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Figure 6. X-shaped forms observed in pachytene cells. (a,b) Fused junctions; (c,d) eye loops; (e) junction with combined fused and looped

regions; (f) point junction. Bar represents 1 kb.

stages was achieved by restricting the DNA with Pstl,
which linearizes the 2-um DNA, and then adding a fixed
amount of uncleaved, purified 2-um plasmid to each gel.
A fixed region around the marker plasmid (indicated in
Fig. 5) was then cut from each gel, and the DNA within
it was examined by electron microscopy. Because cir-
cles were added in constant amounts to equal amounts of
chromosomal DNA, they provided a standard against
which numbers of chi forms could be compared.

Quantitative data for various stages in meiosis are
summarized in Table 3. Preparations from pachytene
cells (9 hr under sporulation conditions) contained a fre-
quency of X-shaped forms with the proper chi con-
figuration equal to 0.78% of the frequency of the
marker circles. This frequency corresponds to approx-
imately 0.97 chi form for every diploid genome
equivalent (see Methods for calculation). Chi forms
were present at least 15 times less frequently in
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Figure 7. Large X-shaped form with an eye loop from the pachytene stage. Bar represents 1 kb.

vegetatively grown cells that had not been exposed to
sporulation conditions. Such forms were equally rare at
4 hours into sporulation, when cells are beginning to
enter premeiotic DNA synthesis and lack synaptonemal
complexes.

DISCUSSION

Theoretical considerations of genetic recombination
have led to proposals that homologous chromosomes
become transiently joined to one another by exchange of
single phosphodiester strands. Among the various
branched intermediates that have been postulated, the
prototype is the Holliday junction (Holliday 1964) or
crossed strand-exchange junction (Sigal and Alberts
1972). Meselson and Radding (1975) modified the
original Holliday model to accommodate genetic data
indicating that heteroduplex regions occurred variably
on one or both homologs; they proposed that the Holli-

day junction could arise by isomerization after asym-
metric transfer of single-stranded DNA. Although their
model is generally consistent with the abundant genetic
data of yeast (Fogel et al. 1979), the evidence remains
largely inferential. We have therefore sought to obtain
direct evidence for the type of interactions occurring
between homologs during yeast meiosis.

Branched forms isolated from psoralen—-cross-linked
meiotic DNA by two-dimensional gel electrophoresis
have been found to include both duplexes joined at a
single point of homology and those joined over a larger
extent of their length, either as eye loops or as fused
junctions. Possible DNA structures consistent with
these images are diagramed in Figure 8.

Although we have sought X-shaped forms in order to
explore recombination mechanisms, we must consider
the possibility that the forms detected are intermediates
in DNA replication. Fused junctions (Fig. 8b,j) could
represent short, unreplicated regions. Eye loops (Fig.

Figure 8. Interpretation of the observed X-shaped
forms. ( ) Apparent duplex observed by elec-
tron microscopy; ( ) single strands of DNA; (@)
psoralen cross-links. For further explanation, see the
text.
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8a,i) and point junctions (Fig. 8c,k) might be forms
generated by termination of DNA replication, in which
short, unreplicated regions between converging forks
were stabilized by psoralen cross-links. This possibility
is disputed by the fact that they were at least 15 times
more abundant at pachytene than during mitotic growth,
when DNA replication occurs in a larger proportion of
cells. Nevertheless, premeiotic DNA replication may
well entail special mechanisms, such as the delay of its
completion until zygotene as in lily meiocytes (Stern and
Hotta 1977). A similar mechanism might be responsible
for the forms seen here, but it seems unlikely because
they are rare at 4 hours into meiosis, when premeiotic
replication has begun but recombination is slight. In ad-
dition, eye loops are present in pachytene-arrested cells,
in which all measurable DNA synthesis had already
been completed. Furthermore, preliminary observations
indicate that DNA from cells arrested by temperature
sensitivity for cdc7, which permits the bulk of pre-
meiotic S but prevents recombination (Schild and Byers
1978), also lacks these branched forms (data not
shown).

