterials and Methods (FidA and C, Fig2A and C). In the

frequency between 250 and 400 kHz and a tip curvature radius?SgSence of millimolar Mg concentrations superhelical and
(110 nm (specifications given by the manufacturer) open circular molecules bound efficiently to the freshly cleaved
P 9 y ’ mica surface, and the protocol allowed fast and reliable imaging

Protocol Il of DNA. However, a disadvantage of this method is that drying
i ) the sample could introduce conformation changes to the DNA as

The DNA samples were prepared as described in protocol | agmpared with its fully hydrated structure. The mean values for

the mica disc was mounted into the SFM liquid cell. Then thge apparent width and height for the DNA double helix were

samples were rehydrated by injectingCHsupplemented with  10.0+ 2.2 nm and 0.44 0.07 nm (Tablé).
0.01% NP-40 into the liquid cell. Although not required, the

presence of 0.01% NP-40 was found to facilitate the imaginge 1. Apparent dimensions of p1868 plasfid

process; stable images were usually obtained after 5-10 min. A

buffer without 0.01% NP-40 (5 mM HEPES-KOH, pH 8.0, 2 mM Air (nm) Water (nm)
MgCl,) was also successfully used to rehydrate and image the PP T— 530112 50110
samples (data not shown). Tapping in liquid was done with silicory°"tour fengthtc * *
cantilevers type ultralever from Park Scientific InstrumentsAxial rise per base pdir 0.34+0.01 0.34+ 0.01
(Sunnyvale, CA) with a thickness 0D.8 um, using the C tip  pNA double helix widthd ¢ 10.0+2.2 10.8£ 2.5
which has a typical force constant of 1 N/m, a tip curvature radiu
of 10 nm and a resonance frequency in airlf40 kHz

BNA double helix height 0.44 0.07 1.14+0.16

(specifications given by the manufacturer). For scanning in liquicuperhelix maximal width'max? 16.1+ 3.1 18.2+ 5.9

a vibration frequency df20 kHz was usually used. Superhelix minimal widttD'in @ 15.0% 4.0 16.9+5.7
Superhelix maximal height 0.86+ 0.15 1.87+0.28

Protocol Ill Superhelix minimal height 0.66+ 0.13 1.41+0.18

According to protocol I, a sample with a 6.8 kb open circulag

plasmid at a low DNA concentration was prepared so that Only%vergge values an_d standard deviations for 20 plasmid _molecules measu_red in
alt or in water are given. Samples were prepared according to protocol | (air) or

few m0|ecu!es per % 4 um scan were present. The sample wag cording to protocol Il (water). Only molecules with two or more nodes were
rehydrated in 5 mM HEPES-KOH, pH 8.0 buffer supplemente, alysed, except for the determination of the DNA contour length which was

W|th 2 mM Mng, and |mag|ng was done as dESCI’Ibed imone with the open circular p|asm|ds

protocol Il. After stable images of the 6.8 kb plasmid had beewalculated from the measured contour length and the number of base pairs
obtained, a solution of the much smaller open circular p1868868) of the plasmid studied.

plasmid at a concentration of 4 nM was injected into the SFIpparent width of the DNA double helix measured at half maximum height.
liquid cell. After a few minutes of re-equilibration, images werd'Superhelix width measured at half maximum height of the DNA double helix
recorded everyB min to follow the deposition process of theatthe pos?tions where the superhelix height had a miniig,§ or a maximum
plasmid and to detect any rearrangements of DNA molecules @m"‘) (Fig. 4).

. . . uperhelix height measured at the maxima or the minima of the superhelix
the surface. This protocol avoided drying of the DNA. (Fig. 4).

