Figure 2.2 Average mobility versus the inverse of fragment length for different

polymers.
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Table 2.2 Least squares slope (S) and intercept (I) from a - mobility versus N-1,
where N is the fragment length in bases. The least-squarec . performed for
fragments longer than 200 bases. N* is found by dividing the siupe by the intercept, and
gives a measure of the fragment size for which biased reptation with orientation becomes
significant.

%C S x103 1x109 s-1 og(nm) N* r

0O 811+£003 125001 123 16.5 650 0.9998
0.5 S57r-¢04 178002 173 20.7 320 0.999%4

2.5 3.1 002 097+0.01 190 17.5 540 0.9997

50 497400: 1'3%0)1 201 192 400 0.9997
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other is a linear polymer). The intercepts from Table 2.2 are related to the radius of the
pore of polyacrylamide (Appendix A). The calculated value of the pore's size (ats) for
6%T 5%C is in agreement with a previously published result of 26 nm*’, but the published
values of 110 nm for 2.5%C, and 103 nm for 0.5%C do not agree with our calculation.
These huge differences are probably due to gel preparation. Holmes3? prepared her gels at
a higher concentration of TEMED and ammonium persulfate without adding urea. The
pore’s size differences could also be due to the fact that Holmes used Ferguson plots to

calculate the pore’s size and we used the reptation models.

A Gaussian function was fitted to the peaks obtained for bases 85, 117, 184, 217,
258, 309, 350 and 396 according to equation 1.9. The number of theoretical plates, Ny,
was estimated using equation 1.10. The plate count, Figure 2.3, varied slightly with the
fragment leng*h; che shortest fragments produced roughly a factor ..f two higher plate
counts compared to the longest fragments. Plate counts were lower for lower %C
polyacryalmides; however, the correlation between plate counts and cross-linker

concentrations is poor, r=0.62.

In zone electrophoresis, the number of theoretical plates is given by equation 2.3.
Both diffusion coefficient and mobility depend on the product of fragment size and
viscosity; the ratio should be independent of those two parameters 3!. Variation in plate
counts with the fragment length probably is associated with the change in shape of the
fragments, as they undergo transition from a random coil conformation for the small

fragments, to a linear configuration for the longer fragments.

E
NP:z—g‘ (2.3)



Figure 2.3 Average number of theoretical plates versus fragment length for different

plates
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While plate counts vary slowly with fragment lengths, the spacing between adjacent

peaks decreases for longer fragments. This phencmenon is a result of biased reptaiion with
orientation, and leads to a degradation in the resolution with the fragment length. Figure
2.4 presents the vesolution of adjacent fragments. We found the resolution of the adjacent
peaks to be inversely proportional to the fragment length. Table 2.3. In this case, the
resolution asymptotically approa;chcs zero for long fragments as peak spacing goes to zero

for long fragments. Resolution may be written as:
B

R=- 24
N (2.4)

where B is a proportionality constant. The proportionality constant increases with cross-
linker concentrations; there is a more rapid decrease in resolution with the fragment length
for high %C gels compared with low %C gels. This result reflects the earlier onset of

biased reptation for higher %C gels.

Resolution drops below 1 for fragments longer than ~250 bases for low %C gels.
As a result, it would be difficult to obtain sequence informaticon for longer fragments. This
observation is consistent with the data of both Mathies and Pentoney, who were unable to

obtain sequence information for fragments longer than ~300 bases in 0%C gels 1012,

We were unable to reproduce the long column life reported by Guttman for linear
polyacrylamide. After two or three injections, our capillaries inevitably failed, producing
very low resolution separations. This observation is not surprising. Early reports on
capillary gel electrophoresis separations of oligonucleotide standards stated that at least a
hundred separations could be performed without replacing the gel. However, no greup has
been able to reuse gel filled capillaries for many separations when dealing with DNA

sequencing samples. The high molecular weight template present in the sequencing sample
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Figure 2.4 Average resolution versus fragment length for different concentrations of
cross-linker.
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Table 2.3 Least squares slope and intercept from a plot of resolution versus N-1, where N
is the fragment length in bases. Slope is given to two significant figures.

% C Sloge Intercegt r

0 160 £ 30 0.1+02 0.93
0.5 170 £ 20 -0.1 £0.2 0.97
2.5 350+ 40 -02+£0.2 0.97

S 260 %20 -0.3 £ 01 0.98
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leads to rapid degradation of the gel performance®?. Linear polyacrylam’  not immune

to this phenomenon.

2.4 Conclusions

Mobility decreuses with increasing cross-linker conc entrations. The addition of
cross-linker increases the electrophoretic friction of the polymer, r~tarding the analyte. The
transition from normal mobility to the limiting mobility of ieptation with orientation occurs
for longer fragments as the %C is decreased. Both observations are explained by a
increase in electrophoretic friction produced by a higher concentration of cross-linker.

The later onset of the effects of biased reptation with orientation for low %C
polyacrylamide implies that the material would be more useful than high %C
polyacrylamide for DNA sequencing applications; longer sequencing runs should be
possible. The resolution is better in 2.5%-5%C than in 0%C for fragment smaller than 200
bases; however, the resolution in 2.5%-5%C decreases faster than in 0%C that mean that

0%C should be more useful for the separation of longer fruyment than 2.5%-5%C.
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CHAPTER 3

STABILITY OF LINEAR POLYACRYLAMIDE USED FOR
CAPILLARY ELECTROPHORESIS.

1 A version of this chapter has been published.



3.1 Int-oduction

DNA sequencing samples are usually run on polyacrylamide gel'!! wheq using
capillary electrophoresis. It is the only studied polymer that can be used to separate single-
stranded DNA with high resolution. Other polymers such as agarose!213, or substituted
cellulose!415, do not generate a high enough resolution in the range of fragment length
found in sequencing samples.

Polyacrylamide is used in two forms. One is the cross-linked form!-2:4:5-11.16
(usuzilly with bisacrylamide), and the other one is the linear form®? (without a cross-
linker). Cross-linked polyacrylamide is usually a high viscosity gel. High resolutions can
easily be obtained on it. Its main disadvantage is that cross-linked chains are limited in
their movements. Thus, any in situ formation of bubbles destroys the gel. The resolution
in linear polyacrylamide is lower than in identical %T cross-linked polyacrylamide !!. The
main advantage of linear polyacrylamide is its higher degree of freedom for the polymer
chains. This freedom allows most of the in situ formation of bubbles to be accommodated
It is also less viscous than cross linked polyacrylamide; therefore, the sequencing is more
rapid. Recently, linear polyacrylamide has been used for the separation of sequencing
fragments over 550 bases in length!”.

The irreproducibility and variability of a gel in a high electric field is a major
problem. Usually, only 2 to 4 runs can be performed on the same gel, and the migration
time increases quite significantly. At the same time, the current through the capillary
decreases. There have been a few studies on the effect of different parameters like %C,
%T, temperature, and electric field!!-18-20 on the separation of DNA sequencing samples.
These studies mainly focus on the optimization of the separation time versus the resolutior

Only a few studies of the stability, and the phenomena that occur in the gel have
been published. Swe. dlow et al.2! studied the stability of cross- linked polyacrylamide fc

the separation of single-stranded DNA. They indicated that the drop in current through the
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explain the increases iu migration time observed in these gels. Spencer 22-24 tudied th
effect of charge carriers on the conductivity of polyacrylamide gel. P+ indicated that th
formation of zones of different ionic concentrations could explain the diop in current
observed in time (see section 1.3.2.2).

We wish to study the behavior of the current flow in linear polyacrylamic > duri
electrophoresis conditions. In particular, there is often a steady decrease in current dur
an electropheresis run?s. This current drop can be quite significant. According to Ohi
law, a decrease in current is caused by an increase in resistance under the condition of :
constant electric field. This decrease in current is accompanied by an increase in analyt
migration times. There are two explanations for the decrease in current during an
electrophoresis run. The first one is a uniform increase of the resistance throughout th
capillary. Under this condition the electric field would be constant throughout the capi!
and the analyte velocity would also be constant. The second explanation is that the
resistance increase in a part of the capillary. Under this condition the electric field wou
higher in the high resistance part and lower in the rest of the capillary. The second
explanation is in agreement with the results observed because it predicts an increase in
analyte migration times.

In this chapter, we present a phenomenological study of the effects of different
variables on the conductivity of linear polyacrylamide in capillary electrophoresis. The
effect of the age of the polymer, changes in the concentration of the charge carriers anc
template are reported. The importance of each parameter and the ways of reducing the

effects on the polymer are also discussed.

3.2 Experimental
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Ontario) and 1.0 mL 0.5M EDTA diluted to 50 mL in deionized filtered water), and 2.1
grams of urea (Gibce BRL, Gaithersburg, MD)] and making the solution up to 5.0 mL in
deionized, filtered waier. This solution was degassed for 20 minutes by bubbling argon
gas through it. The polymerization reaction was initiated and catalyzed by adding 20 pL. of
10% ammonium persulfate (Bochringer Mannheim Corp., Indianapolis, IN) and 2uL
N,N,N',N'-tetramethylethylenediamine (TEMED) (Gibco BRL, Gaithersburg, MD).
Immediately following the addition of the initiator, the solution was injected into a fused
silica capillary, (Polymicro, Phoenix, AR) with typical dimensions of 30 cm x 32 pm id x
143 um od, which had been pretreated with y-methacryloxypropyl trimethoxysilane (Sigma
Chemical, St.Louis, MD) for one hour. All chemicals are of electrophoretic grade. The
day of preparation is day zero; capillaries older than that were left to age on the bench and
trimmed before use.

Current measurements were made by measuring the potential drop across a 1.1 MQ
resistor, added in series between the anodic end and the ground, and converting the voltage

to current.

3.3 Results

A capillary electrophoretic system can be described as an Ohmic system. A
potential E is applied through a resistor, Ry (capillary), generating a current I. Rather than

dealing with resistance, it is convenient to consider the conductivity, K, of the solution,

S R S N [ TS RS B i g
k=n 2R L=r"'r?1V' L =n"r2IE 3.1)
The conductivity of a selation is, in turn, related to the concentration of ions in the solution

x=3 AGC (3.2)
1
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The capacitance, K, can be divided to take into account the effect of the stress applied on the

sysiem:
K = Kk + AKX (3.3)

where ¥y is the conductivity of the capillary at equilibrium with no stress applied (steady-
state conductivity). Ky is a constant for a particular polymer concentration and a particular
buffer. Ak, is the change in conductivity generated by the application of astr- .. Mar
stress gencrators were proposed to explain the decrease in current when running
sequencing samples: depletion of ions at the injection end?224 of the capillary, created by
differcnt transference numbers in the solution and the polymer, plugging of the pore by
large DNA fragments (template)?’, depletion zone created by the difference of mobilities
between DNA and the main current carriers and degradation of the polymer.

The value of Ak, can be further subdivided into two parts. The first part represents
what we call the depletion of ions effect. The depletion of ions effect is represented as

AXgepletion- The second part of AK; represents the effect of the template ina DNA

sequencing sample (AKiemplate)- Equation 3.1 can be rewritten as:

K = K + AKgepletion + AKiemplate (3.4

Figure 3.1 shows a typical plot of current versus time for a 14-day old 5%T linear

polyacrylamide run at -300 V/cm. The data were fitted by a two-component exponential

I(HA) = 1.24 pA +0.927 pA exp{—L—}+ 0.151 pA exp(t— (3.5)

The fast component (part A) in the current decay is mainly due to the way the polymer was

prepared. The polymer contains ammonium persulfate (1.75 mM) and TEMED (2.65 mM)
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Figure 3.1 Current versus time for a 14-day old 5%T linear polyacrylamide run at -300
V/cm. The bottom panel represents the residual of the subtraction of the double exponential
fitting from the top curve
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which is charged at pH=8.4. Ammonium persulfate and TEMED are not present in the
ixTBE reservoir. Thus, in part A of the curve, ammenium persulfate and TEMED are
expelled from the polyme-  Also, the polymer’s buffer concentration is calculated to be
1xTBE by diluting 1 mL «.f 5XTBE in 5 mL of total volume before polymerization;
however, the total volur:i: available to the buffer is not 5 mL because of the huge
concentration of urea and the formation of a polymer network. The total concentration is
thus hugher than 1xTBE; therefor-, in the part A of the curve, the concentration of TBE
inside the capillary "equilibrates” with the 1xXTBE running buffer. The 5.7 minute time
constant for the part A is the typical migration time for small ions. This equilibration
accounts for the common practice of applying an electric field to the capillary for half an
hour, or longer, before performing any separation.

In part B of the curve, the concentration difference has been corrected, and the main
effects affecting the current are the ones related to equation 3.2. The second component in
the current drop (part B) occurs over a much longer time period, with an exponential time
constant of 235 minutes. The current dropped by about 12% due to this slow component
during a 500 minute electrophoresis run. In this report, we are interested in studying the
steady decrease of the current with time in part B of the curve.

In equation 3.4, Ky is considered constant, but both AXgepletion and AKiemplate €an
change. It would be very difficult to separate AKgepletion from AKiemplate if both of them
changed significantly at the same time. We found a way of obtaining polymers where
AXgepletion iS significantly reduced during an appreciable period of time (see section
3.3.1.1).

The phenomenon of depletion of ions depends on the components of the buffer and
the polymer used. In the case of 1xXTBE buffer, TRIS is the main cation charge carrier and
borate is the main anion charge carrier. The mobilities of these ions are different. Thus, a
change in concentration of the charge carrier will happen at the reservoir:capillary

interfaces. For 1XTBE, TRIS seems to have a higher transference number in the buffer
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reservoir than in the capillary. Thus, a depletion of ions happens -« “a€ injection end with
time. Similarly, an increase in ions should happen at the ground enc 5f t:+. “apillary.
Spencer et al.2? have shown that, in the case of normal buffers, the depi. .-+ area should

always move inside the capillary, and the increase area should move out : -« '+ capillary.

3.3.1 Effect of Akdepletion
3.3.1.1 Age of Polyacrylamide

We prepared many different S%T linear polyacrylamide filled capillaries from
completely different starting solutions. Because no injection of template was done in this
part, AKiemplate is Zero. Each capillary was run at -300 V/cm for at least 6 hours with
1XTBE as the running buffer. Each capillary was only used once. The conductivity versus
time was fitted using a double exponential decay for fresh polyacrylamides (equation 3.6).
In the case of older polyacrylamide, the exponential terms from equation 3.6 were fitted
separately (one exponential for each part of the conduct’ v.ty profile(see Figure 3.1)). In the
case of older polyacrylamides. Fitting with a double exponential instead of two separated
exponential decays seems fine for fresh polyacrylamides because the terms for the depletion
of ion and for the expulsion of small ions are both large. In the case of older
polyacrylamides the term for the depletion of ions is much smaller than the term for the
expulsion of small ions. Also, the depletion of ions happens on a longer time than the
expulsion of small ions. Which means that the depletion of ions has a lot more data points
to described it than the expulsion of ions. The coefficients were slightly correlated for older

polyacrylamides using a double exponential.

x(hQ ' m1) = wo + w exp(;;—t;) + wW3ex G',-t; (3.6)

The first exponential term is related to the expulsion of small ions from the capillary during

the equilibration period of the capillary with the running buffer. Our results suggest that
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the coefficient, W1, increases slightly with the age of the polymer (Figure 3.2). However,
the time constant, W2 for the expulsion of small ions is independent of the age of the
polymer and as a median value of 8+4 minutes. These results suggest that the difference in
ionic concentration between the polymer  : e running buffer increases with the aging of
the polyacrylamide; however, the gel struc.. .. does not seem to change sufficiently with
age to affect the mobility of small ions, because the time constant is independent of the age
of the polymer.

The second exponential term in the equation is related to the phenomenon of depletion of
ions. The amplitude of the second exponential fit (W3 found . >quation 3.6) decreases
(Figure 3.3) with the age of polyacrylamide as described by equation 3.7.

Wi m)=12+04hQ " m! + 32404 hQ" mlexp—I¥__ ) @37
3.5+ 1.2 day

This result is in agreement with the fact that the depletion of ions is smaller for older
polymers than for younger polymers. It also indicates that there still is a small depletion of
ions (1.2 + 04 hQ! m-!) in older polyacrylamides. W4 is constant at 108 £ 50 minute.

The constant W is the limiting conductivity of the polymer (Figure 3.4), and

increases exponentially with the age of the polymers.

wohQ ' m1) =64+ 04 hQ " m - 48+ 04 hQ" m! exp|—42 (3.8)
51 day

The maximum depletion of ions (4.8 + 0.4 hQ-1 m’ fora 0-day old
polyacrylamides) is 71 % of the steady-state conductivity ( 6.8 + 0.8 hQ' m! ). The time
constant (5 1 day) is the age when the depletion of ions is only 37% of the maximum
depletion value (4.8 £ 0.4 hQ'’ ml). After 15 days, the depletion of ions is only 10% of

the maximum value. These results clearly indicate that the older polyacrylamides generate
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higher conductivities than the younger polyacrylamides. The steady-state conductivity of
the polymer is obtained by adding up the values of Woand W3 andis 6.8+0.8 hQ ' mel.
This value is the conductivity that the polymer should have after equilibration and without
the depletion of ions. In the case of older polyacrylamides, the Akdepletion part is very

stable, which is not the case for younger polyacrylamides.

3.3.1.2 Depletion of Iens

During electrophoresis, where a tube of polymc.: is immersed with eachend in a
buffer reservoir, a zone of decreased concentration will move into one end of the polymer,
and a zone of high concentration will move out of the other end of the polymer into the
buffer reservoir; the high concentration zone is dissipated in the receiving buffer reservoir.

To localize spatially the resistance change, we ran capillaries with 1xXTBE for 3
hours at -300 V/icm. Then, we carefully cut parts of the capillary at the injection end. The
potential was readjusted to keep the field at -300 V/cm, and the current was measured for
20 seconds. The time involved in cutting the capillary was less than a minute per cut, that
means that the diffusion during the cutting was negligible. The conductivity was calculated

from the value of the current according to:

k(AL)= ! r2 (AL =0) E!' - 'l r2I(AL) E! 3.9

where 1 (AL = 0) is the current drop across the entire capillary, and I(AL) is the current
drop across the remainder of the capillary after length AL has been trimmed. We expected
that applying the field for only 20 seconds would not significantly disturb the system. A
conductivity profile was generated for each capillary used.

The capillary can be divided into many parts, with each part having a specific
concentration of ions. The conductivity of the capillary is related to the concentration of
ions in the divisions. A uniform concentration of buffer ions throughout the capillary will

produce a constant conductivity versus the length of the capillary cut. Similarly, if the
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concentration of the buffer ions is lower in the parts cut than in the rest of the capillary, the
conductivity will increase with the length cut. Inversely, if the concentration of buffer ions
is higher in the parts cut than in the rest of the capillary, then the conductivity will decrease
with the length cut. Figure 3.5 (full lines; left and bottom axis) shows the change in
conductivity observed versus the total length of capillary cut at the injection end for
different ages of polyacrylamide. In the absence of diffusion, ionic depletion leads to a
sharp conductivity boundary that moves through the gel. In the presence of diffusion, this
boundary is smeared. A non-linear regression algorithm was uséd to get the best fitting
equation (equation 3.10, and dotted curve on figure) of the data (Ful! curve! given in

Figure 3.5.

