. *Volume 14 Number 13 1986 Nucleic Acids Research

Specific cleavage of kinetoplast minicircle DNA from Leishmania tarentolae hy mung bean
nuclease and identification of several additional minicircle sequence classes

. Michael L.Muhich® and Larry Simpson*

WM of Biology and Molecular Biology Institute, University of California, Los Angeles,
CA 90024, USA

Reccived 6 January 1986; Revised and Accepted 21 May 1986

ABSTRACT
Multiple sequence clagsses of kinetoplast minicircle DNA from

prasence of formamide, ylelding unit length linear moleculss
which retained the ancmalous electrophoretic mobility in acryla-
mide characteristic of minicircle DNA. No specific cleavage site
sequence common to all minicircle sequence classes was apparent,
although the main region of nuclease cleavage was localized
approximately 350 bp from the unique Smal restriction site of the
conserved region found in all minicircle sequence classes.
Covalent closure of the minicircle subgtrate wag not a
raquirement for cleavagae, as linearized network-derived or cloned
minicircles were also cleaved by mung bean nuclease at similar
locationa, The partial sequences of several new minicircle
sequence classes released from the network by mung bean nuclease
are also reported.

The structurally unique mitochondrial genome of the hemofla-
gellate protozoa, termed kinetoplast DNA (kDNA), consists of a
catenated network of 5-20 X 103 minicircles and 20-50 maxicircles
{1-3). The maxicircle represents the informational mitochondrial
DNA of these cells. It conaiats of a conserved transcribed
reglon encoding sequences homologous to known mitochondrial genes
(4-10) and a nontranscribed region which diverges axtensively in
size and sequence among the various trypanosomatid genera (11-
14), The function of minicircle DNA is not known, Minicircles
range Iin size from 465 to 2300 bp, depending on the species (3);
however, within any one species minicircle size is fairly unti-
form. A single network typically consists of multiple sequence
classes of minicircles, each containing a small, 150-270 bp,
region of species-specific, conserved nucleotide sequence (15,

16). Rapid rates of miniecircle sequence evolution have been
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documented in different strains of Trypanosoma brucei (17, 18)

and Trypanposoma cruzi (19, 20), and in different species of
Leishmania (21-23) and Crithidia (24, 25). Minlecircle DNA is not
transcribed in detectable amounts and sequences of cloned
minicircles from I. brucei (26), I. lewisi (27) and L. tarento-
laes (16) reveal only short open reading frames. There is,
however, a preliminary report of a possible protein product of
Crithidia minicircle DNA (28), which, if confirmed and extended,
would imply a genetic role for at least the large minicircles of
this specles.

Mung bean nuclease has been used as an endonucleolytic probs
of altered DNA helix conformation for both prokaryotic and
eukaryotic DNAs. The sites of mung bean nuclease single strand
nicking of supercoiled PM2 phage and pBR322 DNAs have been mapped
to the non-coding regulatory regions of these molecules (29-32);
cleavags by mung bean nuclease occurred predominantly within A+T-
rich reglons and at inverted repeat-sequencas capable of forming
hairpin structures (31, 32). Mung bean nuclease is capable of
double strand cleavage of Plasmodium nuclear DNA, and possibly
nuclear DNA from other lower eukarjotes, at sites before and
after genes (33). Under partially denaturing conditions cleavage
occurred on linear Plasmodfum DNA at A+T-rich sites, which,
however, were no more A+T-rich than surrounding sequencas which
were not cleaved by the nuclease (33).

We report here the specific double strand cleavage of multi-
nuclease. The sites of mung bean nuclease cleavage on the pre-
viously sequenced KSR1/Ltl? minicircle (l6) were mapped. Cleavage
site specificity was shown to be Independent of the nuclectide
sequence of the cleavage site and the topology of the minicircle,
but was relatsd, in those cases that could be determined, to the
distance from the conserved reglion with the adjacent
conformaticonal "bend", We also present the partial sequences of
five additional classes of minicircles released from the

kinetoplast metwork by mung bean nuclease.

MATERIALS AND METHODS
Cell culture and DNA isclation

Cultures of L. tarentolae were grown to statlonary phase in
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Brain-Heart Infusion medium (Difco) supplemented with 10 ug/ml
hemin at 27 € (34). Covalently closed circular kDNA was
recovered as described (35) and purified by two rounds of
CsCl/ethidium bromide isopyenic centrifugation. The conatruction
and sequence of the E. coli miniecircle clone pLtl? was described
previously (16). Plasmid DNA was isoclated as described
previously (36).

Restriction enzyme and mung bean nuclease digestions

Bestriction endonucleases were purchased from New England
Biolabs and Bethesda Research Labs. Digestions were performed
under conditions recommended by the suppliers. Mung bean
nuclease was purchased from P-L Biochemicals. KDNA networks and
free minicircles were digested with the indicated units of mung
bean nuclease activity at a DNA concentration of 0.0l mg/ml in
the reaction buffer of McCutchan et al. (33) to which 0.001%
Triton X-100 was added to minimize nuclease adsorption to the
plastic reactlion vessel. Mung bsan nuclease digestions were
performed at 50 C for 30 minutes. Samples were incubated for
five minutes at 50 C prior to the addition of nuclease,

Reactions were terminated by phenol sxtraction following the
addicion of an equal volume of 0.02 M Tris (pH 8.0), 0.02 M EDTA,
and the DNA was pracipitated witﬁ ethanol,

