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ABSTRACT
Complex mutational events, including de novo inversion with deletion and duplication of sequence,
have been observed but are difficult to model. We propose that nascent leading-strand misalignment
upon the lagging-strand template during DNA replication can result in the inversion of sequence. The
positioning of this misalignment and of the realignment of the leading strand back onto the leading-
strand template will determine if the inversion is accompanied by deletion and duplication of sequence.
We suggest that such strand misalignmentrealignment events may occur at the replication fork during

concurrent DNA replication.

A number of mutational events involving inversion
of DNA sequence have recently been character-
ized in model eukaryotic systems and in humans suf-
fering genetic disease. Such events include inversion
leaving flanking sequence intact ( LAKICH et al. 1993;
Class A), inversion in conjunction with deletion of
sequence at one end (LI and Bray 1993; Class B) or
at both ends (SOMMER and KETTERLING 1993; Class
C), and inversion of sequence, some of which is also
present in the normal orientation (i.e., partial dupli-
cation), with deletion of sequence at one end
(ROTHSTEIN et al. 1987; Class D) ; see Figure 1. In all
cases, inverted-repeat sequences that range from a
few to hundreds of bases are present in the wild-type
configuration and are associated with the rearranged
end points. Although a variety of mechanistically dif-
ferent models have been proposed to account for
each inversion class, none appears sufficiently robust
to explain all such events. Intrachromosomal homol-
ogous recombination (LAKICH et al. 1993) followed
by an unequal crossover (LI and BrAy 1993) may
account for Classes A and B, respectively, but cannot
account for Classes C and D. Moreover, patient 9 of
LAKICH et al. (1993), suffering severe hemophilia A
due to a disruption of the factor VIII gene, may repre-
sent an inversion in conjunction with a partial dupli-
cation of sequence (Figure 1), an event difficult to
model based on intrachromosomal homologous re-
combination. The double-loop model (SOMMER and
KETTERLING 1993), which involves a looping single-
stranded DNA replication intermediate that is re-
solved by staggered endonucleolytic cleavage and
subsequent gap repair, can only account for Class C
events, because the replication utilizing the cut ends
that produces the inversion would always result in
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deletion of the flanking sequence. A model proposed
for Class D events, involving double-strand-break re-
pair intermediates resulting in multiple Holliday
structures that are subsequently resolved ( ROTHSTEIN
el al. 1987), in effect inverted gene conversion, may
also explain the other classes, but this is difficult to
assess due to the complexity of the required struc-
tures. Here we describe a strand misalignmentre-
alignment model that incorporates possibilities in-
trinsic to concurrent DNA replication (WAGA and
STILLMAN 1994) and that can readily account for all
the above classes of inversion events.

We propose that during concurrent DNA replication,
the leading strand misaligns with the lagging-strand
template, facilitated by the complementarity provided
by an inverted-repeat series (Figure 2). Misaligned rep-
lication proceeds, thereby inverting the sequence repli-
cated with respect to its original orientation. The lead-
ing strand ultimately realigns onto the leading-strand
template, again facilitated by the complementarity pro-
vided by a second inverted-repeat series. Realigned rep-
lication continues, producing a region of profound
noncomplementarity (the nascent leading strand dif-
fering from the leading-strand template in sequence
and size) bounded by regions of complete complemen-
tarity, i.e., double-stranded sequence. A subsequent
round of repair or chromosomal replication across the
altered strand fixes the mutational event. All the inver-
sion classes can be modeled as the rearrangement of
blocks of sequence (inverted, deleted or duplicated)
defined by inverted-repeat series whose order of replica-
tion is determined by leading-strand misalignments and
realignments.

This model incorporates the single-stranded nature
of the lagging-strand template immediately preced-
ing the replisome complex and the processive nature
of the replisome itself. During concurrent replica-
tion, the two polymerase functions may alternatively
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FIGURE 1.—Inverted repeat series associated with sequence inversion. Numbering indicates identical or similar sequence (with
stretches of identity), letters represent repeat pairs, and filled and open symbols represent opposite orientations of the repeat
(direct vs. inverted orientation) . Arrows indicate orientation of the sequence blocks defined by repeats that undergo inversion,
deletion or duplication. The left and right halves depict the wild-type and altered configuration (s), respectively. Class A: A 500-
kb inversion disrupting the gene encoding human factor VIII (LAKICH et al. 1993) is bounded by three copies of gene A (1.8
kb). Both copy I and copy 2 have independently been involved in inversion with copy 3 (green and red configurations,
respectively) . Interestingly, patient 9 of LAKICH e al. (1993) may represent an inversion between I and 3, which includes a
partial duplication of the region between I and 2 because this region is also present in the original orientation (yellow structure,
the initial number and location of gene A copies being required to address this possibility). Class B: A 1-kb deletion (A to B)
associated with a 15-kb inversion (B to B') in the human GPIlla gene (L1 and BrRAY 1993). Repeats A and B are 4 and 5 bp,
respectively (see Figure 2D); repeat A, repeat B and repeats B’ and A’ are contained within separate Alu sequences. Class C:
A 92-bp inversion (Bto A") associated with flanking 5.4-kb deletions (A to Band A’ to B") in the gene encoding human factor
IXHB209 (SoMMER and KETTERLING 1993). Both repeats are 6 bp long. Class D: In S. cerevisiae a genetic system was designed
in a region containing five 6 sequences (6 sequences being 330 bp long) ; selection was for loss of loci within the region bounded
by ¢ sequences 4 and 5, with retention of the region between ¢ sequences 2 and 3 (ROTHSTEIN e/ al. 1987). In pairwise
comparisons, the five 6 sequences range from 69.4 to 97.3% identity and therefore a variety of repeat series can be arbitrarily
defined depending on how much nonidentity is included; here we will use only identity in our repeat series classifications.
Therefore, the boxes represent both 6 sequences and, for our purposes, repeat series (of complete identity) imbedded within
the 6 sequences. Five inversion classes were seen. The green configuration depicts both classes I and II (in the nomenclature
of ROTHSTEIN et al.), the red configuration depicts both classes III and IV, and the yellow configuration depicts class VII. Classes
V and VI were simple deletions and are therefore not discussed here. The difference between classes I and II, and between
classes IlI and 1V, is only that different repeat series within the same 6 sequences comprise the observed mutant junctions. For
example, in the red configuration, a 1.9-kb SUP+4o0 deletion (between repeats 4 and 5) was associated with an inversion of 3.5
kb (between repeats I and 4), because the region between repeats I and 2 is also present in its original orientation, this region
has been duplicated. Repeatsequence lengths for the class III event would be 4 bp (within repeats I and 5) and 239 bp (within
repeats 2 and 4), while for the class IV event the repeat-sequence lengths would be 26 bp (within repeats 7 and 5) and 38 bp
(within repeats 2 and 4), based on sequence identity.

