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Abstract

An original apparatus based on laser-induced fluorescence detection is presented. One lane migration combined to four
equidistant detection points allows the study of the dynamics of DNA bands during electrophoresis. We focus this article on
the study of the mobility of DNA sequencing fragments as a function of temperature; mobility is determined in 4% T, 5% C
and 4.3% T, 5% C cross-linked polyacrylamide gels at an electric field of 45 V/cm [T5(g acrylamide1g N,N9-
methylenebisacrylamide) /100 ml solution; C5g N,N9-methylenebisacrylamide /% T]. Activation energy has been investi-
gated under these experimental conditions with a temperature varying from 25 to 508C. The activation energy for migration
through the cross-linked polyacrylamide gel decreases with fragment length under our experimental conditions and it varies
along the migration.  2000 Elsevier Science B.V. All rights reserved.
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1. Introduction use of fluorescent labels instead of radioactive ones
and the possibility to load the sequencing reactions

The Genome Project, which aims to read the for the four bases in each single lane of migration. In
whole DNA base sequence of human and other the typical sequencing roots, the detection is per-
organisms has led to the investigation of new formed by scanning the end of the gel and the
electrophoretic separation techniques in order to reading of the sequence information is ensured by
improve the experiment’s speed and throughput. In base-calling process improving therefore the
fact, since the development of methods for rapid throughput of DNA sequencing data. In the last
DNA sequence analysis in the mid-1970s [1,2] and decade the DNA separation speeds have been in-
the synthesis of fluorescent oligonucleotides, the creased with the introduction of the capillary gel
feasibility of automation has been obtained [3–7]. electrophoresis (CGE) techniques [8–10]. The high

The principal advantages of these methods are the surface-to-volume ratio of the capillaries facilitates
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band broadening still hinders the DNA electropho- possibility of the same band at different stages of
resis reading lengths. migration. Therefore we have built an apparatus

The principal limitations of DNA sequencing by based on LIF (laser-induced fluorescence detection)
electrophoresis depends on both the saturating with four 111-mm-spaced detection points. The two
mobility of DNA fragments [11] and DNA band glass plates (66 cm323 cm33 mm) are temperature
broadening. If the main factors contributing to this regulated. The focused laser ensures a longitudinal
effect have been identified as well as in slab gels and resolution of 25 mm. A complete description of the
capillary electrophoresis [12], their relative contribu- instrument will be given in a forthcoming article.
tions are still not well understood and the first Before each experiment a pre-run of 2 h is
relevant published results for slab gels [13,14] gave performed at the chosen temperature for the run and
contradictory results. In order to study the different a voltage of 3000 V (45 V/cm) establishing a
contributions to the band broadening we have de- constant electric current. During the pre-run the
veloped an apparatus dedicated to the study of the current falls to about 50% from its initial value. Fig.
evolution of band width during migration. The 1 shows typical electropherograms obtained at each
mechanisms of migration of macromolecules in detector position. In this case, the run was performed
porous media can also be studied dynamically with with an electric field of 45 V/cm and a temperature
this detection system. The aim of this paper is to of 458C. These plots represent the amplitude of the
present some surprising results showing that sample signal of fluorescence emitted by the fluorescein
velocities are not constant during migration. This is labelled fragments versus migration time in the four
observed under all used experimental conditions detectors located at 21.1, 32.2, 43.3 and 54.4 cm
(temperature, gel thickness and concentration). Fur- from the sample injection point. Notice the improve-
thermore in terms of activation energy the tempera- ment of the band resolution with the increasing
ture dependency of mobility shows different be- migration distance clearly seen for instance on the
haviours from those reported previously by Lu et al. first two peaks corresponding to the doublet 147–
[15] in cross-linked polyacrylamide gels in capillary 148. As can be seen from these plots, the peaks
electrophoresis. On the other hand, our results are emerge from a baseline which is due to some
similar to those found in denaturing non-cross-linked composite fluorescence light, like the glass plates
polyacrylamide gels [16]. More recently, activation and the gel contributions ones. Each peak can be
energy has been investigated in ultra-thin-layer aga- observed in the four different positions in the gel,
rose slab gel electrophoresis for the double-stranded retention time and peak width can be easily extracted
(ds) DNA molecules [17] and in composite agarose– if the peaks emerge properly from this baseline.
linear polymer matrices [18]. While activation energy
increases with increasing dsDNA fragments in aga- 2.2. Chemicals
rose gels [17] and in agarose–HEC (hydroxy-
ethylcellulose) or agarose–PEO (polyethylene oxide) A T base terminating M13mp18 is synthesized in
composite matrices [18], it decreases with increasing a thermocycling machine (Progene Tech). The sin-
fragment lengths in agarose–LPA (linear poly- gle-stranded (ss) M13mp181 template (200 mg/ml)
acrylamide) composite matrix [18]. The same group and the fluorescent labelled –40 Primer (3 pmol /ml)
has also studied the activation energy of proteins in are from Pharmacia. The Amersham Life Sciences
composite matrices [19]. kit containing deoxynucleotide triphosphates, dide-

oxynucleotide triphosphatase, Thermosequenase
DNA polymerase is used.