Electrophoresis was carried out in submerged horizontal
agarose gels and vertical polyacrylamide gels (acrylamide:bis,
29:1)'in a buffer of 0,09 M Tris-borate (pH 8.3}, 2 mM EDTA. DNA
visualization and photography were as described (37). Southern
trangsfer methods and in vitro labeling of DNA probes were as
previously describad (12). Hybridization wae performed in 0.75 M
Nacl, 0.075 M Na citrate, pH 7.2, 0.25% w/v nonfat dry milk (38)
and 50% formamide, or 0.75 M NaCl, 0.075 M Na citrate, pH 7.2,
0.2% SDS, 0.5 mg/ml sonicated denatured salmon sperm DNA, 0.5
mg/ml poly(rA), 0.02% Ficell, 0.02% polyvinylpyrollidine, 0.02%
bovine serum albumin and 50% formamide (39) at 37° C for 12-18
hours. Hybridized filters were washed at 45 C with multiple
changes of 0.015 N NaCl, 0.0015 M Na citrate, pH 7.2.

Unit length, linearized minicircles were electroeluted from
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agarose following digestion of kDNA networks with mung bean
nuclease in 45% formamide, and incubated separately with BamHI,
EcoRI or HindI1I, which cleave various minicircle sequence
classes at single sites (16). The minicircle fragments were
subsaquently cloned into M13 mplQ such that the termini generated
by mung bean nuclease were ligated to the HincII restriction site
adjacent to the annealing site for the oligonucleotide sequencing
primer {(40) of the M13 vector. Clones contalning minicircle
fragments were identified by plaque hybridization (41) and
analyzed individually by agarose gel electrophoresis.

DNA sequence analysis was performed using the dideoxy-chain
termination method (42), employing the modifications dascribed
previously (4). DNA sequences were analyzed with the Los Alamos
Sequence Analysis System (43) and the programs of Staden (44)
running on a VAX 11/780, and the Pustell programa (45) running on
an IBM PC.

RESULTS
Specific cleavape of multivle sequence classes of kinetoplast

minicircle DNA by mung bean nuclease

Incubation of L. tarentolae kDNA networks with mung bean
nuclease in the presence of ﬁ0-55% formamide {(see Materials and
Methods), resulted in partial disassembly of the network complex
through double strand scissions Bf the catenated minicircle and
maxicircle DNA molecules.. The results of digestions of kDNA at
various mung bean nuclease/DNA ratios and at various formamide
concentrations are presented in Fig. 1lA. The predominant
cleavage product migrated as a broad band, ranging in size from
835 to 880 bp. The size and relative abundance of this fragment
was consistent with that expected for unit length linear
minicirele DNA (16). Hybridization analysis (results not shown)
confirmed the minicircle identity of this band and the other
visible minor bands, and indicated that at a low nuclease to DNA
ratio and a low formamide concentration, high molecular weight
maxicircle fragments (possibly unit length; arrow, Fig. lA) were
also released from the network., Maximal release of unit length
minicircle DNA from the kineteplast network was observed at 10

units of nuclease per ug of network DNA and at a formamide
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concentration of 50%. Under these conditions, a portion of the
kDNA network always remained undigested and was retained at the
origin of the gel.

Ve have previously reported that the migration of unit
length minicircles and minicircle DNA fragments in acrylamide
gels is retarded relative to their mobility in agarose (16).
Evidence has been presented which suggests that this anomalous
electrophoretic behavior is the result of the presence of a
static curvature ("bend®") within a specifiec region of the
minicircle molecule {(46-48)., Figure 1B shows the results of
electrophoresis in 5% acrylamide of unit length minieircle DNA
releagsed from network DNA by digestion with mung bean nuclease
{lane 1) or BawHI (lane 2). The electrophoretic migration
profile of the minicircle DNA linearized by mung bean nuclease
digestion was heterogeneous and had an average, calculated size
2.1X that observed in agarose. The calculated size of the BamHI-
linearized minicircle was also 2.1X that observed in agarose

The L. tarentolae kinetoplast network contains multiple
minicircle sequence classes which are distinguishable by
restriction endonuclease digestion patterns (l6). To examine the
sequence composition of the unit length, linear minicircles
released from network DNA by mung bean nuclease, aliquots of the
agarose gel-isolated 835-B80 bp band (Fig. lA) were digested with
several restriction enzymes. The agarose gel shown in Fig. 2
reveals that various proportions of the kinetoplast minicircle
DNA linearized by mung bean nucleas; digestion were sensitive to
cleavags by BamHI, HindIIl and EcoRI, implying & heterogeneity of
mung bean nuclease-released minicircle BNA. Digestion with BamHI
yielded a predominant 780 bp band and a serles of minor, smaller
sized fragments. HindIII cleavage resulted in the increased
mobility of the forward edge of the broad, mung bean nuclease-
linearized, minicircle band. This Iincreased mobllity corresponded
to a calculated size of 820 bp. Inﬁqbation with EcoRI resulted
in a heterogeneous mixture of minicircle digestion products, the
two most prominent bands having lengths of 310 and 535 bp. On
the other hand, incubation of the mung bean nucleaae-genaréted.
unit length linearized minicircle DNA with Smal, which cuts

within tha conserved region of presumably all minicircle sequence
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Figure 1. Release of unit length miniecircles from L. tarentolae
kDNA networks by digestion with mung bean nuclease. (A) Effact
of varying the enzyme/DNA ratio and the concentration of
formamide on the cleavage of kDNA, Approximately 1 ug of kDRa
was digested with 1 (lanes 1, 2 and 3), 10 (lanes 4, 5 and 6) and

