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Abstract Entamoeba histolytica genome was analysed by
pulsed field gel electrophoresis under conditions to sep-
arate linear chromosomes in the 170-1400 kb range. We
identified linear DNA molecules of 227, 366, 631, 850,
1112 and 1361 kb (mean sizes obtained by three different
methods) and we estimated their reorientation times and
migration velocities at various experimental conditions.
DNA shift mobility assays, using ethidium bromide,
suggested that bands migrating at 227 and 631 kb con-
tain linear and circular DNA, whereas a band at 436 kb
has only circular DNA. We obtained a regression equa-
tion relating sizes of supercoiled DNA molecules with
their migration velocities during a pulse at constant
electric field and temperature. We also developed a
computer program (EHPATTERNS) that predicts the
migration per pulse and the resolution order of circular
and linear E. histolytica DNA at different pulse times and
constant driving and frictional forces. The simulation
showed that linear DNA molecules frequently co-mi-
grate with circular molecules, but circular molecules
change when the pulse time varies. This molecular mix-
ture generates broad bands and difficulties in the inter-
pretation of the molecular karyotype of E. histolytica.
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Abbreviations 4 RS autonomous replication

sequence - CHEF contour clamped homogeneous
electric field equipment - cirDNA circular DNA - EtBr
ethidium bromide - /inDNA linear DNA - miniCHEF
miniequipment of contour clamped homogeneous
electric field - scDNA supercoiled DNA - TAFE
transverse alternating field electrophoresis

equipment - TelTh Tetrahymena telomeric probe

Symbols

D DNA migration distance

d DNA migration per pulse

dm DNA migration per pulse after reorientation

d; DNA migration per pulse during reori-
entation

dypNnaEn Migrations per pulses of E. histolytica scDNA
molecules

E electric field

L DNA contour length

N, number of pulses

0 formal DNA net charge

te electrophoresis time

tp pulse time

te DNA reorientation time

Um migration velocity after DNA reorientation

Uy migration velocity during DNA reorientation

VibDna  migration velocity of E. histolytica scDNA
molecules

n buffer viscosity

Introduction

Entamoeba histolytica, the causative protozoan of hu-
man amoebiasis, has a complex genome composed of:



(1) at least 6-8 chromosomes of undetermined sizes
(Argtiello et al. 1992); (2) circular DNA (cirDNA)
molecules ranging from 5 to 50 kb (Dhar et al. 1995;
Lioutas et al. 1995; Baez-Camargo et al. 1996a); (3)
extranuclear DNA in the EhkO organelle (Orozco et al.
1997). Pulsed field gel electrophoresis (PFGE) karyo-
types present 8—16 bands ranging from 170 to 3000 kb
(Valdes et al. 1990; Orozco et al. 1993). Bands of 170,
250, 400, 800, 1200 and 1600 kb hybridise with a tel-
omeric probe, and a huge amount of ribosomal conca-
tamers are resolved at pulse times larger than 120 s,
interfering with the visualisation of other molecules
(Baez-Camargo et al. 1996b).

Migration per pulse of linear DNA (linDNA) is a
function of the pulse time (7,), DNA reorientation time
(¢;) and migration velocities during (v;) and after (vy)
DNA reorientation (Riveron et al. 1989, 1994). In ad-
dition, #,, v, and v, depend on the experimental condi-
tions. In contrast, cirDNA migration depends on
topology and size. However, running conditions affect
cirDNA and linDNA migration in a different way
(Hightower et al. 1989). Previously, we described mi-
grations per pulses of linDNA molecules at constant
driving and frictional forces in contour clamped homo-
geneous electric field equipment (CHEF), and proposed
the equation that describes linDNA migration at dif-
ferent experimental conditions (Riveron et al. 1989;
Lopez-Canovas et al. 1998a). Here, using these equa-
tions, we identified E. histolytica inDNA molecules and
calculated their sizes, ¢, v, and v,,. We also proposed an
equation to describe cirDNA migration per pulse and
developed a computer program (EHPATTERNS') that
predicts the order of resolution of cirDNA and linDNA
molecules.