2
K =Kp - AK exp('gLL—) (3111
L

Where K is the steady-state conductivity in the absence of ionic transport, AX is the
change in conductivity induced at the capillary tip, AL is the length trimmed from the
capillary, and 8L is the characteristic distance over which depletion is noticed. For the 1-

day old polyacrylamide, the data are fitted by the function

k=7.12hQ" m! -3.041hQ" m-! exp(llA—lg—)z (3.11)

The data for the 4-day old polyacrylamide are fitted with

x =648 hQ' m! - 1.28 hQ" m-! exp(il%—)z (3.12)

while the data for the 9-day old polyacrylamide are fitted with the function

= Tl - el expl-AL)
x=7.12hQ" m-0.80 hQ" m1 explL] (3.13)
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Figure 3.5 Conductivity profile at the injection end for different ages of polyacrylamide.
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and the data for the 11-day old polyacrylamide are fitted with

k=6441Q" m!-064hQ" ml expzAL (3.14)

Notice that the steady-state conductivity of the capillaries was identical within
experimental error, and has an average value of 6.8 + 0.4 hQ"' m-1. The variation of the
steady-state conductivity of the capillaries is due to the 1 pm variation of the radius of the
capillaries, which corresponds to a;conductivity variation of 0.8 b mel. The steady-
state conductivity is also in agreemént, within experimental error, with :he result,

6.8 +0.8 hQ"' m , from section 3.3.1.1. That is, aging did not affect the steady-state
mobility of ions within the polymer. Also, the 1-day old polymer showed a 40% decrease
in conductivity at the injection end, reaching a limit conductivity of 4.08 hQ- Im-1 at the
injection tip. The region of enhanced resistance extended about 1.6 cm into the gel. This
large change in conductivity at the injection end of the capillary must be associated with a
significant depletion of ions from this region; roughly 40% of the ions have been expelled
from the neighborhood of the injection tip of the 1-day old capillary. On the other hand,
the 11-day old polyacrylamide showed a 10% decrease in conductivity at the injection end.
The values of Ak decrease with the age of the polyacrylamide, which is also in agreement
with the results of section 3.1.1.

The distance over which the ionic depletion occurs is large for the 9-day old
polyacrylamide. A front, or region, of rapidly changing conductivity occurs between 3 to 5
cm from the injection tip. For all the other capillaries studied the area where a large
depletion of ions happens is 2 cm or less.

We also cut pieces from the positive end of the capillaries (Figure 3.6). No
significant changes in conductivity were observed up to 5.5 cm awa;y from the positive end

for polyacrylamides of any ages.
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Figure 3.6 Conductivity profile at the ground end for different ages of polyacrylamide.
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3.3.1.3 Depletion of Ions- Temporal Evolution of Spatial Profile

To study the evolution of the region of high resistance, a set of 1-day old linear
polyacrylamide filled capillaries, and a set of 9-day old linear polyacrylamide filled
capillaries were operated at -300 V/cm for different periods of time. Figure 3.7 shows the
conductivity observed versus the total length of capillary cut for different run times for the
1-day capillaries (full lines) and the 9-day old capillaries (dotted lines).

In the case of the 1-day old polyacrylamides we can see that the depletion of ions
increases significantly in time and moves in the direction of the ground end. The spreading
of the depletion reaches up to 3.7 cm in 282 minutes and can not be caused by diffusion.
The steady-state conductivity is 7.2 £0.12 hQ-1 m-1. There is a 22% drop in conductivity
on 1.4 cm in 66 minutes and a 70% drop in conductivity on 3.7 cm in 282 minutes. The
distance, over which the change of conductivity extends, is estimated by the 8L term of
equation 3.9. The characteristic distance for the resistance change increases linearly (r >

0.9975) with time:

0L =-0.27+0.18cm + 0.014 £ 0.001cm min'l t (3.15)

where 8L is in millimeters, and t is time in minutes. The amplitude of the conductivity

change was also linearly related (r > 0.998) to the electrophoresis time:

Ak =-0.40£0.28 hQ "' m! -0.016% 0.01hQ" m'! min"' t (3.16)

The linear dependence of the change of conductivity on the electrophoresis time is
only approximate; the data of Figure 3.7 show an exponential decrease in conductivity with
time. The conductivity is constant in the bulk of the capillary because its ionic

concentration is uniform.
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conductivity versus the total length of capillary cut from the
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In the case of the 9-day old polyacrylamides, the depletion zone is less important.
The steady-state conductivity is 6.8 £ 0.4 hQ-1 m-1. The 8L term also increases linearly

with time (r> 0.997):

SL =0.0+0.12 cm + 0.0083 £ 0.0006cm min™! t 3.17)

and the amplitude of the conductivity change is linearly related to the time (r>0.938):

Ak =00+06hQ " m! - 00084+ 0.03hQ " m! min' t (3.18)

The slopes for 8L and Ak of the 9-day old polyacrylamide are around half the values of the
1-day old polyacrylamide. Thus, the depletion in a 9-day old polyacrylamide does not
increase in space and value as fast as in the case of a fresh polyacrylamide.
3.3.1.4 Relaxation Due to Diffusion

A capillary was run for 6 hours at -300V/cm, then the voltage was turned off, and
the capillary was let to relax in the buffer. To monitor the relaxation of the ionic depletion,
the current was measured periodically after the termination of the electrophoresis run. The
buffer reservoirs were replaced a few times to make sure that the change in current was nct
due to evaporation from the reservoirs. Figure 3.8 shows the conductivity versus the time
after the voltage was turned off. The data points are denoted by the symbol "x", along with
the least-squares fit (dashed curve) of an exponential to the dat..,

1y = o 1o expf ot
K (R ml) = 6.24hQ2" m! - 2.96hQ" mr! expl o hours) (3.19)

where t is the time measured in hours. This result definitely indicates that the effect of

AXgepletion 18 reversible.
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Figure 3.8 Change in conductivity versus relaxation time (no voltage applied) for
polyacrylamide previously run for 6 hours at -300V/cm.
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3.3.1.5 Effect of Adding KCi

The buffer reservoirs for the capillary were filled with 30mM KCl + IxTB. Three
different capillaries (7-day, 19-day, and 30-day old) were run for different times. The
electric field was -300V/cm as in all the previous experiments. The profile of the
conductivity for the 7-day and 19-day old polyacrylamides were established by, first,
cutting at the injection end, and then, cutting at the ground end. The opposite procedure
was done for the 30-day old polyacrylamide. We expected that adding KCl should help to
reduce the depletion of ions, because in free solution the mobility of K* and Cl- are
similar. Only a small amount, compared to the buffer concentration, had to be added to
make KCI the main charge carrier. The steady-state conductivity for this new buffer
system is 27 % | hQ-1 m-1, which is four times higher than in the case of 1xTBE alone.
Figure 3.9 shows the profile of the conductivity versus the length cut. In all cases the
conductivity decreased when pieces of the capillaries were cut from the ground end (dotted
line).

This result indicates that an increase in ionic concentration occurred at the ground
end. No significant change in conductivity was noticed at the injection end, except for the
7-day old polyacrylamide, which increased by 0.6 hQ-1 m-1. Thus, in the case of 30mM
KCI + 1xTB, the depleted area at the injection end was expelled into the buffer reservoir,
and the area of increased concentration at the ground end moved in the capillary. These
results demonstrate the opposite effect than the ones observed with 1xXTBE. Spencer 22-24
also described this phenomenon. The depleted area and the area of increased concentration
move in or out of the capillary, depending on the change in the transference number with
the change in concentration of the ions 2224 | This change in the transference number with
the concentration of ions depends on the type of ions involved in conduction. For some
buffers, like 1XTBE, the depleted area moves into the capillary, and the area of increased
ionic concentration moves out of the capillary; those buffers are called normal buffers. For

some other buffers, like 30mM KCIl + 1xTB, the depleted area moves out of the capillary,
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Figure 3.9 Effect of KCl on the conductivity of polyacrylamide. Ground end is the
dotted lines and injection end is the full lines.
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and the area of increased ionic concentration moves in the capillary; those buffers are called

abnormal buffers.

3.3.1.6 Effect of 5%T Linear Polyacrylamide-Filled Reservoir

Swerdlow et al.? have npticed that by filling the buffer reservoir with the polymer
and buffer of interest, the depletion of ions is reduced. In this section, we filled both
reservoirs with 5% T linear polyacrylamide containing 1XTBE. The steady-state
conductivity, 12.0 + 0.8 hQ-! m-! is higher than the one obtained with the 1xTBE buffer
reservoirs. This result is due to the fact that ammonium persulfate and TEMED are also
present in the linear polyacrylamide-filled reservoirs. Figure 3.10 shows the conductivity
profile of 13-day old capillaries run for different times. The conductivity at the ground
end(dotted line) in both cases is constant. The conductivity at the injection end changes
slightly; however, considering the scale of the graph, this change is small and could be due
to slight differences between the polymer in the capillary and the one in the reservoir. This
difference between the two polymers could be due to different kinetics of polymerization.
The polymerization in the capillary is done close to room temperature because of the
efficient removal of the heat in a capillary. The polymerization in a test tube is not at
constant temperature, in fact, the temperature increases to over 40°C. These results
demonstrate that in the case of older polyacrylamides the depletion of ions can be eliminated

if the buffer reservoirs are filled with the polymer and buffer of interest.

3.3.2 Effect of Aktemplate

We studied the effects that injections of DNA template have on the conductivity of
polyacrylamide filled capillaries. The polymers used for the experiment were older
polymers and were pre-run until the current was stable. Template was injected until a drop
in conductivity was noticed. Then, the capillaries were run at -300V/cm for 1 hour to

simulate a sequencing run. Some capillaries were run without injecting template. The
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Figure 3.10 Effect of polyacrylamide-filled reservoirs on the conductivity in the
capillary. Ground end is the dotted lines and injection end is the full lines.
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decrease in conductivity for the capillaries run with template was greater compared to the
ones run without template. This result indicated that the injections of DNA template
affected the separation by decreasing the conductivity. After running for one hour, the high
voltage was turned off, and the capillaries were left to relax in the buffer. The current was
measured (by turning the high v_oltage on for 60 seconds) after a period of time. Figure

3.11 shows the change in conductivity after the high voltage was turned off versus the
time. It can be seen that the conductivity increases slightly for the capillaries run without
DNA template after 23 hours (dotted lines). The steady-state conductivity extrapolated
from an exponential fit is 7.2 £ 0.4 hQ-! m-1. In the case of the capillaries with DNA
template (full lines), the increase was much greater. This result clearly indicates that the
decrease in conductivity observed by injecting DNA template is partly reversible if the
capillary is left to relax. This result does not indicate the amount of DNA template
necessary to decrease the conductivity, since a large amount of template was injected to
force the conductivity to decrease.

We did four subsequent injections of template on the same capillary. Between each
injection, the capillary was run for 1 hour at -300V/cm. The polymers used were older,
and were only used after current was stabilized. Two different concentrations of template
were ased: 1 L of M13mp!8 (0.2 ug/uL) in 3 pL of formamide:EDTA, and 1 pL of
M15mp18 0.7 pefi’.) in 10 pL of formamide:EDTA. For each solution, the experiment
was reyeated on & least four different capillaries. The conductivity was normalized to zero
by suut coding die firy icaciivity value from all the conductivity values for each
capiilary. Figure 3.12 s »ws the change in conductivity versus the number of injections.
Injection zero mes; *h.¢ the cepiliary was run without a template injection under the same
conditions. The Jatu .7 Figare 3.5 show that the conductivity decreases by 0.25 hQ-1
m-1 for the inost & ued te~ v solution. In the case of the most concentrated solution,
the conductivity decicases by more than 2.0 hQ~1 m-1 within 4 runs. These results clearly

indicate that a lower concentration wi template has less effect on the conductivity than a
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Figure 3.11 Change ‘n conductivity versus relaxation time. The polyacrylamides were
equilibrated beforc being used. Enough DNA template (full lines) was injected to
significantly decre-se the conductivity. Some runs were done without injecting DNA
template (dotted lines) . All the polyacrylamides are run for 1 hour at -300V/cm then
allowed to relax.
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Figure 3.12 Change in conductivity versus the number of injections of DNA template.
The polyacrylamides were equilibrated before being used. The injection time was 20
seconds at -300V/cm.

T

0

Change in conductivity @Q

—8- dilution factor 1:3
-9~ dilution factor 1:10

Ilrll[ll‘lllllll'll'.r[l[l'llll LELELELIE L

0 1 < 3 4
Injection number



111
higher concentration of template. Lower concentrations of template in a sequencing sample
can be obtained by cycle sequencing. These results also indicate that the difference in the

buffer between the sample and the capillary does not significantly affect the conductivity.

3.4 Discussion
We have observed a change in the current of linear polyacrylamide-filled capillaries
during electrophoresis. This current change is associated with a change in conductivity that

is locaiized to the injectic tip of the capillary. The current in older polyacrylamides is

more stable and highe: «~:nrer polyacrylamides. This difference in behavior of
polyacrylamides is assoc sehavior at the injection (negative) iy of the
capillary; the steady-state . ..y, which is the conductivity of the bulk of t::

capillary, showed no difference for all the capillaries.

The conductivity versus time for the different ages of polyacrylamide was fitted
with a double exponential decay. The values obtained suggest that the depletion of ions
decreases as the age of the polyacrylamide increases. A steady-state conductivity of 6.8 =
0.8 h-! m-1 was calculated; the maximum value of the depletion of ions is 4.8 £ 0.4 hQ"
1 m-1, and the time constant is 5 + 1 days.

Clearly, the various behaviors of different ages of polyacrylamide is related to a
change in the properties of polyacrylamide. Change in the properties of cross-linked
polyacrylamide as it ages “vere previously noticed by Tanaka?®. He noticed a change in the
swelling properties between 3-day old gels and 30-day old gels. Slater et al. 2728 als0
noticed a change in the properties of polyacrylamide with time. They found that the
velocity of DNA changes if the gel is not aged before use. Caglio et al.? studied the
polymerization Kinetics of polyacrylamide and reported that the polymerization is finished
within 1 day. Thus, the change in current with the age of the capillary that is observed can
not be due to an incomplete polymerization. It could be argued that the shrinkage of the

polymer could take place in time, but this would increase the polymer viscosity and



decrease the steady-state conductivity of the polymer, which was not observed in this
experiment. In our preparation of polyacrylamide, TBE as the buffer and 7M urea as the
denaturing agent were added. In this medium, polyacrylamide could hydrolyze slowly and
become partially negatively charged. Geribaldi et al.3° studied lane distortions in gel
electrophoresis. In their discuss.ion they proposed that acidic groups in gels could increase
with time. This hypothesis is based on studies of the hydrolysis effect on gel properties by
Tanaka3!32, The hydrolysis of the amino group to form a carboxylic group on the
polymer was also noticed in gel chromatography®3. The presence of negative charges in
the gel would disturb the mechanism of the depletion of ions and would also ensure a
minimum amount of ions in the capillary. On the other hand, the presence of a charge on
the polymer would change the ionic makeup of the solution, leading to a change in the
steady-state conductivity of the polymer.

Depletion of ions near the injection end was proposed to explain the decrease in
current versus time2224, This depletion of ions could spread in the capillary with time. An
increase in ionic concentration could occur at the opposite end of the capillary, but would
move out of it. Our resuits indicate (Figures 3.5, and 3.6) that with 1XTBE the depletion
of ions at the injection end moves into the capillary with time. No depletion is observed at
the ground end (Figure 3.7), probably because it moves out of the capillary. Spencer?2
predicted that in the case of a TRIS-HCI buffer the depletion of ions should occur at the
cathode (ir;jection end) with no change in concentration at the anode. Similarly, in the case
of TBE, the increased concentration area at the ground end dissipates i1 the buffer
reservoir and is not noticed at the ground end of the capillary.

The depletion of ions is larger when there is a major difference in the mobilities of
the charge carriers, which is the case in a buffer such as TBE. Any such effect would
change the distribution of the potential drop. Higher drops in potential are observed in the
first few ceﬁtimeters~ of the capillaries and lower drops in the rest of the capillaries. The

electric field decreasing in most of the capillary would increase the migration time of DNA,
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This result is in agreement with our observation of a decrease in current versus time for all
the capillaries studied. Our resuits suggest that the depletion could reach up to 9 cm for a
young polyacrylamide within 350 minutes. This behavior was also rcported in the
literature for different gels and different buffers. Seida et al. 3 st lied the change in
concentration of sodium sulfate in a 6.6%T 3.2%C polyacrylamide gel at 10 V. They
reported an increase in the cation concentration at the cathode side and a decrease at the
anode. The change in concentration was noticed quite rapidly (5 minutes) and extended
quickly into the gel. Slater et al.228 reported that the velocity of DNA in the first few
centimeters of a gel is higher, and the velocity of DNA is lower in the last few centimeters.
These results were obtained using a slab gel. Spencer 22 poticed a decrease in current of
40% for a gel (15%T) that was run for 3 hours at 100V with a buffer containing 2 mM of
spermine tetrahydrochloride. A depletion area extending 40 mm was noticed on a 15%T,
80 mm long gel, run for 3 hours at 6 mA with 1 mM spermine tetrahydrochloride.
Changes in pH were also noticed along the capillary. Lundahl and Hjertén?S reported an
increase in the concentration of the buffer near the cathode of a sucrose gradient U tube and
the reverse effect near the anode for a 0.02 M sodium phosphate buffer. The opposite
situation was obtained for the 0.04 M TRIS-HCI buffer. Kozulic studied the bending of
DNA bands in slab gel electrophoresis. His results suggest the presence of a voltage drop
between gels and running buffers.

Our results also indicate that in the case of older polyacrylamides, the depletion of
ions is less important. This result might possibly be explained by the presence of charges
on the polymer. The polymer might become charged by the hydrolysis of some amino
groups of polyacrylamide to carboxylate groups. The presence of charges on the stationary
polymer would insure a minimum conductivity and would disturb the effect of the change
in transference number. We do not have yet any direct prove or disprove of charges on the
polymer. We can postulate that this amount of charge on the polymer would have to be

small in order not to see any electrcosmosis.
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The recovery in conductivity is consistent with the diffusion of ions irto the
depleted zone. After 6 hours of electrophoresis, the depleted zone extends about 3 cm into
the capillary. Assuming a diffusion coefficient of 2 x 10°3 cm?2 5°1, the diffusion will
extend about 1.2 cm from each end of the depletion zone after 19 hours. The recovery in
current is consistent with the diffusion of ions into the depletion zone.

The addition of KCI transformed the buffer system from a normal buffer system to
an abnormal buffer system. In this abnormal buffer system, an area of increased
concentration of ions moves in the capillary at the ground end. and a depleted area at the
injection end moves out of the capillary and disappears in the buffer reservoir. This
abnormal behavior was also described by Spencer?>24, This phenomena occurred when
the transference number of the ions decreases with the increase in the concentration of ions.
This means that the KCI causes the reverse effect than the one observed with 1XTBE. The
amount of KCl in the 1xTBE buffer could be adjusted in order that the effects on the
conductivity of KCl and 1xTBE cancel out.

The 1xTBE buffer reservoirs were replaced by 5%T 1xTBE linear polyacrylamide.
The depletion of ions at the injection end was not observed. These results are expected
because the transference number is the same in the polyacrylamide reservoirs and the
capillary. Thus, no change in ionic concentration can occur at either end of the capillary.
One would expect a change in the ionic concentration near the electrodes; however, due to
the size of the reservoirs compared to the capillary, the change in ionic concentration at the
electrodes has a negligible effect on the conductivity.

The effect of the AKemplate Was demonstrated in Figure 3.12. The results suggest
that decreasing the amount of template in a sample will decrease the effect on the
conductivity. Swerdlow et al.Z5 also noticed an effect of the template on the conductivity
when using a cross-linked polyacrylamide. In their experiment, the conductivity decreases
significantly immediately after the injection, and the capillary had to be trimmed at the

injection end for the conductivity to recover. The diffusion coefficient of the template is
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probably too small to explain the recovery of the current observed during the relaxation of
the gel (Figure 3.11). Our results suggest that at high concentrations, the template induces
an increase in the depletion of ions when it is passing through the depleted area.

The average electric field in this experiment is - 300V/cm, computed by dividing the
voltage by the capillary length. In the case of significant ionic depletion, there will be a
disproportionate voltage drop across the region of low conductivity, with a concomitant
higher than the average field in the region of low conductivity, and a lower than average
electric field in the remainder of the capillary.

Figure 3.13 presents a plot of the expected electric field in the capillary that has
operated for 282 min. The electric field at the injection end, -800 V/cm, is much larger than
the average electric field of -300V/cm. The electric field in the bulk of the capillary,
-175V/cm, is less than the average field. The high electric field at the injection end of the
capillary will have several important effects. First, Joule heating will be the most severe at
the injection end. Second, the polymer will be subjected to the greatest stress at the
injection end; the high electric field can be expected to induce damage to the polymer at the
injection end. Third, electroosmotic forces will be greatest at the injection end; unless the
capillary wall is carefully treated, osmosis may drive the gel from the injection end (see ref.
17); large DNA sequencing fragments are not separated in the initial portion of the
capillary.

