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Rejoining of nonhomologous DNA termini plays a central role in processes of illegitimate recombination. In
Xenopus egg extracts, DNA ends with noncomplementary 4-nucleotide antiparallel single-strand protrusions
are assumed to bejoined by formation of short mismatched overlap intermediates. The extents of these overlaps
may be set by single fortuitously matching base pairs and determine the patterns of subsequent gap filling and
nick ligation. Under conditions of alternative overlap settings, rules for the most probable joining pathway and
the effects of mismatches on junction formation were analyzed. We show that in certain cases, fill-in and
ligation converting overlap intermediates into covalently closed junctions may proceed in the presence of
unrepaired mismatches, whereas in other cases, completion of junction formation is preceded by removal of
mismatches. Results are discussed in relation with "alignment" proteins postulated to structurally support
overlap heteroduplexes during junction formation.

Eucaryotic cells share DNA repair mechanisms that can
join unrelated ends of broken duplex DNA (21). On the
molecular level, these end-joining mechanisms convert non-
homologous terminal DNA structures, often ending as pro-
truding single strands (PSS), into seamless junctions by
using reaction schemes necessarily more complex than mere
ligation. These processes may be thought of as part of the
repair pathways that eliminate highly lethal DNA double-
strand breaks from genomic DNA (26) and sometimes gen-
erate chromosomal rearrangements (11). However, end-
joining mechanisms are also involved in various processes of
illegitimate recombination including VDJ joining of immuno-
globulin genes (3, 9), integration of foreign (e.g., viral) DNA
into chromosomes (2), and transposition events (1).

Inspection of junctions produced during illegitimate rear-
rangements of mammalian chromosomes provided the first
indications that junctional sequences often contain base
exchanges and nucleotide losses or gains within a narrow
range of roughly 20 bp around junctional breakpoints. Fur-
thermore, it was suspected that small patches of homology
might contribute to junction formation (21, 23). These char-
acteristic features found in naturally occurring junctions
were verified and extended in studies employing artificial
DNA substrates with defined nonhomologous restriction
ends. Such substrates with various terminal configurations
were offered either in vivo to cultured mammalian cells (13,
19, 20, 27) or fission yeast cells (4) or in vitro to extracts
derived from human cells (14) or Xenopus laevis eggs (16).
These widely differing systems yielded remarkably similar
junctional patterns, suggesting the existence of comparable
systems of nonhomologous DNA end joining, at least within
the vertebrate domain.

In the Xenopus egg extract system, junctions form by two
reaction pathways designated as fill-in and overlap modes.
The mode of joining is determined by the terminal configu-
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rations of PSS. In the fill-in mode, PSS abutting blunt ends or
pairs of oppositely directed PSS tails (blunt/PSS or 5'PSS/
3'PSS) are consistently preserved by DNA fill-in synthesis
(25) (Fig. 1). In the overlap mode, nonhomologous antipar-
allel PSS tails (5'PSS/5'PSS or 3'PSS/3'PSS) are assumed to
transiently form short overlap heteroduplexes. The extent of
overlap is defined by microhomology patterns of fortuitously
matching base pairs (Fig. 1). In this case, gap filling and, to
some extent, mismatch removal precede completion ofjunc-
tion formation by ligation (16).

Fill-in and degradation of PSS tails and final nick ligation,
however, do not fully describe the capacity of joining
systems. For instance, fill-in of 3'PSS tails, whose recessed
5' ends cannot prime DNA synthesis, is primed at the
partner terminus before the ends have been linked by
ligation (Fig. 1). This finding led us to postulate terminal
DNA-binding proteins that align juxtaposed partner termini
(25). These "alignment" proteins probably play an equally
indispensable role in the formation of overlap junctions,
where they guarantee the proper settings of energetically
weak single-base matches (16).

In this study, we present a detailed analysis of the joining
patterns assigned to the overlap mode. Our first aim is to
define the principles that determine the most probable over-
lap setting between two PSS tails under conditions of alter-
native base match formation. The second aim is to elucidate
the problem of mismatch correction in overlap heterodu-
plexes of junctional intermediates. The results will be dis-
cussed in relation to alignment functions and their influence
on the final step of ligation.

MATERIALS AND METHODS

Preparation of egg extracts. Extracts from Ca ionophore-
stimulated X. laevis eggs were prepared by the modified
method described recently (22).