2. Experimental Separations are performed in polyacrylamide slab
gels 4% or 4.3% T, 5% C, close to conventional

2.1. Instrumentation and experiments sequencing gel concentrations [T5(g acrylamide1g
N,N9-methylenebisacrylamide) /100 ml solution; C5

The primary consideration in the development of g N,N9-methylenebisacrylamide /% T]. Acrylamide,
the instrument was the multi-distance-detection 8 M urea, TBE buffer, pH 8.3 (100 mM Tris, 90 mM



Z. Djouadi et al. / J. Chromatogr. A 894 (2000) 231 –239 233

Fig. 1. Example of spectra obtained with a migrating voltage of 45 V/cm and a temperature of 458C at each detection position located at
21.1, 32.2, 43.3 and 54.4 cm from the sample injection point. Horizontal time axes are scaled to show the same fragment region from 147 to
237 bases.

boric acid and 1.0 mM EDTA), N,N,N9,N9-tetra- can easily determine the average migration velocity
methylethylenediame (TEMED) and APS (ammo- between the detection points i and j by the relation:
nium persulfate) were purchased from Gibco BRL.

d
]]kV l 5 (1)ij t 2 tj i

3. Data analysis and discussion where i51, 2 or 3 and j5i11.
The average velocity kV l can also be written as:ij

The first application of our instrument shows
tj1original results on the mobility of given bands at the

]]kV l 5 E V(t)dt (2)ijfour different detection points as well as the tempera- t 2 t tij i

ture dependence studied in terms of activation
where V(t) is assumed to be a polynomial functionenergy. For this study we have chosen only the
and is determined from the three equations obtainedisolated peaks in the range of 53 to 720 bases. After
by Eq. (1). After determining the velocity at eachidentifying each peak, we extract retention time
detector position, one can calculate the electropho-corresponding to the position of its maximum.
retic mobility for each fragment by the relation:

3.1. Determination of the instantaneous velocities V
]m 5 (3)and study of the mobility E

The measured migration times of various frag- Fig. 2 shows the mobility versus the inverse of the
ments at the different detectors are first used to fragment length for the longest fragments (204 to
determine the band velocity. Knowing the distance d 617 bases) where the linearity is ensured (correlation

2between two consecutive detectors (d5111 mm), one coefficient r .0.999). The mobility of shorter frag-
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Fig. 2. Mobility at 54.4 cm of migration versus the inverse of fragment length for an electric field of 45 V/cm. The gel temperature varies
from 25 to 508C. Dashed lines give the linear fits of our raw data (symbols). Linear equations are given for each studied temperature.

ments is well described by the Ogston model (results we deduce that a longer reading is reached at a
not shown) while for the plotted fragment sizes the temperature around 408C and a gel thickness of 200
1/N dependency of the mobility in the reptation mm.
regime of the biased reptation model is well verified. Unexpectedly our different measurements gave
Our data are in good agreement with the biased non-constant velocities during migration. Fig. 4
reptation model which describes the mobility m of shows different velocity profiles observed during
longer fragments by the relationship: experiments with 200 and 270 mm thick gels and a

voltage of 3000 V, the variable parameter being the
1 1 temperature. As can be seen the variations can reach] ]F Gm 5 x 1 (4)N N* 20%. Referring to a previous study which revealed

where x is a constant related to the free solution sample velocity variations in the first and last
mobility of DNA, N is the fragment length given in centimeters of the gel due to a gel edge effect [21],
base number, and N* is a constant providing a we performed pre-runs with inverted polarity, but the
measure of the onset of biased reptation. N* can be variations of the velocity still remained. More recent-
regarded as the limit in length of fragments that can ly [22] the same group explained the velocity
be resolved in a given run since fragments much gradient observed in the edges of the gel, by the
longer than N* will co-migrate with similar mobility. existence of field gradients mostly due to the differ-
Fig. 3 shows N* versus temperature of migration ence in ion transference numbers at the gel–buffer
determined from Eq. (4) and data of Fig. 2. While interface, which should be caused by the high
biased reptation model predicts a quadratic increase viscosity of the urea solution contained in the gel.
of N* with temperature [20], we found that it Here we point out the fact that the velocity differ-
increases dramatically between 35 and 408C, reaches ences observed with our apparatus are along the
a maximum for a temperature around 408C and then whole migration lane in the gel and not only on the
decreases as temperature increases. This behaviour edges. Some preliminary experiments done with
has been obtained for the two gel thicknesses. shorter run times (6 h instead of 12 or 14 h) and with
Moreover N* for 200 mm thick gel is greater than permanent buffer renewal exclude effects of ionic
N* for 270 mm thick gel for all the studied tempera- depletion between the buffer tanks [23]. The differ-
tures. This is due to a better dissipation of the heat ent profiles observed could be caused by ir-
created inside the gel. From these two observations regularities in the polymerisation of the gel which
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Fig. 3. N* versus temperature for the two different gels: 4.3% T, 5% C, 270 mm thickness (triangles) and 4% T, 5% C, 200 mm thickness
(open squares).