DNA sequencing papers report that the injection end of the capillary must be
trimmed before use. By trimming a few millimeters from the injection end, the region of
low conductivity is removed from the capillary, allowing the initial operation of the
capillary at a uniform electric field. This conductivity decrease at the injection end will
automatically form an electric field gradient during the separation; the electric field

experienced by the DNA fragment decreases during the separation.
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Figure 3.13 Electric field versus the distance from the cathodic end of the capillary.
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3.5 Conclusion

This report shows that older polyacrylamides generate higher and more stable
currents than younger polyacrylamides. It also shows that the polyacrylamides can relax to
higher currents if no field is applied. We also demonstrated that higher currents are
obtained when lower concentrations of template are used.

The results on the depletion of ions obtained in this chapter, not only apply to DNA
sequencing, but also to any separation done on linear polyacrylamide; the phenomena of the
depletion of ions is characteristic of the polymer and the buffer used. The sample separated

on linear polyacrylamide could affect the depletion of ions if its concentration was similar to

the buffer.
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CHAPTER 4 12

EFFECTS OF AGING OF LINEAR POLYACRYLAMIDE ON THE
SEPARATION OF SINGLE-STRANDED DNA.

1A part of this chapter has been submitted for publication.
Figeys, D., and Dovichi, N.J. 1995. Journal of Chromatography.

2A part of this chapter has been submitted for publication.
Figeys, D., and Dovichi, N.J. 1995. Journal of Chromatography.



4.1 Introduction

Capillary electrophoresis has become a major analytical tool in the field of
biological sample analysis. In particular, DNA sequencing samples have received a lot of
attention in the last few years .!!1

Usually, DNA sequencing samples are prepared using the Sanger et al.
technique'? and run on denaturing polyacrylamide gel. UV and fluorescence on column
detection?#69 were reported. Post-column fluorescence detection has also been used to
achieve low limits of detection’->>.".

The preparation of samples and the detection techniques available are now very
well established; however, major problems are still encountered in the preparation of
suitable capillaries. The ideal capillary will allow multiple runs to be performed on it.
Also, with the throughput needed for DNA sequencing , capillaries should be easy to use
in an automated system. Finally, the ideal capillary needs to be stable enough to obtain
the trust of the users as slab gel has achieved.

-ass-linked polyacrylamide is used to obtain high-resolutions separation of
sequencing samples. Only a few reports are available on the effect of different
parameters (%T, %C, temperature) on the separation of DNA!3-16, Usually, only 2 to 3
separations can be performed on the same gel without a major change in the migration
time or the occurrence of bubbles that damage the gel!”.

We studied the stability of linear polyacrylamide (Chapter 3 and see ref. '8). We
noticed that more stable current profiles are obtained with aged linear polyacrylamides
than with fresh linear polyacrylamides. Less depletion of ions at the injection end was
observed in aged linear polyacrylamides than in fresh linear polyacrylamides.

Typically, because physical changes induce bubbles in the gel, cross-linked
polyacrylamide-filled capillaries are used within a couple of days after the
polymerization. Linear polyacrylamide can be used for a much longer time after

polymerization than cross-linked polyacrylamide. As it ages, the polymer's properties
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change. Physical changes like shrinking, swelling, or phases separation can happen due
to the equilibration of pressures. Physical changes in polyacrylamide usually happen on a
longer time scale than the one day necessary for the completion of the polymerization.
Chemical changes can also happen, such as hydrolysis.

In the first part of this cl}apter we describe DNA sequencing done with linear
polyacrylamide (5%T 7M urea) filled capillaries used up to 1 15 days after
polymerization. The effects of aging polyacrylamide on the sepai ation of a DNA
sequencing standard are analyzed.

A few authors8 proposed the use of linear polyacrylamide for the separation of
DNA sequencing samples. The main advantage of low concentrations of linear
polyacrylamide is that it can be refilled in a capillary by applying a suitable pressure!®.
Refilling the capillary removes the step of realigning the system usually done when
changing a capillary. It allows multiple runs to be performed on the same capillary.
Also, linear polyacrylamide seems to be less affected by the capillary generating bubbies,
in contrast to cross-linked polyacrylamide; however, the resolution obtained with linear
polyacrylamide is lower than for .+.. . .inked polyacrvlamide!®. Also, only low
concentrations of linear polyac- #:::-..2.. i zasily be pnmped in and out of the
capillary?0. For the same reason, arrow bore capillaries ‘ould be difficult, if not
impossible, to use with this technique. In wide bore capillaries, Joule heating limits the
field that can be applied. Finally, after each refill, the capillary needs to be pre-run for a
while to obtain a stable current. This pre-run time will depend on the viscosity of the
polymer, and is typically from 20 to 30 minutes for a 5%T at -300V/cm.

Fifty runs or more were obtained on the same capillary using oligonucleotides or
mixtures of oligonucleotides?!-23, There are only a few reports on muitiple runs of
sequencing samples on the same capillary. Pentoney et al. 2 used a 10%T 7M urea linear
polyacrylamide to perform 5 to 10 runs. Two millimeters of the column were cut a few

minutes after each injection. This approach has also been used with cross-linked
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polyacrylamide to reduce the effect of bubbles at the injection end and to perform
multiple runs*19-2!; however, this approach is not suitable for automation.

Ruiz-Martinez et al.® refilled a capillary with 6%T linear polyacrylamide and did
multiple runs on it. As we previously mentioned, this approach will only be successful
with low concentrations of polyacrylamide and wide bore capillaries.

Another way of increasing the throughput of a CE system is to run multiple
capillaries in parallel. Huang et al.52% used on column confocal fluorescence detection to
scan many capillaries. Kambara ef al.” used multiple sheathflow systems and proper
optical to scan capillaries. These approaches are a good way of increasing the throughput
of a system; however, arrays of capillaries will only be convenient to use if we find a way
of getting multiple runs per capillary.

In the second part of this chapter, we will demonstrate the use of linear
polyacrylamide for multiple sequencing on the same capillary without refilling it. Cycle
sequencing was used to prepare fluorescently labeled samples, and laser induced post-
column fluorescence was used as a detection scheme. This technique allows complete

and simple automation of DNA sequencing on capillaries.

4.2, Experimental

The Sequitherm Cycle Sequencing kit (Cedarlane Laboratories, Hornby) and the
Ataq Cycle Sequencing kit (USB, Cleveland, Ohio) were used to prepare sequencing
samples of fluorescently labeled DNA. The protocols of the kits for cycle sequencing
were used with the following changes: ROX-labeled M13 universal (-21) primer (ABI,
Foster City, California) was used with M13mp18 single-stranded DNA (USB, Cleveland,
Ohio). Samples were ddATP terminated. The samples were covered with mineral oil and
heated for five minutes at 95 ©C. Cycle sequencing was performed using 30 cycles; each

cycle consisting of 45 seconds at 95 ©C, 45 seconds at 47 °C, and 90 seconds at 70 ©C.
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Samples were ethanol precipitated, washed, and resuspended in 15 to 25 pL of
formamide:EDTA (49:1). Each sample was divided into 5 to 10 aliquots.

Linear polyacrylamides (5%T) were prepared by taking 1.25 mL of a 20%
acrylamide (BioRad, CA) stock solution, adding 1.0 mL of 5xTBE buffer [2.7 grams
TRIS (ICN Biomedicals Inc., Cleveland, € .. .1.37grams boric acid (BDH Inc.,
Toronto, Ontario), and 1.0 mL 0.5 M EDTA diluted to 50 mL in deionized filtered
water)], and 2.1 grams of urea (Gibco BRL, Gaithersburg, MD), and making the solution
up to 5.0 mL in deionized, filtered water. This solution was degassed for at least 20
minutes by bubbling argon gas through it. The polymerization reaction was initiated and
catalyzed by adding 2 pL N,N,N',N'-tetramethylethylenediamine (TEMED) (Gibco BRL,
Gaithersburg, MD), and 20 pL of 10% ammonium persulfate (Boehringer Mannheim
Corp., Indianapolis, IN). Immediately following the addition of initiators, the solution
was injected into fused silica capillaries, (Polymicro, Phoenix, AZ.) with typical
dimensions of 33 cm x 32 um id x 143 um od. Capillaries were pretreated for one hour
with a silanizing solution. This solution was freshly prepared by mixing together 0.5 mL
of water, 0.5 mL of glacial acetic acid, and 20 pL of y-methacryloxypropyl
trimethoxysilane (Sigma Chemical, St.Louis, MD). All chemicals are of electrophoretic
grade. The day of preparation is day zero. Linear polyacrylamide-filled capillaries that
are older than day zero were left to age on the bench and trimmed before use.

The capill... , electrophoresis system and fluorescence detection system used for
these experiments are an in-house design described in Chapter 1 (Figures 1.19 and 1.20).
The high voltage power supply used in this experiment is a Spellman CZE1000R
(Plainview, NY). Excitation of the sequencing samples is achieved by using a yellow (8
mW at 594 nm) He-Ne laser (PMS, Electro-Optics, Boulder, Colorado). Fluorescence is
collected at right angles to the laser beam with a 125X microscope objective (Leitz

Weizlar, Germany). The light collected is imaged onto an iris, passed through a
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630DF30 band pass filter (Omega Optical., Brattleboro, VT) and detected with an R1477

photomultiplier tube (Hamamatsu, Middlesex, NJ).

4.3 Effects of Aging Polyacrylamide on the Separation of Sequencing Samples
4.3.1 Results and Discussion

Separation of sequencing samples was performed on linear polyacrylamide-filled
capillaries ranging from 1- to 115-day old. Figure 4.1 shows four subsequent sequencing
runs done on a 1-day old linear polyacrylamide-filled capillary at -300 V/cm, from the
primer up to base 166. The migration times increase from run to run: the peak for base
91 moves from 23.7 up to 39.4 minutes (66% of increase), and the peak for base 252
moves from 43.3 up to 70.8 minutes (63% of increase) from run one to run four. Also,
the peak heights decrease by a factor of ten within four sequencing runs, despite the use
of a fresh sample for each sequencing run. At the same time, the current in the capillary
decreases from 1.21 pA for sequencing run one to 0.70 uA for sequencing run four.

The decrease in current is due to a depletion of ions at the injection end'®. This
depletion of ions causes a localized increase in the electric field near the injection end,
and a decrease of the electric field in the rest of the capillary. As well, this depletion of
ions expands in the capillary with time, thus increasing the asymmetry of the electric field
in the capillary. This phenomenon of depletion of ions causes the migration tirmes to
increase from sequencing run to sequencing run and results in a lower amount of sample
to be injected. Depletion of ions was well described by Spencer 23-27 and was also
reported in slab gel experiments?’-30, Spencer?” noticed a depletion of ions extending 40
mm for a 80 mm 15%T gel run at 6 mA for 3 hours with 1mM spermine
tetrahydrochloride. Seida et al.30 reported changes in concentration of the buffer near the
two electrodes directly inserted in a gel. In this experiment, 10 V was applied on a

6.6%T 3.2%C using sodium sulfate as a buffer. Slater ez al.?8 noticed an increase in
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Figure 4.1 Four subsequent separations of M13mp18 ddATP terminated sequencing

samples at -300V/cm on a 35 cm long capillary filled with 1-day old linear

polyacrylamide.
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velocity of DNA in the first few centimeters of a slab gel and a decrease in the last few
centimeters.

Figure 4.2 shows similar separations done on a 20-day old linear polyacrylamide-
filled capillary. It can be seen that the migration time for base 91 changes only from 22.2
to 22.3 minutes (0.04% increasg), and for base 252 from 38.9 to 39.1 minutes (0.6%
increase). The current stays at 1.55 pA from the run one to run four. The peak heights
only change by around 10%.

In a previous report'8, we have indicated that the aging of polyacrylamide allows
a more stable current in time (i.e. less depletion of ions at the electric field), and thus, a
more symmeiric distribution of the electric field throughout the capillary. The increase in
stability of polyacrylamide with age was also noticed in a different set of experiments,
where a capillary was refilled with a 1-day old linear polyacrylamide and three
subsequent sequencing runs were performed (Figure 4.3). The migration times change
similarly to Figure 4.1. When the capillary was refilled with a 20-day old linear
polyacrylamide and four subsequent sequencing runs were performed (Figure 4.4), the
migration was stable within 5% RSD. These results indicate that the change in the
migration times with age is not due to a capillary problem, such as bad coating of the
inside wall. It is due to changes in the properties of aging polyacrylamide.

Using the migration times measured and equation 2.1 the mobilities of base 91
and base 252 were calculated. Figure 4.5 shows the calculated mobilities for base 91 and
base 252 versus the age of linear polyacrylamide for four subsequent sequencing runs.
The mobilities, in linear polyacrylamide less than a coupie of days old, decrease by 40%
for base 91, and 39% for base 252 from the sequencing run one to four. In the case of
linear polyacrylamide 7- to 34-day old, mobilities decrease by an average of 6.2% for
base 91 and 4.5% for base 252 within four sequencing runs. In the case of the 115-day
old linear polyacrylamide-filled capillary, mobilities increase by 29% for base 91 and

35% for base 252 within four sequencing runs.
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Figure 4.2 Four subsequent separations of M13mp18 ddATP terminated sequencing
samples at -300V/cm on a 32.1 cm long capillary filled with 20-day old linear
polyacrylamide.
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Figure 4.3 Three subsequent separations of M13mp18 ddATP terminated sequencing
sample at -300 V/cm on a 36 cm long capillary. The capillary was refilled with 1-day old
linear polyacrylamide before the first run, using a gas tight syringe.
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Figure 4.4 Four subsequent separations of M13mp18 ddATP terminated sequencing
sample at -300 V/cm on a 36 cm long capillary. The capillary was refilled with 20-day
old linear polyacrylamide before the first run, using a gas tight syringe.
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Figure 4.5 Mobilities for base 91 and base 252 versus the age of linear polyacrylamide
for four subsequent sequencing runs. The run number is indicated beside cach line.
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A non-linear least-squares routine was used to fit a four-parameter Gaussian
function to peak 91-92 and 252-258 according to equation 1.9. From the values of
migration time and A2, the resolution (R) is calculated using equation 1.12. The
resolution for base 91 (Figure 4.6) is similar for all ages of linear polyacrylamide;
however, the resolution decreases with the number of sequencing runs. This decrease
could be caused by a decrease in At and/or an increase in peak width (A2) from run to
run. At (Figure 4.7) is stable within the four runs for most of the different ages of linear
polyacrylamide; however, in the case of the 1 15-day old linear polyacrylamide, there is a
decrease in At from the sequencing run one to four, and in the case of capillaries less than
2-day old, there is an increase in At from the sequencing run one to four.

The peak width increases from run to run (Figure 4.8). It easily doubles for the
linear polyacrylamide less than 2-day old and increases by an average of 70% for the
linear polyacrylamides between 6- and 34-day old. In the case of the 115-day ol linear
polyacrylamide, the peak width decreases by 1%. In all the cases, except for the @ i5-day
old linear polyacrylamide, decreases in resolutions are due to increases in peak width.
For the 115 day old linear polyacrylamide, the decrease is due to a decrease in At. The
injection contribution to the band broadening should be constant because the injection
conditions were identical for all the experiments. In the case of fresh linear
polyacrylamide, longitudinal diffusion increases from se;juencing run to seq iencing run
because of the increase in migratior. iime. For older lincar polyacrylamide, ri.igration
times were fairly constant, thus the longitudinal diffusion effect would not expi:in the
increase in the peak widths. The increase in the peak widths could be due to a structural
change in the linear polyacrylamide under high electric ficlds.

The number of theoretical plates (Np) is related to the migration times and the
peak widths according to Equation 1.10. Figv:. 4.9 shows the number of theoretical

plates for base 91 versus the age of linear polyacrylamide. In all the cases, except the
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Figure 4.7 At for base 91-93 versus the age of polyacrylamide for four subsequent runs.
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Figure 4.8 Peak widths for base 91 versus the age of polyacrylamide for four subsequent
runs.
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Figure 4.9 Theoretical plates for base 91 versus the age of polyacrylamide for four
subsequent sequencing runs. Base 252 was not included for clarity. The run number is

Number of theoretical plates

indicated beside each line.
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115-day old polyacrylamide, Np decreases from run to run. In the case of fresh linear

polyacrylamides (less than a couple of day old), the migration times increase by §6%, and
the peak widths increase by 200%, resulting in a decrease by a factor of three in the
number of theoretical plates. Linear polyacrylamide between 6- and 34-day old have
migration times that increase by an average of 8%, and peak widths that increase by 70%.
This results in a decrease by a factor of 2.5 in the number of theoretical plates. Finally, in
the case of the 115 day old linear polyacrylamide, the migration times decrease by an
average of 25%, and the peak widths increase by 1% resulting in a decrease by a factor of

1.8 in the number of theoretical plates.

4.3.3 Conclusion

Linear polyacrylamide can bhe used to perform subsequent sequencing runs on the
same capillary if the linear polyacrylamide is agr:d properly before use. The migration
times for aged linear polyacrylamide change by less than 8% for base 91 and 5.5% for
base 252 within four sequencing runs. Sufficient resolution was obtained for DNA

sequence determination.

4.4 Multiple Runs of DNA Sequencing Samples
4.4.1 Results and Discussion |

The results in Chapter 3 and the results from the first part of Chapter 4 suggest
that multiple runs can be performed on a capillary if a stable polymer (i.e. older polymer)
is used, and if the amount of template in the sample is reduced. Older polymer-filled
capillaries stabilized the migration time of DNA for four subsequent runs (Chapter 4.3);
however, there is still some depletion of ions occurring ir :n old polyacrylamide during
electrophoresis. In order to decrease the effect of the depletion of ions, the electric field
was reversed between each sequencing. This voltage reversal allowed the depletion of

ions at the injection end to be refilled, and thus, to decrease the effect of the depletion of
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Figure 4.10 Multiple runs of M13mp18 ddATP on a 33 cm x 32 umid x 143 pumod

capillary at -300V/cm. The polarity was reversed after each run at +400V/cm for 20
minutes.
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ions. To generate samples with low amounts of template, cycle sequencing was used.
Figure 4.10 shows the sequence from the primer up tc base 166 for four of the runs. By
reversing the polarity between runs, up to 19 subsequent runs were obtained on the same
capillary without refilling the capillary. The polarity was reversed for 10 to 20 minutes at
+400V/cm between each run. Up to 0.4uA was recuperated by this technique. Reversitg
the polarity was previously proposed by Swerdlow et al. to eliminate the plugging of the
pore by big DNA fragments!”. The separation was reproduced a few times on different
capillaries using completely different solutions (Appendix B).

Figure 4.11 shows the change in current versus the run number. There is still a
slight decrease in current (1.49 to 1.29 pA) which is not compensated by reversing the
polarity. It could be due to an incomplete deplugging of the pore. The increase in current
from run 7 to 8 and run 13 to 14 occurred because of the overnight delay between these
runs.

Figure 4.12 shows the change in mobility versus the run number. The relative
standard deviation of the mobility is 3% to 6% for base 91 to base 350. Thus, the
migration time is stable within 19 runs. The variation of the migration time seems to be
related to the variation in the current from run to run. It can be seen more clearly on
Figure 4.13 that the mobility is related to the current for four subsequent injections on a
capillary without reversing the polarity. Thus, any change in current during
electrophoresis affects the migration time of the analytes. This means that by stabilizing
the change in current with time, the migration time will be stabilized.

The peaks for base 91, 142, 252, 350, and the next fragment after each of these
bases were fitted using a Gaussian model (Equation 1.9) and the resolution was calculated
using Equation 1.12. Figure 4.14 shows the resolution versus number of runs. The main
decrease in the resolution occurs in the first four runs. The resolution is still very

satisfactory for fragments smaller than 200 bases for all the other runs. We injected a
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Figure 4.11 Average current in the capillary used for 19 DNA sequencing runs. Other
conditions as in fig. 4.10.
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Figure 4.12 Mobility for different peaks for 19 runs. Other conditions as in fig. 4.10.
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Mobility versus current for four subsequent runs done on a one-day old

Figure 4.13
capillary. The polarity was not reversed in between runs.
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Figure 4.14 Resolution versus number of runs for different peaks. Other conditions as in
fig. 4.10.
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plug of NaCl before injecting some of the samples, because we observed the appearance
of shoulder peaks, or double peaks, for longer fragments. This problem, due to sample
preparation, could be easily eliminated by desalting the sample before injection. We did
not attempt in this study to optimize the capillary length, the voltage, the buffer, or the

sample preparation to obtain better results.