To determine the DNA double helix and the superhelix dimen-

sions, 20 superhelical plasmids of images scanned in air (protocol [)n protocol Il the samples were rehydrated in the microscope
and 20 molecules rehydrated in water (protocol 1) were evaluatddjuid cell by injecting HO supplemented with 0.01% NP-40
Height, width and length measurements were made with tl{Eig. 1B and D, Fig2B and D). Inasmuch as the conformational
installed Nanoscope Software and with the program NIH imagghanges induced by the drying process are reversible, the
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Figure 2. Line plot images of single plasmid moleculés. Qpen circular p1868 scanned in &) QOpen circular p1868 scanned in wat€). Superhelical p1868
scanned in air[Y) Superhelical p1868 scanned in water.

conformation of the molecules at native hydration should b@measurements made in air and in water, as judged froestof
restored under these conditions. The width of the DNA doubtbe means. The analysis according to r&f) 6f superhelical
helix (10.8+ 2.5 nm) was similar to that measured in air, but th@1868 plasmid gave a superhelix radiesl2.5+ 4.7 nm, an outer
apparent height (1.240.16 nm) was significantly larger (Talile ~ diameter oD = 27+ 9 nm, a superhelix pitch Bf= 107+ 51 nm
The contour length of open circular plasmids in air and in watend a pitch angle af = 54+ 8°. The calculated writhe wasr
was 630t 12 and 64@ 16 nm, respectively. This corresponds to= —3.4+ 1.4 corresponding tATw = -2.6+ 1.4 forALk = -6
an axial rise of 0.34 0.01 nm/bp, characteristic for B-DNA (Table2).
under both conditions. In addition to the analysis of the whole plasmid, we also
To determine the average superhelix dimensions over tlamalysed the tightly interwound parts of compact superhelical
whole plasmid we used the formalism described in 831, ( DNA regions separately. It has been pointed out in38¥.that
which assumes that the DNA winds helically up and back dowthe true width of a molecule in a closely packed array can be
an imaginary capped cylinder with radiu§he length of this measured by SFM from the distance between adjacent minima or
cylinderl (including the caps), the number of end Idepsd the  maxima. As shown in FigudB a similar argument can be made
number of nodes were measured on the SFM images. Then thior the determination of the superhelix pitch. Although the
superhelix radius was calculated frorh E, n and the contour dimensions of the tip will lead to a distortion of the true
lengthL of the plasmid according to eqn 4 of réf))( The other  dimensions of the superhelix, the distance between two neighboring
parameters were derived as described in the legend toZlableninima or maxima should be independent of the size of the tip,
where the results of this analysis are summarized. The averagelong as it is small enough to resolve the changes of the
number of noder per molecule (and the value\WWr andATw  superhelix height at all. From the measured distance between
derived from it) was somewhat higher in air @.Z.9 nm) than adjacent minima or maxima we determined a value af4hir)
in water (3.7 1.3 nm), but for the other parameters there werand 42+ 17 nm (rehydrated in water) for the length of one
no statistically significant differences at the 5% level between trgeiperhelical turn (Tabl@).
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Table 2. Average superhelix dimensions of p1868 plagmid

Air Water Air/water
Length of superhelix axis(nm)® 246 + 23 252 £ 22 249 =23
Number of nodesC 47 £1.9 3.7 +£13 42 +1.7
Number of end loopk d 2.0 £0.0 2.0 £0.0 2.0 £0.0
Superhelix radius (nmf 11.6x4.4 13.6£ 4.5 125+ 4.7
Superhelix diameted (nm) 26 +9 30 +9 27 +9
Interstrand distance(nm)y 21 %9 25 =9 23 +9
Superhelix pitct? (nm)" 95 +45 122+ 54 107 £51
Pitch anglex (degree) 52 +8 55 +8 54 +8
ALK] -6 -6 -6
Wrk -3.7£1.6 -3.0£1.1 -34+14
Tw! -2.3+1.6 -3.0+1.1 -26+14

A/alues were determined as described in ref. (37) from the same set of superhelical molecules evaluated in Table 1. The analysis assumes that the DNA wil
helically up and back down an imaginary capped cylinder with rading height, and gives superhelix dimensions that are averaged over the whole molecule.
The column to the right has the average values for both the samples measured in air and in water. An outer diar2etemofor the B-DNA helix was

used in the analysis (27).

bLength of superhelix axisincluding the end loops [Fig. 3 of ref. (37)].

