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Entropic Trapping of DNA During Gel Electrophoresis:
Effect of Field Intensity and Gel Concentration
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We present an experimental study of single-stranded DNA electrophoresis in polyacrylamide gels.
We demonstrate the existence of an entropic trapping regime, situated between the Ogston and reptation
regimes, in which the mobility scales agM'*”, whereM is the DNA molecular size. The exponent
v > 0 increases for denser gels but decreases for higher fields. Entropic trapping disappears for electric
fields E exceeding a critical size-dependent valtiéM). We also present various estimates of the gel's
mean pore size. Finally, we propose a phase diagram describing the observed DNA migration regimes.
[S0031-9007(97)04044-1]
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The dynamics of polymers in gel-like media is of- Inthis article, we report new ET data for single-stranded
ten described by the Rouse and reptation models [1,2DNA fragments electrophoresed under typical sequencing
The Rouse polymer does not feel strong topological coneonditions. We studyy as a function of field intensity
straints and its diffusion coefficient is predicted to de-(E) and gel concentratiot%7). We show that ET is
crease a® ~ 1/M, whereM is the polymer’'s molecular eliminated by strong fields, and that denser gels favor ET
size. The topological constraints force a long molecule tgrobably because they are more heterogeneous [10]. We
move mostly along its contour, and the reptation modehlso show that one can actually use the transitions between
then predictsD ~ 1/M?. A third migration mechanism the Ogston, ET, and reptation regimes to obtain estimates
was also predicted from computer simulations [3]. Wherof the gel's mean pore size. Finally, we propose a first
the polymer’s radius of gyratioR,(M) is comparable to schematic phase diagram for this system.
the gel's mean pore size the molecule selectively hops  The DNA samples were radioactively labeled 50, 100,
between the largest pores which thus act like “entropior 250 base-pair (BP) ladders (Pharmacia) prepared as de-
traps” where the chain maximizes its conformational enscribed in [9], as well as the products of DNA sequenc-
tropy. We then getD ~ 1/M*"” (with y > 0) [3,4], ing reactions of single-stranded pBluescript SKDNA
although this “entropic-trapping” (ET) regime does not(Stratagene) obtained using the T7 primer and T7 Se-
necessarily lead to a power law. The effects of ET arequencing Kits (Pharmacia). Polyacrylamide (PAA) gels
still ill understood and largely underestimated. were obtained by polymerization of acrylamide (AA) and