Preparation of DNA substrates for nonhomologous DNA
end joining. All DNA substrate types used in this study were
derived from modified pSP65 plasmids (Promega) containing
insertions of a 1.2-kb BamHI-SalI and a 1.8-kb SmaI-BamHI
fragment of lambda DNA cloned in the equivalent sites of
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A "fill-in" mode B "overlap" mode

FIG. 1. Models for the modes of nonhomologous DNA end
joining. (A) Abutting terminal configurations are joined by fill-in of
PSS tails (open triangles mark filling in from the recessed 3' end;
solid triangles symbolize filling in primed at the unlinked partner
terminus). (B) Pairs of antiparallel PSS may form short overlaps
whose extent is set by single-base matches (solid boxes).

the original pSP65 polylinker. Preparation of 3-kb linear
plasmid substrates carrying two nonhomologous restriction
ends was controlled by complete excision of the diagnostic
lambda insert from the polylinker by using two different
restriction enzymes (Boehringer, Mannheim, Germany). To
verify successful double digestion, we subjected gel-purified
DNA substrates to a T4 DNA ligation assay in which truly
nonhomologous substrate molecules cannot be recircular-
ized (16). The spectrum of available unique restriction sites
was extended by inserting additional self-complementary
linkers (sequences are given in the 5'- 3' direction) into the
SmaI or HindII site of the polylinker of the pSP65 deriva-
tives: Ncol (GC/CATGGC), ApaI (CQIiG.LCC/CG), KpnI (C
GGTAC/CG), Asp-718 (C/GITACCG), and BstXI [CCAN
(N),/NTGG: CCATACGT/ATGG; linkers for nonmatching
3'PSS: CCATAAIT/ATGG and CCAITl-AA/ATGG]).

Cloning of joined products and analysis of junctional se-
quences. Cloning of circular head-to-tail-joined products in
Eschenichia coli recA strains HB101 and DH5a, miniscale
preparation of clonal plasmid DNA, and sequencing of the
5'-3' strands of cloned junctions with an SP6-specific primer
by the dideoxy-chain termination method were performed as
described previously (16).

Inhibition of the joining reaction by ddNTPs. Assay condi-
tions for the end joining activity in the presence and absence
of dideoxynucleoside triphosphates (ddNTPs) and the
method used for visualization of reaction products by in situ
hybridization of dried agarose gels were exactly as described
previously (25).

Ligation assays with partially purified ligase. Partially pu-
rified ligase (PPL) from complete Xenopus egg extracts was
prepared by the method of Thode et al. (25) with the
following modifications. For dialysis of complete undiluted
extract and equilibration of DEAE-cellulose columns, buffer
A (10 mM Tris- HCl [pH 8.3], 6 mM magnesium acetate,
10% (vol/vol) glycerol, 5 mM ,B-mercaptoethanol, 0.5 mM
phenylmethylsulfonyl fluoride, 1 p,M pepstatin, 1 ,uM leu-
peptin) supplemented with 10 mM KCI was used. Fractions
containing the total ligase activity of the extract, referred to
as PPL, were eluted in a single step with 150 mM KCI in
buffer A and subsequently dialyzed against reaction buffer
B' (50 mM Tris. HCl [pH 8.3], 50 mM KCl, 6 mM magne-
sium acetate, 5 mM 3-mercaptoethanol, 0.5 mM phenylme-
thylsulfonyl fluoride, 1 ,uM pepstatin, 1 ,uM leupeptin).
Ligation assays were carried out by the method of Thode et
al. (25).

RESULTS

Experimental setup. The experiments reported here were
performed in an attempt to acquire new information on DNA
end-joining mechanisms in the overlap mode promoted in
vitro by extracts derived from X. laevis eggs. For this, linear
substrates with defined nonhomologous ends were generated
by two different successive restriction cuts within the poly-
linker region of modified pSP65 plasmids. All chosen en-
zymes produced termini with 4-nucleotide (nt) PSS tails so
that 17 substrates with 5'PSS/5'PSS and 9 with 3'PSS/3'PSS
terminal configurations were generated (Fig. 2; see also Fig.
5).

Extract treatment converts such linear substrate mole-
cules into various mono- and multimeric joined products.
Since multimers usually result from ligation of complemen-
tary restriction ends, they are not further considered here.
Circular monomers, however, which arise by self joining,
contain genuine nonhomologously joined products (16).
These may exist as nicked or gapped open circle (OC)
intermediates or as covalently closed circles (CCC) which
can be separated and visualized in gel assays (see Fig. 4).