®Number of crossovers or nodesf the superhelix.

dNumber of end loopE of the plasmid molecule.

€The superhelix radiuswas calculated according to egn 4 from (37) by using the valugsarfidE determined from the SFM images and the contour
lengthL. = 635 nm of the plasmid.

fThe outer superhelix diametBrwas calculated fromaccording tdD = 2r +d.

9The separation distane®f the strands in the superhelix was calculated fraiccording t& = 2+ —d (Fig. 4C).

hThe superhelix pitcl? is the length of one superhelical turn. It was calculated franda as described in ref. (37).

iThe pitch angler was calculated according to eqn 5 of ref. (37) ftpE r andLc.

iDetermined from the gel electrophoretic analysis which showed®0&6 of the plasmid sample consisted of topoisomer —6.

kDetermined frorm anda according to the expressitr = —n-sina (49).

'Determined fromALk = Wr + ATw.

Table 3. Dimensions of superhelical regions within the p1868 pladmid

Air Water Air/water
Superhelix radius (nm)y° 3.1+ 0.9 3.7+2.2 34+17
Superhelix diametdd (nm)* 85+1.7 9.8+4.3 9.2+ 3.3
Interstrand distancz(nm)! 3.7+1.7 5.0£4.3 4.4+ 3.3
Superhelix pitctP (hm)® 41 +8 42 +17 42+ 13
Pitch anglex (degreé) 65 + 14 61 =23 63 £ 20

3For the same set of superhelical molecules described in Tables 1 and 2 the superhelical regions within the plasmid were analysed separately.

bThe superhelix radius was calculated from the interstrand distammerding ta = 0.5z+0.5d.

CThe outer superhelix diameter was calculated fibm z + 24d.

dThe separation distane®f the strands in the superhelix was calculated #orD' ax— d' —d (Fig. 4C).D'maxandd’ are given in Table 1.

€The superhelix pitcR was determined from the measured distance between two neighbouring minima or two neighbouring maxima in the superhelix. The
average value of this distance corresponds to the length of half a superhelical turn (Fig. 4B).

fThe pitch anglet was determined from the superhelix pigand the superhelix radius

To determine the outer diametBr of the superhelix the maximal height of the superhelix is 2 times (air) or 1.6 times
dimensions of the scanning tip have to be accounted for. Tlwater) higher than that of the DNA double helix (Table
images shown here were recorded with conventional commercialflyom this observation we conclude that at the position of maximal
available tips with a tip radius 6£0 nm. As shown in Figuda\, height the two DNA strands in the superhelix approach each other
the relatively large size of the tip (as compared with thelosely during the scanning process so that almost no space is left
dimensions of the DNA double helix) leads to an apparent widthetween them (see left side of FG). Accordingly, we infer that
d that is too large for direct measurements of the DNA doublat the point of the superhelix where the height is minimal and the
helix diameted. However, for two strands lying side by side thewidth is maximal the two DNA strands lie side by side and both
separation distanabetween the two strands can be determinestrands contact the surface during the scanning process, as
by subtractingl’ from the measured width which equdlls d+z  depicted on the right side of Figutf€. The path of the SFM tip
(Fig. 4A). Thenz can be calculated with the known diameter ofs also affected somewhat by the neighboring higher regions of
d = 2.4 nm for B-DNA. Along these lines we can estimate théhe superhelix as indicated in the cross-section. However, this
distancez between two strands in the superhelix. The measurathould not change the measured valug' gfik significantly for
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Figure 3. Time course of deposition of relaxed p1868 injected into the liquid cell. Images A-D were recorded sequentially #)abdB),61@ C) and 15 min

(D) after the sample of open circular p1868 had been injected into the liquid cell as described under Materials and Methods, protocol Ill. White arrows show ne
appearing p1868 molecules from one image to the next. Black arrows indicate plasmid molecules that were present throughout the time course and show
rearrangement from one image to the next.