20 (lanes 7, 8 and ?9) units of enzyme in the presence of 30%
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(lanes 1, 4 and 7), 40% (lanes 2, 5 and 8) and 50% (lanes 3, 6
and 9) formamide, and electrophoresed through 1.2% agarose.
Note: one half of the sample loaded intc lane 5 (10 units mung
bean nuclease/ug kDNA, 40% formamide) was lost during
preparation. (B) Electrophoretiec migration in 5% acrylamide of
unit length minjecircles, which were elutad from an agarose gel
following release from the kDNA network by digestion with mung
bean nuclease (lane 1) or BamHI (lane 2), M, marker DNAs: HindIII
digested lambda DRA and HaeIII digested #X174 RF DNA. The sizes,
in kilobases, of the ten marker DNA bands are as follows: 23.13,
9.42, 6.56, 4.37, 2.32, 2.03, 1.35, 1.08, 0.87 and 0.60.

classes (16), resulted in apparently complete digestion and the
appearance of two major bands with lengths of 345 and 500 bp.
The sums of lengths of the major EcoRI and Smal restriction
products were, respectlively, approximately equivalent to
minicirecle unit length. The appearance of discrete sized
restriction products resulting from the secondary digestions
ilmplies a specificity of cleavage of minicircle network DNA by
mung bean nuclease and the complete digestion by Smal implies
that the major mung bean nuclease site is located an equivalent
distance from the conserved region in almost all digested

minicircle sequence classes.

Nucleotide seguences surrounding the cleavage sites of mung bean

nuclease on kinetoplast minicircle DNA

To define the regions of mung bean nuclease digestion on the
various L. tarentolae minicircle sequence classes, the nucleotide
sequences extending from the cleavage slites were determined for
unit length minicircles released from kDNA networks by mung bean
nuclease digestion and subsequently cloned into M13 after a
secondary digestion with BamHI, EcoRI or HindlII (as desecribed in
Materials and Methods). The decameric sequences directly
downstream of the regions of mung bean nuclease cleavage are
presented in Table 1. No specific cleavage site sequencs could
be deduced from sequences of the mung bean nuclease generated
blunt-end termini; however, in every clone examined, nuclease
digestion terminated adjacent to a pyrimidine, (a thymidine in 26
out of 27 clones). In terms of the BamHI- and EcoRI-mung bean
clones that are homologous te the previcusly described KSR1/Ltl9
sequence c¢lags (16), the majority of duplex cutting occurred near
nucleotide position 535 from the single EcoRI site (Fig. 3,
eluster A). This places the cleavage site terminus 348 bp from
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Figure 2. Restriction analysis of unit length kDNA minicircles
released from networks by mung bean nuclease digestion,
Approximately 0.5 ug of gel-isolated minicircle DNA was digested
with BamHI (lane 1)}, HindIIl (lane 2), EcoRI {(lane 3) or Smal
(lane 4), and electrophoresed through 2.0% agarose. M, marker
DNAs: HindIlY digested lambda DNA and HaelIlIl digested ¢#X174 RF
DNA.
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Table 1. Mung bean nuclease clesvage sites on L, tarentolae
kinetoplast minicircle DNA.

ane? Sggggncgb BESR] nt cooxdinate®
Bl TGAGGGGCAT
B2 (ATATATATTT) TTCACTICAA 720,721 +
B3 (ITTCCAGAAT) TACCCCGGGG 193,194 -
B4 TAACGCTTIAC
BS (TTITCAATITT)} TCGTGTGAAA 142,143 +
Bé (TTACTATATA) TGGTAATATA 550,551 -
B7 ({TTAAGAGGCA) TACCCCAGCC 518,519 -
B8 : TGTATATIGA
B10 TGAGGGGCAT
Bll TCCAAGGCTA
Bl2 (ATATAAGTTA) TAAGGGCTTA 535,536 -
RS (TGACATAGTA) TAGGATCCGG 628,629 +
R6 (TATATATTTIT) TCACTTCAAC 721,722 +
R7 (TACTGTAAAT) TAAAGATAGA 697,698 -
RS (TTAAATAACA) TCCAGCAAAA 751,752 -
R9 (ATATAAGTTA) TAAGGGCTTA 535,536 -
10 (CTATACTATIG) TCACCGCATA 621,622 -
R11 (ATTITTCACT) TCAACCACAT 726,727 +
Rl2 {TATATAGTTA)} TAAGGGCTTA 535,536 -
D2 . TCCATACTGT
D3 CGACTCTACA
D& TACTGTGTCG
D5 TCCCTCAGGT
D6 TGCTCTGTIG
D7 TGAGGGTICGA
D9 TACGACICTA
Dl2 TAGGGTTATA

8. The letters B, R and D indicate the restriction enzymes,
BamHI, EcoRI and HindIII, used to cleave the mung bean nuclease-
linearizad wminicircles prier to cloming into M13.

b. Only the first 10 nucleotides downstream of the mung bean
nuclease cleavage site/HincII cloning site are shown. The
sequences given in parentheses are the 10 nucleotides expected to
lie upstream of the cleavage site basad on the individual clones
homelogy to the pKSRl minicircle (16).