Experimental
TAFE, CHEF and miniCHEF experiments

E. histolytica DNA molecules were separated in CHEF
and miniCHEF (Riveron et al. 1995) and TAFE
(transverse alternating electric field) Geneline 1 (Beck-
man) experiments under conditions that resolve 170—
1400 kb linDNA, but retain the ribosomal concatamers
in the gel compression zone. We used 1.5% agarose gels
(Lachema or GTG Gold Seakem agarose FMC) and
0.5X TBE buffer (1X TBE: 89 mM Tris, 89 mM boric
acid, 2 mM EDTA, pH 8.3). An automatic controlled
switching unit set the pulse time (#,) and the number of
pulses (V). A MultiTemp LKB heat exchanger buffer
maintained constant temperature. Plugs for CHEF,
TAFE (0.2 cm) and miniCHEF (0.1 cm) experiments
were prepared as reported (Baez-Camargo et al. 1996a).
Saccharomyces cerevisiae (strain 196-2, Mato his™) was a

"EHPATTERNS software is available to those interested in using
it.
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kind gift of M. Luzzati, France. Gels were stained with
ethidium bromide (EtBr) (0.5 pg/ml), blotted to nylon
membanes and hybridised with [¢-**PJdATP random
primed labelled Tetrahymena telomeric (Tel/Th)) and
E. histolytica ribosomal [16S, 25S and autonomous
replication sequence (ARS)] probes (Burke et al. 1987;
Grodberg et al. 1990; Que and Reed 1991; Michel et al.
1995). The TelTh probe was hybridised at 37 °C in 2X
SSC and homologous probes at 42 °C in 0.1X SSC (2X
SSC: 0.3 M NaCl, 0.03 M sodium citrate, pH 7.5).
Washings were carried out at 45 °C in 1X SSC and 0.5%
SDS.

DNA migration distance and migration per pulse

Gels and autoradiographies were analysed by the Gel
Doc 1000 system (BioRad) and by software of public
domain. The DNA migration distance D (cm) was
measured from the migration origin to the midpoint of
each band and the DNA migration per pulse d was
calculated as D/N, [N, = t,/2t,; t. (s) is the electro-
phoresis time]. Each measurement was carried out at
least three times with a mean error of 0.001 cm.
Migrations per pulses of supercoiled DNA molecules
(scDNA) were calculated using mobilities (x in cm?/V s)
reported by Sobral and Atherley (1989). D was obtained
multiplying p by the electric field (£) and the 7. value.

Determination of E. histolytica DNA sizes
by co-migration with yeast chromosomes (method I)

E. histolytica DNA molecules and S. cerevisiae chro-
mosomes were separated in TAFE experiments at 5.8 V/
cm, 20 °C, 120 s of 7, and 360 pulses. Sizes of yeast
chromosomes (Goffeau et al. 1996) and migrated dis-
tances (Dycast) Were related by Dycase = ot c1kbyeag
where ¢y and ¢; are the regression coefficients. To fit the
equation we obtained by simulation two replicas of each
Dycast. These values were normally distributed with a
standard error of 0.07E, where E = N(0,1). E. histolytica
DNA sizes were determined by inverse interpolation of
Dgy, in this equation. By applying Fieller’s theorem
(Fleiss 1986), we constructed the 95% confidence inter-
val of sizes estimates.

Sizes, t, and vy, of E. histolytica DNA,
studying relationships between d and ¢, (method II)

Migrations per pulses of DNA molecules were deter-
mined in CHEF experiments at 10, 25, 50, 80, 100, 120,
160 and 180 s, 1.5% agarose gels, 0.5X TBE, 5.8 V/cm
and 20 °C. Migrations per pulses (d,) obtained at

t, > t. were analysed by:
dm = Um(tp — t;) = —Umtr + Umtp

(1)

CHEF-separated DNA bands were indexed by their
order of appearance (from the bottom) as Eh;, Eh,, ...,
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Eh,,. Subscripts were identified by the variable k and the
number of molecules was p. The 7, were t,, tp,, ..., t, .
Variable i was used for these subscripts and m for the
number of assays. Migration distances (Dy;) of Ehj
molecules were measured at #,, and migrations per pulse
(dy;) were calculated as Dy/Np,,. For each Ehy, dy,, val-
ues were fitted to a linear function of ¢, :

dmy; = (bo)y + (b1)tp,, (2)

for a given k, E and T (°C), with i ranging from 1 to m,
where (bg), and (b;), are the least square regression
coefficients. If d,,, and #, obey Eq. (1) we will obtain
regression coefficients differing significantly from zero
and (bg)r < 0. By analogy between Egs. (1) and (2),
tr, = —(bo)i/(b1)r and vy, = (by). E. histolytica DNA
sizes were estimated by replacing #,, £ and # [buffer
viscosity that depends on temperature (7)] in Eq. (7)
below, that relates ¢, and DNA size.