the present dimensions of tip and DNA superhelix. Thus, we cém their shape and position. This indicates that although the

determinez from the measured maximal width of the superhelimolecules are bound to the surface, they still have retained some

D'maxby subtracting the apparent width of the DNA double helixability for two dimensional diffusion.

d' and a value ofl = 2.4 nm for the diameter of B-DNA. This

yields values oz = 3.7+ 1.7 nm (air) and 5.8 4.3 nm (water) pSCUSSION

(Table3). A t-test analysis of the mean values determined, for

r,a, P andD in air and in water showed no significant differencesVe have studied the conformation of a 1868 bp long plasmid in

at the 5% level, and the average values for all molecules are givgn superhelical and in its open circular conformation. SFM

in the right column of Tabl&. For the compact superhelical images were recorded both in air and in aqueous solution and the

regions of the p1868 plasmid a radies3.4+ 1.7 nm, a diameter DNA dimensions were analysed. The values determined here for

D =9.2+ 3.3 nm, a superhelix pitéh= 42+ 13 nm, and a pitch the apparent width and height of the DNA double helix (TBble

anglea = 63+ 20° were determined. fall within the range obtained in other studies for DNA plasmids
In protocol Il a solution of open circular p1868 DNA wasbound to a mica surface via kfg For imaging in air apparent

injected directly into the SFM liquid cell containing a solution ofwidths of 12.3+ 3.3 nm {6), 21.9+ 3.7 nm {L8) and 11.2 1.8 nm

5 mM HEPES—KOH, pH 8.0 buffer with 2 mM MgC(Fig. (39 have been determined, and the height was measured to be

3A-D). This procedure completely avoided drying of the DNA1.32+ 0.34 nm {6), 0.79+ 0.05 nm {8), 0.43+ 0.08 nm 89) and

Inspecting successive images recorded at 63R&)g9 (Fig.3B),  0.54+ 0.12 nm 40). The dimensions of the DNA double helix in

12 (Fig.3C) and 15 min (Fig3D) after injection of the plasmid, aqueous solution were found to betl® nm with a height of

one can notice two important points: first, over time newly boung.5+ 0.5 nm {1).

molecules are visible on the surface, indicated by white arrows.The apparent width of the DNA double helix is largely

Secondly, molecules bound to the surface that are present inddpendent on the size of the tip and this parameter therefore is not

four images (indicated by the black arrows) show some variatisery meaningful in terms of the real DNA dimensions (#49.
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A SFM tip Drying the DNA sample can potentially introduce a conformation

change. It is known that at low relative humidity (60—75%)
natural DNA sequences will undergo a transition from B-DNA
into the A-form. A-DNA is characterized by a different helix
geometry and in particular by a shorter axial rise of 0.28 nm/bp
instead of 0.34 nm/bp in B-DNA, as determined by X-ray
diffraction of DNA fibres {2). One would therefore expect a
shortening of the DNA contour, detectable in the SFM images, if
a transition from B- to A-DNA occurs. Under the conditions
studied here we found a helical rise of 084.01 nm/bp
characteristic for B-form DNA with both dried and rehydrated
open circular plasmids. This is in agreement with the results from
previous studies which reported 084.01 nm {7,20,43). In
addition, it was observed with samples deposited from aqueous
buffers to mica that the characteristic B-DNA spacing of-0(883
nm/bp persisted even in propantl), These results demonstrate
that the binding of the plasmid DNA molecules to the mica
surface can prevent the expected transition to the A-form under
some conditions.