4.4.2 Conclusion

We have shown that it is possible to perform multiple runs on the same capillary
without refilling it. Up to 19 subsequent runs were obtained on the same capillary.
Based on the final current, it can be predicted that the number of runs is not limited to 19.
The resolution is satisfactory for fragments less than 200 bases. The authors preferred to
limit themselves to 19 runs, and instead, concentrate on reproducing their results with

many different capillaries prepared with completely different solutions.
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5.1 Introduction

DNA is one of the most important substances in the living world. It contains all
the necessary information to create and maintain life. Most of the information within the
DNA is usually hereditary transferred without any change, but some of it changes leading
to, virtually, an infinity of possible results. This variability of DNA is involved in the
process of evolution. '

Geneticists are interested in using this variability of the DNA to change or correct
DNA. For example, they are able to create genetically altered crops or work on genetic
treatments for diseases, like cancer. In these processes, they would need to cut or insert a
piece of DNA at an exact position into the target DNA this involves techniques such as
restriction mapping and genomic mapping. In these mapping techniques, minute amounts
of DNA restriction fragments have to be separated.

Traditionally, the separation of double-stranded DNA fragments was done by slab
gel electrophoresis 1-3 | The demand for new techniques for efficient and fast separation
of smali amounts of DNA fragments has greatly increased in the last few years. Capillary
electrophoresis, using polymers as sieving media, is one of the emerging techniques*-23.
The advantage of capillary electrophoresis using sieving media over other techniques is
its separation of a wide range of DN A fragments using different sieving media.

Agarose is used for the separation of long fragments and short fragments.
Separation up to !2,000 base pairs of 1Kb ladders of DNA fragments was achieved by
using 1.7% agarose’; 72-1353 bp fragments (¢x174 RF/Haelll) were separated using 0.3-
2.8% agarose24. A low melting-point agarose solution was used to separate DNA
fragments by capillary zone electrophoresis8. Agarose cannot be used in our capillary
electrophoresis system because agarose tends to extrude from the capillary and plug the
sheath flow cuvette.

Polyacrylamide gels are used for the separation of small fragments (<2000bp).
Heiger et al. !! used polyacrylamide (3%T 0.5%C) for the separation of ¢x174 RF/Haelll
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fragments and 1000 bp ladder DNA fragments. Guttman'? also used polyacrylamide to

separate 0x174 RF/Haelll, and pBR322 DNA Hae III, but used gradient and step fields to
obtain better resolutions. Capillaries filled with cross-linked polyacrylamide gel are very
susceptible to the formation of bubbles, they cannot be refilled, and they usually have a
short life. .

Open-tube capillary electrophoresis has been used to separate a mixture of
ADNA/Hind I1I digest and ¢x174 RF/Hae III digest (72 to 23130 bp) using a buffer made
of 0.1M TRIS-borate. 2.5 mM EDTA, 0.1% SDS, and 7 M urea®®. Although borate, urea,
and SDS are presumed to bind to DNA and change its conformation, the mechanism of
the separation is not well understood!”. Also, the success of the experiment highly
depends on careful handling and pretreatment of the sample.

Chin and Colburn?® have written a report on the separation of restriction
fragments by counter-migration capillary electrophoresis. In this technique, an uncoated
capillary is filled with a TRIS borate-based system that contains hydrophilic derivatives
of cellulose. This technique takes advantage of high electroendosmotic flow to propel the
bulk solution towards the detector.

Coated capillaries and entangled polymers seem to be very promising. The
capillary filled with these polymers can usually be refilled, and used quite extensively.
Novotny used hydroxyethylcellulose 0.2 to 1% for the separation of pBR322 DNA Hae
II1 (22 fragments from 8 to 587 bp)27. Mathies and Clark 28 succeeded in the separation
of $x174 RF/Hae III digest using capillary array electrophoresis on
hydroxyethylcellulose. Grossman and Soane!’ -id a rheological study of the separation of
DNA restriction fragments in hydroxyethyl celluicse using capillary electrophoresis.
Strege and Lagu!7 used a polyacrylamide-coated ~..pillary in conjunction with 50 mM
TRIS-borate, 2.5mM EDTA and 0.5% methylcelluv!os= for the separation of 1Kb ladder
(75 to 12 216bp) and ADNA/Hind III digest (125 to :3 :30bp).

Hydroxypropylmethylcellulose (HPMC) has been used {3y Schwartz et al.’ at a
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concentration of 0.5% (4000cp) to separate ¢x174 RF/Hae III digest. He indicated that
this polymer is well suited for the separation of small DNA fragments (1.8 million
plates/m for the 118bp fragment). Schomburg et al. 29 separated different samples of
DNA restriction fragments in linear polyacrylamide, hydrox: hyicelh*'iicr and
polyvinylalcohol. Morris and Kim?? used pulsed-field capillary electrophoresis in dilute
methylcellulose to separate multikilobase length nuc¥eic acids. Sudor and Novotny "
used pulsed-field capillary electrophoresisin al .ar polyacrylamide solution for the

separation of 48.5 kilobases to 1 megabase DN A fragments.

5.1.1 Intercalating Dyes

Most capillary electrophoresis analysis of double-stranded DNA has relxi on
ultraviolet absorbance for detection. Because of the large molar absorptivi.y of large
DNA fragments, ultraviolet absorbance has produced detection limits of 10-18 mol of
injected DNA.

Fluorescence detection is required for the study of minute amounts of analytes.
Native fluorescence of DNA generates useful fluorescence signals upon excitation in the
ultraviolet portion of the spectrum 83!, Usually, dyes have better quantum yields than
native DNA, and they fluoresce in the visible spectrum. Non-intercalating dyes such as
33258 and 33342 Hoescht dyes can be added to the running buffer to achieve
fluorescence emission; however, the sensitivity attained is roughly equivalent to UV
detection 3. Other dyes insert themselves between adjacent base pairs of double-stranded
DNA. These dyes have planar aromatic or heteroaromatic rings, and they are know as
intercalating dyes. Guttman and Cooke32 studied the effects of the presence of an
intercalating dye (ethidium bromide) on the separation of a few DNA samples. They
indicated that the presence of ethidium bromide increases the resolution of DNA
fragments, increases the UV absorbance of the DNA, and changes the velocity of the

DNA fragments. Some intercalating dyes do not fluoresce unless they are inside a DNA
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strand, resulting in better sensitivities3>33, Ethidium homodimer (EthD), shows a better

sensitivity than non-intercalating dyes, it allows picogram fluorescence detection of
DNAL

A new line of ultra-sensitive intercalating dyes has been recently developed b;
Glazer et al. at Berkeley33-35-38, These dyes are dimers of intercalating dyes that have
been modified to produce high ;ffinities for DNA. The benzothiazolium-4-quinolinium
dimer (TOTO-1) and the benzoxazolium-4-quinolinium dimer (YOYO-1) are examples
of these types of dyes. The structure of the dyes used in our experiment are quite similar
(Figure 5.1). By changing part of the structure, like replacing quinolinium by
pyridinium, or benzothiazolium by benzoxazolium, it is possible to obtain a variety of
dyes that absorb and fluoresce at different wavelengths, with a different qu.atum yield
and a different affinity for the DNA (Table 5. . The values in Table ©.; 36 are for the
dyes intercalated in DNA. These dyes were selected because each ove is excited with a
specific laser. YOYO-1 is excited by the blue line (488 nm) of an Ar* laser, YOYO-3 is
excited with the orange line (612 nm) of the He-Ne laser, and POPO-3 is excited with the
green line (543 nm) of a He-Ne laser. These novel intercalating dyes have a much higher
fluorescence enhancement (fluorescence signal for bound dye versus free dyz) than
Ethidium homodimer- 1(EthD-1): EthD-1 has an enhancement of 40, TOTO-1 has an
enhancement of 1,100, and YOYO-1 has an enhancement of 3,200 .

Rye et al. 34 used the TOTO and YOYO intercalating dyes to perform
fluorometric assay on double-stranded DNA with a laser-excited confocal fluorescence
scanner; as little as 20 pg of double-stranded DNA wi.« detected.

There are a few preliminary reports on the use of these dyes in capillary gel
electrophoresis. Schwartz et al. 3 used ethidium bromide to improve the resolution of
restriction fragments; ultraviolet absorbance was used for detection. Schwartz and
Ulfelder 4 did a comparative study of the separation of PCR fragments by capillary

electrophoresis. They used ultraviolet detection and laser-induced fluorescence detection
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Figure 5.1 Structures of the intercalating dyes POPO-3, YOYO-1, and YOYO-3.
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Table 5.1 Characteristics of the dyes.

Dye EXmax elx10-3 (QY2) Kp®
/EMmax (nm)
YOYO-1 491/509 84(0.52) 6.0x10-8
YOYO-3 612/631 167(0.15) 1.5x10'8
POPO-3 534/570 146(0.46) nd4
EthD-1 528/617 7.4(0.08) 5.0x10-8

Iem-IM-1 2QY=quantum yield SKp=partition coefficient of the dye between DNA
and solution 4nd=not determined
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with thiazole orange as the intercalating dye. Guttman and Cooke reported the use of
ethidium bromide as a complexing ligand to improve electrophoretic resolutions.
Ultraviolet absorbance was used in this report32. Morris et al. reported the use of
ethidium bromide with hellum-cadmium laser excited fluorescence and velocity
modulated capillary electrophoresis®’. More recently, Sepaniak et al. reported
fluorescence detection for ethidium bromide and POPO-3 labeled DNA28. Detection
limits {30) were 8.9 fg (9x10-20 mol) for a 310 base-pair fragment. Assuming one dye
molecule per four base pairs, the detection limit for the dye molecule is 3x10-19 mol
intercalated into DNA. Keller et al. 3 and Shera et al. 4° at Los Alamos National
Laboratory have reported size determinations of individual double-stranded DNA
molecules that have been labeled with intercalating dyes. In these experiments, a large
number of intercalating dye molecules are used to label the DNA fragments. When a
highly diluted solution was analyzed in a modified flow cytometry instrument, the
amplitude of the fluorescent burst was used to identify the size of the DNA fragment.
Morris and Kim?2! used the bis-intercalating dyes ethidium homodimer-1 and ethidium
homodimer-2 for the separation of ¢x174 RF/Haelll digest in HPMC.

In this study, we show fast separations of DNA restriction fragments intercalated
with ultra sensitive dyes (POPO-3, YOYO-1, and YOYO-3) using HPMC and linear
polyacrylamide as sieving mediums in capillary electrophoresis. We use micellar
electrokinetic capillary chromatography (MECC) to demonstrate the possibility of
detecting a single 6 kb long DNA fragment. High sensitivity laser-induced fluorescence

is used to detect fluorescently labeled analytes.

5.1.2 ROX-Dideoxycytosine Triphosphate
While intercalating dyes are very convenient to use, they suffer from a few
limitations. First, the positive charge on the intercalating dyes changes the mobility and

the stiffness of the DNA fragments. Second, only onc sample can be processed at one
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time on the same capillary due to the rapid exchange of different dyes between DNA

fragments. This limitation is particularly acute in capillary electrophoresis, where it is
very useful to include a size marker along with the unknown DNA for analysis in a single
capillary. The throughput of each capillary can also increase if several samles labeled
with different fluorescence labels are analyzed simultaneously. We have attempted to use
different intercalating dyes to le;bel double-stranded DNA originating from two differ=nt
restriction endonuclease digests; inevitably, an exchange of dyes was cbserved, resulting
in the inability to Cistinguish the fluorescenc. from the two digesis. Thus, it appears
necessary to covalently label DNA with fluorescent dyes. The covalently bound dye is
unable to be exchanged between DNA molecules, allowing analysis of many different
analytes simultaneously in a single capillary. This approach also minimizes the effect of
the label on the mobility of the DNA.

We report the use of terminal deoxynucleotidy! transferase to label covalently
blunt und sticky ended DNA fragments with a fluorescently labeled dideoxynucleotide.
Terminal deoxynucleotidyl transferase is widely used for 3'-end labeling of DNA or RNA
with radioisotopically labeled nucleotides*!42. A fluorescently labeled deoxynucleotide
has been used to label RNA%* with terminal deoxynucleotidy! transference. Trainor and
Jansen** used succinylfluorescein-labeled dideoxynucleoside triphosphate to label 17 by
oligonucleotide. Igloi and Schiefermayr?’ used terminal ceoxynucleotidyl transferase to
incorporate a fluorescently labeled dUTP to a single-stranded primer; however, to the
best of our knowledge, terminal deoxynucleotidyl transferase has not been used to

fluorescently label restriction fragment digesis.

5.2 Intercalating Dye Experiments
5.2.1 Experimental

The capillary electrophoresis system and the detector used in this experiment were

described in chapter 1. The experiments were done using 50 pm id x 144 pm od
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capillaries [Polymicro, Phoenix, AR). The capillaries were silanized as described in
chapter 1. For MECC experiments, the outside polyimide ccating of the end of the
capillary inserted in the sheath flow cuvette was removed by a gentle flame. When
HPMC was used as a sieving medium, the inner wall of the capillary was coated with
2%T acrylamide solution. After the polymerization of acrylamide, 0.4% HPMC was
introduced inside the capillary l;sing a syringe with an appropriate glass fitting. The
0.4% HPMC in 1xTBE was prepared by diluting a 4000 cp, 2% HPMC stock solution
(Sigma, St. Louis, MO). For use with linear polyacrylamide, capillaries were also
silanize.2 as described in chapter 1. The detector used is similar to others reported from
this laboizic:y?, and it has been described in chapter 1.

Five different samples were used in this study. The first one is ¢x174 RF/Haelll
digest, which is commercially available. This sample includes the following fragment
sizes: 72, 118, 194, 234, 271, 281, 310, 603, 872, 1078 and 1353 bp. Fragments 271 and
281 can show anomalous mobilities (281 coming out before 271 according to
manufacturer). The second sample is a commercially available 100 bp DNA ladder that
includes '6 fragments from 100 to 1500 bp every 100 bp, and one fragment at 2072 bp.
Fragments 600 bp and 1500 bp are more intense than the others, except for fragment
2072 bp. Part of fragment 600 bp can show an anomalous mobility (two peaks, according
to manufacturer). The third sample is a 123 bp DNA ladder ranging from 123 bp up to
4182 bp every 123 bp. Fragment 246 and higher can show a side peak. The fourth
sample is a A DNA/Hind I1I digest. It includes the following fragments: 125, 564, 2027,
2322, 4361, 6557, 9416 and 23130 bp. The last sample is a M13mp18 double-stranded
DNA, digested by Taq I restriction enzyme. This sample was prepared by ourselves and
includes 12 fragments: 30, 239, 381, 441, 552, 579, 618, 703, 791, 927, 971, and 1018
bp.

Unless otherwise indicated, stock solutions of POPO-3, YOYO-1 or YOYO-3
were diluted to 10-6 M with 0.1xTBE ( pH 8.4) and then diluted ten-fold in the same
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buffer (lO‘7 M). To this solution, sufficient double-stranded DNA was added io obtain a

9.3 to 15 base pair-to-dye molecule ratio (bp:dye). The preparation was kept in the dark
for about half an hour prior to further dilution or injection.

For polymer-filled capillary electrophoresis, sample injection was typically five
seconds at -100 V/cm, unless otherwise indicated. In general, electrophoresis was dore at
-200 V/cm with 1XTBE buffer - For MECC, samples were diluted in a pH 9.4, 10 mM
borate + 10 mM SDS buffer and electrephoresis was performed at +400 V/cm.

5.2.2 Results and Discussion

In this work we studied the separation of double-stranded DNA on HPMC and
polyacrylamide. The peak resolution, the peak width, and the total time for the separation
are used to characterize each polymer. At the time of this work, there were no previous
reports on CE separation of double-stranded DNA with intercalated POPO-3, YOYO-1
and YOYO-3. We have investigated the effect of the bp:dye ratio, ionic strength, and
HPMC and polyacrylamide concentrations in matrix composition. The limit of detection,
obtained by MECC, for the three dyes intercalated inside double-stranded DNA is also

reported.

5.2.2.1 Base Pair-to-Dye Molecule Ratio

The proportion of DNA base pairs to intercalating dye affects the intensity and the
peak width of each DNA fragment. When the ratio of bp:dye is changed from 20% to
3%, we observe that the number of theoretical plates are highest when one POPO-3
molecule is added for twenty base pairs of DNA for fragments 194 and €00 base pairs in
length, Figure 5.2.

The peak height increased linearly (r>0.95) with fragment length for all the

fragments studied. The number of intercalated dye molecules is proportional to the



Figure 5.2 Number of theoretical plates versus base pair:POPO-3 ratio for ¢x174
RF/Haelll. Data were obtained with HPMC in 32 pm capillary at -200V/cm.
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fragment length. The peak height (normalized to 1 bp) was not affected by bp:cye ratio

5, 20, and 33. The signal was, however, twice as high for a bp:dye ratio of 10, Figure 5.3.

5.2.2.2 Ionic Strength

The ionic strength of the running buffer (1xXTBE) affected the peak width. The
ionic strength was changed by a{dding up to 200 mM NaCl in the running and the sheath
flow buffer. ¢x174 RF/Haelll digest was separated on HPMC 0.4% with difierent
concentrations of NaCl. The number of theoretical plates was extracted from these
results, Figure 5.4.

These data were fitted with a function of the form,

plates = ——E—a——— (5.1
[NaCT]* !

The limiting number of theoretical plates ranged from 64,000 to 91,000, with 2 mean of
81,000 % 12,000 piates. This improvement in resolution with the increasing sodium
chloride concentration has been observed on slab gels*’. It is proposed that the
intercalating dye is more tightly held by the double-stranded DNA at a higher ionic
strength; the partition ratio of the relatively non-polar dye increases at a higher ionic
strength. An increase in the partition ratio means an increase in the number of dyes
intercalated per molecule of DNA. Without NaCl, the amount of dye molecules for a
particular DNA fragment is very variable. Also, the dye molecules are charged and their
amount inside DNA fragments influence the mobility of these fragments. Thus, if the
DNA molecules of a particular size do not have the same amount of dye intercalated, the
average mobility will have a broad distribution. As the concentration of NaCl increases,
the variance on the amount of dye intercalated decreases, and thus, the variance on the
average mobility of a particular fragment size decreases. The retention time of all the

fragments increases with the NaCl concentration, and the number of theoretical plates
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Figure 5.4 Theoretical plates versus NaCl concentration. Conditions as in Fig. 5.2.
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also increases with the NaCl concentration up to a plateau area between 40 to 200 mM
NaCl. The increment in the migration time is greater for longer fragments. Similar

results have been obtained by Oefner et al¥7. They noticed an increase in the resolution,

and a decrease in the mobility with the increase in the NaCl concentration.

5.2.2.3 Separation Matrix Cou;lposition

Separation of ¢x174 RF/Haelll digest was obtained in 0.2%, 0.4%, and 0.8%
HPMC, and in 4%T , 6%T, and 8%T linear polyacrylamide. The electropherograms
obtained in HPMC and in polyacrylamide are shown in Figure 5.5 and Figure 5.6
respectively. The migration time increases with the concentration of the polymers.

The mobility of the fragments were calculated using equation 2.1 and are reported
in Figure 5.7 versus the inverse of the fragment lengths in base pairs. The highest
mobility is produced in the lowest concentration of HPMC; the relatively low viscosity of
this medium produces little retardation of the double-stranded DNA. The lowest mobility
is obtained in 8%T linear polyacrylamide; the high viscosity of this medium produces a
significant retardation of the fragments. Mobility is plotted versus the inverse fragment
length. As explained in Chapter 1, the small fragments migrate according to the Ogston
model, and larger fragments migrate according to the biased reptation model. The range
of fragment sizes which are subjected to biased reptation should have a linear relationship
between mobility and the inverse of the fragment length (equation 1.22). The plot reveals
that the onset of biased reptation occurs for fragments roughly 500 base pairs in length.