€. The nucleotide sequences of the pKSR]l and pLT19 minicircle
clones are identical except that the pLT19 sequence is numbered
from the BamHI site (nucleotide position 631 on the pESR2I
sequence). The nucleotide pairs between which the nuclease
cleavage sites were localized are numbered from the EcoRI site on
the pKSRl sequence, +/- indicates strand polarity relative to the
pEkSR]l sequence reported in ref. 16.

the Smal restriction site and 780 bp frowm the BamHI rxestriction
site on the KSR1/Ltl9 minicircle; these distances agreed with the
calculated fragment sizes of minicircle DNA linearized by mung
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Figure 3. Dilagrammatic repressentation of mung bean nuclease
cleavage sites on the (874 bp) KSR1/Ltl9 minicircle seguence
class. The individual arrows correspond to the nucleotide
coordinates given for the "B" and "R" clones of Table 1. (A) The
cluster of nuclease cleavage sites near KSRl nucleotide position
535/Ltl9 nucleatide position 779, (B) the cluster of sites near
720/90, (C) the two sites adjacent to 631/1, (D) the two sites
near 188/432. The hatched box represents the position of the
conserved region (16), and the asterisk (%), the position of the
bend (46, 47). B, BamHI; Bg, BgllI; E, EcoRI; S, Smal.

bean nuclease and then digested with BamHI or Smal (Fig. 2).

Five addit{onal KSR1/Ltl9 homologous clones mapped to a region
surrounding nuclectide position 720 (Fig. 3, cluster B); ﬁowever,
these cleavage site termini were distributed over a broadex
range. Two cleavage site termini were located adjacent to the
unique BamHI restriction site (Fig. 3, cluster G) and two within
the winicirele conserved region near the unique Smal restriction
site (Fig. 3, cluster D).

Ltl? minicircle DNA cloned in E. coli is digeated by mung bean
nuclease in a aimilar manner

from kDNA networks

8 BemHI-linearized minicircle DNA

linearized, Ltl? minicircles to digestion by mung bean nuclease
were compared. Both network-derived and cloned BamHI-linearized,
minicircle sequences showed similar sensitivities to mung bean
nuclease, and each was cleaved to yield a 780 bp digeation
product (Fig. 4). This was the same sized cleavage product
observed when circular, network minicircles were digested first
with mung bean nucleasze and then with BamHI. At the formamide
concentrations and nuclease/DNA ratios employed here, only
approximately 50% of the substrate DNA was cleaved by the
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Figure 4, Digestion of unit length linear, native and cloned
BamHI LPHA minicircles with mung bean nuclease. Approxinmately
0.5 ug of gel-isolated BamHI releaased (native) minicirecle kDNA
(lanes 1-4) and pLtl9 (cloned) minicircle insert DNA (lanes 5-8)
were digested with 10 (lanes 1, 2, 5 and é6) and 20 (lanes 3, &, 7
and 8) units of mung bean nuclease in the presence of 40% (lanes
1, 3, 5 and 7) and 50% (lanes 2, 4, 6 and 8) formamide and
electrophoresed through 1.5% agarose, M, marker DNAs: HindIII
digested lambda DNA and HaeIII digested @X174 RF.DNA.
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nuclease (Fig. 4, lanes 2, 4, 6 and B). Increasing the time of
Incubation by a factor of two (to 60 min.) had no effect on the
extent of cleavage by mung bean nuclease (results not shown).

In order to map the predominant region of mung bean nuclease
cleavage at 40-50% formamide on the BamHI-excised pLtl9
minicircle insert, the gel-isolated 780 bp major c¢leavage product
was subjected to restriction analysis., Digestion of the 780 bp
mung bean nuclease fragment with Smal resulted in the production
of two fragments with lengths of 348 and 418 bp, digestion with
BglIl yielded 135 and 652 bp fragments and digestion with BcoRI
ylelded a 540 bp fragment and a 240 bp fragment (Fig. 5A). These
data localized the major region of mung bean nuclease cleavage on
the pLtl9 minicircle insert at approximately nucleotide position
780 (Fig. 5B). This correapoﬁds almost exactly to the
nuclecotide position mapped by sequence analysis for the
predominant cleavage site of mung bean nuclease on native
KSR1/Lt19 minicircle DNA (Table 1), considering that nucleotide
535 of the KSRl minicircle sequence corresponds to nucleotide 779
on the Ltl9 minicircle sequence (l§). We conclude that the major
site of cleavage by mung bean nuclease at 40-50% formamide is
essentially identical on both native (circular and linear) and
cloned (linear) Ltl9 minicircle DNa,

The results presented in Fig. 4 alse demonstrate that the
cleavage of unit length linearized native and clomed Ltl9
minicircle DNA by mung bean nuclease i1s dependent to a greater
extent on the formamide concentration than on the amount of
nuclease mctivity. Moreover, faint low molecular weight bands

Figure 5. Mapping of the major mung bean cleavage site on the
pLtl% minicircle DNA. (A) The predominant digestlion product of
mung bean nucleass treated (50% formamide) pLtl? insert (BamHI
released} was gel-isolated and incubated with Smal (lane 1},
BglII (lane 2) and EcoRl (lane 3) and electrophoresed through
2.0% agarose. Lane 4 contains the gel isolated predominant
digestion product of pLtl?9 insert DNA treated with mung bean
nuclease in 50% formamide. Lane 5 contains EcoRI digested pKSR1
(unit length minicircle insert). M, marker DNAs: HindIII
digested lambda DNA and HaelII digested $X174 RF DNA. (B) The
results are diagrammed such that the lengths of the arroved lines
ars proportional to the sizes of the corresponding digestion
prxoducts, numbered as In (A). The hatched box repressnts the
position of the conserved region on the Ltl% minicircle (16), and
the asterisk (*) the position of the band (46, 47). B, BamHIl;
Bg, BglII; E, EcoRI; §, Smel.
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Figure 6. The effect of increasing formamide. concentration on
mung bean nuclease cleavage of minicircle kDNA.