Reaction products are cloned by transformation in E. coli,
which processes monomeric circles with high preference to
produce individual clones originating from single nonhomol-
ogously joined substrate molecules (16). Resulting clones
were subjected to junctional sequence analysis. Sequence
data derived from terminal configurations providing at least
one base match are shown in Fig. 2; for those derived from
nonmatching terminal configurations, see Fig. 5.

General features ofjunction formation in the overlap mode.
Joining processes in the overlap mode are thought to pass
through a state in which noncomplementary PSS tails over-
lap physically. Although overlap intermediates are not yet
amenable to physical analysis, their existence may be de-
duced from characteristic differences between the original
termini and the junctional sequences (16). Depending on
sequence patterns of both involved PSS tails, these differ-
ences include (i) terminal-sequence shortening (base loss)
strictly correlated to existing base match positions (ii) tem-
plate-directed filling in of small gaps, and (iii) base pair
substitutions related to traits of mismatch correction. These
junctional features are not reconcilable with joining models
of random and independent processing of PSS tails but,
rather, are consistent with models of active overlap interac-
tion between noncomplementary PSS tails.
Whether these overlap criteria hold true for a larger set of

data and whether rules governing preferences for certain
overlap settings can be established were tested by the
analysis of 298 typical overlap junctions derived from 23
different match-containing terminal configurations (Fig. 2).
For this study, the Xenopus in vitro system was particularly
well suited because formation of deletions affecting the
integrity of neighboring duplex regions is minimized under
our reaction conditions used. Among a total of 361 analyzed
junctions, only 15 deletions were found. The inherent limit of
this system has the analytical advantage to greatly reduce
the diversity of possible junctional configurations, often
encountered in in vivo joining systems (8, 20, 27), to a
comprehensible spectrum of DNA sequences which may be
directly related to involved PSS sequences.

In theory, each PSS pair can overlap at four different
positions. Thus, the 23 match-containing terminal configura-
tions (Fig. 2) can produce 92 possible overlap settings,
roughly half of which (45%) contain base matches. The
breakpoints of all analyzed junctions exhibiting sequence
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JUNCTION 5'PSS/56PSS 3JPSS/3'PSS
TTYPES -b II_ a__ a7j
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FIG. 3. Diagram of the frequency distributions ofjunction types.
These types are drawn in the form of overlap intermediates (A to G)
along the ordinate and represent all types found by sequence
analysis of cloned junctions derived from the 23 match-containing
terminal configurations in Fig. 2. Junction types: A, fill-in type (zero
overlap); B and C, types with base match singlets; D to G, types
with base match doublets. Solid boxes indicate base matches, and
hatched boxes indicate external mismatches in junction types C and
G and internal mismatches in types E and F. The abscissa is
separated into two blocks representing terminal configurations of
the 5' and 3' classes. Blocks are further subdivided into subsets I to
IV (Fig. 2). To give a more comprehensible survey of the competi-
tive interrelations between different overlap types in each subset of
substrates, frequency distributions are given in percentages, al-
though the numbers of clones analyzed are sometimes only small.
Percentages are based on the total numbers of clones found for the
junction types formed by all substrates of each subset (Fig. 2).

shortening of 1 to 4 nt remarkably always coincided with
base match positions in postulated overlaps, whereas not a
single base-match-free "overlap" junction was detected
(Fig. 2). This result rigorously confirms our previous asser-
tion (16) that the extent of overlap during junction formation
is set without exception by base matches and in some
junction types even by a single base match.
Most of the terminal configurations produced more than

one junction type. Configurations yielding similar patterns of
frequency distributions were collected in subsets (I to IV). It
is seen that one junction type strongly dominates within each
subset over often rarely represented alternative types, which
in turn may prevail in other subsets (Fig. 2). A clearer survey
over the relative frequency distributions of all junction types
found is presented in Fig. 3. Junction types are illustrated in

the graphic insert as overlap intermediates exhibiting char-
acteristic base match/mismatch patterns and are ordered by
increasing lengths of overlaps (0 to 4 nt): 1- to 3-nt partial
overlaps, which contain gaps (types B to E), and 4-nt
complete overlaps, which contain nicks (types F and G).
Owing to the palindromy of restriction sequences, only 8 of
13 theoretically possible base match-mismatch patterns are
actually realized. The competitive interrelations between
alternative overlap settings within each subset of substrates
provide hints about which structural features of overlap
patterns are relevant for the formation of a given junction.