Sizes, t;, v; and vy, using the equation
describing migration per pulse of inDNA
at different conditions (method III)

Migrations per pulses of linDNA molecules were
described as a function of running variables (E, n, t,)
and DNA size (Lopez-Canovas et al. 1998a). The dy,,, of
an Eh; molecule after the reorientation (at #, > t) is

dm,, = 0.66504E} ™[t — 0.134(Ly " /v, )] /87, L]
(3)

where L, (cm) is the DNA contour length
[0.34 nm X base pairs number (bp)], Oy the formal DNA
net charge (2 xbp x 1.0 x 4.806 x 107" in statcou-
lomb), E; is the electric field (statvolt/cm) and #; is buffer
viscosity. Subscript j indexes the running conditions (£},
T)) and i the pulse times (f,) that resolve a particular
DNA molecule (Ehy). # was calculated in poise by re-
placing the temperature 7 (°C) in the fourth degree
polynomial function that relates both variables (Lopez-
Canovas et al. 1998a):

(M0 = 1.7844 x 1072 — 5.9388 x 10747
+1.3494 x 107777 — 1.9278 x 10773

+1.2455 x 107°7* (4)
The v;,, of an Eh; molecule is
vr, = 0.02070E}* / (87, L) (5)

LinDNA migrations per pulses d,,, were calculated from
experiments at f, > ¢, (not used in method II) per-
formed in CHEF for various 7, and N, at 5.8 V/cm, 15
and 20 °C, or in miniCHEF at 10.71 V/cm and 10 °C.
The L; corresponding to each dn,, at Ej, n; and £, was
calculated by Eq. (3) (Lopez-Canovas et al. 1998a3. We
used an iterative procedure that starts with a small initial
L and stops when L reaches a value of a theoretical

migration per pulse dp,, equal to the experimental dy, .
The vy, vm,, (cm/s) and ¢, (s) were obtained replacing
L, in Egs. (5)—(7):

Umy, = 0.66504E}7® / (87, L; ™) (6)

(7)

Comparisons of estimates were done using ¢-statistic
(Lopez-Canovas et al. 1998b).

ty, = 0.134[L}1* /v, 7%

Ty

DNA mobility at different EtBr concentrations

E. histolytica DNA was run in agarose gel frames (1.5%)
that were cast using a multilane comb (Serwer 1980), in
which each lane was supplemented with 0, 1, 2.5 or 5 ng/
ml EtBr (Baez-Camargo et al. 1996a). Samples were pre-
dialysed against each EtBr concentration and co-elec-
trophoresed in miniCHEF for 4 h at 20 °C, 25 s t, and
0.5X TBE buffer.

Migration per pulse of cirDNA as a function of ¢,

Sobral and Atherley (1989) studied in CHEF the
migration of 5.01, 6.03, 7.05, 8.07, 10.10, 12.14, 14.17
and 16.14 kb scDNA molecules. They used ¢, from 1 to
255, 6.4 V/em, 13 °C, 1% agarose gel and 0.5X TBE
buffer. Using their data we studied if Eq. (1) explained
migrations per pulses of scDNA molecules at different
t,. The scDNA were named scDNA;, scDNA,, ...,
scDNA,, and indexed by subscript w (ranging between 1
and the number of scDNA molecules n). The #, were ¢, ,
tp,» ---» tp, and indexed by subscript a as f,, (a ranging
between 1 and number of assays m). Linear dependence
between d (named di.pna) and 1, was studied by

(3)

where goscpna, and  Vipna, are the least square
regression coeflicients (intercept and slope, respectively).
ViDNa, 18 the migration velocity during a single pulse
for each scDNA,,. Equation (8) was fitted for each
scDNA,, using di.pna,, and ,,. The fit was done for all
scDNA,, and we examined the relation between
Vipna, and sizes (kb,,) by the function

VieDNa, = f(kb},)

dscDNA,, = JoscDNA, + VieDNa, (fp,)

©)

Theoretical approach to analyse E. histolytica
complex karyotype formed by cirDNA
and linDNA molecules; prediction of band patterns

Using Egs. (1) and (3)—(7) we developed the computer
program EHPATTERNS to predict ¢, vy, and vy, at
6.4 V/ecm and 13 °C for the Eh; linDNA molecules
identified here. For various 7, assayed in CHEF, the
program estimated migrations per pulses of linDNA
during (dy,,) and after their reorientation (dp,;) using the



equations: dr, = vy (fp,) if f, <t,, and dy, =
Umy, (tp, — t,) 1T £, > 1, (Lopez-Canovas et al. 1998a).
The migrations per pulses (dscoNAEh,) Of E. histolytica
scDNA molecules of 5, 13, 26, 38 and 50 kb (scDNAEh;
to scDNAEhs) were predicted at the pulse times (%)
used, considering that dipNAEh,, = UseDNAEh,, (fp,) For
each ¢, , the program arrayed the migrations per pulses
(dseDNAE,;» dr,; OT dm,,) calculated for all scDNAEh,,;
and Eh; linDNA from the smallest value. The results
predicted the order of appearance of E. histolytica
molecules in CHEF patterns. Data were processed using
algorithms and programs previously described (Lopez-
Canovas 1998a). EHPATTERNS was written in TUR-
BO-PASCAL v. 7.0 (MS-DOS operating system).