On the other hand, several studies reported lower helical rise
values which would suggest that at least a partial transition to the
iy A-form occurs: a helical rise between 0.28 and 0.33 nm was
observed by Bustamante and co-workers for three different
plasmids {6). Gold-labelled linear DNA molecules measured in
air at a relative humidity <10% showed a helical rise of 0.28 nm/bp
(40), and a value of 0.3& 0.01 nm/bp was determined by
C SFM tip Thundatt al (18). For a set of eight linear DNA fragments from

350 to 5994 bp Rivettit al (10) measured a helical rise of 0.312
+ 0.005 nm/bp. However, the authors attributed this discrepancy

path of SFM tip

apparent width
of DNA helix d'

B SFM ti

path of SFM tip length of half a
superhelix turn (P/2)

———

path of SFM tip apparent width to the value for B-form DNA to the smoothing procedure applied
¢ of superhelix ) in their image analysis program and to limitations in the pixel
Dl Ditpo=d'td+2 resolution. In a recent SFM study, Hanshal (19) estimated

a value of 0.25 nm/bp for short linear DNA fragments (50, 100
and 200 bp), indicative of an A-DNA conformation. They
suggested that the ability of mica-bound DNA strands to undergo
a B- to A-transition will depend on the strength of the binding
interaction between DNA and mica, which is expected to be
Figure 4. Analysis of compact superhelix regions within the plasmid by SFM. higher with large DNA fragment§9,41). Thus, the varying results

(A) Cross section through a DNA double helix (left), two DNA double helices of contour |ength measurements of dried Samp|es in air could

lying side by side (middle) or two DNA double helices separated by a distanc ; ; ;
z The apparent DNA width was measured at the half maximal height (full width‘?eﬂeCt differences in the size of the DNA samples and/or the

at half maximum). Due to the size of the tip, the apparent diameter in the SFMIEPOSItion protocol used for binding the DNA to mica. _
image is much larger than the true DNA diameter which should be 2.4 nm for The average dimensions of the superhelix can be determined
B-DNA. For the width of two DNA strands the separation distametween from the contour length, the measured length of the superHelix
?:d“{‘(]%rsltgﬁfa‘ézr’hbzggée{rﬂigef r?%)thg)wgdetg:‘r“n?ﬁ;ggidol?ys?:r’ﬁeﬁ)cal the number of nodesand the number of end lodpas described
pitch. The distance between two adjacent minima or two adjgcent maximén_ ref. (37). The values obtained h,ere bY SFM (outer superhelix
corresponds to the length of half a superhelical turn which is half the superhelidiameterD = 27+ 9 nm, superhelix radius= 12.5+ 4.7 nm,
pitch P. (C) Cross section through a superhelical region of the plasmid at thesuperhelical pitc? = 107+ 51nm and superhelix pitch angle
2 measurcd bt the points where the neaht s il and this vaiue oan be Lsck -0+ &+ 810 = ~0-034, TablE) can be compared with results
IS measured al H H H
to estimate the dir')stanae between theg two DNA strands that form the 8? electron m|cros_copy studies of superhelical plasrigiS{,44).
superhelix. Boleset al determined values of 9.6 nmP = 99 nm and = 59°
for a 7 kb plasmid spread in TE bufferat —0.033 87). In
another study cryo-electron microscopy was used to analyse
pUC18 (2686 bp) at a somewhat higheaf —0.047, and values
The low height for DNA imaged in air, 0.44.07 nm instead of of superhelix diametdd = 12 nm, P= 55 nm andx = 55° were
2.4 nm expected for B-DNA, could result from two effectsdetermined in TE bufferid).
compression of the molecule by the tip during the scanningAs judged from EM studies and from Brownian dynamics
process and attractive capillary forces mediated by the thin watemulations(775% of the linking number deficthLk = —6 is
layer on the sample surface which result in an apparent reductexpected to be in the writhe componaiand 25% in the change
of the DNA height. Both factors are likely to be different in waterpf twistATw (37,44-46). Here we determined a writhe of =8.7.6
which would explain the observed increase in the measured DN&ir) and —3.& 1.1 (water) corresponding to a change of twist of
height from 0.44: 0.07 to 1.14- 0.16 nm. —2.3+1.6 (air) and -3.8 1.1 (water), respectively (Taldde This
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