(A) Approximately 0.5 ug of Ltl9 insert DRA was incubated with 10
units of nucleagse in the presence of 50% (lane 1), 55% (lane 2),
60% (lane 3) and 70% (lane 4) formamide and electrophoresed
through 1.8% agarose., Lane 5 contains unit length Ltl9 insert.
M, marker DNAs: HindIlI digested lambda DNA and HaeIll digested
$X174 RF DNA. (B) Digestion of Ltl9 insert with mung bean
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nuclease performed as outlined in (A) except that the formamide
concentration was 50% (lane 1), 51% (lane 2), 52% {(lane 3), S53%
(lane 4), 54% (lane 5) and 55% {(lane 6). Lane 7 .contains unit
length Ltl9 insert.

were algso wvisible in the digests performed in 50% formamide (Fig.
4, lanes 2, 4, 6 and 8), which are the result of secondary, less
frequent, mung bean nuclease cleavage events.

The effect of formamide concentration on tha specificity of
mung bean nuclease cleavage of unit length linear Ltl9 minicircle
DNA is presented in Fig. 6. The 780 bp, BamHI-mung bean nuclease
fragment was the predominant product of incubation inm 50%
formamide (Fig. 6A, lane 1); approximately 50% of the input
minicircle DNA was cleaved by the nuclease (compare with results
in Flg. 4). All of the unit length Ltl9 substrate DNA was
cleaved at a formamide concentratlon of 55%, yielding a diffuse
band ranging in size from 610 to 620 bp (Fig. 6A, lane 2). At
formamide concentrations of 60% and 70%, the Ltl9 substrate was
completely degraded by the nuclease (Fig. 6A, lanes 3 and 4).
Figure 6B shows that the fraction of Ltl% substrate resistant to
mung bean nuclease digestion decreased as the formamide
concentration was increased to 55%.

To identify the secondary regions of mung bean nuclease
cleavage on the Ltl9 minicirecle at 55% formamide, the major
digestion product (the 610-620 bp band) was gel-isolated and
subjected to restriction analysis (Fig. 7A). At an agarose
concentration of 2.2%, the 55% formamide/mung bean nuclease
minicircle fragment migrated as a more compact band (Fig. 74,
lane 4), with an apparent length of 611 bp. EcoRI digestion of
this material yielded a fragment approximately 539 bp in length
and a smaller cognate fragment which has migrated off the gel.
Smal and HpalIl digestion each generated a diffuse band,
approximately 264 bp Iin length, as well as unique fragmenfs with
sizes of 347 bp and 312 bp, respectively (Filg. 7A, lanes 2 and
3). Both BamHI ends of the Ltl9 subgtrate, at 55% formamide,
were removed by mung bean nuclease digestion (Fig. 7B). One
cleavags site terminus mapped te the identical location of mung
nuclease action detected at 50% formamide (nucleotide position
780 on the Ltl9 minicircle or 536 on the KSRl sequence, Fig. 3A
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Figura 7. Mapping of the 55% formamide-mung bean nuclease
cleavage sites on Ltl9 minicircle DNA. (A) The predominant
product of mung bean digestion of the Lt1l9 insert in the presence
of 55% formamide was gel-isclated and digested with EcoRI (lane
1), Smal (lane 2) and HpaIl (lane 3) and electrophoresed through
2.2% agarose. Lane 4 contains the gel-isolated 55%
formamide/mung bean digestion product. M, marker DNAs: HindIII
digested lambda DNA and HaelIIl digested @X174 RF DNA. (B) The
results are diagrammed such that the lengths of the arrowed lines
are proportional to the sizes of the corresponding digestion
products, numbered as in (A). The hatched box represents the
position of the conserved region on the Ltl9 minicircle (16} and

65546



Nucleic Acids Research

the asterisk (*}, the position of the bend (46, 47). B, BamHI:
Bg, BglIT; E, EcoRI; Hp, HpaIl; 8, Smal. Base composition of
Ltl9 plotted as percent A+T, calculated for every tenth
nucleotide position using a window size of 20,

(16)). The other cleavage site terminus mapped to a region
between nucleotides 169 and 204 on the Ltl9 minicircle (KSR1
nucleotides 799-834). The relationship of the nuclease cleavage
site termini to the A+T content of the Ltl9 minicircle saquence
i1 indicated in Fig. 7B.

ldentification of several additional minicircles sequence classes

fxom the L. tarentolae kDNA network

The partial sequences of five of the 11 BamHI-mung bean
nuclease clones and all eight of the HindIII clones presented in
minicircle sequence classes (16). The partial nucleotide
sequences determined from these independently-derived clones have
been grouped together on the basls of sequence homelogy, and are
presentad in Fig. 8. In spite of the fact that complete sequences
are not yet avaflable, it is clear that these clones represent
new minicircle segquences.

The eight HindIII clones can be separated into three non-
homologous sequence "groups” (Fig. 8A, B and C). The 286 bp
sequance of group A comprises five of the HI{ndIII clones and has
extensive, but interrupted, homoleogy with the L. tarentolae Lt26
minieirele class (16). The first 135 nucleotides are homologous
with a portion of the variable region of the Lt26 sequence (Fig.
94), the next 79 nucleotides possess no significant homology with
remaining 72 nucleotides are homologous with the minicircle
conserved region and have been aligned with the sequence of this
portion of the Lt26 moleculé (Fig. 10). The 173 nuclectide group
B sequence (Fig. 8B) was compliled from two HindIII clomnes, D5 and
D7, and 1ia 90% homologous with a portion of the Lt26 minicircle
conserved region (Fig, 9B), HindIII clone D12 comprises the
group C sequence which possesses only limited homology, 30 ocut of
34 nucleotides, to the variable region of the XSR1/Ltl9
minieircle class: nucleotides 55-89 of the group C sequence (Fig
8C) and nucleotides 657-692 of the KSRl minicircle (186).
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0% D3
A "rikcacTCTA CALTETTCEC TATATTIATA CCGAGTTAAT GTITAACGAC CCTCCTAGAC 60
GITATCAATC CATCTACGGA CAACCTTACA ACTCCATACT CTCTCOCTAC TOAAGCAACT 120

