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Simultaneous measurements of mobility, dispersion, and orientation of DNA during steady-field
gel electrophoresis coupling a fluorescence recovery after photobleaching apparatus
with a fluorescence detected linear dichroism setup

B. Tinland, L. Meistermann, and G. Weill
Institut Charles Sadron, CNRS, 6 rue Boussingault, 67083 Strasbourg, France
(Received 5 January 2000

Orientation of molecules is responsible for the loss of separability during steady-field gel electrophoresis. In
this work we develop a technique to measure simultaneously the relevant parameters involved in the separation
mechanism: electrophoretic mobility, band broadening, and molecular orientation. To do that we have associ-
ated a fluorescence recovery after photobleackiFiRAP) apparatus with a fluorescence detected linear di-
chroism setup. This coupling allows one to follow the buildup of orientation during the FRAP experiment.
Because orientation involves a change in the angular distribution of fluorescence, we have added a fluorescence
polarization setup which can be used in parallel with the FRAP and gives an exact value of the steady-state
orientation factor. We illustrate the possibilities of these combined experiments by analyzing the coupling of
electrophoretic transport and orientationNoDNA in 1% agarose gels.

PACS numbes): 87.15-v, 82.45+z, 83.10.Nn, 83.20.Fk

[. INTRODUCTION value for the orientational factor of the molecules with a
fluorescent polarization technique. We illustrate the interest
Gel electrophoresis is the standard method for both thef simultaneous measurements of orientation and transport
separation of very long double-stranded DNA and the seboth in the transitory regime following the application of the
quencing of short single-stranded DNA fragments. Dependfield and in steady-state conditions. More extensive data on
ing on the size of the fragment with respect to the pore Sizegifferent DNAS and different agarose g8|s will be discussed
Ogston sievind1] or reptation[2] control the separation. In N & forthcoming paper.
the reptation regime, the mobility is predicted to be inversely

proportional to the DNA contour lengtf8]. The observed Il. MATERIALS
field dependence of the mobility at higher fields was origi- ] ) ) .
nally interpreted by Lumpkin, Gardin, and Zimm{4] using All experiments were carried out in 0.0M Tris-borate-

a biased reptation modéBRM), an effect resulting from the EDTA (ethylene diamine tetra-acetic ariduffer atpH 8.3
orientation of the molecule. This model was refined by Slateft 22 °C. Agarose is an electrophoresis grade proda,
and Nooland{5]; fluctuations of the terminal section of the COSt& Mesa, CA, lot no. 59898The gels are prepared by

molecule were introduced by Duke, Viovy, and SemenoVdissolution in boiling buffer for a few minutes; evaporated
' ' water is replaced to adjust the concentration to the initial

e e e e e M Valu and he resling Slock solon s Slore ot 50-C for
. ' . . equilibration for 1 h. We used commercial phage DNA
tation of the molecules elurlng'electIrOphoress. Hulghas 48500 bp from Biolabs. This solution is diluted and mixed
_meesured_ the steady_—fleld orientation by fluores_cence Polaiih a solution of YOYO fluorophorél dye molecule for
ization anisotropy of intercalated ethidium bromide. !—|e_ob-100 bp and then mixed with the agarose stock solution to
served that.the BRM theory d(_)es n(_)t account quar]tm"t've')()btain a DNA concentration much lower than the overlap
for both 0r|entat!0n end m.Ob'I'ty simultaneously but €an concentration in solution to ensure that the molecules are
separately descrlbe'elther flelld dependence. Holzwarth al oving independently of one another.
co-workers[8,9] studied the orientation by fluorescence de-
tected dichroism of intercalated ethidium bromide and have
compared the orientation and the velocity of the chain. Jon- . METHODS
sson and Aerman[10] have directly recorded the dichroism
in the base pair uv absorption band. Mayer, Sturm, and Weill
[11,12 performed a quantitative analysis of the decay of the Measurements were carried out by a fringe pattern fluo-
steady-state birefringence at the end of an electric pulse. The@scence bleaching technique similar to the one described by
mobility of DNA chains during electrophoresis is clearly re- Davoust, Devaux, and Legdd3]. The light beam of an
lated to the orientation of these chains. In order to study thetalon-stabilized monomode argon laser=488 nm) was
coupling between transport and orientation of the chains, weplit and the two beams were crossed in the electrophoretic
present an experimental setup that allows us to measure egll, providing illumination in an interference fringe pattern.
the same time the mobility, the band broadening, and thdhe fringe spacing=2=/q, set by the crossing angle,
orientation of the DNA molecules migrating through a gel.ranges from 3 to 6Qum, defining the migration distance,
From a calculation of the polarized components of fluoreswhere the scattering vectoris equal to (47/\)sing¢/2. All
cence, we will show that it is possible to get a quantitativethe measurements were done in the Guinier regiog (