Results and discussion

CHEF and TAFE E. histolytica DNA patterns
and determination of sizes by co-migration
with yeast chromosomes (method I)

E. histolytica DNA and S. cerevisiae chromosomes were
co-electrophoresed at different CHEF, miniCHEF and
TAFE conditions. At 5.8 V/cm, 20 °C and 80s ¢,
CHEF resolved a fast migrating band, which contains
cirDNA, two bands close to 270 kb marker, one to
440 kb, one below and another above 577 kb and the
compression zone (Fig. 1A). At 120 s ¢, appeared the
fast migrating band, diffuse bands near to 270, 440 and
813 kb markers, one above and another below 1091 kb

Fig. 1A-D S. cerevisiae (left)y and E. histolytica (righty DNA
electrophoretic patterns obtained in CHEF, miniCHEF and TAFE
experiments at 5.8 V/em, 0.5X TBE, 1.5% agarose gel (Lachema).
A 24 h, 20 °C, 80 s, CHEF; B 24 h, 20 °C, 120 s, CHEF; C 15 h
30 min, 15 °C, 200 s, miniCHEF; D 24 h, 20 °C, 120 s, TAFE. Dots
identify bands in the E. histolytica karyotype; f, fast migrating band,
¢z, compression zone

B

kb kb kb
cz
1091
813 1091
877 813
440
440 270
315 440
270 270
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and the compression zone (Fig. 1B). MiniCHEF (15 °C,
200 s t,), gave wide bands (Fig. 1C): the fast migrating
band, another at 813, one above 1091 kb, the com-
pression zone and near to 440 kb a diffuse area con-
taining stacked molecules (Fig. 1C). CHEF and TAFE
at 120 s ¢, 5.8 V/cm and 20 °C gave 6-7 bands (Fig. 1B,
D). By TAFE (Fig. 1D), Dgy, of E. histolytica DNA
bands were 0.75, 1.60, 2.40, 2.75, 3.25 and 3.50 cm. We
inversely interpolated Dgn in  Dyg¢ = ¢o + c1kb
(co = 43, S%co =223x107 and ¢ = —3.0928 x
1073, S%; = 1.28 x107%) and obtained 1149 + 71,
874 + 53, 615 £ 39, 502 + 36, 341 + 36 and 259 +
37 kb (estimated size +95% confidence interval).

In GTG Gold Seakem agarose gels, patterns were
better defined. These gels were blotted and hybridised
with the TelTh and ribosomal probes (Fig. 2). TelTh
revealed two wide bands, one around 160 kb and an-
other between 1400 and 1600 kb. It also detected bands
at 211, 376, 630, 843 and 1080 kb (Fig. 2C). Except for
the band at 211 kb, the others fall into the confidence
interval of the above estimates. The ribosomal probes
hybridised at 200, 1200 and 1400 kb (Fig. 2B), suggest-
ing that these bands contain cirDNA. Co-migration of
cirDNA and linDNA causes the E. hystolytica DNA
bands to appear diffuse, whereas S. cerevisiae chromo-
somes gave sharp bands (Fig. 1).

Migration of E. histolytica DNA molecules
at different pulse times in CHEF; 7., v,
and DNA sizes (method II)

In CHEF, at constant E, T, agarose and buffer con-
centrations, migration per pulse (d) of inDNA depends
on the pulse time. Two straight lines describe d as
function of #,, one during DNA reorientation (f, < t.)
and other after reorientation (¢, > ). The two slopes of
these plots correspond to the velocities during (v;) and
after (vy) reorientation. Reorientation time (#,) is the
making d,, = 0in Egs. (1) and (2) (Riveron et al. 1989,




52

kb kb kb
cz

1091 1400 1850
1200

1080

843

630

440 376

270 211

f 200—-

Fig. 2A—C Hybridisation of TAFE-separated E. histolytica DNA
bands with the *?P radiolabelled TelTh and ribosomal probes (16S
and 258S). The electrophoresis was performed at 5.8 V/cm, 20 °C, at
120 s of pulse time for 24 h in 0.5X TBE and 1.5% agarose gel (GTG
Gold Seakem). A Ethidium bromide stained gel showing S. cerevisiae
chromosomes (left) and E. histolytica DNA (right). B Hybridisation
with the ribosomal probe, and C with the TelTh probe. Dots identify
bands in E. histolytica karyotype; f, fast migrating band; cz,
compression zone