Prevalence of overlap junctions over fill-in junctions. A
particularly instructive case of competitive junction forma-
tion is observed between junctions of the overlap (Fig. 3,
rows B to G) and zero-overlap type (Fig. 3, row A). We have
designated the latter as the fill-in type because PSS tails are
completely preserved by DNA fill-in synthesis and are thus
converted into ligatable blunt ends. Among terminal config-
urations of the 5' class, fill-in junctions have only a low (10
to 20%) chance of being formed in competition with overlap
junctions. Solely in subset II do they occur more frequently
than a special type of overlap junctions (Fig. 3, row C).
Thus, the joining system strongly prefers the formation of
comparatively complex overlap structures over seemingly
simpler fill-in structures. This situation is drastically more
pronounced for terminal configurations of the 3' class, in
which among 70 cloned junctions not a single example of the
fill-in type was detected. Although free 3'PSS tails cannot be
directly filled in for topological reasons, they are known to
readily undergo filling in if they abut blunt or 5'PSS termini
within junctional complexes (25). Apparently, this particular
fill-in mechanism can rarely, if at all, prevail over the strong
tendency to form overlaps between two antiparallel 3'PSS
tails.

Competitive interrelations among overlap junctions. Fre-
quency distributions of junctional sequences within a given
subset of substrates and among different subsets reflect
which overlap types are preferentially formed (Fig. 3). Such
preferences may be related to the differing structural fea-
tures of the corresponding overlap intermediates defined by
the polarity of PSS tails as well as the number, type (G. C
versus A. T), and position of base matches and mismatches.
In particular, internal mismatches flanked by base matches
on either side (types E and F) are expected to counteract the
stabilizing forces of base matches whereas external mis-
matches located at PSS tips (types C and G) may in addition
interfere with filling in and ligation during the processing of
junctional intermediates.

Inspection of the frequency distributions in Fig. 3 reveals
that in fact the most distinct competition asymmetry is found

FIG. 2. List of the 16 5'PSS/5'PSS (A) and 7 3'PSS/3'PSS (B) match-containing terminal configurations. Restriction enzyme desiguations
refer to the enzymes used to generate corresponding terminal configurations. Possible base matches arising by overlap interaction of PSS tails
are emphasized as white-on-black letters (predominantly found), medallion-framed letters (rarely found), or open letters (not found). When
two bases in the bottom strand share the same match partner in the top strand, only the two bases of the bottom strand are marked
differentially. Terminal configurations with similar match properties are collected in subsets (I to VI; compare Fig. 3) as indicated. Junctional
sequences derived from these terminal configurations are presented as the 5'--3' (top) strand of cloned junctions between the dotted lines.
Total numbers of clones analyzed per terminal configuration are indicated by the I value. Numbers to the right of the sequences represent
the numbers of clones with the appropriate sequence pattern. Sequences in which no base is specifically marked represent fill-in junctions.
White-on-black letters in sequences label the base matches thought to be used to set the overlap register, and medallion-framed letters mark
less frequently used base match positions in alternative overlaps. Original mismatch positions are framed; double bands detected in these
positions in sequencing patterns are indicated by two bases in one place. Coordinate base pair substitutions in either of the two strands,
probably caused by cosegregation of adjoined mismatches, lead to the preservation of either the top (T) or the bottom (B) strand sequence;
double bands in sequence patterns indicate maintenance of the junctional mismatches (MM); independent base pair substitutions in both
strands indicate mismatch resolution in the joining process (MR).
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between junction types carrying external mismatches (type
C) with their strongly prevalent competitors lacking mis-
matches (type B). Junction type C is always the least
frequently used and outstripped by fill-in and alternative
overlap reactions, although this overlap pattern is provided
by the PSS sequences of most terminal configurations (Fig.
2, subsets Ia, II, and IVa and b). The existence of internal
mismatches, however, appears to have a much less pro-
nounced influence. For instance, junction types D (no mis-
matches) and E (one internal mismatch) prevail over the
fill-in junction type with almost equal probability (Fig. 3, IIIa
and b). These relations imply that the existence of external
mismatches may constitute the most difficult handicap dur-
ing junction processing while internal mismatches, hidden
between base matches, are better accepted or possibly even

neglected by the system.
The strong effects on competitive relations imposed by the

presence of mismatches overshadow effects due to other
influences of interest, such as the number or type of base
matches which can be unequivocally observed, only in the
few cases providing comparable competitor pairs. Among
junction types C and G (subset IVb), for instance, which are
both characterized by external mismatches, the complete
overlap (type G) containing a base match doublet strongly
suppresses the partial overlap (type C) containing only a