A. Mobility and dispersion measurements
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components of fluorescence.

FIG. 1. Typical damped sinusoidal signal from FRAP experi- ] ) ) o
ment(0J) fitted (continuous ling with expressior(2). Results concerning dispersion coefficients have been re-
ported elsewhergl5s,16.

<1) ensuring that the size of the molecules is much lower_ 1he time 7, is the time to cross the interfringe widih
than the fringe spacing. Fluorescence bleaching of the lal"€ corresponding mobility is calculated according to

beled polymers in the illuminated fringes was obtained by
producirg a 1 sfull intensity bleach pulse, thus creating a

fringe pattern of concentration of fluorescent molecules iden-
tical to the laser interference fringe pattern. The amplitude of
the fringe pattern of concentration of fluorescent molecules B. Principle of the orientation measurements

was detected by modulation of the illuminating fringe posi-
y g mnge p The laboratory and molecular frames of reference needed

tion at 1 kHz using a piezoelectrically driven mirror and lculati £ the li dichroi h in fl
lock-in detection of the emerging fluorescence collected a{or calculation of the linear dichroism or change in fluores-

the photomultiplier by an optical fiber. The experimental Sig_c_ence_ pcIJ:IariZZatIign dge t% thti DNAluT)iai(ial oritehntatLon are
nal decays because of the band broadening, which is med!ven In Fig. 2. benoting ¥ the angle between the absorp-

sured through the diffusion coefficient with electric field andt'okn mgment a) .and Oz“(the ldlr(?,ct;]on of Ithe eblectgc f'efld
spatial drift of the sample pattern. taken by convention as “vertica), the molar absorbancies

Without electric field, in a polymer solution or gel, the Or llght propagating alon@x and polarized alon@z (e)
diffusion of the macromolecules will lead to a monoexpo-Or Oy (e,) are

[
h=E 4

r)ential decay of the flyorescer_]t _contrqst vyith a characteristic €= eo(COZ 6), (5)
time 7. The self-diffusion coefficienDg is given by
1 €, =3 eo(Sir? 6). (6)
sT _2- (1) . . .
7q The linear dichroism
When the fringes are perpendicular to the field direction, the D ST _ 3(cos 6)—1 @
fluorescent concentration fringe pattern will move under the L e t2e, 2
field, giving oscillations, and will vanish due to the band
broadening. The resulting fluorescence recovery after phazan be split into
tobleaching(FRAP) signal is a damped sinusoidee Fig. 1
and can be fitted with the expression 3(cos f;)—1 3(cosy)—1
D, = X (8)
2 2
t—1p) t—1, o : .
y=Aexp — ~—|sin 2 - +B. (20 when working in the absorption band of an intercalated dye
1 2

with in-plane absorptioy = 7/2, and the relevant orientation

) ) ) factor for the calculation of a DNA segment orientation is
The time 7, which comes from the exponential decay,

corresponds under certain conditionsgdpatial drift of the 3(cog 65)—1
sample pattern negligible compared to diffus[dd]) to the f=—————=-2D.. 9
diffusion coefficientD measured in the presence of an elec-

tric field. We therefore use the name “dispersion Coefﬁ'However,f does not give the mean orientation of the tube