A non-linear least-squares routine was used to fit a four-parameter Gaussian
function (equation 1.9) to the peaks of the electropherograms. The number of theoretical
plates is estimated from the peak width and the retention time using equation 1.10. The
number of theoretical plates decreased slightly with the fragment lengths for all the

polymers studied, Figure 5.8.
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Figure 5.5 Separation of ¢x174 RF/Haelll digest intercalated with YOYO-3 on different
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Figure 5.6 Separétion of 0x174 RF/Haelll digest intercalated with YOYO-3 on din.erent
linear polyacrylamide at -200V/cm with 1xTBE, 0.1M NaCl.
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Figure 5.7 Mobility versus reciprocal fragment length for different polymers. The
mobility was normalized to 30 cm capillary. Other conditions as in Fig. 5.5.
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Figure 5.8 Theoretical plates versus fragment lengths for different polymers. Only the

standard deviation for 8%T LPA and 0.8% HPMC are reported for clarity. Other
conditions as in Fig. 5.5.
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For linear polyacrylamide, the number of theoretical p.. . .vached an asymptotic

value of about 0.8 x 10 plates for the longest fragments; whereas for HPMC, the limiting
plate count was about half that value. This trend towards lower number of theoretica:
plates for the longer fragments mirrors the onset of biased reptation; long fragments that
undergo biased reptation appear to produce similar number of theoretical plates.
Presumably, the change in conf<‘)rmation accompanying biased reptation produces a
change in the diffusion coefficient of the fragments that matches the change in mobility.
Resolution for fragments differing by 10 base pairs (R¢) was estimated as,

R0 =10 X AT (5.2)
2.83 x A, X ABP

Where AT is the difference in retention time of two fragments, A; is the average peak
width for the two peaks, and A BP is the difference in fragment length in base pairs. Note
that the resolution is for a 10 base pair difference in fragment length; when the resolution
drops below 1, fragments differing by 10 base pairs in length will produce overlapping
peaks. Figure 5.9 shows that the resolution decreases nearly exponentially with fragment
length. While resolution for fragments shorter than 300 base pairs is superior in linear
polyacrylamide than in HPMC, longer fragments produce similar resolutions.

In general, HPMC seems to be superior to linear polyacrylamide for the analysis
of fragments longer than 300 base pairs. The high mobility of fragments in HPMC leads
to rapid separations with no loss of resolution compared to the use of linear
polyacrylamide. In Figures 5.10 to 5.13, we present several examples of the separation of
double-stranded DNA in HPMC. In Figure 5.10, a 100 base pair ladder is separated in 22
minutes at an electric field of -200 V/cm. Note that two peaks are generated for the 600
base pair fragment. This behavior is also observed in slab gels and is evident in the

electropherogram supplied by the manufacturer.
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Figure 5.9 Resolution versus fragment length for different polymers. The resolution was
normalized to 10bp. Other conditions as in Fig. 5.5.
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Figure 5.10 Separation of 100-bp ladder intercalated with YOYO-3 on HPMC 0.4% at
-200V/cm with 1xTBE, 0.1M NaCl.
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Figure 5.11A Separation of a 123-bp ladder. Other conditions as in Fig 5.10.
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Figure 5.12 Separation of A DNA/ Hind III. Other conditions as in Fig 5.10.
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Figure 5.13 Separation of Taq I digest of M13mp18.
Other conditions as in Fig 5.10.

0.8_
. ~
- (-2
B Y
e -]
- b
0.7 - |l
) o N
o [~}
-n. M~
c—'- L]
] w
: [ <]
2 o
- N
- wn
. - 0w
- <
0.5 - M
] @
| [ ¢ ]
:O
1 o
- N
0.4 -
0.3 MWWW“WW Kﬁv) \\"‘
IIII'IIlllllllrlllllll11|llllTlllI]llll
14 16 18 20 22min

Time



175
Figure 5.11 shows a 123 base pair ladder separated at -200V/cm in HPMC. The

resolution extends to fragment 3198 base pairs in length. The long2r fragments generate
a single peak © 0 the biased reptation phenomena. Figure 5.12 presents a A
phage that has bec -ested with Hind I1 restriction endonuclease. Finally, Figure 5.13
shows the separation of a home-made sample prepared by digesting M13mp18 with Taql
restriction endonuclease. This shows that a clean electropherogram can be obtained with
a non-purified sample and the intercalating dyes. The resolution obtained in our

experiment is much higher than the one obtained by other groups 2148,

5.2.2.4 Detection Limits

These dyes undergo a significant increase in fluorescence intensity when
intercaiated in double-stranded DNA. Because of the large partition coefficient of these
dyes (YOYO-3 1.5x108, and YOYO-1 6.0x108), we assume that all the dye molecules
are intercalated inside the double helix36. Rather than using one double-stranded DNA
fragment, we chose to use micellar electrophoresis to determine the limits of detection,
because only the total DNA concentration is known. Under MECC conditions, the Hae
ITI digest of ¢x174 RF yields a single electrophoresis peak with POPO-3, YOYO-1 and
YOYO-3. This allows us to use the total concentration of DNA in our calculation, and to
obtain limits of d-tection in nuunber of mol. Table 5.2 gives the observed limits of
detection for the dyes. Limits of detection were also measured by CZE( without SDS)
and were similar to the results in Table 5.2. This indicates that the presence of SDS does
not enhance the signal.

These limits of detection are for intercalated dyes; a large number of these dyes
can be intercalated into large DINA fragments. For example, if the bp:dye ratio is 10, then
a single 5,000 base pair DNA fragment will contain a 500 dye molecules. This number
of dye molecules is in the range of the limit of detection on this system. Thus, the limit

of detection for large DNA molecules approaches the single molecule limit in this
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Table 5.2 Limits of detection of intercalated dyes. Data were obtained in MECC at an
electric field of +400 V/cm with a 10 mM borate and 10 mM SDS buffer at pH=3 4.

Dze Limit of detection (3 ©)
POPO-3 1.1+ 0.1 x 1021 mol
YOYO-3 1.9+ 0.4x 1021 mol

YOYO-1 5+ 2x 1021 mol
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capillary electrophoresis instrument. The limits of detection reported :a this ev~eriment

need to be considered as conservative due to the assumptions involved in our calculation.
These results are similar to the ones reported by Keller ez al. for the analysis of neat

solutions of highly dilute samples of DNA fragments labeled with intercalating dyes?®.

5.3 ROX-Dideoxycytosine Triphosphate
5.3.1 Experiment

The capillary electrophoresis system and the detector used in this exj: 1 ( werc
described in Chapter 1 (Figures 1.19 and 1.20). Ayellow He ' 4w % mW at 594 nem)
was used for the excitation of fluorescence. The expe:in. ore e ing 32 umid .

144 pm od x 28.6 cm capillaries (Polymicro, Phoenix, 7/.R+ Tk capillaries were
silanized as described in chapter 1. The HPMC and polyacrylanude weie prepared as
described in Chapter 5.2.1. The separations; performed on 0.4% }'PM: were done at an
electric field of -100 V/cm, and the separations performed on pol; acrylamide were J-ne
at -200V/cm.

One pL of DNA [¢x174 RF/Haelll (Gibco BRL) 0.6 pg/uL or M13mp18 RF}
(Sigma) / Taql (Gibco BRL) 0.045 pg/uL], 4 pL of a 5X reaction buffer (Boehringer
Mannheim), 1 uL of ROX-ddCTP ( 90 pmol, ABI), 2 pL of COCI3 (2.5 mM, Boehringer
Mannheim), 10 uL of water, and 1 pL of terminal deoxynucleotidyl transferase (10U,
Boehringer Mannheim) from calf thymus were mixed together. The mixture was
incubated at 370C for 1 hour. EDTA was added to terminate the reaction. The sample

was ethanol precipitated and dissolved in 10pL of 1xTHE.

5.3.2 Results and Discussion
We used ROX-dideoxycytosine triphosphate (Applied Biosystems Division of
Perkin-Elmer) to label blunt and sticky ended restriction fragments. We successfully

labeled ¢x174 RF/Haelll and M13mp18RF/Tagq] restriction fragments. Figure 5.14
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Figure 5.14 Separation of ¢x174 RF/Hae III on a 28.6 cm capillary filled with HPMC
0.4% and IxTBE 0.1MNaCl at -100V/cm.
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shows the separation of dx174 RF/Haelll fragments on hydroxypropylmethylcellulose

0.4%.

While HPMC is convenient for the analysis of double-stranded DNA, linear
polyacrylamide solutions provide higher resolution separations. Figure 5.15 presents the
separation of ¢»x174 RF/Haelll fragments on polyacrylamide. Each fragment generates a
major peak and a smaller satellite peak; presumably, the first peak is due to fragments
that have incorporated a single label at one 3' end, and the second peak is associated with
fragments that have been labeled at both 3' ends. For the largest peaks, the resolution
presumably is insufficient to resolve the satellite peaks. A decrease in the relative
amount of dideoxynucleotide should reduce the formation of the satellite peaks.

The use of fluorescent dideoxynucleotides is attractive for labeling double-
stranded DNA. In particular, the labeling procedure will be of value in the analysis of
restriction endonuclease digested DNA. Alternative technology based on the use of
intercalating dyes, does not easily allow the analysis of mixed sampies. Many different

dideoxynucieotides labeled with unique fluorescent label are available.

5.4 Conclusion

We are able to separate different DNA restriction digests in the presence of the
intercalating dyes YOYO-3, YOYO-1, and POPO-3. The dye is added in a ratio between
9 to 15 bp:dye. Adding NaCl to the running and the sheath flow buffer increases the
resolution and the number of theoretical plates. Separation of ¢x174 RF/Haelll was done
on HPMC and linear polyacrylamide. The best results were obtained on 0.4% HPMC
and 8%T linear polyacrylamide. Resolution for fragments less than 300 bp are better on
linear polyacrylamide than on HPMC. HPMC allows larger fragments to be separated in
a shorter time. The limits of detection were calculated for each of the intercalating dyes

and were in agreement with the results obtained on more complicated systems. Overall,
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Figure 5.15 Separation of ¢x174 RF/Hae III on a 30 cm capillary filled with 5%

T LPA and 1xTBE 0.1M NaCl at -300V/cm.
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the resolution and the number of theoretical plates are lower when the intercalating dye

YOYO-3, YOYO-1, and POPO-3 are used instead of no dye or ethidium bromide.

We used terminal deoxynucleotidyl transferase and ROX-dideoxycytosine
triphosphate to label blunt and sticky ended DNA. Separation on HPMC and linear
polyacrylamide were presented. Although double peaks were obtained due to incomplete
labeling of fragments, it is expe'ctcd that single peaks could be obtained. Thus, this

technique should be useful for the labeling of restriction endonuclease fragments.
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CONCLUSION
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The human geno:ne is made up of over 3,000,000 kb and includes between 50,000
to 150,000 genes!-2, In the last two decades, scientists have lobbied for the need to study
and sequence the human genome, to gain massive information and understanding in a short
period of tiine. Hopefully, once this information is processed, new drugs and therapies for
genetic dis- ases will be produced. A few years ago, the Human Genome Project was
created. Ii 's a cooperative project between many countries and is the most ambitious
project ever attempted in the biological field.

In the first few years of the project, new techniques are being developed for fast
determination of DNA sequences and for restriction fragments analysis. Two schemes
have been put forward for fast DNA sequence analysis: the first one suggests pushing the
limit of existing techniques, and the second one suggests the development of new
techniques. Capillary gel elsctrophoresis falls in the first category.

Capillary gel electrophoresis with laser induced fluorescence detection provides
faster DNA sequencing than the classical slab gel electrophoresis with radioactive labeling.
There are two reasons for this. The first reason is that higher electric fields can be used,
due to efficient heat dissipation through the capillary wall. Thus, the higher electric field,
used with capillary electrophoresis, allows faster separations with higher resolutions than
slab gel electrophoresis. The second reason is the replacement of radioactive labeling by
flnorescence detection. In classical slab gel electrophoresis, DNA is separated into bands
of various sizes on a slab of polyacrylamide, and then, a film is exposed to the emission
from the radioactive elements inserted in the DNA sequence. The exposure of the film can
take hours, depending on the amount of DNA present in the bands. In the case of
fluorescence detection, enough signal is generated in a very short period of time. Thus,
fluorescence detection is not a time limiting process.

Capillary gel electrophoresis for DNA sequencing is still in its early stages, and is
not commercially available. There are three main problems with capillary gel

electrophoresis. First, the samples are run in series compared to slab gel electrophoresis in
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which the samples are run in parallel. Even though capillary electrophoresis is faster than
slab gel electrophoresis, the throughputs arc similar. A fe* * groups are working on
increasing the throughput of capillary electrophoresis by rut:: v « apillaries in parallel*7.
The second problem is related to the gel performance and rep::.. - *hility in high electric
fields. This problem is the main subject of this thesis. Finally. the <hird problem is a lack
of confidence in capillary gel electrophoresis by the potential users and sometimes from the
developers of the technique. This lack of confidence comes from the poor understanding
and mishandling of the gel during the first years of capillary gel electrophoresis. In the last
few years, a few groups®!13 have studied gel stability. The result of these studies was
good stability and reproducibility of the gel as well as understanding of the phenomena
occurring in the gel.

In chapter 2, the effect of the concentration of cross-linker on the separation of a
DNA sequencing standard was studied. We observed that higher resolution is obtained for
cross-linked polyacrylamides compared to linear polyacrylamide; however, linear
polyacrylamide is less affected by the formation of bubbles, and can be easily refilied into
capillaries. Refilling the capillaries with linear polyacrylamide will become necessary for
the multiple capillary system, because there would be too much work if the capillaries had
to be replaced after each run. The sequencing obtained in linear polyacrylamide is faster
than in cross-linked polyacrylamides. Also, because the biased reptation effect is less
severe in linear polyacrylamide than in cross-linked polyacrylamides, longer sequences
should be obtained. Therefore, linear polyacrylamide is more suitable for DNA sequencing
by capillary gel electrophoresis than cross-linked polyacrylamides.

Chapter 3 presents a study of the stability of linear polyacrylamide. Two
parameters were studied. The first is the effect of changes in transference numbers at the
capillary:reservoir interfaces. It is demonstrated that, when 1xTBE buffer is used, an ionic
depletion area forms at the cathodic end of the capillary, and no change in ionic

concentration is observed at the anodic end. This depletion of ions at the cathodic end of
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the capiliary was demonstrated to be less severe in aged lincar polyacrylamides than in
fresh ones. In fact, the effect of the depletion of ions appears to decrease exponentially
with the age of the polyacrylamide and has a time constant of 5 days. We demonstrated
that, when KCl is added to 1xTB, an area of increased ionic concentration forms at the
anodic end of the capillary, and no change in ionic concentration is observed at the cathodic
end. By using polyacrylamide filled reservoirs, we noticed no changes in ionic
concentration at either end; however, polyacrylamide filled reservoirs cannot be used with
post-column detectrrs. The second parameter studied is the effect of the concentration of
the template on the stability of the current. Important decreases in current are observed
when template is injected into linear polyacrylamide, but this effect is reversible if the
polymer is allowed to relax. The results suggest that the effect of the template on the
current is less important when more diluted template solutions are used. This is the first
time that quantitative information is extracted from the measurement of the current in a
capillary. Also, it is the first time that the effect of changes in transference number at the
reservoir:capillary interfaces is demonstrated. From now on, separation studies by CGE
will have to take into account this effect.

In chapter 4, we studied the effects of the observations from chapter 3 on the
separation of a sequencing standard. First, the effect of aging of linear polyacrylamide was
studied. We noticed that more stable migration times were obtained within four subsequent
sequencing runs if 5- to 34-day old linear polyacrylamides were used. In fresh
polyacrylamide, the migration times double within a few runs. In 115-day old
polyacrylamide, the migration times decrease from run to run. These results are probably
caused by changes in polyacrylamide properties with time. We postulated that hydrolysis,
with time, of the amino group of some acrylamide units to a carboxylic group could be the
cause of the changes. Thus, the migration times change from increasing, to being stable,

and to decreasing from run to run with aging linear polyacrylamide.
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In the second part of Chapter 4, the polarity of the electric field was reversed
between sequencing runs, in order to replenish the depleted area at the injection end with
ions. By using this technique, up to 19 subsequent sequencing runs were performed. This
is the first report of multiple serrations of sequencing sample by CGE. The migration
time was shown to be related . current, as the current decreases, the migration time
increases. Reversing the polarity between runs allows the stabilization or quasi-
stabilization of the current. Thus, the migration times of the DNA fragments are stable
from sequencing runs to sequencing runs. Reversing the polarity between runs is only
useful if the depletion of ions does not proceed to- . aickly, which means using older
polyacrylamides. Therefore, by reversing the polarity between sequencing runs and using
aged polyacrylamides, the migration times of the DNA fragments are stabilized; however,
the resolution still decreases from run to run.

The labeling and the separation of double-stranded DNA by capillary gel
electrophoresis is presented in Chapter 5. The intercalating dyes POPO-3, YOYO-3, and
YOYO-1 were used to label double stranded DNA. Different restriction fragments were
separated on polyacrylamide and HPMC. The results indicate that polyacrylamide gives
better resolutions than HPMC, for fragments smaller than 300bp. For fragments bigger
than 300bp, HPMC is preferable. Although these dyes are very efficient chromophores,
they cause important band broadening because of their slow partition kinetics between the
DNA and the solvent. In a different approach, the enzyme terminal deoxynucleotidyl
transferase was used with ROX-dideoxycytosine triphosphate to covalently label double-
stranded DNA. The product ~£ the labeling was separated in HPMC and in
polyacrylamide. Two peaks were produced per fragment due to incomplete labeling.
Changing the concentration of the reagents should help to generate one peak per fragment.

The objectives of this thesis were first to better understand the phenomena
happening in the separation matrix during electrophoresis, and second, to use the

knowledge gained to achieve separation of single- and double-stranded DNA. In the last
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few years, there have been many studies done on the polymerization properties of
polyacrylamide used for electrophoresis!4-24. A few groups have studied different
parameters affecting the separation of DNA by capillary gel electrophoresis?>-30. These
studies mainly focus on optimizing a few parameters according to the resolutions and the
experimental times. Only a handful of studies address the problem of the behavior of
polyacrylamide during electrophoresis in more detail8 13, The results of this thesis indicate
which parameters most affex . *1e behavior of polyacrylamide used for capillary gel
electrophoresis.

More work should be done on the changes in transference numbers between a
capillary and its reservoirs. As briefly demonstrated in chapter 3, changing the buffer
composition can modify the phenomenon occurring at both ends of the capillary. The pH
in the capillary should be probed, because any changes in ionic concentration due to
changes in transference numbers are also accompanied by changes in pH. These changes
in pH were not specifically addressed in this thesis. Also the presence of charges on aging

polyacrylamide should be verified.
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APPENDIX A

CALCULATION OF THE FRICTION COEFFICIEN: wND
THE GEL PORE SIZE.
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The linear part of the mobility plot versus Nbe,d‘l should follow the bias reptation

model:

(A.D)

S,
= +

where Ny,q is the number of pores filled by the fragment. Equation A.1 can be written as:

Q 1 Q < q E o >2
= + A2)
H 3 & Npada 3 & 3 Ky Tp (

We have fitted the mobility to the inverse of the base number(N) for the linezr part, the

¢ nefficients obtained were reported in Table 2.2.

=§_
=S+ (A3)

In equation A.3, N can be estimated in the case of DNA by:

N = Nbeag 05 (A.4)

where Dp.p is the distance between two bases. Then,

= .i_%.b_ +1
H Nbead Os (A-3)

Thus the slope (S) in Table 2.2 multiply by (Db-b * &-1) is equal to 3 Qs . Once the
C

change of the variable is done, we obtain:
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_S Dy [ 1 ,<q E asﬂ A6

A.1 Slope

The slope (S) is related to the whole charge of the fragment (Q) and to the friction

coefficient (€¢) of the solution by the following relatic. hip:

- Q o

= A7
3 & Dpy (AD

for a particular fragmer.t, Q and (Dp-p * a1y are constant, equation A.7 can be rewritten

as:

=K
€= (A.8)

Thus, the friction coefficient is inversely related to S. The vaiues of S-! are reported in

Table 2.2.

A.2 Intercept

The intercept (I) of the fit is related to the pore's size ( o.s) through the second term of
Equation A.6. If we make an approximation for the va'ue of q (equation A.9), it is
possible to calculate the radius from the intercept and the slope (equation A.10).

€ 0O
=5 A9
=5, (A.9)
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L
_l9 1K Dpy T2 (A10)
S E? e?

S

The values of the pore's size are reported in Table 2.2.