The greater frequency of branched forms at pachytene
suggests that they play a role in the pairing and/or
recombination of homologous chromosomal DNA
(although their possible involvement in sister chromatid
exchange [Petes 1980] has not been excluded). Figure 8
suggests how the topology of these various forms might
represent recombination intermediates. The forms with
a simple point junction (Fig. 8c,g,h) not only were seen
during pachytene of ongoing meiosis, but also were
especially prevalent at pachytene arrest, when commit-
ment to gene conversion is strikingly enhanced (Byers
and Goetsch 1982). Surprisingly, open-centered point
junctions, which would be diagnostic of the expected
crossed strand-exchange intermediate, were not found.
One might suspect that interaction with psoralen and
ultraviolet light had suppressed their detection by
preventing local strand separation or by nicking one of
the single strands (Fig. 8h). But the typical open-
centered form previously detected in 2-um DNA (Bell
and Byers 1979) was still recovered from chromatin
subjected to the psoralen treatment. We must therefore
conclude that any crossed strand-exchange forms that
might accompany crossing-over in chromosomal DNA
are either less prevalent or less stable to the method of
isolation than those in the 2-um plasmid. The observed
homologous associations at single points may represent
strand-exchange junctions, or they could represent ex-
tremely small eye loops or fused junctions, as suggested
by observations on DNA interacting with rec4 product
(Cunningham et al. 1980). Their molecular anatomy is,
however, unspecified by the present observations.

Eye loops (Fig. 8a) have the appearance expected of
‘“‘synaptons’’ (Fig. 8d; Sobell 1972)—theoretical forms
proposed to initiate recombination—in which two
parallel heteroduplex regions are flanked by a pair of
crossed strand-exchange junctions. The images re-
corded in this study have failed to reveal any open
centers at the two junctions of an eye loop; therefore,

we cannot conclude whether or not they represent
crossed strand-exchange junctions. They could, for ex-
ample, be nicked Holliday junctions or the result of a
unitary strand exchange. We note, however, that we
would not expect to identify Holliday junctions very
often even if they were present, because their demon-
stration as open-centered junctions requires that homol-
ogous branches come to lie on opposite sides of the
junction, in trans (Sobell 1974; Potter and Dressler
1976). But the closely spaced pair of junctions in these
forms demands that the homologous strands within the
eye loop lie adjacent to one another. There are forms
with two unequivocal crossed strand-exchange junctions
arising by reverse branch migration of replication forks
in viral DNA (Zannis-Hadjopoulos et al. 1981); open
centers were seen at the junctions, but the loops were
larger and therefore less constrained than the ones we
have studied. In addition, the arm arising from branch
migration was short relative to the loop size and
therefore might have been less influenced by surface
tension during preparation for electron microscopy.

A third type of X-shaped form was joined along a
‘“‘fused junction’’ (Fig. 8b). These structures might
represent either collapsed eye loops that failed to
separate during spreading or regions of closely spaced
crossed strand-exchange junctions, i.e., multiple eye
loops (Fig. 8f). Alternatively, fused junctions could
have arisen from an entirely different source, such as
the lateral fusion of homologous duplexes into a unitary
four-stranded structure (Fig. 8e). Such forms have been
proposed by McGavin (1971, 1979) and Wilson (1979)
on the basis of molecular model building and invoked as
intermediates in the initiation of recombination events
(McGavin 1977; Wilson 1979; Nash et al. 1981). 1t is
unclear whether such four-stranded structures would be
stable during our isolation procedure. If fused junctions
are structurally distinct from eye loops, it seems possi-
ble that the two forms could interconvert by the action
of topoisomerase (Champoux 1977), as discussed by
Wilson (1979).

Both eye loops and fused junctions have been
previously observed in the DNA of prokaryotes under-
going homologous interactions mediated by the recA
protein (Cunningham et al. 1980). The probable topol-
ogy of those eye loops was specified by the fact that the
substrates were homologous circular duplexes in which
one was gapped. It was therefore concluded that those
forms arose by branch migration after initial association
at the gap and that the intermediate contained two
closely spaced crossed strand-exchange junctions.
Topological constraints in coiling would require that
base pairing be unconventional along one limb of the
loop. In those forms, as in the present observations on
yeast DNA, no open centers were observed at the junc-
tions. In addition to eye loops, fused junctions and point
junctions were observed in the recA-protein reaction,
suggesting that all three forms arose from related
events. The forms we observe in the present study may
be similarly interrelated.