base match singlet (Fig. 3). Nevertheless, the proportion of
type G is significantly reduced compared with types B, D, E,
and F. A striking example for the influence of base match
types on junction formation is seen in subset Tb, in which the
competition between the mismatch-free terminal overlap
(type B) and the externally mismatched complete overlap
(type G) is adjoined to the 5' class as well as to the 3' class
but with different pairs of base matches (A. T G- C [Fig. 2,
subset Tb]). This causes a complete inversion of the prefer-
ences of overlap formation in favor of the competitor carry-
ing the G. C base match(es). A further determinant of
overlap setting is represented by the polarity of the involved
PSS pairs. This is observed in subset II of the 5' and 3' class
between competitors of the externally mismatched partial
overlap junction type C. With Nco-Sal (Fig. 2A) and Sac-
Kpn (Fig. 2B), PSS sequences are exactly inverted relative
to each other, permitting equal patterns of alternative-
overlap settings. Although the 3' terminal configuration
preferentially uses the G. C match for overlap formation,
the corresponding 5'-PSS pair uses both available base
matches with a slight bias for A. T. The understanding of
these relationships requires a closer investigation of the fate
of mismatches in the joining process.
Removal and maintenance of mismatches in overlap junc-

tions. (i) Evidence from sequence patterns. The junctional
sequence data provided several pieces of evidence that
internal mismatches were conserved within partial and com-
plete overlap junctions (Fig. 2): (i) with respect to the
mismatch position, nearly all sequences displayed an ap-
proximate 1:1 clonal distribution of their expected perfectly
matched products (subset ITlb, T and B), (ii) adjoined
mismatches in complete overlaps cosegregated (subset IVa,
T and B), and (iii) some sequence patterns contained double
bands in the positions of internal transversion mismatches
(subset IVa, MM). These results indicate that base pair
substitutions at mismatch positions in junctional sequences
are due to either bacterial methyl-independent patchwise
mismatch repair (5) or postreplicative segregation of mis-
matched junctions during amplification in E. coli. This
suggests that internal mismatches are conserved within
overlap junctions.
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FIG. 4. Gel assays of joining reactions. The presence of ethidium
bromide in the agarose gels allows separation of the different
topological forms of the various circular and linear products gener-
ated by nonhomologous DNA end joining and ligation. Genuine
joined products arise from linear input monomers as intermediate
OC and final CCC monomer products. Linear dimers and multimers
are indicative of head-to-head and tail-to-tail ligations, respectively,
of linear input monomers. (A) Dideoxy inhibition of the joining
reaction of the terminal configuration Bam-Hind. Lanes: E, control
joining reaction in complete uninhibited extract; S, linear substrate
input; A, C, T, G, inhibition of the joining reaction with the
corresponding ddNTPs; AG, CT, ACTG, inhibition with combina-
tions of the corresponding ddNTPs. (B) Assay for the ability of
DNA ligases to ligate the indicated homologous Sal-Sal and nonh-
omologous Bam-Asp terminal configurations. Lanes: E, control
reaction with complete unfractionated extract; PL, PPL fraction of
the egg extract; T4, control ligation reaction with T4 DNA ligase. (C)
ddNTP inhibition patterns (cf panel A). Inhibition experiments were
performed as indicated with all terminal configurations of subsets III
and IVa/b of the 5' class. Since we obtained the same or very similar
results in all experiments, only some typical examples are listed
here. Symbols: +, uninhibited formation (presence) of OC or CCC
monomer product; -, complete inhibition of formation (absence) of
OC or CCC products; +/-, reduced formation (less intense band) of
OC or CCC products; nd, not determined.

All sequences of externally mismatched partial overlap
junctions of the 3' class (Fig. 2B, subset II, Sac-Kpn)
exhibited base pair substitutions exclusively in the junctional
top strand, suggesting that the two bases at the tip of the
Sac-PSS have been selectively replaced by the complement
of the Kpn-PSS in the joining reaction. By contrast, the

sequences derived from subset TVb (Fig. 2) suggest that

Bamr/Hind
G DGETTT
CCIIAM A

X~~~~~I1|G|A|CITPi....*"
40 :W mw so q.. MA

qin-m -II- -~~~~~~~~~_

MOL. CELL. BIOL.
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5'/51 3__3_
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TAA@CCC 2 TTT,CC 1 -3nt
TA AT J1:C 1

TifGi~CjC 1
T146iC.CC 2 TT] CCC 2 -4nt

KT^ATC 1 LTIr.C7C 1

FIG. 5. Survey over the sequences (5'-3' strand) obtained from
the three nonmatching terminal configurations. Vertical bars in
sequences indicate junctional breakpoints. Framed base pairs
marked with a + in the two terminal configurations of the 3' class
indicate base pair insertions. Otherwise, symbols are as in Fig. 2.

