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Near-field-magnetic-tweezer manipulation of single DNA molecules
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We have developed an instrument for micromanipulation of single DNA molecules end labeled with 3-
um-diameter paramagnetic particles. A small, permanent magnet that can be moved as clogea® 1be
particle being manipulated can generate forces in excess of 200 pN, significantly larger than obtained in
other recent “magnetic-tweezer” studies. Our instrument generates these forces in the focal plane of a
microscope objective, allowing straightforward real-time observation of molecule extension with a posi-
tion resolution of approximately 30 nm. We show how our magnetic manipulation system can be com-
bined with manipulation and force measurement using glass micropipettes to allow rapid switching be-
tween measurements in fixed-force and fixed-extension ensembles. We demonstrate the use of our system
to study formation of DNA loops by an enzyme which strongly binds two copies of a specific 6-base-pair
sequence.
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Micromanipulation of single DNA molecules allows pre- to pull DNA in the focal plane has not been developed.
cise study of the proteins which process DNA, in ways In this article we describe a hybrid method for manipula-
which are impossible using traditional methods of solution-tion of single DNA molecules, using a truly transverse
phase biochemistrjl]. It is now possible to directly observe magnetic-tweezer system where the magnet is in solution
and physically characterize fundamental biological processeand thus can be very close to the end-attached particles being
such as the reading of DNA sequeri@, DNA replication  manipulated, allowing large and constant forces to be gener-
[3], and the activity of enzymes which split the DNA double ated if needed. At any time we are able to use glass micropi-
helix into single strand§4]. Development of the techniques pettes to move the particles to essentially fixed positions in
for manipulation of single DNAs is of wide interest to bio- space, and to measure tensions via pipette bending. Our ap-
logical physicists and molecular biologists. proach allows us to do either fixed-position measurements as

In general, these types of experiments are done using fewn GM, or fixed-force MT measurements. In addition, our
micron-diameter particles which are attached to the ends adpproach allows observation of the entire molecule contour
the DNAs being manipulated; methods to control these parin the same focal plane, allowing precise and fast absolute
ticles include optical trappin@OT), glass microfibersGM), measurement of end-to-end extension witl80-nm preci-
magnetic tweezergMT), and atomic-force microscopy sion.
(AFM) [1]. OT allows measurement of piconewton forces Experiments were done in 500¢ volume wells, made by
and nanometer displacements on such partiddgsbut has  gluing a plastic ring on a #1 cover glass. We left the wells
the drawbacks that application of constant, well-calibratecdbpen at the top, allowing micropipettes to be inserted from
forces is technically challenging, and the intense laser spabove(Fig. 1). The well was mounted on an inverted micro-
can photodamage the molecules being studied. GM offescope(Olympus 1X-70; 10X and 40< noncontact objec-
similar force and position resolution, but with the drawbacktives were used to bright-field-image pipettes and particles.
that the fiber must be attached to the molecule being studie@Experiments use up to three glass micropipettes, plus a
AFM cannot measure forces10 pN[1], and also is funda- roughly 200um-diameter permanent magnet particle
mentally a fixed-position approagh]. OT and AFM setups mounted at the end of a tapered glass rod.
also have the disadvantage of being quite expensive. One “bead-catching” micropipette and the magnet particle

Conventional MT using permanent magnets about 1 mnare mounted on motorized three-axis micromanipulators
away from the particles being manipulated allow preciselyMP-285, Sutter Instruments, Novato, GAA “loading” pi-
calibrated constant forces to be applied with 10-pette is mounted in a manual three-axis manipulé@fadrus,
femtonewton resolutioril], but cannot apply large forces; World Precision Instruments, Sarasota,)fFand a fourth
for the 2.8.um-diameter particles widely usg8] the limitis  “force-measuring” micropipette is mounted on the micro-
usually about 20 pN. Also, MT does not allow fixing of par- scope in a fixed position in the sample cell. The bead-
ticle position[1]. In addition, traditional MT pulls the DNA catching pipette has an inside diameter of abouin?; the
perpendicular to the viewin@bjective focug plane, making loading pipette has an inside diameter of abot20 pum.
measurement of DNA extension dependent either on dyThe force-measuring pipette has a tip inside diameter of
namic refocusing or on calibrations based on out-of-focusabout 2um, but is pulled so as to have a very long taper so
bead image$5]. Three nonvertical versions of MT were re- that its bending force constant is about 200 piY. The
ported[6—8] where DNA is pulled at an angle to the focus pipettes are prepared from 1-mm-diameter glass capillaries
plane. Also, MT which generates forces in the focal plang TW100F-6, World Precision Instrumentsising a heater-
has been reportef®], but not demonstrated to be usable for puller (model P-97, Sutter Instrumeits
single DNA experiments. However, truly transverse MT used With this setup we can inject bead+DNA structures into
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FIG. 1. Three glass micropipettes and a submillimeter-size mag-
net are involved in the experimentl) The upper pipette is the