cient.” This coefficient is given by containing the DNA. It can again be split into
1 3(cog 6;)—1
D=—3. ) f= = F(al), (10)
1
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where 6, measure the orientation of the end-to-end vector of y[ Toain
one subchain of lengthin a pore of sizea andF(a/l) is the |—‘:‘“H”
Kuhn and Gru factor[17], which measures the mean orien- Photomuitiplier / §
tation factor of a segment with respect to the end-to-end 3
vectord in a Gaussian chain of length ————
. F --Computer — Gated Ampllﬂedl
Fal)—1— —2/) 11 a
(a )_ Eil(a/l) ( )

Glass Fiber

where £ 1 is the inverse Langevin function. Increase fof
with the electric field therefore results from both the align-
ment of the tube containing the DN#stretching and the

decrease of or increase of the tube lengtbverstretching 1
When using a fluorescent intercalated dye, as needed fo IR || D_B_
FRAP,f can be measured from the incident polarization de- g,qemoretic cen ?Polmlers
pendence of the total emission provided the optical density
of the medium is much less than[fluorescence detected FIG. 3. Schematic diagram of the FRAP/FDLD apparatus.

linear dichroism(FDLD)]. Collecting the fluorescence in a

restricted solid angle does not lead to an exact valué of gjectric field pulse is nonmonotonic with an overshoot and an

since the orientation modifies the angular distribution of the,,qershoot. as already observed by several other groups
fluorescence emission. It permits one, however, to follow thef11 18,19 ’

buildup or decay of orientation after switching on or off the
electric field. It has the advantage that it can be carried out
during mobility and dispersion measurements, as shown in
the next section. For an exact determination of the steady-
state value off, one can use polarization of fluorescence 1. Calculation of the polarized components of fluorescence
measurements prior to the FRAP as described in Sec. IlI D. .

The advantage of using LD or polarization of fluorescence W& reduce our calculation to the components needed for

compared to birefringence is that the DNA concentrationthe direction of emission in the plane perpendicular to the

D. Quantitative measurement of the orientation factor
from fluorescence polarization

does not enter into the calculation of electric field taken as vertical. We follow the calculation per-
formed by Weill and Sturmi20]. The positions of the dipole
C. The FRAP/FDLD setup transition moments with respect to the DNA local awisind

] N ) of w with respect to the laboratory frame are specified as in
In order to measure simultaneously the mobility, disper-gig 2 The four components of fluorescence resulting from

sion, and orientation of the DNA during electrophoresis we o ic4| (V) and horizontalH) polarizations of the incident

tha\;e dals'souaégdhwfth the fRA?happar?tufst? quoreslpenpet eam are defined a,, Vg, Hy, andH, where the sub-
ected linear dichroism Setup. The goai ot Ihis coupiing 1S 0script denotes the state of polarization of the incident beam

measurq, D, andf on the same samples in exactly the SaM%nd the primary letter the selected polarization of the fluo-

experimental conditions. Furthermore, this coupling is less . L
time consuming because it combines two experimental tect{—escent_beam' From s_ym_metry resul_tl_ng from the uniaxial
niques. During a FDLD measurement, the difference in ﬂuo_onentatpn in the electric field pne .ver|f|es tm ! VH ’ and
rescence intensity of the DNA—fluorescent-probe complex i¢lv @ré independent of the direction of emission in tye
observed when switching the incident light polarization be-Plane. This is not the case fét,;. The final expressions for
tween parallel(O2) and perpendiculafOy) directions. Ne- x=7/2 (intercalated dyeare

glecting the change in the anisotropy of emission, this differ-
ence is proportional th. The experimental setup is depicted
in Fig. 3. The FRAP initial setup has not been modified; the €
added components are represented by dotted lines. A quartes
wave plate and a photoelastic modulator modulate the polar-f 5000
ization of light between two orthogonal directions at a fre- =
quency of 50 kHz. The fluorescence of the sample is
collected by an optical fiber connected to a photomultiplier.
The photomultiplier signal is analyzed by a first lock-in am-
plifier for detection of the ac component in phase with the
polarization modulatior(50 kHz. The FRAP signal is de-