mismatch removal is not a prerequisite for the closure of the
nicks in externally mismatched complete overlaps (type G).
Coordinate base pair substitutions in both mismatch posi-
tions of either strand (subset IVb, T and B), as well as
sequence ambiguities (subset IVb, MM), indicate bacterial
postreplicative segregation of mismatches originally con-

served within the overlap junction. In several cases, how-
ever, independent base exchanges in both strands indicate
that they were produced by mismatch resolution during
junction formation (subset IVb, MR). This suggests that
mismatched bases adjacent to nicks may be removed by
exonucleolytic excision and replaced by the complements of
the counter strand in the course of the joining reaction itself.
From these data we conclude that removal of external
mismatches probably precedes gap filling in partial overlaps
of the 3' class but occurs only occasionally in the corre-
sponding partial overlaps of the 5' class and in externally
mismatched complete overlaps of both classes. In this con-
text, it is noteworthy that nick ligation in these latter
junction types can proceed without conversion of the adja-
cent mismatch into a base match.

(ii) Investigation of mismatch maintenance in the joining
process by ddNTP inhibition. To analyze in more detail the
problem of mismatch maintenance or removal in the joining
process, we used inhibition of the joining reaction with
ddNTPs which block elongation of fill-in DNA synthesis
presumably mediated by DNA polymerase 1B (25). In this
way, joining reactions involving gap filling are selectively
blocked at the site of ddNTP incorporation. The affected
strand retains a gap or a nick which leads to the suppression
of final CCC product formation and accumulation of inter-
mediate OC products.
The gel in Fig. 4A shows the differential ddNTP inhibition

pattern of the joining reaction for the Bam-Hind terminal
configuration which produces a partial overlap containing an
internal G-A transversion mismatch (Fig. 2A). As expected,
the addition of ddGTP or ddATP inhibits CCC formation and
the combination of both ddNTPs even abolishes OC forma-
tion because these nucleotides are incorporated by gap
filling. Nucleotides required for the conversion of the mis-

match into one of two possible base matches, however, are
not incorporated, as seen by the addition of ddCTP and
ddTTP: neither one alone nor the combination of both blocks
CCC formation. Similar results were obtained for the other
two substrates of subset IIIb of the 5' and 3' class shown in
Fig. 4C. This strongly suggests that junction formation can
be completed without conversion of internal mismatches
into basematches.
Corresponding inhibition experiments were performed

with all substrates of subset IVa/b of the 5' class. Some
typical examples are shown in Fig. 4C. In no case did
addition of ddNTPs abolish CCC formation. This indicates
that a considerable fraction of the internally as well as
externally mismatched complete overlaps can be directly
sealed by nick ligation. The sequences of the overlap junc-
tions formed under conditions of complete ddNTP inhibition
were verified to be the same as under uninhibited conditions
(data not shown). In most cases, the addition of all four
ddNTPs led to a significant reduction of CCC formation
which is probably due to the suppression of the formation of
all alternative junction types requiring DNA fill-in synthesis.

In summary, differential ddNTP inhibition confirms the
conclusions drawn from junctional sequences that internal
mismatches are conserved in the joining reaction and that
the nicks in complete overlaps containing external mis-
matches may be closed without preceding mismatch re-
moval.
DNA ligases cannot seal complete overlap heteroduplexes.

According to the above results, the joining process is able to
convert complete-overlap heteroduplexes into covalently
sealed junctions by ligation of the nicks between two base
pairs or a mismatch and a base pair. We therefore asked
whether the DNA ligase fraction partially purified from
joining active Xenopus egg extract (PPL) (25) or T4 DNA
ligase would be able to ligate such structures. In control
reactions with a homologous substrate carrying 5' sticky
ends (Sall), PPL and T4 DNA ligase readily generated
circular monomers (Fig. 4B). Corresponding ligation exper-
iments were performed at equally low DNA concentrations
(1 nM ends) with all substrates of subset IVa/b of the 5'
class. This is shown in Fig. 4B for the Bam-Asp configura-
tion. In contrast to the complete-extract reaction which
readily joins the Bam-Asp overlap heteroduplex, neither
PPL nor T4 DNA ligase is able to ligate this structure, as
seen by the absence of OC and CCC monomers. Linear
multimers, however, positively indicate the presence of
ligation activity in these samples. Comparable results were
obtained with all other substrates of subsets IVa/b of the 5'
class (Fig. 2A), suggesting that closure of the nicks cannot be
achieved in externally or internally mismatched complete
overlap heteroduplexes by a ligase alone. Instead, the ex-
tract system must contain additional factors to carry out this
reaction, which are separable from the overall ligase activity
present in the PPL fraction.