APPENDIX B

MORE MULTIPLE RUNS OF DNA SEQUENCING
SAMPLES
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Figure B.1 14 runs of sequencing samples on the same capillary at -300V/cm.
Runs 2, 6, 9, and 14 are presented. The M13mp18 ddATP samples were used for runs
1to 7, and M13mp18 ddGTP samples were used for runs 8 to 14. Bases 109-111 and bases
164-166 for ddATP, and bases 171-174 for ddGTP are identified on the electropherograms.
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Figure B.2 15 runs of M13mp18 ddGTP sequencing samples on the same capillary at
-300V/cm. Runs 2, 6, 10, and 14 are presented. Bases 171-174 are identified on the

electropherograms.
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Figure B.3 7 runs of M13mp18 ddATP sequencing samples on the same capillary at
-300V/cm. Runs 1, 2, 4, and 6 are presented. Bases 109-111 and bases 164-166 are
identified on the electropherograms.
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Abstract

Capillary gel electrophoresis (CGE) is a rapid method of separation of biological
samples. Promising applicctions of CGE include the separation of DNA sequencing
samples (ssDNA) and double-stranded DNA (dsDNA). CGE allows faster separation of
DNA with equal or higher resolt;tion versus conventional polyacrylamide vel
electrophoresis (PAGE). In CGE the samples are separal .7~ thu- the gel-filled
capillary is used for a few subsequent separations ir educ - experimental +-me.
However, the reproducibility and the stability of CGF . a maior problem.

The first step to do before studying the reproduc.nility of CC=is t¢ “ind the
optimum polyacrylamide concentration. The total gel concentration (7 T) has been studied
previously. In Chapter 2, the effect of the concentration of cre~s-linker . %C) in
polyacrylamide on the separation of ssDNA is studied. High %C gives higher resolution
with longer separation time than 0%C. The number of fragments that can be separated
seems to increase as the %C decreases. This means that 0 %C polyacrylamide would be
more useful than high %C polyacrylamide for DNA sequencing applications.

In chapter 3, the stability of 5%T 0%C polyacrylamide is studied by looking at the
effects that aging polyacrylamide, and buffer transference numbers have on the
conductivity of polyacrylamide. It is shown that by using aged polyacrylamide (6 days or
more), more stable conductivity profiles are obtained.

In Chagter 4, we look at the effect that the stabilization of the conductivity of
polyacrylamide has on the separation of ssTuNA. First, it is demonstrated that as the
polyacrylamide ages (i.e. yielding more stable conductivity) the migration times of the
DNA fragments for subsequent sequencing runs are more stable. Second, stable multiple

sequencing runs are reported by reversing the polarity for a short period of time between

each run.



In the first part of Chapter 5, dsDNA are labeled with the novel intercalating dyes

YOYO-1, YOYO-3, and POPO-2 and separated on polyacrylamide and
hydroxypropylmethylcellulose. The limit of detecton (30) is 1 molecule of a 6kb DNA

fragment. In the second part, terminal deoxynucleotidyl transferase and ROX-

dideoxycytosinetriphosphate are used to covalently label dsDNA.
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CHAPTER 1

INTRODUCTION




1.1 Introduction

The analysis of biologically important molecules has become one of the leading fields
of research in chemistry. DNA is an important biological molecule. It contains all the
information necessary for the creation and maintenance of life. The human genome is made
~f 50,000 to 100,000 genes of some 3,000,000 kb(kilobase), distributed among 23
ch-rmosomes!-2. Sometimes the information contained in DNA is damaged or lost. When
the damuge occurs in a gene or a gene-related sequence, the effect can be catastrophic. For
example, cystic fibrosis is a very common genetic disease among Caucasians. Individuals
with this disease produce a large quantity of mucus in their respiratory and gastrointestinal
systems, causing respiratory problems and susceptibility to lung infections. The gene
causing cystic fibrosis was identified and sequenced??. Although there is still no effective
treatment available for this disease, the information gained by sequencing its gene has led
scientists to refocus their research.

The human genome project is aimed at determining the entire genome sequence. The
information gained from this project should generaie new understanding, and hopefully,
new treatments for genetic diseases. Current automated sequencers, based on slab gel
electrophoresis usirg polyacrylamide, can generate 2000 bases of finished sequence per
day. At this rate, 1.5 million instrument-days would be required to sequence the human
genome®. One way of decreasing the time required for an analysis is to increase the electric
field applied to the polyacrylamide. Capillary gel electrophoresis(CGE) allows high electric
fields to be used”-® due to the efficient dissipation of the heat through the capillary wall. It
also allows a lesser amount of sample to be used; however, ¢ pillary gel electrophoresis
needs an improvement of the throughput, and the reproducibility of polyacrylamide.
Obviously, the throughput of capillary gel electrc;>wresis can be increased by running
capillaries in parallel®'2. Only a few studies of the behavior of polyacrylamide filled

capillaries for DNA sequencing have been published!3. Parts of this thesis address the
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effect of different parameters on the behavior of polyacrylamide for the separation of DNA

sequencing samples.

The understanding of how the gel composition affects the separation of DNA
sequencing samples is a key element in improving the reproducibility and performance of
CGE. Polyacrylamide gels are obtained by the copolymerization of acrylamide and N,N'-
methylenebisacrylamide (cross-iinker). Polyacrylamide also contains a buffer and a
denaturing agent. The effects of the acrylamide concentration’4, and the denaturing agent!*
on the separation of DNA sequencing samples have been previously studied. In chapter 2
of this thesis. we have completed these studies by looking at the effects of the cross-linker
concentration on the separation of DNA sequencing samples.

The separation of samples by CGE is done in a serial manner. In order to improve
the throughput of CGE, it is important to reduce the experimental time. One way . .
reducing the experimental time is to use the gel for more than one separation; however, an
important increase in separation time (can double) and a decrease in resolution are often
observer, when subsequent runs are performed on the same gel. Thus, it is important to
find out what causes this increase in separation time and to stabilize it. There is a steady
decrease of current through the gel filled capillary during electrophoresis. This decrease in
current is related to the longer separation time and lower resolution, which is due to
changes in transference numbers at the reservoir:capillary interfaces(see section 1.3.2.2).
The changes in transference numbers and the parameters that affect them are studied in
Chapter 3. In Chapter 4, the results from chapter 3 are used to stabilize the separation time
of DNA sequencing samples.

Restriction fragment analysis is also an important part of the human genome project.
In Chapter 5 of this thesis, we used different approaches to label double-stranded DNA.
Also, the separation of double-stranded DNA on polyacrylamide and
hydroxypropylmethylcellulgse is reported.



1.2 DNA

DNA!2 is a long polymeric molecule made of four different monomers linked
together in series. The basic unit of DNA is the nucleotide monomer (Figure 1.1).
Nucleotides are made up of three distinct components: a sugar, a base, and a phosphate. In
DNA, the sugar component is a pentose called 2'-deoxyribose (Figure 1.2) and it is
presented as the Haworth structl;re. Ribose has a hydroxyl group in position 2’, but in the
case of DNA, this hydroxyl group is replaced by a hydrogen.

- Four different bases are encountered in DNA. Two are single-ring molecules called
pyrimidines, and two are double-ring molecules called purines (Figure 1.3). The two
pyrimidine molecules are cytosine(C) and thymine(T), and the purine molecules are
adenine(A) and guanine(G). They are attached to the sugar at the 1' position by a C-N
bond replacing the hydroxyl group of the 2'-deoxyribose sugar. The nitrogen used in the
bond is in bold in Figure 1.3. The sugar and the bases attached together are nucleosides
called adenosine, guanosine, cytidine, and thymidine.

The phosphate component of the nucleotide is made of up to three individual
phosphate groups (Figure !.4) linked together linearly. The phosphate groups are attached
at the 5' position of the 2'-deoxyribose. The three components linked together are
nucleotides called 2'-deoxyadenosine 5'-triphosphate, 2'-deoxyguanosine 5'-triphosphate,
2'-deoxycytidine 5'-triphosphate, and 2'-deoxythymidine 5'-triphosphate.

The molecule of DNA is built by linking the different monomers to form a
polynucleotide. The attachment is done by the formation of a phosphodiester bond
between the 5'- phosphate group of one nucleotide and the 3'-end of the 2'-deoxyribose.
Only one phosphate group is involved in the phosphodiester bond; the other phosphate
groups on the nucleotide are removed during the polymerization. Two distinct ends are
apparent on the DNA (Figure 1.5). The 5'- end of the polynucleotide is a triphosphate
group and the 3'-end of the polynucleotide is a hydroxyl group. The different terminal



Figure 1.1 General structure of a nucleotide.
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Figure 1.2 The sugar (2’-deoxyribose) found in DNA.




Figure 1.3 The four bases found in DNA.
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Figure 1.5 The structure of a short polynucleotide.
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groups confer a different reactivity to each end of the polynucleotide. It seems that there is
no limitation to the number of nucleotides present in the polynucleotide. Thousands of
nucleotides to hundreds of millions of nucleotides can be joined together to form a
polynucleotide. Also, there is no limitation to the order in which the nucleotides can be
joined together. Thus, the different sequence possibilities of polynucleotides are 40 where
n is the number of bases. Fora short polynucleotide of 10 nucleotides the number of
different sequences is already 1, 048, 576.

In nature, DNA is usually found as a double helix, or double-stranded DNA
composed of two polymer molecules bound together by hydrogen bonds between the
bases. In the cases of the DNA used in this thesis, some are single stranded DNA
(M13mp18) and some are double-stranded DNA (restriction fragments) . Chargaff
discovered that for all the cases of double-stranded DNA, the ratio of adenine:thymine, and
the ratio of guanine:cytosine were one to one. Any other base ratios were different than
one to one. These results are explained by the fact that the aderines of one polymer
molecule bind only with the thymines of the other polymer molecule, and the guanines of
one polymer molecule only bind with the cytosines of the other polymer molecules (Figure
1.6). Adenines form two hydrogen bonds with thymines and cytosines form three
hydrogen bonds with guanines. Because of structural constraints, any other base pairings
are unfavorable. Thus, the sequence for one of the polynucleotides is complementary to
the sequence of the other polynucleotide; however, the two polynucleotides are antiparallel,
which means that one polynucleotide runs in the 5'—3' direction and the other runs in the

3'—5' direction.

1.2.1 DNA Sample Preparation
1.2.1.1 Single Stranded DNA
All the single stranded DNA samples were generated using M13mp18 template and

ROX labeled universal primers (-21). Figure 1.7 gives the sequence of part of the



Figure 1.6 A) Hydrogen bonds between two polynucleotides B) details of hydrogen
bonds between bases.
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Figure 1.7 Sequence of M13mp18 from the priming site of the universal(-21)
primer. The primer sequence is underline.

1

TGTAAAACGA CGGCCAGTGC

51
AGGATCCCCG

101
CCTGTGTGAA

151
AAGCATAAAG

201
TAATTGCGTT

251
CAGCTGCATT

301
TGGGCGCCAG

351
TTGCCCTTCA

401
GGTTTGCCCC

45]
CAAAATCCCT

GGTACCGAGC

ATTGTTATCC

TGTAAAGCCT

GCGCTCACTG

AATGAATCGG

GGTGGTTTTT

CCGCCTGGCC

AGCAGGCGAA

TATAAATCAA

CAAGCTTGCA

TCGAATTCGT

GCTCACAATT

GGGGTGCCTA

CCCGCTTTCC

CCAACGCGCG

CTTTTCACCA

CTGAGAGAGT

AATCCTGTTT

AAGAATAGCC

TGCCTGCAGG

AATCATGGTC

CCACACAACA

ATGAGTGAGC

AGTCGGGAAA

GGGAGAGGCG

GTGAGACGGG

TGCAGCAAGC

GATGGTGGTT

CGAGATAGGG

50
TCGACTCTAG

100
ATAGCTGTTT

150
TACGAGCCGG

200
TAACTCACAT

250
CCTGTCGTGC

300
GTTTGCGTAT

350
CAACAGCTGA

400
GGTCCACGCT

450
CCGAAATCGG

500
TTGAGTGTTG
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M13mp18 template and the priming site. Base number one in this sequence is the base

number 6292 from the first A in the unique Hpal site (GTTAAC) found in the wild type

M13. Throughout this thesis, only one termination DNA samples were used.

1.2.1.1.1 Protocol 1. Two-Step Protocol

Single stranded DNA sequ‘encing sample can be generated using a two-step protocol
(Figure 1.8) 1617, We used M13mp18 as a template (the piece of DNA to be sequenced)
to generate a single terminated sample of known sequence. This sample is used as a
standard for the study in this thesis. A primer is added to a solution of template. Primers
are short pieces of DNA of known sequence that are complementary to one part of the
template. In our case, we used a ROX labeled universal primer. In step one, the primers
anneal to the templates. This means that the templates and the primers are now bound by
hydrogen bonds between the complementary bases. In the second step, the annealed
primers are extended at their 3'-end by T7 DNA polymerase (Sequenase) in the presence of
the four dNTPs and terminated using one of the ddNTP. The polymerase adds bases at the
2'-end of the primers according to the complementary rule. Because the solution also
contzrs one ddNTP sometimes the polymerase will incorporate a ddNTP. The extension
w:l then stop because ddNTPs do not have a 3'- hydroxyl end. To obtain a DNA
sequencine sample, four reactions are carried out using the four ddNTPs, and then the final
susations wie mixed together before electrophoresis. In this thesis, only one ddNTP was
uscd at a tere to generate a quarter of the sequence because we are interested in using the
serapic orry ¢ a standard.  Also, because we are interested in studying the effects of
difters: * ~aramai- .~ on the separation of DNA by capillary electrophoresis, it is important
tw o= . xe to e swave the longest fragments.

The advantage - £ using the two-step protocol with Sequenase for capillary

electrophoresis is that . .10-:gh the peak heights decrease exponentially with the fragment
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Figure 1.8 Two-step protocol for DNA sequencing.

Annealing
Primer -D' dNTP
<] ddNTP

TACCAG

T .

ATGGTCAAGTGCCATTGCA

Template

5'

ATGGTC AAGTG




13
lengths, the peak heights are uniform fo. « mi:ar fragment lengths. This protocol needs a

relatively large amount of template ana primer. Most of the primer is not used for
sequencing and generates an intense peak. This protocol has been widely used for DNA

sequencing by capillary gel electrophoresis8+18-26,

1.2.1.1.2 Protocol 2. Cycl;: Sequencing

In the case of protocol 1, only the primers annealed to the templates are elongated and
the rest of the primers are not used. Thus, only a small amount of sample is generated. It
is possible to modify protocol 1 in order to obtain more sample by repeating the protocol
many times'”. This process is done by using a thermostable er~yme to extend the primers.
The first and second steps of protocol 2 (Figure 1.9) are similar to the two first steps of
protocol 1 except that the enzyme is different. Then, in a third step, the temperature of the
solution is raised to 95°C, which causes the DNA fragments to separate from the templates.
Because the templates are now free of any other DNA, it is possible to re-anneal some

primers and do the cycle again. In our experiment, the three steps were cycled 30 times.

1.2.1.2 Restriction Fragme: ¢

Double-stranded DNA can be . -+ Yy restriction endonucleases. These enzymes cut
DNA at specific recognition sequences, and generate different sizes of DNA fragments.
Some restriction endonucleases cut exactly in the middle of the recognition sequence,
resulting in blunt end fragments. Other restriction endonucleases cut asymmetrically at the
recognition sequence, resulting in overhangs at the ends (sticky ends) of the fragments.
Table 1.1 gives the recognition sequence for some restriction enzymes. Cutting DNA with
restriction enzymes is used in recombinant DNA technology for generating DNA fragments
to be inserted in a vector. In this thesis, we used DNA standards (commercially available)

already cut as well as home made restriction fragments.



Figure 1.9 Cycle sequencing.
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Table 1.1 Some restriction endonucleases and their recognition sequence.

Enzzme Recognition sequence Txg of end
EcoRI GAATTC Sticky
Haelll GGCC Blunt
HindlII AAGCTT Sticky
Taqgl TCGA Sticky
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1.3 Electrophoresis

The migration of electrically charged particles in solution due to an electric field is
called electrophoresis. Electrophoresis is a descendar1 of the work of Faraday?-28. The
introduction of his laws of electrolysis in 1791 started generations of work on electrolytic
techniques. In 1807, Reuss did .the initial observation of electroosmosis. Helmholtz
worked on electroosmosis and electrophoresis. He concluded that electricity was divided
into definite elementary portions, called “atom” of electricity (electron)?. The first
measurement of transport numbers of ions and conductivity was done by Hittorf in 1858.
His work clarified how the ions contribute to the passage of electricity in solution.
Kohlrauch3® worked on ion migration and moving boundaries. He showed that the
conductivity of a solution is composed of separate contributions from each ion?°. In 1903,
Arrhenius won the Nobel prize for his dissociation theory of ions. This work was one of
the major precursors of the evolution of electrophoresis. Then, in tie 1930’s, Tiselius?! 2
published the mobilities of proteins and built the first apparatus for moving boundary
electrophoresis. In 1948, Tiselius won the Nobel Prize for his work on the moving
boundary method. The 1950's and 1960's saw the introduction of electrophoresis in g.ls:
in 1955, Smithies published his work on the electrophoresis of protein in starch; in 1959
Raymond and Weintraub reported electrophoresis of proteins in polyacrylamide gel and in
1961 Hijertén reported electrophoresis in agarose gel. Finally, in 1967 Hjertén33
introduced the technique of capillary electrophoresis.

In classical free solution electrophoresis, two electrodes are introduced in a solution
and an electric field is applied. The resolution obtained by this technique is poor due to
joule heating which creates convection in the solution and causes band broadening. To
eliminate this problem Hjertén33 proposed two solutions:

"There are at least two obvious alternative approaches to the problem of eliminating

convection in free solution. One alternative involves the use of a cell of very narrow cross-
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section ...In the other alternative, the conveciive movement of a liquid element is not

suppressed, but is instead directed into a periodic orbit."
In his paper, Hjertén reported the use of the second method because the ultrasensitive
detectors needed to use very narrow cross-section cells were not available. Since then,
ultrasensitive detection techniques have been introduced. In fact, the technique used by
Hjertén has been replaced by cap.xillary electrophoresis. The convection is reduced by
efficient elimination of the heat through the glass wall and the high ratio of glass surface to
the separation medium’s volume.

Many capillary electrophoresis techniques have been used in the past years*. In
this thesis, capillary zone electrophoresis(CZE) and capillary gel electrophoresis(CGE)

have been used.

1.3.1 Theoretical Aspects

Capillary electrophoresis (CE) can be described as any separation of analytes done in
a capillary tube and driven by the presence of charges on the analytes or other molecules.
In this technique, an electric field is applied between the two ends ot a capillary (Figure
1.10). One end is kept at high voltage in a PLEXIGLAS box(dashed box) and the other
end is kept at ground potential. Detection is usually done near the ground end using on-
column or post-column detectors.

All capillary electrophoretic methods involve electrophoresis, and some involve
electroosmosis. Any charged particles will move in its surrounding electrolyte when
subjected to an electric field. If the inside wall of the capillary is not charged, only

electrophoresis will occur. The migration velocity of an ion is33

ve= L =p’CE (]'l)



Figure 1.10 General set-up for capillary electrophoresis.
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where V. is the electrophoretic velocity, M, is the electrophoretic mobility, V is the applied

voltage, L is the length of the capillary, and E is the average electric field. This equation
assumes that the electric field is constant throughout the capillary. When the electric field is
far from being constant this equation will fail to describe the mobility.