GGACATCAAG CCAGAATCOA TTONPGETCT ETT aca cT 180

CANGAMAATT CETAAAATTC TCCAALAATC CCCAAALATA GCCCALAATC CORBACTITT 240
T [ T AAG GAAMATCCAT GCAGAA

o5
B TTIAG&GCC TCAGCTACGS OCGTICTCCG AAAACCCAAA AATECATGCA CAraCCLocT 60
TCAAAMAATG CCAAAMATEC CGATTITTAC OATTITCATG TCAMACTAGE COTTGATGTA 120

ABATACECCT CEOGCTCCCC GAGOGTIICE COCCOCTCAC GTTTCOARCE TCA,
bt

D12 .
c ‘ncl::rnn GACCCCTAAC CTATCOATTG TITTGCTAAL CITTGCECAA TACGACCYCGG 60

AGACACTCTA 9 ATA Thh TCAAAGTTAC ATTACATTAA 110

CTACCAATAC TCTTTICATC TCTCTETCTT ACCYGCTAAL GATAGACGGA TGOAACAGCC 140
TCTGAAGCGA CATAGATCTA ACGATCCT

B4
D “rascecrrac cafeTcoCad TECCTCTACO TTCAGCTTTA TCCLCCCTCT ATELIATCRT  #0

TATAATCATT ATFCTCCGCA TAGCTACCTA TACGTCCTAS GGCTATACAL ATAACETATA L10
AATTAGCCAY ATATAATATA ATaTAATIYC TATATYGAGG GEATAATCE TATACCCCAA 180
CCCTALECCA CGACTCCACC GACTCTCACG GTATCGCATG GCCACAGAGE ACCCACGAOT 240
ATCAATAATT TCETARACCC TGCACAOTCT TACAACAAGC ACTCCCTCTA TATCTCCACG 300
TATCCACAAL OTAODGYAAGES GCCCTIGTOC ATAGCATCCA CATACCCETA CCAAGCCAAT 380
GTITCICCAT CAAMAAGTTC CATCATGLCA ACAACACACS GCATAAAAAG GACCAMACAA 420
TGCCCAMAAL UCITACATET GAAACATAAG GOTCAGGAGG COTTAATITA GCEABGATAC 480
TTAAGCES

-11]
E 'fﬂl:ll:ﬂc‘!l ACGACETCOA TAGTCATUAA CCCACTCACC TAACACCOAT AAGCTTCGAT &0

CTCATCTCOC ATCATTAACC CCATSCCGCC ACACGCTITAC CACARACCAC ATGTAGCCAG 1210
TAGETAGCEC TCCTCTCATT ATCCCCACTT TCCAALCACA GCATTACACA CGCTAATCCT LBO
ATGCCITAGA TGOAAAACTT CCACATCTIAA TGCGCCTAAL TITAOCCACE TOAALATATA 240

CCCETCCAAA SGCTTATTIT CCGETAGCCC 300
CACCCCTALT TIACA

Figure 8. Partial sequences of nucleotides of several additional
L. tarentolae minicircle sequence classes. The sequences were
compiled on the basis of cross-homology frem the independently-
derived, mung bean nuclease-generated clones described in Table
1. The position of the mung bean nuclease cleavage sites on the
minicirele sequences are indicated by arrows along with the
corresponding clone designation., (A) the contipguous sequence
obtained from mung bean nuclease-HindIII clones D2, D3, D&, D6
and D9. (B) the reverse complement of the sequence of mung bean
nuclease-HindIII clone D7. This sequence encompasses the entire
saquence obtained from the mung bean nuclease-HindIII clone D35,
(C) the sequence obtained from the mung bean nuclease-HindIII
clone D12, (D) the contiguous sequence ocbtained from mung bean
nuclease-BamHI clones Bl, B4, B8 and Bl0. (E) the seguence
obtained from the mung bean nuclease-BamHI cleone Bll.
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the asterisk (*), the position of the bend (46, 47). B, BamHI:
Bg, Bglll; E, EcoRI; Hp, Hpall; 5, Smal. Base composition of
Ltl9 plotted as percent A+T, caléulated for every tenth
huclectide position using a window size of 20.

(16)). The othar cleavage site terminus mapped tec a region
between nucleotides 169 and 204 on the Ltl9 minicircle (KSR1
nucleotides 799-834). The relationship of the nuclease cleavage
site termini te the A+T content of the Ltl? minfcircle sequence
is indicated in Fig. 7B,

from the L, tarentolae kDNA network

The partial sequences of five of the 1l BamHI-mung bean
nuclease clones and all eight of the HindIIIl clones presented in
winicirele sequence classes (l6). The partial nucleotide
sequences determined from these independently-derived clones have
been grouped together on the basis of segquence homology, and are
presentsad Iin Fig. 8. In spite of the fact that complete sequances
are not yet available, it is clear thatltheae clones represent
new minicircle sequences.