Joining of nonmatching PSS pairs. The joining of a com-
pletely mismatched terminal configuration of the 5' class was
investigated by using the Eco-Ava configuration (Fig. 5). As
expected, the majority of junctions (70%) were of the fill-in
type. The remaining junctions, however, had lost 1 or 2 nt
from their Eco PSS, which could be due to 5'-3' exonucle-
olytic trimming. The joining patterns of two totally mis-
matched terminal configurations of the 3' class containing
essentially the same PSS sequences as the corresponding 5'
substrate were investigated with the help of two BstX-Apa
configurations differing in the sequence of their BstX PSS
(5'-AATr-3' versus 5'-TTAA-3'). Even in this situation,

VOL. 14, 1994



894 PFEIFFER ET AL.

neither a single fill-in junction nor deletions reaching into
adjacent double-stranded regions were generated; all junc-
tional sequences displayed sequence shortening of 1 to 4 nt.
The majority of junctions (65% for 5'-AATT-3'; 55% for
5'-TTAA-3') had lost exactly 3 nt from the BstX PSS,
whereas the Apa PSS remained intact. This preferential
preservation of the G+C-rich strand was also observed in
junctions from other subgroups and could be accounted for
by a preference of the PSS-trimming exonuclease activity for
A+T-rich sequences. Template slippage during DNA fill-in
synthesis could explain the two insertion junctions which
both lost the terminal 2 nt from the BstX PSS and showed an
addition of a nucleotide of the same type as the last 2 nt in
the remaining PSS (Fig. 5). A. T base pairs were also
reported to be the most common 1-bp insertions among all
junctions with inserts (18).

DISCUSSION

Several joining systems derived from a variety of widely
differing organisms have been shown to join unrelated DNA
segments carrying noncomplementary restriction termini
end to end (4, 13, 20, 27). The features of junctional
sequences produced in such joining events provide evidence
that all these different joining systems operate by very
similar mechanisms, which manage to process nonhomolo-
gous DNA termini in reactions necessarily more complex
than mere ligation. In the Xenopus system, which presently
is the only available in vitro system able to efficiently join
nonhomologous terminal configurations, two different path-
ways of end joining, the overlap and the fill-in modes, were
found to be responsible for the joining of structurally differ-
ing terminal pairs (16, 25).

In this study, we focused on the mechanisms of the
overlap mode, which are investigated in detail with the help
of a large set of 26 different nonhomologous terminal con-
figurations. In the overlap reaction scheme, short overlap
intermediates are assumed to be formed between 4-nt PSS
tails. Without exception, base match doublets or even sin-
glets present within PSS sequences were reliably used to set
the extent of overlap. Similar overlap junctions have also
been shown to constitute the majority of joining products in
mammalian in vivo systems (13, 20, 27). Apart from these, a
significant fraction was represented by events involving
microhomology regions within parental terminal duplex re-
gions to create larger deletions (19, 20, 23, 27). Recent
results from experiments involving injection inXenopus eggs
(8) showed that these cells also generate significant fractions
of similar deletion junctions in vivo. The strong reduction of
the frequency of such deletions in the Xenopus in vitro
system (15 of 361) is probably due to the reaction conditions
used, which have been optimized for overlap interactions
between terminal PSS tails to generate a limited comprehen-
sible spectrum of junctions facilitating the analysis of spe-
cific mechanisms.
The prevalent overlap pathway is inhibited by a second

reaction related to the previously described fill-in mode (25),
which leads to the generation of fill-in junctions (zero over-
laps) characterized by the complete preservation of both
PSS tails. The result that fill-in junctions constitute only
minor fractions of all joining events suggests that the fill-in
reaction is usually overridden by overlap formation.
Although terminal configurations of the 5' class readily

form mostly small fractions of fill-in junctions, these were
never detected in the 3' class. This suggests that two 3'PSS
termini cannot be joined in the fill-in mode, although we have