6000
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orescence detected at 1kH

(SHun ‘qie) ZXQG JB Poloslep 8ousssaIon|4

tected at the frequency of 1 kHz by a second lock-in ampli- £ _10000 E = 20 Viem | 1200
fier. The signals from both lock-in detections are acquired & T T ey e
with a microcomputer. A typical experimental signal is Time (€)

shown in Fig. 4. By fitting the FRAP sign#ébottom of Fig.
4) with Eq. (2) we have a measure of the dispersion coeffi- FIG. 4. Simultaneous measurement of the FRAP and FDLD
cient and of the mobility of the molecules. The FDLD signals ofx DNA in 1% agarose =20 VV/cm). Application of the
buildup (top of Fig. 4 of the DNA subjected to a single electric field corresponds to time zero.
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FIG. 5. Schematic diagram of the fluorescence polarization

setup.

Vyeeg(sin® ) (1+2 cog ¢)sir? x' + 3 ({sir? 6s)

—(sin’ 6))cos x', (12

V[ 5(Sir? 6g) — #(sin® 65)(1+2 cog ¢)]sir? x'

+[1—3(sir? 65) + 1 (sin’ 65)]cos x', (13

Huvo=Hvy = [3(sin? 65) — #5(sir" 6)
X (142 cog ¢)]sir? x' + 3 (sin* )co ',
(14
Hioo<[2(1—(Sir? 6))+ (1+2 cog ¢)(— 3 + 5(sir? 65)
+ o (sin® 05)) Isir? x' + (3(sir? 65)

— 15(sin* 65))cog ', (15)

Hpiy %[ (142 cog i) (5 — 5(SIn? Os) + g5 (sin® 65))Isir? x’
+ (3(sir? 65) — &(sin’ 65))co x'. (16)

Two main results arise from relatiori$2)—(16).
(i) SinceHy in a direction making an anglé with Oxin
the xy plane is

Hi(B) =Hyx €S’ B+Hyyy sir? B, (17

the difference betweem,, and Hy,y demonstrates the

FIG. 6. Field dependence of mobility (O) and orientational
factorf (@) for A DNA in 1% agarose gel.

2. The fluorescence polarization setup

The experimental setup is depicted in Fig. 5. The addi-
tional elements are mounted on the same optical bench and
use the same laser beam, with a vertical polarization, as for
FRAP. By placing the photoelastic modulator, operating at
50 kHz, with its axis at 45°, the polarization of the incident
beam oscillates between the vertical and horizontal direc-
tions. A first polarizer selecting the vertical polarization is
placed before the cell, which therefore receives vertically
polarized light, modulated at 100 kHz. A second polarizer,
placed after the cell at the entrance of the collecting fiber,
selects either the verticaM(,) or horizontal H,) compo-
nent of the fluorescence. The signal is demodulated by
lock-in detection at 100 kHz and acquired with a computer.

IV. RESULTS AND DISCUSSION

Typical results fol DNA in 1% agarose gel are depicted
in Figs. 4 and 6. Figure 4 demonstrates the simultaneous
recording of FRAP and FDLD. Of special relevance is the
buildup of the FDLD signal with an overshoot &gf, and an
undershoot at,, as already reported by several groups. The
field dependences df,, and oft, are given in Table I, to-
gether with the velocity calculated from the fit of the FRAP
signal to Eq.(2).

Figure 6 shows the field dependencewof v/E obtained
from FRAP and off as obtained from fluorescence polariza-

change in the angular distribution of fluorescence mentioned TABLE I. Characterization of the cyclic behavit,=50 nm;

above.
(i) From Egs.(12) and (14) it is seen thaty’, ¢, and
(sir* 6) are eliminated from the suvy+2H,,, and that

Vy+ 2Hy 3(Sir? 65)(cog x' +sir? x')=3(sir? 6,).
(18)

In the absence of an applied electric field, the orientation of 9:6

the molecules is isotropic and th(sir? 03(E=0)>=% and (Vy
+2Hy)E=0) is proportional tos. Thereforef can easily be
calculated from

(Vv+2Hy) g

VI ETVIE) s —1-
(Vut 2Hy) o) S(sin? 6g)=1—f.