are difficult to control and to reveal. We point out Fig. 5 shows an example of the velocity at 54.4
that the experiments were performed with conven- cm for each fragment length determined (i) the
tional gel and sample preparation practice as well as standard way as the mean over the migration dis-
conventional DNA sequencing conditions. The high- tance and (ii) as an estimate of the instantaneous
lighted mobilities variations must also exist in com- velocity around the detection position. The relative
mon sequencing applications. differences between the two curves show that quan-

Fig. 4. Examples of the velocity profiles found under our different experimental conditions. The separations were performed at an electric
field of 45 V/cm. These plots are obtained for the 237 fragment length. For a given run the same velocity behaviour is obtained for each
fragment length. (a) 4% T, 5% C, 200 mm thickness and 508C. (b) 4.3% T, 5% C, 200 mm and 458C. (c) 4% T, 5% C, 200 mm and 358C. (d)
4.3% T, 5% C, 270 mm and 458C. (e) 4.3% T, 5% C, 270 mm and 358C.



236 Z. Djouadi et al. / J. Chromatogr. A 894 (2000) 231 –239

Fig. 5. Comparison between the velocities at 54.4 cm for each fragment length determined the standard way as the mean over the migration
distance (opened triangles up) and as an estimate of the instantaneous velocity around the detection position (full triangles down). The full
circles represent the relative difference between the two determinations. The temperature of migration is 408C, the gel is 4% T, 5% C and
200 mm thick.

titative deductions based on the mean velocity must perature dependency of the mobility may be ex-
be considered with caution. pressed in terms of activation energy E for a DNAa

fragment to pass through a gel pore:
3.2. Activation energy

EQ a
] ]ln m 5 ln 2 (5)S DIn the study of the influence of the temperature on j RT

the migration we have to take into account the
previously discussed mobility variations. The tem- This relation is determined from the Arrhenius

Fig. 6. Logarithm of mobility at 54.4 cm of migration versus the inverse of absolute temperature for some fragments indicated.
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equation [15,16]. Q is the charge on the DNA temperature at the migration distance of 53 cm for
fragment, j is a constant, R is the universal gas some fragments. It can be seen that linearity is found

2constant and T the absolute temperature. E can be (0.76,r ,0.95) suggesting a good agreement witha

regarded as the energy required by the fragment to Eq. (5). This latter behaviour has been obtained at
overcome the obstacles created by the polymer each detection position (curves not shown). We have
separating network. Since the mobility is not con- determined the activation energy for each detection
stant in the gel it is clear from Eq. (5) that it is not position as proposed by Eq. (5) from the slopes of
possible to assign a single value for E along the fitting lines of these curves. Fig. 7 gives thea

migration. In Fig. 6 we report the variation of the activation energy versus fragment length for different
logarithm of mobility versus the inverse of absolute distances of migration. While the magnitude of E isa

Fig. 7. Activation energy against fragment length determined for the four different migration distances. (A) 4.3% T, 5% C, 270 mm thick
gel. (B) 4% T, 5% C, 200 mm thick gel.
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similar to the activation energy reported by Lu et al. 4. Conclusion
[15] in capillaries and cross-linked polyacrylamide
gels the behaviour of our data with fragment length We report the first results obtained with a new
is completely different. Notice that they performed detector built for band enlargement studies of differ-
their separations in 4% T LongRanger gels at an ent ssDNA fragment lengths in cross-linked poly-
electric field of 300 V/cm. acrylamide gels. We observe a non-constancy of the

On the other hand similarly to Fang et al. [16], velocity in the gel, confirming that it is meaningless
who worked with 5% T, 0% C non-cross-linked to treat with mean velocities or mobilities. Conse-
polyacrylamide gels in capillaries at an electric field quently we find unique results about activation
of 150 V/cm, we found a decrease of E with energy: not only does it decrease with increasinga

fragment length. It means that the small fragment fragment length but it depends on the migration
lengths require more energy to pass through the distance, leading us to suggest that E is perhaps aa

obstacles formed by our polymer network and the not so well defined observable.
larger ones have less difficulty to pass. This could be Because of its four detection points our apparatus
due to the difference in conformation of the frag- offers the unique feature to characterise the history
ments, small fragments migrate in a random coil of migration over a whole run. In a forthcoming
structure they require more energy to pass through a article we will exploit this for the study of band
given pore than longer fragments which squeeze broadening during migration.
through it in an elongated configuration.

Finally we present in Fig. 8 the activation energy
at 54.4 cm determined with the standard mean
mobility and with the instantaneous mobility esti- Acknowledgements
mated with our instrument. Although the global
variation is the same, the absolute values are up to The authors would like to thank Annie Glatigny
18% different. As expected from the discussion on for samples preparations, Maurice Cohen-Solal and
velocity, this reflects the caution necessary when Laurent Pinot for electronics developments. Z.D. was
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Fig. 8. Activation energy against fragment length using the velocity (and thus mobility) determined the standard way (squares) and our way
(diamonds).
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