Electroosmosis? is the flow of a liquid caused by the creation of an electric field at
the thin interface between the sil.ica surface and the separation medium. In the case of a
fused silica capillary, the inside wall contains some silanol groups. These silanol groups
deprotonate in neutral to alkaline medium, resulting in a negatively charged stationary
surface. Cations from the medium move to this surface in order to counter the negative
charges and to create an ionic atmosphere (Figure 1.11) . A compromise between
electrostatic attraction and diffusion creates a thin double layer. The ionic atmosphcre is
composed of two regions: the Stern-Helmholz layer and the Gouy-Chapman layer*’. The
Stern-Helmholz layer is close to the wall surface and is formed of adsorbed cations that are
essentially fixed. This layer is not involved in the electrokinetic process. Away from the
capillary wall is the Gouy-Chapman layer, which is a diffused layer of cations in constant
equilibrium with the rest of the solution. The charge density of excess ions decreases
exponentially in the Gouy-Chapman layer(ionic atmosphere). The thickness of this double
layer is in the range of 1 to 10 nm38, During capillary electrophoresis, an electric field is
applied tangentially to the double layer along the axis of the capillary. This electric field
forces the excess cations in the ionic atmosphere to move parallel to the wall. The solvent
molecules immediately in contact with the surface experience a force toward the negative
electrode. An equilibrium is obtained between the electric forces and the viscous forces,
which results in a solution flow. The velocity of the solution (electroosmotic velocity, v,)
is proportional to the electric field and inversely proportional to the viscosity of the medium
according to equztion 1.2 The velocity of the solution is zero at the wall, and increases
within the ionic atmosphere to finallv reach v, at some distance (1-10nm) away from the

wall.
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Figure 1.11 Double layer at the capillary surface.
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Vo= =u0E= E (12)

where |1, is the electroosmotic motility, € is the dielectric constant of the medium, € is the
permitivity of vacuum, { is the wall zeta-potential, and 1y is the viscosity of the medium.
The zeta-potential is the electric potential at the plane of shear. A few papers have been
published on how to control electroosmosis?*-47 by applying an electric field perpendicular
to the capillary. The electroosmosis can also be modified by changing the number of
silanol groups, which decreases the zeta-potential, and/or by increasing the viscosity of the
medium.

The electrophoretic and the electroosmotic velocities are not orthogonal, thus they add

to give the total velocity (V).

\%
v=ve+vo=(—u9—%°—)——=(ue+uo)]5 (1.3)

The migration time(tm) is the distance to reach the detector divided by the velocity.
Thus, a faster separation can be achieved with good resolution if the electric field is high

and the length of the capillary is short.

2
=% L L (1.4)

V (e +Ho)  E (He +ilo)

tm

In the rate theory of column band broadening, the plate height (H) is related to the
number of theoretical plates (Np) and is also related to the peak variance (62) by equation

1.5:

g=L -¢° (1.5)
Ny L
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Thus, the number of theoretical plates is related to the variance of the peak and to the

inverse of the length?8, Peak broadening in capillary electrophoresis is affected by
diffusion (cf)), convection (o%), Joule heating (o%), adsorption (cﬁ), conductivity
difference (o%o,,d), and pH difference ( of,H). There is aiso an injection effect (oiznj) and a
detection effect (G2,) on the peak width. Those variances contribute to the total variance

according to equation 1.6.

7 )
02=<$,2,+c:sf';+cr}+cs,%,+<r§(,,,d+<3;2,ﬂ-'-o';,,j+crc2,et (1.6)

In the case of the separation of proteins, the adsorption variance can become quite
important because the positively charged proteins are adsorbed onto the capillary wall.
When large diameter capillaries, or high conductivity buffers are used, the convection and
the Joule heating variances can be a problem*’. When the sample is injected from a
different buffer than the running buffer, the conductivity variance can become important.
If, however, the experiment is done properly, of) is the major factor affecting the total
migration time variance(c?) and thus o> =op. The o3, is related to the migration time

through the Stoke-Einstein equation:

o, ~0p=2Dtn 1.7)
where D is the diffusion coefficient. An expression for the number of theoretical plates3’
can be obtained by combining equations 1.4, 1.5, and 1.7.

N L2._L* _ L2 =(ue+uo)v
P o2 2Dty w( 2 ) 2D
(Me +1o) V

(1.8)

The previous equation indicates that the number of theoretical plates is related to the
applied voltage and to the total mobility. Thus, the number of theoretical plates can be

increased by increasing the voltage, or by increasing the total mobility. Increasing the total
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mobility is not easy to do. The electrophoretic mobility can be increased by decreasing the

solution viscosity, or by increasing the mass to charge ratio. As stated previously, the
electroosmotic mobility can be increased by reducing the viscosity of the solution, or by
increasing the number of silanol groups. Another way of increasing the number of
theoretical plates is to decrease the diffusion coefficient, which is easily done by using a
more viscous medium for the sei)aration; however, using a more viscous medium will
change the electroosmotic mobility because it is related to the viscosity of the medium
through equation 1.2. Equation 1.8 also indicates that the number of theoretical plates is
not related to the length of the capillary. In practice, the length of the capillary influences
the number of theoretical plates because the contributions from other band broadening
factors are not always zero.

The number of theoretical plates is usually calculated from the width of the peak and
the migration time. If we assume that the peak is of a Gaussian shape (i.e. only diffusion
broadening), the peak width and the migration time can be obtained by fitting a Gaussian
curve to the data using equation 1.9. The assumption that the peak is of a Gaussian shape
is only valid when the peak width is smaller than the migration time. Equation 1.9 was

used within this limit.

signal = Ag + A exp(- [(t_féﬁ]) (1.9)

where A, is the baseline, A) is the peak height, A, is equal to (205 5), and t is the time.

From the results of the fitting, the number of theoretical plates can be calculated according

to equation 1.10:

2 2
N,,:(;—":) =2(—;$ (1.10)
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The number of theoretical plates does not indicate if the separation is achieved.

Another parameter used to indicate the efficiency of the separation is the resolution. The

resolution (R) between two peaks i and j is defined as:

_ (‘m.j - tm.i) 1.11
R-2————(wj W) (1.11)

where tm,j and tm,j are the migration times for the two peaks and Wj and Wj are the
baseline peak widths (46). The two peaks can be fitted with a Gaussian function and the
resolution calculated using equation 1.12:

R‘}_?;s% (1.12)
. 2

where Aty is the difference in migration time between the two subsequent peaks, and A

is the average of A2 jand A2 ;. The resolution is also related to the number of theoretical

plates according to equation 1.13:

R=o.25_Aue VN;=O.18:—-A—p'e——,‘/=V (1.13)
He + Ho (Ue"'uo)o's D

where A, is the difference in electrophoretic mobility between two peaks, Ue is the
average electrophoretic mobility, and D is the average diffusion coefficient. This equation
indicates that in order to double the resolution, the voltage has to quadruple. This is only
true if e, Mo, and D are independent of voltage, that is not always the case (e.g. see section
1.3.2.4). The increase in voltage is limited by Joule heating in the capillary.

Capillary zone electrophoresis fails to separate compounds with similar mass-to-
charge ratios. We are interested in the separation of dsDNA and ssDNA, thus capillary gel
electrophoresis is used instead of open tube capillary electrophoresis; however, the

theoretical aspect can be extended to capillary gel electrophoresis.
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1.3.2 Capillary Gel Electrophoresis

One way of separating compounds of similar mass-to-charge ratios, like DNA
fragments, is to introduce a sieving medium in the capillary. Although this technique is
called capillary gel electrophoresis, matrices other than gel are aiso included in this
technique. Gels and entangled s;olutions are used as separation media.

The motion of a DNA molecule in an electric field can be described by Newton's

law30:
2
mdX = F, - F; (1.14)
di?
where m is the mass of the DNA fragment, x is the position, t is the time, F, is the electric

force, and Fy is the friction force. In steady state, the electric force is counter-balanced by

the friction force (F. = Fy).

=fdx
QE-fd[ (1.15)

where Q is the charge of the analyte, E is the electric field, f is the friction coefficient, and

%—’t‘ is the analyte velocity. The steady state velocity (V) is given by:
vadx _QE_ ¢ (1.16)

d f

Q s linearly related to the DNA fragment length. Gels are structured separation
media. This means that the relation between f, the DNA fragment length, and the
properties of the gel is not simple. Depending on the conformation of the DNA fragment,

the relation between f and the fragment length changes. Thus, it is not obvious how W is

going to change with the fragment length. Different models have been proposed to explain

the changes in p with the fragment length (see section 1.3.2.4).
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DNA fragments do not separate by CZE because the mobility is only slightly

dependent on the DNA fragment size. The separation gel provides a structured
environment which allows separation of DNA fragments according to their size. Another
advantage of using a sieving medium is that electroosmosis is negligible in high viscosity
media.

Gel electrophoresis on gel.atin and agar has been used for about 100 years?’-28. Only
in the mid 1950’s did the interest for gel electrophoresis increase. Starch’!, agarose®2, and
Polyacrylamide>? are used for slab gel electrophoresis. Agarose and polyacrylamide have
been transferred to capillary electrophoresis. In the last few years, many other polymers
have been proposed for the separation of different analytes; however, agarose3*%,

polyacrylamide>’, and cellulose derivatives have been consistently used. In this work,

polvacrylamide and a cellulose de:- -ative were used for the separation of DNA.
1.3.2.1 Sicving Meivm and Capillary Wall ireatment

1.3.2.1.1 Polya:rylamide

Polyacrylamide5-7 is a general name for many different polymers based on
acrylamide. Polyacrylamide is obtained by the polymerization of an acrylamide with or
without a crosslinker. Acrylamide (H2C=CHCONH2, 2-propenamide) is a white,
crystalline solid. It was first prepared in 1893 from acryloy! chloride and ammonia.

Acrylamide was commercially produced in 1954 from acrylonitrile.

CH2=CHCN + H2S04-H20 — CH2=CHCONH2-H2S04 (1 hour at 90-100 °C) (1.17)

Acrylamide exhibits high solubility in water, has good thermal stability, and a good shelf
life; however, if heated above its melting point (84.5 °C) acrylamide can undergo a
vigorous polymerization reaction. The amide group and the electron deficient double bond

are the two reactive centers of acrylamide. Acrylamide is usually polymerized in solution
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using the free-radical polymerization method. Many different sources of free radicals can
be used including3%°7: peroxides, persulfates, redox couples, ultrasonic energy, UV light,
and ionization energy. Righetti et al.’8 have studied different sources of radicals for the
polymerization of acrylamide. In our case, aredox couple made of ammonium persulfate
and TEMED (N,N,N',N'-tetramethylethylene-diamine) was used. The polymerization of
acrylamide®® with ammonium p;ersulfate and TEMED is described in Figure 1.12.

Two types of polyacrylamide are of interest for electrophoresis (Figure 1.13). The
first one is the cross-linked polyacrylamide. It is a gel obtained by the copolymerization of
acrylamide and a cross-linking agent. The result is a three dimensional cross-linked gel.
Righetti er al.51-64 have studied the polymerization of different acrylamido monomers and
cross-linking agents. The one most commonly used for electrophoresis is N,N'-
methylenebisacrylamide. Capillary electrophoresis with cross-linked polyacrylamide has
been used to obtain high resolution separation of short DNA sequencing fragments. In the
last few years, a second type of polyacrylamide has been used for capiliary electrophoresis.
It is called linear polyacrylamide and is obtaine} by 1+ iymerization of acrylamide on its
own. In both cases, the kinetic properties of the polymerization depend on the initial
concentrations of the monomers, of ammonium persulfate and of TEMED, the presence of
different buffer systems, the presence of denaturing agents (such as formamide or urea),

the presence of terminators, the presence of oxygen, the temperature, and the

pressure38.59.63-72,

1.3.2.1.2 Cellulose Derivatives

Cellulose’7 is one of the most abundant polymers on earth. Its chain like structure
is formed of 1,4—B-D linked polyanhydro glucopyranose (Figure 1.14). The
intramolecular hydrogen bonds in cellulose cause the molecule to be stiff and rigid. The
intermolecular hydrogen bonds cause the molecules to organize themselves in a parallel

arrangement called fibers. Cellulose fibers are not soluble in water, thus, to be useful for
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Figure 1.12 Polymerization of acrylamide.
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Figure 1.13 Different forms of polyacrylamide.
o o o)

I I
CH,—CH—C—NH,  CH,—CH_C—NH—CH,—NH__C_CH=CH,

Acrylamide N,N'-methylenebisacrylamide

L [H]

Cross-linked polyacrylamide

ITJ—L__I'—I_J
I S O S oy I o, B N
I g B o K o B N I O B
I o o I o o B o K o

]

Linear polyacrylamide

I o N o A o o

Ty Ty T T o T O
I ™




30

Figure 1.14 Constitution and conformation of a cellulose molecule.

Figure 1.15 Cellulose derivatives used in capillary electrophoresis.
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capillary electrophoresis, cellulose has to be derivatized to make it soluble. Only a few

derivatives of cellulose are used in capillary electrophoresis: hydroxyethylcellulose (HEC),
hydroxymethylethylcellulose (HMEC), and hydroxypropylmethylcellulose (HPMC),
Figure 1.15. These three derivatives are non-ionic, and thus, not affected by
electrophoresis.

HPMC was selected to per'form electrophoresis in our experiment. It is commercially
available as a white powder. The powder is dissolved in water to the appropriate viscosity.
Different viscosities (molecular size ranges) are available. The one used in our experiment
is quoted as 4000 cp (centiPoise) at 2% (W/V) of HPMC in water. Most of our
experiments were done at a lower viscosity by diluting a main 2% solution of HPMC to
0.4% solution.

HPMC, as linear polyacrylamide, does not form a gel when dissolved in water. Over
a certain concentration threshold of HPMC, the interactions between polymer molecules,
force them to form a mesh-like structure’3. The solution of mesh-like str.cture is called an
entangled solution. The advantages of an entangle solution compared to the rigid cross-
linked gel is that good resolution can be obtained for the separation of dSDNA using a low

viscosity medium and a short experimental time.

1.3.2.1.3 Preparation of Coated Capillaries

Electroosmosis destroys the separation efficiency in capillary gel electrophoresis.
The electroosmotic force can be so strong as to expel part of the polymer trom the capillary
when a low viscosity polymer is used. In order to reduce the electroosmotic force, the
inside wall of the capillary can be coated. In our experiment, a silanizing agent was
attached (y-methacryloxypropyl trimethoxysilane) to the silanol group (Si-O) on the inside
wall, which reacts with acrylamide as demonstrated in Figure 1.16. In the case of
polyacrylamide filled capillaries, the coating was done at the same time as the

polymerization of the acrylamide of interest inside the capillary. In the case of cellulose,
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Figure 1.16 Coating of the inside wall of a capillary with acrylamide.
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the silanizing agent ,attached to the wall, was first reacted with acrylamide to form a layer

of polyacrylamide or: the wall, then the cellulose was introduced in the capillary by

pressure. Thus, the cellulose was not attached to the wall.

1.3.2.2 Difference in Transference Numbers

In capillary gel electropho;'esis, a buffer system is used to maintain conductivity. In
most of our experiments, 1XTBE (buffer made of TRIS, borate and EDTA) was used as
buffer. The main charge carriers in 1xXTBE are borate anions and TRIS cations. During
electrophoresis, the borzic migrates towards the anode, and the TRIS migrates towards the
cathode. The fraction of current carried by any ion is called the transference number (T),

and is given by equations 1.18 and 1.19 for a two ion system:

I,
T. = 118
T (1.18)
T.=—H (1.19)
M+ M

where T4 and T. are the transference numbers of the cation and the anion, and p4+ and |-
are the mobilities of the cation and the anion.

The sum of the transference numbers for all the ions is one. Figure 1.17 shows an
example of transference number using fictive mobility values. Let us say that in free
solution, the cation has a mobility of 1 and the anion a mobility of 2. Thus the cation
transports 1/3 of the current and the anion 2/3 of the current. Polyacrylamide is more

structured than free solution and imposes different friction forces for different ion sizes.
When the ions are in polyacrylamide the cation being bigger encounters more friction forces
than in free solution and its mobility decreases to 0.5. The anion alsc encounters more
friction forces than in free solution, but not as much as the cati. oecause the anion is

smaller. Thus, the anion mobility decreases to 1.5. In polyacrylami. ..e cation transports
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Figure 1.17 Effect of different medium on the transference number of a cation and an
anion.
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1/4 of the current and the anion 3/4 of the current. The amount of current transported by

the ions is different in solution(buffer reservoir) than in the polyacrylamide. The change in
transference number at the capillary:reservoir interfaces produces a change in the
concentration of ions at those interfaces’678, At one end of the capillary the ionic
concentration increases, and at the other end the ionic concentration decreases. The change
in ionic concentration induces a éhange in the electric field. The electric field is lower
through the high ionic concentration area and is higher through the area of low ionic
concentration.

Figure 1.18 shows a cartoon of the change in ionic concentration happening at one
end of the capillary. In this case, a depletion of ions is shown. At time Tg the
concentration of ions is uniform everywhere. Then, if 5 electrons flow in an outside circuit
(not shown), the same amount of charge would have to cross a plane in the solution in
order to keep the electroneutrality. The amount of charges carried by the ions will depend
on their transference number. In this example, the transference number of the cation
increases at the capillary:reservoir interface, and the inverse is true for the anion. After the
five ions have crossed the boundaries (time T1), the ionic composition is lower in the
interface, but unchanged in the bulk of the capillary and the reservoir. Figure 1.19 shows
the change in ionic composition for all the possible changes in transference number for a
cation at the reservoir:capillary interfaces. Ty and T¢ are the transference numbers of the
cation in the buffer reservoirs and in polyacrylamide respectively. The curves were offset
in order to be more visible. When Ty=T¢, no change in ionic composition is observed;
when Tr>Te, adecrease in the ionic concentration at the cathodic end, and an increase at
the anodic end are produced; and finally, when T>Tg, the inverse is produced. The
transference number can change with the ionic strength. The extended Kohlrausch

equation relates the change in concentration in time with the transference number:

de _;ﬂ(gas)
(at L= F dc \ox), (1.20)
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Figure 1.18 Cartoon of a change in ionic concentration at the capillary:reservoir interface
induced by change in transference numbers. At time To the concentration of ions is

uniform everywhere. Then, Five electrons flow in an outside circuit (not shown). At time
T}, the ionic composition is lower in the interface, but unchanged in the bulk of the

capillary and the reservoir
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Figure 1.19 Change in ionic concentration for all possible changes in transference
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where c is the concentration of an ion, t is the time, T is the transference number of an ion,
x is the distance from one end of the capillary, i is the current, and F is the Faraday

constant. Equations 1.20 and 1.21 can be combined to give equation 1.22.

BEE-
v= %%):%%% (1.22)

This gradient in transference number induces a movement of the two ionic areas with
a velocity (V) related to the change in transference number with the ionic concentration
(equation 1.22). In the case of 1XTBE, the high ionic concentration situated on the anodic
side of the capillary moves out of the capillary and disappears in the buffer reservoir, and
the low ionic concentration area situated on the cathodic side progresses into the capillary.
Thus, an ion-depleted area forms in time at the cathodic end of the capillary (injection end).
This depleted area is accompanied by a higher electric field, whereas there is a lower
electric field in the rest of the capillary. With time, the electric field becomes asymmetric in
the capillary. This phenomenon greatly affects the separation of DNA and is studied in this

thesis.

1.3.2.3 Detection in Capillary Electrophoresis

1.3.2.3.1 General Survey

The use of low diameter tubes to do electrophoresis was limited by the detectors
available for small volumes of solution. Recent developments in detection techniques have
allowed for the use of small diameter capillaries for the separation and detection of samples.
UV/visible absorbance, mass spectrometry, electrochemical, and fluorescence detection are

now widely used in capillary electrophoresis. More exotic detection schemes like
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NMR79:80 and flame photometric detectors8! have been reported. On-line Raman

spectroscopy®? has been coupled with capillary zone electrophoresis for the detection of
methyl orange at 1x10-7M. Fluorescence detection is the most sensitive method of
detection for CE.

Absorbance measurement is the most popular means of detecting compounds
separated by capillary electroph<'>resiss3; however, its poor sensitivity limits its use for
many important analytical problems. A few attempts have been made to improve
absorbance detection. One way of improving the detection is by derivatizing the analyte
using a strong absorbant label. For example, fluorescamine was reacted with primary
amines and detected by absorbance34. With a 3 mm Z-shaped dciector, detection limits
were improved by one order of magnitude compared to the conventional system?>. Odake
et al. used a piezoelectric transducer to detect the mechanical vibration of a capillary,
induced by absorption of an intense laser light source. Waldron and Dovichi 87 used a
thermooptical absorbance detector to detect phenylthiohydantoin-amino acids. The
detection limit was 0.2 fmol.

Mass spectrometry is a very attractive detector, because it also gives additional
information about the molecules separated by capillary electrophoresis. Electrospray
ionization 88-%0 s the favorite method for interfacing a capillary electrophoresis apparatus
with a mass spectrometer. Fast atom bombardment is also used to couple a mass-
spectrometer to a CE system. Matrix-assisted laser desorption-ionization®! is becoming
popular for coupling CE systems to mass spectrometers. Although the coupling of mass-
spectrometry and CE has been developed, much more work needs to be done before this
detector can compete with fluorescence and absorbance detectors in price and in detection
limits.