(19

L,=1080nm; L.=165um; ue=3.2x10"°m’V7is™ a

=490 nm).

L oy bW g

E (V/lcm) to,(s) t,(s) v (ums?hH Lo 2Lc to o
6.8 1.1 2.2 54 0.72 066 20 0.25
0.89 1.49 8.3 0.75 083 1.7 0.27
15 0.43 0.81 154 0.76 063 1.9 0.32
20 0.32 0.62 21.8 0.82 062 19 034
25.5 0.25 0.46 30.4 0.85 062 1.8 0.37
40 0.13 0.27 52.5 0.86 050 21 041
60 0.11 0.19 80.6 093 064 1.7 0.42
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Z o000 6000 2 wher_eLp is Fhe DNA persistence length aqxdo the free

S g solution mobility of DNA[27]. The corresponding values are
: 1000 § given in Table I. A clear result is thgt) becomes compa-
N 5000 ° rable toL at fields of the order of 40 V/cm.

i : to, varies withE ~12-%1 as already noteflL2] andt,, /t,

2 0 2000 g =1.9 in fair agreement with the value reported bjet:

g & man. t,, can be compared to either the time needed to form
§ o 2 the U conformation with arms of similar lengths, which is
g 8000 - the most stable,; =L,/ ugE, or to the time where the U and
2 2000 © J conformations disengage from the obstacle, {€)—t3

§ 10000 |4 , , . , 2 =(T)—L{/vo=t,—L{/ugE. One has thereforet,/t,,

0 50 100 150 200 = ol p or 1/1— ulug. Sincewl ug tends to a value-0.5 at

X (um) high fields, both expressions givg/t,,=2 in fair agreement

i ) with the experiments.
FIG. 7. Figure 4 redrawn as a function of the length covered by

the molecules.

B. Information from the parallel measurements of u
tion measurements. The most noticeable feature is the fact from FRAP and f from fluorescence polarization
that u tends to a limiting value at moderate fiel¢is50

Viem) while  continues to increase. The field dependence @f andf in the steady-state regime

substantiates the preceding considerations and permits one to
"Yptain more detailed information from the existence of a

description of DNA electrophoretic transport, called geome-"mi,[ing value of u above 50 V/cm and the continuing rise of

tration, first proposed from computer simulatidi,22 and f above 50 V/cm
directly observed by fluorescence microsc¢@®,24]. Each The limiting value of u/uy=0.45 is very close to the
molecule is shown to oscillate during its motion between

. \ rediction of [25] (u/ue=2%), based on the three-phase
compact and elongated co_mformatlons. At fields where th‘%odel, where the tube length is taken as constant on average
tube, or set of pores containing one DNA molecule, can b%

. X . . .. _and the arms extend in the field with a mobility,, the
fg;‘;']‘l‘;rzd” rﬁti‘;”g:'{/ ;ﬂg”?ﬁe"gzntchgrgg'eds :Rgstgzen;oé)&lgx%esuItant mobilityu being linked with the different motions
tatively decomposed by Popeli al. [25] into the three f the center of mass during the three phases associated with

followi h : “in the first phas@urationt, ), th | U, J, and | conformations. Overstretching does not enter into
0 0|W|_ng P asdes. in i N ']ES P f.‘ uration tl  the mg't Ithe model since the friction factor in electrophoresis is pro-
ecule In a random coll conformation encounters an obs a('frPortional to the DNA contour length and not to the tube

a_md getshhogked.. The ftwr(]) arll”ns sftarft. tlc(; rr;ovg. at the sal Sngth, the hydrodynamic interactions being screened by the
time in the direction of the electric field, leading to a U i s the counterion2g].