1994). As t, depends on DNA contour lengths, these
plots give information on DNA sizes. We identified Eh,,
Eh, ..., Eh, DNA bands (Eh) according to their order
of appearance in every CHEF pattern and to their
relative position to linear markers. Migrations per pulses
after reorientation (dp,) of Eh; molecules were calcu-
lated using data obtained at ¢, larger than the ¢,
expected at the experimental conditions used (Table 1).
Arrays of dy,, and 1, of each Eh, were fitted to Eq. (2).
Migrations of Eh;, Ehy, Ehs and the smallest yeast

chromosomes behaved similarly (Fig. 3), because (bg)x
and (b,), differed significantly from zero (Table 2) and
(bo)r was lower than zero. Eh, and Eh; molecules gave
regression equations with non-significant intercepts (bg)x
(Table 2). According to Eqgs. (1) and (2), the #, and vy,
were calculated for Eh; to Ehs as ¢, = —(bo)i/(b1)x and
Um, = (b1)k. To obtain Ehy sizes we replaced, in Egs. (5)
and (7), E for 5.8 V/cm, 5 for buffer viscosity at 20 °C
and the #, previously calculated. For ¢, of 8.1, 17.4,
38.2, 66.4 and 106.3 s the sizes were 211, 368, 650, 969
and 1363 kb, respectively (Table 2). The 368 and 650 kb
molecules may correspond to the bands identified by
TAFE at 341 and 615 kb (in method I).

In method II, migration data came from CHEF while
the method I data were from TAFE. As a molecule moves
forward in TAFE gel the reorientation angle increases
and the migration per pulse decreases, giving sharper
bands than in CHEF even when linDNA and cirDNA are
co-migrating in a single band. Thus, in the analysed
CHEF assays we were only able to detect a single mi-
gration boundary in the region limited by 874-1149 kb,
identifying a putative molecule with a size of 969 kb in-
stead of two molecules. The same explanation may be
also valid for the size estimation of the 211 kb band.

d (103 x cm)

T T T T T T
0 20 40 60 80 100 120 140
tp (s)

Fig. 3 Migration per pulse (d) as a function of pulse time (#,) of the
(©O) 270 kb S. cerevisiae chromosome and (A) Eh; 211 kb
E. histolytica band. CHEF electrophoresis conditions: 5.8 V/cm,
20 °C, 0.5X TBE, 1.5% agarose gel

Table 1 Migrations per pulse of

E. histolytica DNA in CHEF ~ Migration data

experiments at different pulse . ..
P P Electrophoresis conditions

Migrations per pulse (di;) (10° cm) of resolved Eh, DNA

times®
i Ip(8) Ny, (Ehy) &EhZ) (Ehs) (Ehy) (Ehs)
1 10 3600 0.33 - - - -
2 25 1730 1.21 — — - -
3 50 864 4.56 - - - -
4 80 540 6.88 5.30 4.32 0.98 -
5 80 500 6.38 5.31 4.32 1.11 -
6 100 646 8.48 6.65 5.97 2.12 -
7 120 500 10.90 8.72 7.72 3.98 2.37
8 160 400 - - - - 9.99
9 180 270 — - - - 13.05

# Experiments were carried out at 5.80 V/cm and 20 °C. The value of i in each row corresponds to the
subscripts of 7, (pulse time), N, (pulse number) and d;; (migration per pulse). The migration data in
the fourth row were obtained from the electrophoretic pattern shown in Fig. 1A
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Table 2 Estimated ¢, vy, and sizes of E. histolytica DNA molecules (Ehy) obtained by fitting to Eq. (2) the migration per pulse data of

Table 1
Parameters® Bands
Eh, Eh, Eh; Eh, Ehs
by x 10° -0.7712 —1.4591* —3.2420% —4.7552 -19.1529
by x 10%: vy (cm/s) 0.09560 0.08373 0.08493 0.07161 0.18021
($2bo) x 10° 8.61 x 1072 4.04 x 107! 1.25 5.05 x 107! 1.91
(8%hy) x 10° 1.49 x 107° 5.35%x 1073 1.35x107* 543 x 1073 7.93 x 107°
1 (5) 8.1 17.4 38.2 66.4 106.3
Size (kb) 211 368 650 969 1363

4 Parameters refer to the regression coefficients by and by, their
variances S%by and $°b, and 7, (reorientation time) and vy, (velocity
after the reorientation). The #, = (=bo)i/(b))r and vm, = (b\)k.

DNA sizes, t,, v, and vy, of E. histolytica DNA
molecules (method III)

CirDNA co-migrates with different linDNA molecules
as the pulse time changes. Therefore, no reproducible
estimates of size, f,, v, or v, can be obtained for cir-
DNA. By CHEF and miniCHEF we identified four
times bands at 843 =+ 9, three times at 1474 + 13, twice
at 1360 + 4, 1094 + 27, 630 = 19 and 376 £ 2 kb
(mean size £ mean standard error) and once at 211 and
1781 kb (Table 3). By method III, the 211 kb band has
an estimated 7. of 8 s, the 378 kb of 18 s, whereas the
611 kb has a 33 s 1, (Table 3). These t,,, were statistically
compared with the #;, obtained by method II (Table 2).
We used the variances (Szbo, S°b,, Table 2) of the re-
gression coefficients [by and b; in Eq. (2), method II] to
estimate the variance of z, (S2trkj):