i ) - . FIG. 2. The deflection of a force-measuring pipette holding a
movable catching pipett€-um opening diametgused to catch a

bead pai db inale DN@) The | . is th magnetic bead is shown as a function of distance between the bead
fea pair coqnectg Y f;smg € .@) ne lower p(ljpettehls ¢ € and the front of the magnet. The force-measuring pipette was cali-
orce-measuring pipette-2-um opening sizemounted on the mi- brated using the technique described in H&8] to have a force
croscope stage. It hgs a Iong taper_s_,o as to he_l\_/e a forge C_OnStaHbtnstant of 137 pN&m. The deflection was then converted to the
.NZOO PN/um deflecthn frqm its equilibrium posmo_n. Callprat|on force applied on the magnetic bead. The magnet used in this experi-
IS dgne py the technique in Re[f13] (3) The .Ie.ft pipette is the ment can provide more than 200 pN on the magnetic bead at a
loading pipettg ~20-um opening sizgused to inject the prepared distance about 1&m away,

DNA sample into the open cell made by plastic ring. Once a single- '

DNA pair is found, the catching pipette delivers its nonmagneticerror bars reflect the calibration error. Following this experi-
end to the force measuring pipette. Fluctuations of the magnetic enﬁhent, we calibrated the bending moment of the pipette to be
can be used to calibrate force; alternately, it can be moved by thg37.19 pN/um using the procedure of Refl3]. Figure 2
catching pipette to do a fixed-extension experime#itThe object g1, 0\ws that forces of up to 200 pN can be readily generated.
to the right is the front of the submillimeter-size magnet glued to aThis is comparable to forces generated on micron-size beads
glass pipette. It can be moved to any position in the cell using an electromagnet, but without any severe constraints

our sample cell, and grab them with the catching pipetté®n sample size, imposed by the requirement that magnet
using fluid suction. Then, we can use the pipettes to stretcRoles be close togethgd]. We have found that micropipettes
DNAs strung between a pair of beads, measuring forces ugan be used as force cantilevers to measure forces as small as
ing deflection of the force-measuring pipette, rather like GF5 pN, even in our relatively noisy open-cell setup.
or AFM. Alternately, we can use the small magnet to apply a Single N\-DNA molecules were prepared for use in our
constant force to the paramagnetic particle. This setup doespparatus by covalently attaching short, chemically labeled
not require high-performance optics; all measurements o$ingle-stranded oligomers (3'biotin-cccgccgetgga  and
this paper can be done using a simplexd5-NA noncon-  3’digoxygenin-tccagcggcggdo their ends as done by Smith
tact objective with bright-field illumination. The objective et al. [6]. The resulting molecules carry a biotin at one end
has a working distance of more than 3061, allowing the and a digoxygenin at the other, allowing them to be bound at
small magnetic particle to be moved intor below) the ob- one end to a 2.@m-diameter paramagnetic streptavidin-
jective focal plane; this allows the force applied to a para-covered particl¢M-280, Dynal Biotech, and at the other to
magnetic particle to be directed to the focal plane. Our exa 3-um-diameter nonmagnetic polystyrene béRdlybead-
periments are therefore typically done about 208 above  Amino 3.0-.um microspheres, Polysciences Inc., Warrington,
the glass. PA) coated with antidigoxygenitRoche Diagnostics Corp.,
We first determined that large forces could be generatethdianapolis, IN. After 8 h incubation of DNA and beads in
by our near-field magnetic tweezer, using micropipette dephosphate-buffered salindPBS, 140-mM NaCl,pH 7.4,
flection. We used the loading pipette to inject BioWhittaker, Cambrex Bio Science Walkersville Inc., Walk-
2.8-um-diameter paramagnetic partici@d-280, Dynal Bio-  ersville, MD ), we inject bead-DNA-bead structures into our
tech, Oslo, Norway we then grabbed them with the catch- sample cell using the loading pipette. We grab the nonmag-
ing pipette using suction. One particle was then transferredetic particle of a bead pair on the catching pipette, and
to the force-measuring pipette, where it was again held usingransfer it to the force-measuring pipette.
suction. We then moved the small, permanent magnet to a At this point, the nonmagnetic particle is held by suction
series of positions from 15 to 10Qdm away from the atthe end of the force-measuring pipette, while the paramag-
trapped bead. Using spatial correlation analysis of video imnetic (PM) particle is in solution, tethered by the DN/ig.
ages, we measured pipette shifts for different magnet posB, insej. Thus, one observes thermal fluctuations of the para-
tions (Fig. 2, inset: upper image shows pipette position atmagnetic bead. As the permanent magnet is moved closer to
highest force; lower image shows pipette position at zerghe PM bead, the molecule extends to near its k6rbeon-
force). Each measurement was done using a 20-s time seriefgur length (assuming the force remains well below the
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FIG. 3. Using the transverse fluctuations of the paramagnetic