Electrochernical detectors are also becoming more popular. Conductivity?2,

pot - metry®3, and amperometry%*5 have been used as detection schemes.
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1.3.2.3.2 Fluorescence Detection

Fluorescence detection is widely used in research. It is just becoming available on
the commercial systems, thus it is still less popular than UV/visible detection.

Fluorescence detection has been used to detect a wide variety of compounds, separated by
capillary electrophoresis. Because detection is performed at a wavelength higher than the
excitation, the background noise: is small. In fact, if the experiment is set up properly, the
noise should be of quantum type. The signal increases linearly with the source power, and
the noise increases to the square root of the excitation source power. Therefore, the signal
to noise ratio increases by the square root of the source power; however, there is a limit to
the increase of the signal o noise ratio due to the photobleaching of the chromophore as the
power of the excitation source increases.

Lasers are usually used for the excitation of the chromophores, because they are
coherent and monochromatic sources. Small light beams of high power are easily available
from a laser. Other sources are not usually mc~ochromatic and are more difficult to focus
to a small diameter than a laser. Therefore, high power =ources have to be used.

Only a few compounds have high enough absorptivity and quantum yield to be useful
for the detection of small amounts of analyte. Thus, it is necessary to attach a highly
fluorescent chromophore to most of the analytes separated by capillary electrophoresis in
order to obtain reasonable detection limits. In fact, single molecule and near single
molecule detection of pure dyes have been achieved®®%8, There are a few ways used to
label the analytes. The most common way is chemical derivatization. To obtain a good
yield, the reaction usually has to be performed with a high concentration of analyte and
chromophore. This means that although single molecule detection is achievable, the
chemical labeling part is far from offering a single molecule labeling. It also means that
most of the labeled analyte is never w:sed in the analysis because of the small analyte

requirement of the CE system. Amino acids and peptides %101, aminated
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monosaccharides'%2, and oligosaccharides!?? were derivatized, separated and detected
using a CE system with laser induced fluorescence detection.

Another way of labeling an analyte with a chromophore is to use an enzyme to
catalyze the reaction. Because the enzyme decreases the activation energy, the reaction
proceeds much faster than without the enzyme. Therefore, smaller concentrations of
analytes can be labeled in a reas;)nable time. One of the reagents involved in the enzymatic
reaction still needs to be chemically labelcd at high concentration, but this step does not
limit the enzymatic reaction. For exainple, different enzymes and labeled universal primers
or labeled ddNTPs corrbinations have keen used to generate DNA sequencing samples8-!#-
20.104-106 Enzymes can also be indirectly detected, using their ability to transform a
weakly fluorescent chemical into a 1nore strongly fluorescent chemical by catalyzing the
breakage of bonds in the chemical’?:107:108,

In the experiments performed in this thesis, the chromophores are detected by laser
induced fluorescence, using post-column excitation done in a sheath flow cuvette. The
sheath flow cuvette has lower background ncise than on column detection. For on column
detection the laser beam is focused on the capillary, that creates a high amount of scattered
light and also some impurities in the capillary’s wall fluoresce. The sheath flow cuvette
allows the excitation to be performed far from the surfaces, which means less background
from the surfaces. A top view of a sheath flow cuvette can be seen in Figure 1.20. The
square hole in the middle has 150 ytm sides and the walls of the quartz chamber are 1 mm
wide. The detection end of the capillary is inserted in the sheath flow cuvette. A sheath
flow of buffer flows outside the capillary and “rings the analytes coming out of the
capillary to the excitation area. A laser beam is focused, using a microscope objective,
perpendicularly to the capillary a few millimeters below the capillary tip (See the expanded
portion in Figure 1.20). The fluorescence is collected at 90° using a microscope objective,
focused on an iris to remove scattered light, passed through an optical bandpass filter, and

detected using a photomultiplier tube(pmt) (Figure 1.21).



Figure 1.20 Sheath flow cuvette arrangement for post coiumn detection.
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Figure 1.21 One-color laser induced fluorescence detection system.
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The system is aligned using the following procedure. First, we use a horizontal
microscope to view the capillary. The horizontal microscope views the side opposing the
detection system and has a similar magnification as the collection objective. Then a light
emitiing diode (LED) is placed behind the iris in the Jetection system. The light from the
iris passes through the collection objective and is imaged at the working distance of the
collection objective. .

The horizontal microscope is then moved until we see a clear image of the iris (Figure
1.22). The image of the i-is is set at both the working distances of the collection objective
and the horizontal microscope. Then, the sheath flow cuvette is moved until a clear image
of the capillary is seen through the horizontal microscope. The capillary is at the working
distance of the collection objective, and a clear image of the capillary is formed on the iris.
The next step is to adjust the iris size until it matches the inside dimension of the capillary.
After that, the laser beam is moved until it intersects the capillary and is well focused. The
capillary is then withdrawn a few hundred micrometers above the laser beam position.
This part of the alignment is only a rough alignment, and in order to obtain good signal to
noise ratio a second alignment is performed. This alignment is performed by continuously
electrophoresing a diluted solution of a fluorescent dye. Once the dye is flowing out of the
capillary, the velocity of the sheath flow is adjusted in order to superimpose the image of
the iris with the image of the fluorescence spot. In this system, the sheath flow buffer
flows by gravity, which produces a very smooth flow profile. Then, the LED is turned off
and removed from behind the iris, allowing the light from the fluorescent spot to reach the
pmt. The signal to noise ratio is then optimized by moving the sheath flow cuvette in 3
dimensions. The laser beam is accordingly moved. The whole alignment procedure takes
around 45 minutes.

For the experiment involving intercalating dyes, a two-color system was used (Figure
1.23). The difference with the one-color system is that a beam splitter (dichroic mirror) is

introduced after the iris in order to separate the light in two parts. Each light fraction is



Figure 1.22 Optical alignment and signal:noise optimization
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Figure 1.23 Two-color laser induced fluorescence detection system.
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passed through a specific filter and detected using a pmt. The alignment procedure for the

two-color system is the same as the one-color system.
In this thesis, the dyes used in the experiments were selected according to the laser
wavelengths available. The optical filter wavelength ranges were close to the maximum

fluorescence emission of the dyes, and as far as possible from the Raman bands of water.

1.3.2.4 DNA sequencing

Gel electrophoresis is used to separate DNA sequencing fragments. In gel, DNA
fragments separate according to their length. The short fragments move quickly through
the gel and the long fragments move slowly through the gel; however, the movements of
small fragments and big fragments through the gel are different (Figure 1.24). Short
fragments move through the polymer in a spherical shape and are usually very well
resolved on polyacrylamide. After a certain fragment size, the fragments have to orient to
pass through the polymer. This change in conformation generates broader peaks and
decreasing resolution with fragment lengths up to a point where all the fragments
comigrate.

The model describing the movement of small fragments in a spherical shape is called
the Ogston model'®-1!1, This model assumes that the mobility of a DNA fragment is
proportional to the fraction of volume available to it in the gel, as well as that DNA is a

sphere. The mobility is thus related to the gel concentration according to equation 1.23:

1 = do expl-a G+ Ry Nl (1.23)

where | is the mobility, l, is the mobhility of a fragment 21 :hsence of a gel, o is a constant
of proportionality, Cp is the concentration of the peiymer, rp is the thickness of the
polymer strands, and Rp is the radius of the DNA sphere. The radius of gyration of a

molecule with a spherical shape is given by:
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Figure 1.24 Simulated separation of DNA fragments by capillary gel electrophoresis.
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RE=kN (1.24)

where Rg is the radius of gyration, k is a constant, and N is the length of the chain
expressed by the number of nucleotides in the fragment. Equation 1.24 is valid only if the

k]
excluded volume effects are neglected or shielded; Otherwise Rg =k Ns. Combining

equations 1.23 and 1.24 results in a relation between p and N according to equation 1.25.

U =}, expl- @ Cok N] (1.25)

This model describes well the movement of small DNA fragments in low electric
fields!!2. This model predicts that for large DNA fragments, the mobilities are zero (i.e.
they do not move in the polymer), which is not the case. Figure 1.25 shows the predicted
mobility versus the fragment length for different polymer concentrations. An increase in
polymer concentration causes the migration times to increase, and shifts the high resolution
window to lower fraginent sizes. The Ogston model is generally only applied in low
electric fields and/or for small fragment sizes.

In the case of large fragment lengths, a second model called “reptation without
orientation” applies!!%-!124. In this model, the DNA fragments are considered to be too
large to move from pore to pore without deformation. This model predicts that the mobility

is related to the fragment length according to equation 1.26:

M= Ho (1.26)

Z=.

where k' is a proportionality constant. In high electric fields and/or for larger DNA
fragments, the DNA orients and moves th.ough the gel in a snake like motion in the
direction of the migration. Equation 1.22 has to be modified to take into account the

reptation with orientation (equation 1.27):
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Figure 1.25 Predicted mobility versus the fragment length for different polymer
concentrations. This is a schematic diagram
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where ¢ is the friction coefficient, Q is the effecti»¢ c-asye on the whole fragment, q is the
effective charge on the part of the fragment in one [z, 77| is the pore size of the gel, kp is
the Boltzman constant, and T;; is the temperature. Figure 1.26 shows a plot of the
predicted mobility versus the tiagment length. Only the terms in brackets were considered
for the plot, the term outside the square bracke., was set to one. The mobility is divided by
the second term of the square brackets of eqrai.on 1.27, which is the mobility limit for a
fragment of infinite size. Thus, the values on the plot represent the number of times the
mobility of a fragment is higher than a fragment of infinite size. As the electric field
increases, the mobility decreases faster towards the mobility limit and less fragments are
separeted.

"n this thesis, the Ogston model was used to explain the results obtained for the
smaller fragments of DNA sequencing samples, and the reptation with orientation (also
called biased reptation) model was used to explain the results obtained for larger fragments;
however, it seems that the biased reptation does not totally explain the results of DNA

sequencing by capillary electrophoresis®0.
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Figure 1.26 Predicted mobility versus fragment length for reptation with orientation.
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CHAPTER 2 '

EFFECT OF CROSS-LINKER CONCENTRATION ON THE
SEPARATION OF SINGLE-STRANDED DNA.

1A version of this chapter has been published.
Figeys, D. and Dovichi, N.J.1993 Journal of Chromatography 645:311-317.
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2.1 Introduction

Since 1989, tixere have been a number of reports of DNA sequencing by capillary
gel electrophoresis 14, The high surface-to-volume ratio of the capillary facilitates the use
of high electric fields for fast separations. Bisacrylamide is the most common cross-linking
agent used in polyacrylamide gels. The cross-linker concentration (%C) is usually
expressed as a weight percentage of the total monomer concentration in the gel. The weight
percent of monomer plus cross-linker is denoted as %T, the total acrylamide concentration.
Most workers employ 5%C polyacrylamide gels, although there have been reports on the

use of much lower %C gels.

Recently, attention has focused on the use of linear polyacrylamide (0%C) in
electrophoresis. These entangled polymer solutions have relativeiy low viscosity and they
may be pumped from the capillary after use. There is hope that by refilling the capillary
after every separation, it will not be necessary to realign the optical systems in automated
DNA sequencers. Bode!3-16 performed the first work with linear polyacrylamide in the
mid-1970s; he combined linear polyacrylamide with agarose for the separation of poteins
and nucleic acids. The mobility was a function of the polymer length. Crambach et al.
pioneered the use of linear polyacrylamide -1%. They compared the performance of 0%C
and 5%C gels at various total acrylamide concentrations. More recently, Karger et al. 20
compared 0, 0.5, and 5%C gels for separation of double-stranded DNA; they also studied
the effect of electric fields on the resolution of fragments 4363 and 7253 bases in length.
Bocek et al.?! reported that lincar polyacrylamide could be pumped from a capillary
through the use of a special high pressure syringe; the effect of the total acrylamide
concentration was considered. Pentoney et al.1? reported DNA sequencing in 10%T linear
polyacrylamide at an electric field of -300 V/cm,; the sequence could not be determined for
fragments longer than 300 bases. Similar results have been reported by Mathies’ group!?

with 9%T linear polyacrylamide. Righetti et al. 22 argued that the high viscosity of 10%T



63
linear polyacrylamide eliminates any hope of refilling capillaries with that material; only low

%T polyacrylamide has a sufficiently low viscosity for replacement. Righetti also pointed
out that the polymerization reaction does not go to completion; at least 20% of monomer

remains after polymerization. Guttman et al.?3 reported the use of low total percent linear
polyacrylamide for the separation of double-stranded DNA; they claimed that the capillary

could be reused 100 times without replacement of the separation medium.

There have been few systematic studies of the effect of gel composition on the
separation parameters 2427, The effects of %T?* and the denaturing agent*° on the
separation of DNA sequencing fragments have been reported. In this chapter, we complete
the study of the effect of the gel composition by looking at the effect of cross-linker
concentration on the mobility, the plate count, and the resolution in the separation of DNA

sequencing fragments by polyacrylamide gel electrophoresis.

2.2 Experimental

Fluorescently labeled DNA sequencing samples were prepared using protocol one
froi.: Chapter 1. The reaction buffer was freshly prepared by mixing 1 uL of 10x MOPS
buffer (400 mM 3-[N-morpholino]propanesulfonic acid (MOPS) pH 7.5, 500 mM NacCl,
and 100 mM MgCl2) and 1 pL of 10x Mn2* solution (50 mM MnCl3 and 150 mM
isocitrate sodium salt). To the reaction buffer 1 uL of M13mp18 single stranded DNA
0.25 pg/puL. (United States Biochemical, Cleveland, USA), 1 uL of ROX primer 0.4
pmol/uL (Applied Biosystems, Los Angeles, USA), 1 pL. of MOPS buffer, | pL. of Mn, 1
uL of water, and 1 pL of Sequenase13U/ul. diluted 1:5 using Sequenase enzyme dilution
buffer (United States Biochemical) were added. Only ddATP (3 uL of a mixture of 1mM
each, dATP, dCTP,dTTP,7-deaza-dGTP, and 3.3 uM ddATP) was used as a terminating

nucleotide. The annealing was done at 659C and the elongation at 379C. The samples



were ethanol precipitated, washed, and then resuspended in 4 uL. of a 49:1 mixiure of

formamide:0.5M EDTA at pH 8.0.

Stock solutions of 40% acrylamide - X% N,N'-methyiene bisacrylamide (Bio-Rad,
Toronto) were prepared monthly. Gels (6% 1) were prepared daily in 5 mL aliquots by
diluting the stock solution of acrylamide-bisacrylamide. The aliquots also contained
1xTBE buffer (0.54 g TRIS, 0.275 g boric acid, and 0.100 millimole disodium EDTA,
diluted to 50 mL with deionized water), and 7M urea. Before polymerization, the solution
was carefully degassed. Polymerization was initiated by the addition of 2 uL of
N,N,N',N'-tetramethylethylene-diamine (TEMED) and 20 puL of 10% ammonium
persulfate. The solutions were injected into a capillary using a modified syringe. The gels
were covalently bound to the capillary wall with the use of y-methacryloxypropy!
trimethoxysilane solution. y-methacryloxypropy! trimethoxysilane solution was
introduced in the capillary 30 minutes prior to the polymerization of polyacrylamide. The
solution of y-methacryloxypropyl trimethoxysilane was prepared by mixing: 0.5 mL of
water, 0.5 mL of glacial acetic acid, and 5 pL of y-methacryloxypropy! trimethoxysilane.
Linear polyacryalmide was covalently bound to the full length of the capillary; other gels
were bound to the last 5-cm of the capillary. The polyimide coated fused silica capillaries

were typically 35 cm long X 50 pm id X 190 pm od.

The one-spectral channel capillary electrophoresis system for DMA sequencing>:’
has been described before in Chapter 1 (Figure 1.21). The collection objective was 60X
instead of 125X. Fluorescence was induced with a green (543 nm and 0.7mW) line of a

He-Ne laser. The samples were injected at 200V/cm for 60 seconds and eluted at -300
V/cm with a fresh 1x TBE buffer.
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2.3 Results and Discussion

Three to six electropherograms were obtained for each value of %C studied. in all
the cases, 6%T polyacrylamide was used. The order in which the gels were prepared was
randomized, and fresh gels were used for each experiment. The results reported are
average values. Figure 2.1 shows examples of the electropherograms obtained in each of

the %C polymer. It can be seen that as the %C increases, the migration time increases.

As in earlier work?4, there is a linear relationship between the fragment length and the
migration time for relatively short sequencing fragments ranging from 60 to 240 bases.

The slope and the intercept are summarized in Table 2.1.

The plots have a common intercept, which corresponds to a migration time of 11.7
minutes and to a mobility of 1.43 x 10-4cm2V-1s"] for a vanishingly small fragment. This
value is slightly less than observed in the %T study?4, and presumably, results from the
differences in the fluorescent labeling scheme used in the two experiments. The higher
slopes for high %C polyacrylamide indicate that the sequencing is slower than in low %C

polyacrylamide. This is due to higher electrophoretic friction for the higher %C.

The mobility (i) of the DNA sequencing fragments is calculated from the migration
time, ty, using equation 2.1. Within experimental error, the mobility is identical for 2.5
and 5% C gels. The mobility increases with lower %C, and is maximum for 0%C.

HEEL TV (2.1)

The electrophoretic behavior of long DNA fragments is described by the biased
reptation model 282°, Fragments smailer than a given threshold are in a random coil
configuration; their mobility decreases inversely with the fragment length. Fragments

longer than that threshold are oriented into a linear configuration; their mobility is



Figure 2.1A Separation of M13mp18 ddATP sample on a 6%T 0%C

35 cm long x 50 um id x 190 pm od capillary at -300V/cm.
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Figure 2.1B Separation of M13mp18 ddATP sample on 6%T 0.5%C.
Other conditions as in fig. 2.1.A.
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Figure 2.1C Separation of M13mp18 ddATP sample on 6%T 2.5%C.

Other conditions as in fig.2.1.A.
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Figure 2.1D Separation of M13mp18 ddATP sample on 6%T 5%C.
Other conditions as in fig. 2.1.A.
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Table 2.1 Least squares slope and intercept from a plot of migration time, in minutes,
versus the fragment length, in bases, for fragments ranging in size from 60 to 240 bases in

length.

s

0.5

2.5

5.0

1.02+£0.04 x 10-1 1.1£0.1 x 10!
1.17 £ 0.08 x 10! 1.2 +0.1 x 101
1.75+0.03 x 10-1 1.1+05x 101

1.61 £0.09 x 10-1 1.2+ 0.2 x 10!

_slope (e/bs intercept (minute)

0.9995

0.9988

0.9999

0.9992
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independent of the fragment length. The biased reptation model predicts that mobility is

given by equation 1.23. This equation can be writen in a simpler form:

p:a(i+-1_*.)=—l%-+u“ (2.2)
N N

where a is the slope of the line, N* is the fragment length for the onset of biased reptation

with orientation, and L. is the mobility of the longest fragments. A plot of i versus N-1 is

shown in Figure 2.2.

The biased reptation model seems to apply to all the fragments larger than 125 bases
for 0.5, 2.5, and 5%C and 200 bases in the case of 0%C. Equation 2.2 was fitted to the
linear portion of the plot of mobility versus the inverse fragment length. The coefficients

obtained are reported in Table 2.2.

The intercept, Mo, is the mobility of the longest fragments; lower %C gels generate
higher mobilities for the longest fragments. The slope decreases with %C. The ratio a/{lo
is N*. Fragments with N* bases have half the mobility compared to the abscence of biased
reptation with orientation. The linear polyacrylamide produces the highest values of N*,
which suggests that the non-cross-linked polymer suffers least from the effects of biased

reptation with orientation.

According to the biased reptation model, the slope of equation 2.2 is inversly
proportional to the frictional coefficient for migration of an elongated fragment through the
gel. The decrease in slope with the increase of %C implies that the frictional force
experienced by the fragment decreases with the decrease of %C (see Appendix A). This
decrease in the friction coefficient with the decrease in %C is expected (the decrease

between 5%C and 0%C is related to the fact that one is a cross-linked polymer, and the