Szlrk, = {(b())kj/(bl)kj}

X {((S%b0)yy/ (o)) + ((S°Bu)y/ (b))} (10)

The sizes (in kb) were determined using Egs. (5) and (7). The
symbol *tags the regression coefficients that did not differ sig-
nificantly from zero

Using S(b Dkj» Um,; estimates were also compared.
According to ¢-statistic [p(f) = 0.05], methods II and III
gave similar estimates for the #,, or vy, of 211, 378 and
611 kbmoleculesat 5.8 V/cm and 20 °C, except for the vy,
of the 211 kb band. These results suggested that these
bands contain linDNA. It remains to be clarified why the
vy of the 211 kb band significantly differed, when mea-
sured by both methods. At 5.8 V/cm, 15 °C, 160 and 240 s
t,, molecules of 1364 and 1356 kb appeared (Table 3);
they were statistically equal (significant level of 0.05) to
the 1363 kb molecule estimated by method II (Table 2).
Different 7. (119, 120 and 106 s, respectively) relate to the
distinct buffer temperatures used. In the 823-868 kb in-
terval a band appeared at four experimental conditions
(Table 3). The mean size (843 kb, Table 4) was statisti-
cally equal to the 874 kb band identified by TAFE
(Fig. 1D), where a band of 1149 kb was also identified. It
was statistically equal to the 1121 and 1067 kb bands
(mean size = 1094 kb, Table 4) identified by method III,
at two different conditions (Table 3). These bands

Table 3 Kinetic parameters and sizes of E. histolytica DNA separated in CHEF and miniCHEF experiments at different conditions®

Chamber Experimental conditions Kinetic parameters
E T (°C) Iy Number of dm Size (kb) Uy Um t
(V/em) (s) pulses (10° cm) (10* cm/s) (10° cm/s) (s)

miniCHEF 5.80 15 240 116 5.309 1781 0.0179 0.07920 173
miniCHEF 5.80 15 240 116 8.848 1449 0.0192 0.08052 130
miniCHEF 5.80 15 200 140 5.256 1485 0.0190 0.08036 134
CHEF 5.80 20 120 328 2.591 1490 0.0216 0.09127 120
miniCHEF 5.80 15 240 116 9.732 1364 0.0196 0.08091 120
miniCHEF 5.80 15 160 167 3.336 1356 0.0196 0.08095 119
miniCHEF 5.80 15 200 140 9.461 1067 0.0214 0.08252 83
CHEF 5.80 20 120 328 3.628 1121 0.0239 0.09337 81
miniCHEF 5.80 15 240 116 15.041 839 0.0232 0.08412 61
miniCHEF 5.80 15 200 140 11.826 823 0.0234 0.08425 60
miniCHEF 10.71 10 50 144 3.869 868 0.0487 0.21498 32
CHEF 5.80 20 120 328 6.220 844 0.0263 0.09552 55
miniCHEF 10.71 10 50 144 6.287 649 0.0539 0.22000 22
CHEF 5.80 20 120 328 8.323 611 0.0295 0.09802 33
miniCHEF 10.71 10 50 144 9.189 375 0.0653 0.22991 10
CHEF 5.80 20 120 328 10.380 378 0.0349 0.10186 18
CHEF 5.80 20 120 328 11.942 211 0.0428 0.10672 8

* E electric field, T temperature, 1, pulse time, dy, migration per
pulse after reorientation; v, reorientation velocity, vy, velocity after
the reorientation, 7, reorientation time; 7., v, and v, were obtained

by solving Eq. (3); dn, of rows 3, 7, 10 and rows 4, 8, 12, 14, 16, 17
were calculated from patterns of Fig. 1C and B, respectively
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Table 4 DNA molecules identified in the E. histolytica karyotype®

Eh,, Method Statistics of estimated sizes TAFE Shift Mobility
(methods I, IT and III) hybridised with
1 11 111 Mean (kb) MSE RSD (%) TelTh 258 TelTh, ARS 168, 25S
DNA sizes (kb) DNA sizes (kb)
Eho(?) 1474 1400
Ehg(L) 1363 1360 1361 2.52 0.18 1350
Eh(C?) 1200
Ehg(L) 1149 969* 1094 1112 24.06 2.16 1080
Ehs(L) 874 843 850 9.45 1.11 843
Ehy(L,C) 615 650 630 631 10.57 1.67 630 614 614
Eh;(C) 502 436
Eh,(L) 341 368 376 366 8.43 2.31 376
Eh,(L,C) 259 211 211 227 16.00 7.05 211 200 246 246

#The sizes of linear Eh, were determined by co-migration with
yeast chromosomes in the method I and TAFE hybridised gel, and
using Egs. (5) and (7) in the methods II, III and shift mobility
assays. (L), (C) and (?) are mean linDNA, cirDNA or unknown
topology, respectively. The sizes estimated by method III are the

hybridised with Telth probe (Fig. 2 and Table 4), sug-
gesting that they are linDNA (Table 4).