bead, the force applied to a single DNA can be measuredDNA FIG. 4. Calibration of force-measuring pipette using magnetic
bead pair was caught in PBS and its end-to-end distanceas  tweezer and single DNA. For time<5 s, magnetic force was
studied, as a function of the applied force determined by the trans=3 pN, and deflection of pipette reflects essentially its zero-force
verse fluctuation of the magnetiC bead. Six |engths were rn_easur%sitionl During times between 5 and 18 S, magnet is moved; varia-
at six different forces between 1 and 6 pN. We piot vs v1/f  tions in pipette deflection reflect hydrodynamic noise. For time
here. The slope of the linear fit is —0.14N, corresponding t&  >18 s, magnet is at a position close enough to generate a measur-
=52 nm forT=300 K, via use of the worm-like chain modedee  aple pipette deflection of 0,2m; by simultaneously measuring
the texy. paramagnetic bead fluctuations, we are able to determine that the
force being applied is 33 pN, which allows the pipette bending
~60-pN forces which disrupt the B-DNA structuid4]), moment to be determing@ee the text for details.
and the thermal fluctuations become greatly reduced. In this
regime, fluctuations may be used to measure the force on thee note that it may be useful to apply out-of-focus plane
PM bead and therefore the tension in the attached PNA forces in some experiments; our system is able to pull a
The fluctuations transverse to the force direction are relategaramagnetic particle away from, or even towards, the glass

to the applied force by cover slip, simply by changing the vertical position of the
KeT(2) permanent magnet particle.
=B , (1) The force-measuring pipette may be calibrated following
(%)% the experiment using the procedure of REf3]. We have
where (2) is the average end-to-end extension of the mol-also used the MT to check the calibration. If a single DNA is

held as described above, forces in the 10- to 30-pN range
allow simultaneous measurement of pipette bending and

aramagnetic bead fluctuations. Figure 4 shows how this can

done. The initial position of the magnet was more than
0um away from the free paramagnetic bead, tethered
rough a single.-DNA to the nonmagnetic bead held by the
rce-measuring pipette. The force at this magnet position
as less than 1 pN.

We then moved the magnet to a much closer final posi-
2 < KT ) tion; the dotted line in the middle of Fig. 4 shows the hydro-
—= — -, (2) dynamic noise generated by this motion. Then, deflection of
L 4AT the force-measuring pipette from its initial positidhig. 4,

where A is the DNA persistence length. The slope of theleft solid curve to the final positior(right solid curve was
straight-line fit of Fig. 3 determines the persistence lengtineasured to be 0.20+0.02m. At the final magnet position,
A=53+2 nm, in agreement with other measurements madte length of the DNA was measured to b&)
under similar aqueous buffer conditiof2,6,11. =16.17+0.03um, and the variance of the transverse fluctua-
Figure 3 indicates that the magnetic-tweezer system i§on of the magnetic bead was measured to (b&)%)
capable of resolving forces down to 1 pN. In our current=0.0020+0.000um?. The force was determined to He
setup forces down to 0.5 pN are readily measured: the mair[kgT(2)]/{(6x)?)=33+2 pN. Using the force measurement,
limiting factor is mechanical noise due to our open cell. Wewe therefore conclude that the force-measuring pipette has a
also note that this experiment shows that our tweezer systetvending constant of 165+25 pMNm. Calibration of the
can generate forces in the focal plane. This follows from theorce-measuring pipette gave a result of 140+10 phb/
simultaneous focus of the two bea@sg., see Fig. Bif the  using the method of Ref13]. This double calibration thus
magnetic gradient directiofand thus the force applied to the gives consistent measurements of pipette stiffness.
paramagnetic beadvere out of plane, we would observe the  In our current setup, our ability to measure forces and
beads to be in focus at different vertical positions. Finally,bead/pipette positions is limited primarily by mechanical

ecule. In our setup(z) and((x)?) are simultaneously mea-
sured using straightforward real-tinxez bead tracking. Fig-
ure 3 shows results for a series of such measurements.
have plotted the reciprocal of the square root of the measur
force versus the reduced extension, which falls on a straigm1
line. This is expected given the semiflexible-chain elasticro
response of a single DNA, calculated in an expansion in
inverse powers of forcgl0,1]]
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noise. Currently we cannot reliably measure forces below
about 0.2 pN, nor can we resolve bead displacements below
about 30 nm. Both of these measurement limits are con-
nected with the open-well design of our current setup; we

have roughly 1 crh of open air-water interface through

which our pipettes are inserted. By using a sample cell which !
is closed except for smak=mn? ports through which pi- ¢ AR -
pettes enter, we should be able to reduce mechanical noiseZ 1 "% % o % & 7 '
drastically, and be able to measure0.01-pN forces and % 13 Time (sec)