An alternative mechanism for the formation of a
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synaptonlike structure is that proposed by Champoux
(1977). Local uncoiling of the DNA helix of each homo-
log might provide single-stranded sequences that could
pair locally with complementary sequences of the other.
Then topoisomerase activity may permit transformation
into a synapton.

If we make the provisional assumption that the eye
loops and fused junctions seen here have the molecular
structure of synaptons, it is reasonable to consider their
role in meiotic recombination. In fact, a synapton thus
formed may function only in the pairing of homologous
DNA, without necessarily leading to recombination.
Holliday (1974) has pointed out that synaptons could
move along the homologs by tandem branch migration
with no effect on the DNA sequence if mismatching
went unrecognized. That is, reciprocal mismatching
would result when a synapton entered a region of
nonidentity, but the original sequences would be
restored upon their departure from the synapton. Fur-
thermore, it seems unlikely that the crossed strand-
exchange junction at either end of a small synapton
could undergo isomerization, because the presence of
the adjacent junction would prevent the limbs of the eye
loop from undergoing the requisite reorientation (Sobell
1974). However, if one junction were cleaved, the other
would then be free to isomerize, permitting reciprocal
recombination.

Any consideration of the possibility that synaptons
provide for the initiation of reciprocal recombination
must take into account the data regarding the segrega-
tion of unselected markers in yeast asci (Fogel et al.
1979). These data indicate that heteroduplex DNA is
present near the site of crossing-over but place a crucial
restriction on model building. That is, there are fewer
aberrant 4:4 asci and closely spaced, two-strand double
crossovers than would result if heteroduplex formation
were symmetric and mismatch repair occurred random-
ly. These data provide a major stimulus to the develop-
ment of models in which asymmetry arises during for-
mation of the intermediate structures. The Aviemore
model (Meselson and Radding 1975) proposes that inva-
sion by a single-stranded end leads to later formation of
a symmetric structure, which would not branch-migrate
significantly in yeast. The recent model of Orr-Weaver
et al. (1981) suggests another mechanism for the genera-
tion of asymmetry during formation of the intermediate
(in this case an eye loop): reciprocal exchange at sites of
double-strand breakage. Invasion of a gap to form an
eye loop, similar to the mechanism suggested by the
recA-protein in vitro system (Cunningham et al. 1980),
combined with replication on the donor duplex, could
also provide asymmetric heteroduplexes during forma-
tion of a synapton.

An alternative set of explanations permits symmetry
in the formation of a synapton but provides for asym-
metry when the synapton is processed, first into a single
crossed strand-exchange form, about which crossing-
over could occur, and then into parental or recombinant
duplexes. Potter and Dressler (1979) suggested that
nicks created in the duplexes during resolution of the

synapton junctions could favor a preferential mode of
excision repair by nick translation into the heteroduplex
region. Sobell (1976) has described a scheme whereby
an enzymatic complex beginning at one junction would
process one limb of the synapton while holding on to the
other, thereby rendering repair nonrandom. We would
like to suggest another mechanism for the processing of
a synapton into a single, crossed strand-exchange form.
Excision repair of one of the heteroduplexes within the
synapton might trigger cleavage of whichever crossed
strand-exchange junction first entered the excision tract.
The excised strand would create an interruption in one
member of the junction, thereby leading to scission of
the neighboring strand having the same polarity. This
cleavage of the first junction would relieve the proposed
constraint on isomerization about the second junction,
leaving one repaired duplex and one heteroduplex adja-
cent to the crossover. If the second heteroduplex were
not repaired, a postmeiotic segregation would ensue. If
repair occurred, the resulting ascus could show either
normal 2:2 segregation or gene conversion. Because the
excision tract removed the heteroduplex from one limb
of the synapton, no aberrant 4:4 asci would result. The
proposed coupling of excision with resolution of the
first junction would obviate the formation of closely
spaced, two-strand double crossovers, because the pat-
tern of cleavage leaves the strand used as template in the
parental configuration. Additional analysis of the
molecular events occurring within the pachytene biva-
lent may help to resolve these issues.
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