The eight HindIIl cleones can be separated into three non-
homologous sequence "groups" (Fig. 8A, B and C). The 286 bp
sequaence of group A comprises five of the HindIII clones and has
extensiva, but interrupted, homology with the L. tarentolae Lt2é
miniecircle class (16). The firat 135 nucleotides are homologous
with a portion of the variable region of the Lt26 sequence (Fig.
9a), the next 79 nucleotides possess no significant homology with
remaining 72 nucleotides are homologous with the minicircle
conserved region and have been aligned with the sequence of this
portion of the Lt26 moleculse (Fig. 10). The 173 nucleotide group
B sequence (Fig. 8B) was compiled from two HindIII clones, D5 and
D7, and {s 90% homologous with a portion of the Lt26 minicircle
conserved reglon (Fig. 9B). HIndIII clone D12 comprisses the
group C sequence which possesses only limited homology, 30 out of
34 nucleotides, to the variable regiom of the KSR1/Ltl9
minicircle clasa: nucleotides 55-89 of the group C sequence (Fig.
8C) and nucleotides 657-692 of the KSRl minicirele (16).
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09 D3
A ‘IA'CGAG‘!&'I’A CAATCTTCCC TATATTTATA CCGAGITAAT GTTTAACGAG CCTCCTACAC L]
CTTATGAATC CATCTACGGA GAACCITACA A&CG‘I’AGI’ CYCTCOCCTAC TGAAGCAACT . 120
GGACATCAAG CCAGAATCGA ﬁ“!ﬁtﬂ! GITGIATCCT GCCACOTGCA CCAGATGTGT 130
CAAGARAATT CCTAASATYC TCCAARAATC CCCAAAAATA CCCCAAMATC CCAMACITIT 140
TAGGTLCCTA CCTAGGOOUCC TTCTCUAAAC GAAAATGCAT GCAGAA

o8
B t:nu‘rccl: TCACCTACCS GCGTTCTCCE AMAACCEAAA AATGCATCCL GhAACCCCCT 11]

TCAAAAAATG CCARAAATCG CCATTTITAC GATTTICGTC TEAAACTAGO GGTISGISTA 110

AAATACGGET GGCGLTCCCC GEEEGTITCC GOCCCCTCAC GITTCEACCS TCA,
o7

o
c "IAEEG'ITA'!& GAGGCCTALC CTATGGATTG TTTTGGTAAL CTTTCCCCAR TAGACGTCGE 40

ACAGACTCTA CCTCTAGSCT AGAGTCTATA CGAGATATAA TCAAACTTAC ATTACATTAL 120
CTACGAATAC TGITITCATC TCTCTCTETT ACCTCCTALL CATAGAGUGA TGGAACAGCC LD
TCTGAAGCGA TATAGATGTA ACATCCT

B4
D W2ACCETIAC CATCTCCGAM TGCCTCTACY TTCAGCTITA TCCGCCOGTCT ATGCTATCCT (1]

TATAATCATT ATCCTCCCCA !“G‘Ial:sc'll TACGTCCTAA COCTATAGAC ATAACCTATA 120
AATTAGCCAT ATATAATATA atataatiic 'IA'I'.I*GI‘GG GECATAATCC TATACCCCAR 130

COCTAACGCA CGACTICCACT CAGTITCACS TG GOCA T 280

ATCAATAATT TCOTAAAGCE TCCACAGTCT TACAACAAGC ACTCCGTCTA TATCYCCACC 300
TATCCACAAL CTACGTAAGY CCCCTTCTCEL ATAGCATCCA CATACCCCTA COAMAGCCAAT 368
CTTTCTCCAY CAAAMACTTC CATCATGCCA AGAACACACA GCATALALAC GACCAAACAR 430
TGCCCAALAL GCTTACATIT GALACATAAG GETCAGGACS COTTAATTTA CCGAGEATAC &30
TTAACLCO

Bl

E "“rccAiccCTa ACGACGTCGA TAGTCATCAL CGCACTCACC TAACACCCAT AAGCTICOAT  ¢0
CTCATCTCOC ATCATTAACC CCATGCCCCC ACACCCTTAC CACAAACCAC ATGTAGCCAG 110
TACCTACCEC TCCTGTCATT ATCCCGACTT TCCAALCACA GCCATTACACA OGCTAATCCT 180
ATGCCTTAGA TGEAAMACTY CCACATCTAA TGCOCCTAAL TTTACCCACC TCAMMATATA 140
CCCCTCEaAss CCCTTATYTT TEACCCICEA AACTEAGEGG CCOCTATACE COGOTAGCCE 30D
CACCCCTATT TTACA

Figure B, Partial sequences of nucleotides of several additional
L. tarentolae minicircle sequence classes. The sequences were
compiled on the basis of cross-homology from the independently-
derived, mung bean nuclease-generated clones described in Table
1. The position of the mung bean nuclease cleavage sites on the
minicirecle sequences are indicated by arrows along with ths
corresponding clone designation. (A) the contiguocus sequence
obtained from mung bean nuclease-HindIII ¢lones D2, D3, D&, D&
and DP9, (B) the reverse complement of the sequence of mung bean
nuclease-HindIII clone D7, This sequence encompasses the entire
sequence obtained from the mung bean nuclease-HindIII clone D3.
{C) the sequence obtained from the mung bean nuclease-HindIII
clone D12, (D) the contiguous sequence obtained from mung bean
nuclease-BamHI clones Bl, B4, BB and B1O. (E) the sequence
obtained from the mung bean nuclease-BamHI clone Bll.
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241
TACCACTCIACA=TCITCCCTATATITATACCGAGT T TAATGITTAACGAGGLCTCCTAGACGTTIATCA
EACGACTCTICIITG!TCEGTI!A!TTLTACEGAGI!-AITGITTIACBAGGE-TEGTIGLEGTT-Alﬁl