Except for the molecules Eh; (258 kb by method I)
and Ehg (969 kb by method II) the size estimates for
each molecule are statiscally equal by the three methods.
Then, we average the sizes estimates obtained by meth-
ods I, II and III (Table 4). To calculate the Eh; size
average we used all values presented in Table 4 because
they range between 211 and 259 kb. The mean sizes have
relatively small mean error and their relative standard
deviations (RSD) were always less than 10%, indicating
that the three methods provide size estimates with low
variability. Therefore, we used the averaged sizes (1361,
1112, 850, 631, 366 and 227 kb) in the following topics
(Tables 3 and 4).

Mobilities of cirDNA and linDNA molecules
in the presence of EtBr

In a multilane miniCHEF gel, using different EtBr con-
centrations, molecules recognised by the Tel/Th probe did
not show shift mobilities (Fig. 4A, B), whereas those
hybridised with ribosomal probes did (Fig. 4C—E). Plots
of D against EtBr concentrations showed the differences
in migration (Fig. 4F). LinDNA sizes (calculated from
the D of bands separated without EtBr) were 614, 436 and
246 kb. The 614 and 246 kb bands hybridised with 25S,
16S, ARS and TelTh probes, whereas the 436 kb hy-
bridised with 25S and 16S probes (Fig. 4A-D, Table 4).
Therefore, bands at 246 and 614 kb have inDNA and
cirDNA, whereas band at 436 kb may contain only cir-
DNA. CirDNA usually leaves a smear behind in gel
electrophoresis, increasing the band broadness.

CirDNA migration and 1,

Supercoiled DNA (scDNA) reorients
faster than lLinDNA of similar size,

significantly
and cirDNA

averages of the size values of Table 3: Ehg (rows 2—4), Ehg (rows 5—
6), Ehg (rows 7-8), Ehs (rows 9-12), Eh4 (rows 13-14), Eh, (rows
15-16).* Tag the molecules not included in the mean size estimates.
MSE: mean standard error; RSD: relative standard deviation
[100(MSE/mean)]

B

kb

Lane

Fig. 4A-F Shift mobility assay of E. histolytica DNA in a multilane
gel with 0, 1, 2.5 and 5 ng/ml EtBr (left to right), respectively. The
multigel was run in miniCHEF at 9.04 V/cm, 20 °C, 25 s pulse time
for 4 h. A Ethidium bromide stained gel. B-E Hybridisations with the
probes: B TelTh, C 25S, D 16S, E ARS. O, gel origin. F Plot of the
bands migrations (D) in lanes 1-4 (from left to right), hybridised with:
TelTh probe, 614 (A) and 246 (A) kb regions; 25S, 16S and ARS
probes, respectively, 614 (#) and 246 (O) kb regions. 25S and 16S
probes, 436 (@) kb region



mobility is insensitive to changes in pulse times from 10
to 120 s (Mathew et al. 1988; Hightower et al. 1989;
Simske and Sherer 1989). However, a systematic de-
scription of migration per pulse of cirDNA as function
of t,, t, v, and vy, is not available. To calculate
dsepNa,, Of 5.01, 6.03, 7.05, 8.07, 10.10, 12.14, 14.17
and 16.14 kb scDNA, we used mobilities determined in
CHEF by Sobral and Atherley (1989). For each
scDNA, an array of dipna,, and #,, was fitted to
Eq. (8). The coefficients go.pna Were always zero, but
Vipna differed significantly from zero [p(z) = 0.05].
We could not calculate ¢, by Egs. (1) and (8). For 5.01,
6.03, 7.05, 8.07, 10.10, 12.14, 14.17 and 16.14 kb,
Veepna Were 0.1993, 0.1659, 0.1463, 0.1280, 0.1034,
0.08764, 0.079116, 0.07225 (10> x cm/s), respectively.
Thus, from 1 to 25 s #,, each scDNA migrated during
each pulse with a single velocity Vipna. VeeDNa, Was
inversely related to kbspna, by:

(11)

where ay = 0.01279 (variance = 2.1964 x 107%) and
a;, = 0.93064 (variance = 1.3704 x 10™%). The coeffi-
cients @ and «; differed from zero [p(¢) < 0.05], so:

VieDNA = ao + a1/kbgpna

dscDNA = (001279 + 0.93064/kb5CDNA)tp (12)
The inverse relation between sizes and velocities resem-
bles the migration velocity of inDNA in conventional
gel electrophoresis (Lumpkin and Zimm 1982). Equa-
tion (12) permits prediction of d.pna in CHEF at dif-
ferent pulse times, 6.4 V/cm and 13 °C.
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Predictions of complex E. histolytica patterns
with linear and circular DNA

Based on Eqgs. (1) and (3)—(12), the EHPATTERNS
computer program predicts cirDNA and linDNA mi-
grations in CHEF at 6.4 V/cm, 13 °C and different ¢,
values. EHPATTERNS uses mean sizes estimated for
E. histolytica inDNA molecules, and the reported sizes
of cirDNA (Dhar et al. 1995; Lioutas et al. 1995). The
program informs the array of E. histolytica DNA mol-
ecules as they are progressively resolved from the com-
pression zone.

To predict migrations per pulses of Eh, linDNA
molecules (diy,,) at the 7, assayed here, EHPATTERNS
calculates #,, vy, and vy, by estimating L, from mean
sizes. Further, 5, 13, 26, 38 and 50 kb (sizes of E. hist-
olytica supercoiled DNA) were interpolated in Eq. (11)
to obtain Vpna. discDna (theoretical migrations per
pulse of these cirDNA) was calculated at the 7, assayed.
At each 1, and independently from the molecule topol-
ogy, the program arranged theoretical migrations per
pulses from the smallest value. The array revealed the
order of appearance of circular and linear molecules in
the gel and also showed the molecules with similar mi-
grations per pulses and thus co-migrating in a band
(Table 5). EHPATTERNS shows that at 10s #, the
38 kb scDNA comigrates with 227 kb linDNA, at 25 s it
appears between 366 and 227 kb, at 50 s between 631
and 366 kb and finally at 240 s 7, it migrates in the
compression zone (Table 5). Similar behaviour was
found for 13, 26 and 50 kb circles (Table 5). EHPAT-
TERNS predicted that at 100 and 120 s #, the 38 and

Table 5 Simulations of the order of appearance (from bottom to top) and kinetic parameters of the E. histolytica supercoiled and linear

molecules for different pulse times®

Pulses times (s)

10 25 50 80 100 120 160 180 200 240
cz cz cz cz cz cz cz cz cz cz
1112 1361 50 50
38
38 50 631 850 50 1112 1361 50 38 26
227 366 50 50 1361 1361
26 38 50 50 38 38 38 1361 26 1112
850 38
13 26 38 38 26 26 1112 26 1112 850
850 26 1112 631
13
5 227 26 26 631 631 850 850 850 227
631 366
13 366 366 366 13 631 631 0631 5
13 366 13
5 13 13 227 227 o13 13 0366
227 227 366 366 227
5 5 5 5 227 227 5
5 5

#Molecules of sizes enclosed in shadowed boxes were co-migrating
in a band. The symbol e indicates stacked molecules; cz, com-
pression zone. Kinetic parameters of scDNA were obtained from
the simulation at 6.4 V/cm and 13 °C for 5, 13, 26, 38 and 50 kb
scDNA (bold numbers); Vi pna were 0.1989, 0.0844, 0.0486,

0.0373, 0.0314 (10° cm), respectively. For 1361, 1112, 850, 631, 366
and 227 kb the ¢, (s) were 110, 83, 58, 38, 18 and 9; the v, were
0.0214, 0.0230, 0.0253, 0.0281, 0.0339 and 0.0401 (10> cm); and the
v were 0.0912, 0.0927, 0.0947, 0.0970, 0.1013 and 0.1052 (10° cm),
respectively
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50 kb scDNA co-migrate with the 850 and 1112 kb
linDNA, respectively (Table 5). Thus, in CHEF experi-
ments (method II), we identified these bands as a single
broad band around 969 kb (Table 2), explaining the
results obtained above. The program also reveals that
13 kb scDNA may co-migrate with the 227, 366 or
631 kb linear molecules (Table 5).

EHPATTERNS reproduced two experimental find-
ings previously noted: (1) in complex karyotypes, lin-
DNA molecules frequently co-migrate with supercoiled
circular molecules of smaller sizes, and (2) as the pulse
time increases, sScDNA are left behind by linear mole-
cules of larger sizes. Pattern inversion can be understood
by comparing linDNA and cirDNA migration velocities.
At given experimental conditions, a scDNA moves at
Vibna during a pulse, but linDNA moves with two
velocities: v, and vy,. If Vipna = vr, the sScDNA and
linDNA will comigrate in a band when 7, < . If
th > ty, Um > Vipna, and linDNA will be left behind
the cirDNA.

In conclusion, our results should help to select a
priori experimental conditions to separate scDNA and
linDNA and will facilitate the interpretation of complex
karyotypes, such as that of the E. histolytica genome.
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