DNA gel electrophoresis (GE) is one of the mostN, N'-methylene-bisacrylamide (BA) in (denaturing¥8
important tools of molecular biology. The physics of GE urea and 0.8 trisborate EDTA buffer (TBE) [9]. The
has been studied using various theoretical, numerical, argkl concentratio = (wAA + wBB)/100 mL was var-
experimental approaches [5]. Whety < @, the DNA  ied between 3.25% and 12%, and the crosslinker con-
probably retains a random coil conformation and the getentration wasC = wBA/(wAA + wBA) = 5%. The
then acts as a molecular sieve. In this so-called Ogstob2.0 cm long, 0.36 mm thick gels were prerun at the op-
regime, the electrophoretic mobilityu] data are often erating temperature (4C or 55°C) and field intensityE
analyzed using the relatiop ~ exp(—[R,/al*), which  (in V/cm) for a durationprerun = (154/E) h (e.g., for
derives from an old calculation of Ogston [6]. In the 16.0 h when the field i€ = 9.62 V/cm) [9]. Because of
oppositeR, > @ limit, the Einstein relation betweep ~ the presence of a field gradient in the first few cm of the
and D (valid for low fields) predicts that if the DNA gel, the electrophoretic mobilities were measured using
reptates, one must haye ~ MD ~ 1/M, which agrees our differential method [9]. The voltages were measured
with experimental results over a fair range of sizds with a dc high voltage probe (model HV231; Wavetek).
[5,7]. Recently, however, three groups have reported In order to indentify the regimes, we used the “rep-
data that cannot be explained by these models [7—9]ation plot” of 3uM /g vs M. The DNA free-solution
In each case, the low-field mobility was observed to(T = C = 0) mobility w, was measured using a set
vary like w ~ 1/M'"7, with y > 0; the Einstein relation of small single-stranded DNA oligomers and the stan-
D ~ u/M then strongly suggests the existence of ET.dard Ferguson plot approach [9,11,12]; we obtained
For large molecules, we can thus use the expoess a o = 2.9 X 1074 cn?/Vs at 40°C, and ug = 3.8 X
semiquantitative measure of the “strength” of the entropid0~* cn?/V's at 55°C (results not shown), consistent
effects, withy = 0 giving the reptation limit. with the 2%/°C decrease of the viscosity of water. If
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M, is the molecular size of an unperturbed DNA mole-regimes defined/ gt for these conditions. As expected,
cule for whichR,(M,) = a, the Ogston regime predicts M,gr decreases for larger concentrations. We studied the
w/mo = exp(—[M/M,J?) for M < M,, while the repta- (negative) slope of the ET regime on log-log plots in order
tion model, which should be valid faf > BM, (with  to find the exponeny defined previously. Figure 2 shows
B = 1.4 according to [12]), predictg/uo = M,/3M +  that y increases with gel concentration and vanishes at
f(E), wheref(E) is a field-dependent term due to DNA T = 2%. This suggests that a low concentration gel
orientation [5,9,12]. In the latter case, the reptation plottontains percolating pathways made of large pores, while
should give a straight line with slog&f(E) = 0 and in- a high concentration one contains a distribution of pore
terceptM,; this thus provides a simple way to estimatesizes with some isolated pores large enough to favor
M,. SinceM, is a function ofa, we will use M, as ET where some larger DNAs could hop around without
a measure of the mean pore size This mean pore deforming too much at low electric fields. Note that
size, which is more precisely the mean size of the repbelowT = 2%, PAA gels simply do not form [13].
tation blobs (or primitive segments [2]) during the migra- The effect of the field intensitf was also studied.
tion, corresponds solely to the pores visited by reptating-igure 3 shows some results for= 7.0% gels at 40C.
DNA molecules, which is a subfraction of all gel pores. While ET is observed foE = 25.0 V/cm, no region with
In the Ogston regime, the reptation plot gives a monoa negative slope follows the Ogston regime at higher
tonically increasing curve with a negative curvature. Infields. ForE = 27.8 V/cm, the intercept of the linear
the ET regime, which may exist only between the otheffit gives M ,rp = 56 bases. In some cases, a reptation
two regimes, this plot showsdecreasingunction of M.  regime coexists with ET (e.g., see Fig. 1 fBr= 4.0%
Therefore, all three regimes should be clearly distinct orand T = 7.0%). Therefore, the critical fieldE*(M)
the reptation plot, and the Ogston/ET transition shoulchecessary to force the molecules to reptate appears to
show up as a maximum M =~ M,. In this last casel/, decrease as the molecular siZeincreases, in qualitative
is the size of the largest molecule that can migrate throughgreement with recent computer simulations [14]. The
a percolating (connected) pathway made of pores of sizeésset of Fig. 2 shows the evolution df + y as E is
a = R,(M,). The values ofM, obtained from the rep- increased. ET is predicted to disappear entirely when
tation intercept and from the Ogston/ET transition shouldexceeds about 30 A¢m for these conditions.
differ since they characterize different mechanisms. To Figure 4 shows two reptation plots with a detailed analy-
avoid confusion, we will denote the® ,zrp and M g, sis of the characteristic size®,. At low field inten-
respectively. sity, a value ofM, can be defined using the Ogston/ET
Figure 1 shows a typical low-field reptation plot for transition; here, we geW g1 = 265 bases, as indicated.
three different gel concentrations. A log[mobility] vs At high field intensity, however, one observes reptation
log[M] plot (inset) does not show clear regimes. The(a positive slope). The intercept of the linear fit gives
reptation plot, however, demonstrates that we have thre# ,gp =~ 119 bases, while the Ogston/reptation transition
distinct migration regimes identified by three differentis found atM = 171 bases, thus indicating thgt = 1.44.
symbols. The maximum between the Ogston and ETAIl our data show the same three features: (i) For a given
temperature and gel concentration, the valugfgfr de-
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FIG. 1. A reptation plot for gel concentratiors = 4.0%, R 4 6 8 10
7.0%, and 10.0%. The temperature was°G5and the field gel concentration %T