conformation of total tube length,. In the second phase It does, however, enter the value bfhrough the factor
(durationt,) the chain starts to slide around the obstacle, thea/l _ Lt/L; which ch:';mges from2, /a for no overstretching

It(r)]_ngerr?rm (zljrag?_ th? shtﬁrterhar_me_l J CIO nfor??tlon.tw th% to a/l =1 for full overstretching to the contour length. What
ird phase(durationts) the chain is released from the ob- we measured, however, is the time-weighted average over

s_tacle. The ten_smn d|sappe§rs a_nq the .extend(_ed I cqnformﬁ{e oriented overstretched conformations and the unoriented
tion moves while partly relaxing till it rapidly col_lldes with a coil conformation. What is observed is a valuefof0.20 at
new obstacle, contracts back to a random coil, and starts €0 V/em whereu reaches a limiting high field valugull

new cycle.” orientation of the tubg and f~0.28 at 100 V/cm. From
relation (11) these values give F(2L,/a)=0.04,
A. Information from the simultaneous recording of u, to,, (L¢/Lo)s0viem=0.54, and L/L.)100viem=0.-63. The fact

and t, that values off larger than 0.04 are measured at fietel$0
V/cm reveals that overstretching dominates the valud of
EI\ong before full tube orientation. This has already been de-
duced from an analysis of the decay of birefringeficke 12.
Ihe decay of FDLD in Fig. 4 clearly presents a fast initial
decrease corresponding to the relaxation of the overstretch-
gr?g and a slow one corresponding to the reptation of the
; .2 "~ relaxed chain outside the oriented tube. Considering the sig-
Irgrlwegiﬁg'(f%.e élr_|>g |Sn g?lﬂfb;hfenng; coanr:geirhe: ItDONEXV(;c::’]T:LIJ?g nal to noise ratio, it is clear that continuing this analysis of
' to = the decay of the FDLD signal would require an averaging
lengthL.. L. can be calculated from the DNA mobility at oyer a large number of pulses. It would also give the time
vanishingly low fieldsug_,o, which provides the numbéd  constant of the long exponential, which is the reptation time.
of “blobs” or pores occupied by a nonoverstretched DNA This has been measured by birefringef2@]. For\ DNA in

Akerman[26] has proposed that the cyclic process can b
characterized by its average perig@l) and average step
length (L) and has shown thafT)~t,. (L) can therefore
be measured directly on Fig. 7 where the time scale of Fig.
has been transformed to a length scale using the avera
value(v) taken from the fit of the FRAP signal according to

molecule: 1% agarose,~6 s, which seems slightly longer than would
1 be deduced from the signal of Fig. 4. One should recall,
HE=0 2 however, that this time, as well as the valuesupfis very
=—, Na‘*=2L,L L; =N 2 o L . .
mo 3N’ & pler L= N 20 sensitive to the distribution of pore sizes, which seems to
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depend on the preparation conditions of the (g&inperature
of dissolution, cooling rate, efc.That is another reason to
perform simultaneous measurements.

and studying the coupling of transport and flow of polymers
near a wall[31]. For the purpose of this paper we have
illustrated some of the capabilities of this tool by performing
a computerized acquisition of several characteristics of the
cyclic mechanism of DNA electrophoretic transport: the av-
erage mobility and cycle time,, the overshoot time,,
Developing simultaneous measurements of the orientationorresponding to the first phase of the arm extension around
and transport parametefmobility, diffusion) on a FRAP an obstacle, and the average orientation of a segment over
setup equipped with fluorescence detected linear dichroismone cycle, which combined with an analysis of the FDLD
and polarization of fluorescence results in a very promisinglecay can allow separation of the tube orientation and of
tool which will also be useful in various applications such asoverstretching of the tube length. The application of the
understanding DNA electrophoresis in solutions of hydro-method to DNA of varying lengths in agarose gels of varying

V. CONCLUSION

philic polymers much below the overlap concentrati@0]

concentrations will be the subject of a forthcoming paper.
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