shown previously that the 3' end of an abutting unlinked
blunt or 5'PSS partner terminus can serve as a primer to
promote filling in of a 3'PSS tail (25). Overlap formation
between terminal PSS tails may therefore be regarded as a
rather strong reaction, which can easily override the fill-in
reaction. In this context, the junctions derived from non-
matching terminal configurations of the 3' class must be
considered. TIwo different mechanisms may be envisaged to
create the observed sequences: (i) unprotected naked PSS
tails could be partially or entirely resected by an exonuclease
activity, and remaining PSS sequences would be preserved
by the fill-in mode; and (ii) overlaps could be formed
between PSS tails despite the absence of sequence homol-
ogy. PSS tails would be held in alignment during exonucle-
olytic trimming of mismatched 3'PSS to prepare proper
primer conditions for fill-in DNA synthesis. Once properly
aligned, filling in could be primed at the unlinked juxtaposed
3'PSS partner. In this way, accidental degradation of adja-
cent duplex sequences would be prevented. In fact, among
38 nonmatching junctions of the 3' class, not a single larger
deletion was found. Instead, all junctions displayed se-
quence shortening of 1 to 4 nt, characteristic of overlap
formation.

Alternative possibilities to form base matches within ter-
minal configurations provided insight in the rules of overlap
junction formation, which were found to be determined by (i)
the polarity of the PSS pair to be joined; (ii) the positions,
number, and types of base matches; and (iii) the locations of
mismatches within the overlap. External mismatches were
found to be the strongest determinants influencing the over-
lap reaction.

In contrast to internal mismatches, whose presence ap-
peared to have little influence on junction formation, exter-
nal mismatches exposed at PSS tips dramatically reduced
the efficiency of overlap formation. Sequence patterns de-
rived from partial overlap junctions indicated that external
mismatches located at 3'PSS tips (primer position for fill-in
DNA synthesis) had been converted into base matches by
the joining process. Such mismatches could be eliminated by
exonucleolytic proofreading (7). ddNTP-sensitive (but
aphidicolin-resistant [24]) filling in of junctional microgaps in
the Xenopus system is assumed to be performed by DNA
polymerase p (25). Although purified polymerase j has been
shown to be devoid of proofreading activity (10), it is often
associated with DNase V, a nuclease with 3' and 5' exonu-
clease activity (12, 17) which could fulfill the task of proof-
reading. External mismatches flanking nicks on the 5' or 3'
side appeared to be removed only occasionally (direct evi-
dence for this will be presented elsewhere [15]). This sug-
gests that the complete joining system manages to ligate a
mismatch to a base match, a reaction which, however,
cannot be achieved by the partially purified ligase activity of
the extract alone.
The conservation of internal mismatches as demonstrated

by ddNTP inhibition suggests that they are masked by single
flanking base pairs and are possibly embedded within a
double-helical overlap heteroduplex. Thus, they may be
protected against exonucleolytic excision and may allow
filling in and ligation to proceed with unreduced efficiency.
Nuclear magnetic resonance studies performed with double-
stranded dodecamer oligonucleotides containing single-base
mismatches indicated that these are easy to integrate in the
normal B-DNA helix conformation, where they cause only
slight distortion and exert little effect on base-stacking
patterns (6). However, the spatial conformation of very
short (1- to 4-nt) overlaps set by only one or two base
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matches is unknown, and it is doubtful whether such meta-
stable heteroduplexes can persist long enough in naked form
to accomplish the subsequent enzymatic reactions needed
for completion of junction formation. This notion is substan-
tiated by the result that even the sealing of the nicks in 4-nt
complete internally mismatched overlaps, a reaction that in
principle resembles a sticky-end ligation, cannot be achieved
by a ligase alone. The presence of additional stabilizing
factors contained only in the complete extract system is
clearly required.
Such stabilizing factors could be represented by highly

specialized terminal DNA-binding proteins, so-called align-
ment factors, which have been assumed to align antiparallel
PSS tails in short overlaps as well as to achieve strand
juxtaposition between abutting termini (16, 25). Structural
maintenance of overlap heteroduplexes set by thermody-
namically weak single basematches could be achieved by
protecting hydrogen bonds from surrounding water mole-
cules, facilitating stacking interactions, and minimizing the
helix-distorting effect of mismatches within a hydrophobic
protein cavity. In addition, alignment factors could facilitate
the subsequent binding and action of repair enzymes and
thus guarantee the high efficiencies of joining reactions. It is
likely that mechanisms of nonhomologous DNA end joining
are responsible not only for the elimination of simple breaks
as generated by restriction enzymes but also for the sealing
of other, more complex DNA breaks caused by ionizing
radiation or carcinogens. The understanding of the pathways
of DNA end joining may provide information about the
mechanisms of DNA double-strand break-induced mutagen-
esis.
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