E =183 V/cm. The inset shows a log-log plot @f/uo vs

M for T = 7.0%. The empty circlesq) correspond to Ogston FIG. 2. Exponentl + y vs gel concentratiorfeT for ex-
sieving, the empty triangle€\) to entropic trapping, and the periments done at 5% with a field E = 18.3 V/cm. Inset:
filled squareg®) to reptation. Exponentl + vy vs fieldE foraT = 7.0% gel at 40°C.
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100k m all our results for the characteristic siz&&, vs gel con-
7.0%T, 40°C m--" centration%7. Four data sets are shown. The empty
80 | /,l-»"' symbols are above the filled ones becaMsger > M grp.
L V.,_,-r"' 27.8V/cm The ET data appear to scale liRé,gr ~ 7%, with z =
56 - B 1.5 = 0.2. The reptation data (filled symbols) are char-
n bi acterized by a larger exponent= 2.0 = 0.3. The in-
» 80F set shows the distribution @,z p values for 39 different
é 60 | A 25.0V/cm 4%T gels. No clear correlation between the field i_ntensity
| A A E and the value o# g p was observed (not shown); there-
S 40} A A A A L~ A fore, the width seen here may be related to the fundamental
~ L difficulty in preparing gels with the same microscopic het-
§ 205 erogeneity (i.e., pore size distribution).
™ r For a DNA molecule migrating in a gel, we can write
60 _ o A A 11.1V M, ~ @*, wherex = 1 for arigid DNA chain, and = 2
I AN 1V/cm for a random coil. Let us assume that~ 77, with
40 L A A y = % for a random network of linear fibers [6], and
1 y = % for a semidilute solution of flexible polymers [1];
200 "0 1000 experimental results actually give = 0.60 = 0.05 for

DNA size M (bases) 5%C PAA gel_s [11,15]. Combining these two scaling
laws, we obtain that our exponent= xy. Our result,
FIG. 3. A reptation plot for three different field intensities. zgr = 1.5 = 0.2, is consistent withx =2 and y = %,
The 7.0% gels were at a temperature of 4D. The linear jndicating that the DNA is flexible on the length scale
fitat E = 27.8 V/cm is y(x) = 0.05Lx + 56. See legend of ot e nore size (required for ET to exist). In fact
Fig. 1 for the description of the symbols. . !
our ET results rule out the = 1 case; in other words,
the persistence lengtlp of single-stranded DNA must
than the one determined by the reptation extrapolatiotve smaller than the average pore size of polyacrylamide
(high fields), i.e.,M,gr > M rp; (ii) the Ogston/repta- gels up to approximatel = (7-10)% (our last two
tion transition is found a4 = BM,rp, Whereg = 1.5 = concentrations), in agreement with the results of Pluen
0.2; (iii) the values ofM g p are essentially field indepen- [16]. The reptation value ofgp = 2 is also consistent
dent (see also Fig. 6). The field dependenc#fgfr can- with x = 2, but implies thaty = 1. The scatter in the
not easily be studied because, as the field increases, tdata, however, does not rule out the possibility that =
maximum in the curve becomes flatter (see Fig. 3) and thegp. Note, also, that the decoupling= xy may not be
error made in estimatind/,gr increases; indeed, one can valid for this problem.
say that the intrinsic uncertainty avl,gt diverges when
E — E* (see Fig. 6). Figure 5 shows an aggregate of
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FIG. 5. Log-log plot of the characteristic molecular sikg

FIG. 4. A reptation plot for two different field intensities vs gel concentrationT. Four sets of data are shown,
showing how the critical molecular sizé, can be determined corresponding to two different temperatures and two values of
in the presence of entropic trapping (lower curve) or reptationM, measured using the Ogston/ET transition or the reptation
(upper curve). The linear fit is = 0.094x + 119. The gel intercept, as indicated. Inset: Distribution of the values of
concentration wag" = 4.0% and the temperature was 55. M,gp for 4.0%rI gels. The most probable value M,rp =

See the legend of Fig. 1 for the description of the symbols. 125, while the average i87,gp = 127 * 4.
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80 finding thatM, gt > M,rp Suggests that entropic effects
4.0%T 40°C — 4.0%T are more important in the low-fieldf < E*) regime. In
A —— 40°C =7-0%T other words, the DNA molecules select larger pores in
& — 55°C | \ the ET regime than in the reptation regime. Therefore,
! gel heterogeneity appears to be of less consequence in
1000 the reptation regime. We also found that the reptation
regime essentially starts when the molecule is composed of
E'(M) about 1.5 reptation blobs. Our study thus establishes the
l
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A % experimental conditions under which the various regimes,
S =i -— including ET, dominate the dynamics. The phase diagram
¥ ET \ AN proposed here is still tentative, but we hope that it will
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catalyze further research on this puzzling polymer system.
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