~10-nm bead displacements, as in conventional NT §

setups. 12 4
To demonstrate how our setup can be useful in the physi-

cal study of DNA-protein interactions, we have carried out 11 7
experiments on the type lIs restrictioftutting) enzyme 1

BspMI (New England Biolabs, Beverly MA which forms a 10 +——— . . — T
complex that binds two copies of the DNA sequence 0 50 100 150 200 250 300
5'-ACCTGC. In thex-DNA molecule this sequence occurs Time (sec)

41 times, and therefore up to 20 loops can be made. In the ] ] ]

presence of G4, BspMI will bind two targets without cut- FIG. 5. Time series for opening loops along.@&NA, formed

ting DNA [15,16. In order to study the two-site binding of Y the type lis restriction(cutting enzyme BspMI, at a force
this protein, we first determined that a DNA in PBS with tNAIfSt PN. We tusetd tht_at_catchlng plpeftte tothmove the matg_;ntla)tlc gar-
100 uM of added CaGlhad the baseline force response of icle to a constant position Am away from the nonmagnetic bead,
Fig. 3. This tells us that we have one DNA, and verifies that‘gllov\."njJ tlhe 16um mo'gcu!ehtooencogmer 't?te” n abso.lu“?n of
the C&" ion does not by itself cause any DNA compaction. units/ml BSpMI in PBS with 10Qsm CaG. After incubation for

ith th . lied a f £ 10 min, we released the magnetic bead, thus placing the molecule
Next, with the magnetic tweezer we applied a force o pl\Iunder tension of 4.5 pN applied by the magnet. A series of jumps in

to extend th_e m0|eCL_“e' We then ad_ded BspMI to our Sar_an%NA extension was observed, as the loops were opened. The larg-
we]l, to achieve a final concen_tratlon of. 6 BspMI_ activity et jump was~500 nm(note that between times of 215 and 225 s
units/ml BspMI (note that 1 unit BspMI is approximately there are three jumps, the largest one about 500 tipper inset

20 ng of protein, estimated by the supplier, New Englandshows the first 70 s to show small jumps-e150,~50, and 30 nm.
Biolabs Inc). Over a period of 20 min we did not observe A series of experiments of this type allowed us to determine a
any change in DNA extension, while maintaining a constantritical force of 1.75+0.25 pN for opening the BspMI loops.

force of 2 pN. At 1 pN we also observed no effect. At these

forces, th.ere is no possibili_ty for _DNA loops to form, since slightly larger length,~10 um (it took several seconds to
the DNA is fully extendedFig. 3, insef. start the measurement after the bead was relgadédhe
Next, we used the catching pipette to move the magnetifoops on the DNA were opened in 300 s. Note that frém
particle to a fixed position about 8m away from the non- =215 5 toT=225 s there are actually three jumps; the largest
magnetic bead, in order to allow the }8n molecule 10  gne is about 500 nm. The upper inset zooms in on the first
encounter itself. After incubation for 10 min, we released thezg 5 tg show smalll jumps, from which-a150-nm jump, a
mag_netic bead, thus placing the molecule under the 1-pN_50-nm jump, and a jump of about 30 nm can be identified.
tension applied by the magnet nearby. The length of theifteen distinct jumps of size=30 nm were observed in this
DNA was shortened after the incubation, due to the presencgyperiment.
of the BspMI enzyme. We then increased force t(_)_determine This experiment indicates that the looping of DNA by
at what force the DNA loops would open. The critical force gsp\v| can be controlled using force, and that the critical
was determined to be 1.75+0.25 pN, above which the DNAoce needed to open the loops under our solution conditions
“lost length” can be completely recovered. The DNA gets itsis 1 75+0.25 pN. Our experiment is a direct observation of
length back by distinct jumps, from opening of loops formedpNA |ooping by a type Iis restriction enzyme, and also a
by the BspMI enzyme. To be sure the lost length of the DNAyeasurement of the strength of a DNA-protein-DNA syn-
is due to the effect of the BspMI enzyme, we repeated thehse. This experiment demonstrates how our combined mi-
above procedure in the same buffer but without BspMI. Thegropipette and near-field-magnetic tweezer can be a powerful

DNA always jumped back to its original length immediately 50| for analysis of DNA-protein interactions.
when the magnetic bead was released.

Figure 5 shows such a loop-opening experiment done at This work was supported by NSF Grant DMR-0203963
~4.5 pN. The length of the DNA was aboutn when the and by the Johnson and Johnson Focused Giving Grant
bead was released. When the measurement started it hadPeogram.
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