L] - o>

ATCCATCTACGGAGAACTCCTTIACACTTCCATACTGCTOTITICCCLTACTOA-CCA-CIGGTCTAT ~AAC
LTCﬂ‘!CTAGGGAGIA:;cl!T-AGAAG!ﬂGlflt!GTG?--H-EB!AGTGI‘GGAAC!GGlﬂ-ITGAAG
* L]

- - am »
k1%
[ Y-}
CCACA
133
4le
ARAATAGCCCAAAATCCCAAACTTYT-, AGGTA TCIC-CEALACCCALAMATCATCCA

1:AAATAGCCEIIAATGEGAAACTrlTrIGGTCGﬂ!lGGTlGGBGcGTTCTBGAAAG-GIAIITGEITGGA
-

ARG
CAd
Chd
286

439
TITAGCTCCCT=AGCTAGRGGE ~T=CTCCOAAA=COCAAAAAT ~CATCCACALACCCGOTTCALARRAAT

TTTAGGIEGCTGAGD!LGGGGlGTTGTCﬂ‘llllEGG‘IAIATGCATGCAGAIlCGGCETTCAAIAAI:!
t " -e - - -

OCCAAAAAATCGICCATTIITEACGAT T TIRCTATALAACTTACCCUTTOCTCTAALAATAGGLETGLGE
GLCAAAAA=TCG=CCATTITIT=ACGATITICCTCTCALACT -ACCCOTTGATCIAAAA-TAGECLTCEEE
* - * e -

5613

CICCCLCCOCATITCCOGECCCCTCAGGTTTICGACCCTCA

CTCCCCOCECCTTICCGE-CCCCTCAGGTTICUACECTCA
- -

333
TCTAALLL TCACGITTCCACCCICALAAATALACCCC
!GIAAAA—TAGGGGTGSGGGTIGEGGGG!ITI-GEGG-CCECTGIG—TTTCGACGCTGLIA‘LTAAG-CC

TTTGEACCC=TATATTIIGCACCTCECTARATTTACCCCCATTAOAATAOTGGCT =TTITCCATCIALGE
TITGGACCCCTATATTTT-CACCTCECTAAATTTAGCCCCATTAGA-TG-TOOAAGTITTCCATCTAAGE
+* L] LI L L

CATAGGATTA TETT ‘fGTGGGGA!AE!GIEAGGIACEﬂﬂflcc!lﬂcf
CATA I-B-CC!GT‘ A TE=TCTT 'llTGlElGG-lEBGGIIGCIl-ET
- - t 0 -
a2s

GOCTAGCATGTGETTICTGETAACCCIGTGECOCCATCCOCTTAATGATCCCAOATOATCATCE
GGBTI-CA!GTGG!ITGTGGTAAECGTGIGGGGGGATGGGGTTLA!ﬂlIGCCIEArGA—GlIEE
-

i 37

AACCTIATCCCIGTTACCTOACTCCOITCATOACTATCCACOITCOTIIAGCCTIGGA

ALEGITITEGGTGTIAGGIBIG!GCGITGAEGICTLICGAGGI-CGIfAGGGfIGﬂA
260

Figure 9. Locally homologous regions between the Lt26 minicircle
and the minicirele sequences reported in Fig. 8A, (A); 8B, (B);
8E, (C). The non-homologous base pairs are indicated by
asterisks (*) and single character pads by a dash (-). The Lt2é§
segquence is presented on the upper line and numbered as in Kidane
et al (16). The minicircle sequences reported in this study are
presanted on the lower line and are numbered as in Fig. 8,

The 438 nucleotides of group D (Fig. 8D), were assembled
from the sequences obtained from four of the five BamHI clones
which do not map to the KSR1/Ltl9 minicirclae class and lack
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T2
vorioble _'\\\\\\\\\V conserved

Group A

Figure 10, Diagramatic representation of the homology existing
between the group A sequence and a portion of the Lt26 minicircle
sequence class. The upper portion of the figure represents 242
bp of the Lt26 minicircle {(nucleotides 241-381 and 416-486, ref.
16) and the lower portion of the figure the 286 bp of the group A
sequence (Fig. 8A). The hatched box represents minieircle
conserved region sequence, the open box represents minicircle
variable region sequence, and the stippled boxes denote the
nonhomologous minicircle sequences. The arrovheads correspond to
the positions of point mutations within the group A sequence as
compared to the Lt26 sequence.

significant homology to any of the knewn L. tarentolas minicirele
classes. MNevertheless, BamHI clonesa Bl, B4, B8 and B1l0 asll
yielded positive signals in plaque hybridization assays with a
nick-translated kDNA probe (data mnot shown). Computer assisted
(SEQH program from the Los Alamos sequence &nalysis package (413))
sequence homology searches failled to identify significant
similaricrieae betwean the sequences of these clones and either L.
tarentolae maxicircle or M13 vector sequences. The reverse
complement of the 315 nucleotide sesquence obtained from the BamHI
clene Bll (Fig., 8E) sncompasses sequences homologous with 87
nucleotides of the Lt26 minicircle conserved region and 228
nucleotides of the Lt26 minicircle variable region (Fig. 9C). The
organization of the group E sequences 1s similar te the Lt26
conservod/vafiable region junction (16);, however, single base
substitutions are presgent throughout both the conserved and
variable region homclogous sequences resulting in a base mismatch
value of 8.25%,

DISCUSSION
Mung bean nuclease has been shown to cleave at small, single

stranded gaps in duplex DNA (29), and to nick supercoiled DNAs at
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