retard and accelerate each other’s progression due
to the nature and integrity of the sequence being
replicated, e.g., one polymerase stalling after encoun-
tering DNA damage and then resuming synthesis
after the damage is repaired. Such flux may permit
misalignment (a stalled lagging strand polymerase
exposing the lagging-strand template) and precipi-

tate realignment (resumption of lagging strand syn-
thesis displacing the leading strand from the lagging
strand template) .

Concurrent DNA synthesis has been considered in
relation to complex mutational events found in Esche-
richia coli dnal’173, where half of a duplicated se-
quence was found in an inverted orientation (Mo et
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FIGURE 2.—A strand misalignmentrealignment model for inversion events facilitated by concurrent DNA replication. (A)
Leading-strand misalignment from B’ on the leading-strand template to B” on the lagging-strand template followed by chain
growth and ultimately realignment from A on the lagging-strand template to A on the leading-strand template and continued
synthesis would generate a Class C event (inversion of the region bounded by B and A" and deletion of A to B, and of A’ to
B', reading from the leading-strand template ). To model the other inversion classes we will unwind the looped DNA replication
fork (B-D). (B) The Class D events can be modeled as leading-strand replication proceeding along the leading-strand template
from the bottom right until repeat 5, misaligning upon the lagging-strand template via repeat I, continuing misaligned replication
until repeat 2 (green), repeat 4 (red) or repeat 3 (yellow), and ultimately realigning onto the leading-strand template via
repeat 4 (green), repeat 2 (red) or repeat I (yellow). Such misalignments and realignments would produce all five inversion
classes of ROTHSTEIN et al. (1987), each exhibiting inversion, deletion and duplication features. The green mutant configuration
(classes I and II) can additionally be modeled as an intrastrand event as depicted above the lagging-strand template: here,
lagging-strand replication proceeding along the lagging strand template from the top left until repeat 4, folding back upon
itself and misaligning upon repeat 2, continuing misaligned replication until repeat I, and ultimately realigning upon the
lagging-strand template via repeat 5 would generate the replacement of one region (4 to 5) by an inverted duplication of
another noncontiguous region (I to 2). The Rad52 dependence of such events in yeast is compatible with a replication-based
mechanism. Indeed, the strand switching as invoked in our model here to occur during concurrent DNA replication must also
occur in the model of ROTHSTEIN e/ al. (1987) by one of the 3’ ends generated from the gap formed after a double-strand
break which leads to inverted gene conversion. (C) The Class A events can be similarly modelled: leading-strand replication
proceeding along the leading-strand template from the bottom right until repeat 3, misaligning upon the lagging strand template
via repeat I (green and yellow) or repeat 2 (red), continuing misaligned replication until repeat 3 (green, red and yellow),
and ultimately realigning onto the leading-strand template via repeat 1 (green) or repeat 2 (red and yellow) would produce
the mutant structures in Figure 1. (D) Junction sequences involved in disruption of the human GPIlla gene (L1 and BrAY
1993) . After replicating B’ (5’-TGAGA-3"; repeats in large letters), the nascent leading strand (taking the top strand to be the
leading-strand template ) misaligns onto the lagging-strand template at B" (5'-TGAGA-3"), continues growing until it replicates
A (5'-TAGA-3") [invoking a small hairpin so that A" (5'-TCTA-3") forms without incorporating the preceding nine bases into
the nascent strand; such secondary structures may preferentially form in the lagging strand during replication (TRINH and
SINDEN 1991)], and then realigns onto the leading strand template at A (5'-TAGA-3"). This can explain the mutation (shown
below) which includes two deletions (A to Bincluding the loss of 9 bp and 1 kb) separated by four bases of original sequence
(overlined) , followed by a 15-kb inversion (Bto B"). The original proposal (Li and Bray 1993) involves two independent steps
and cannot easily account for the observed 5’ junction.
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al. 1991) . However, such events can also be modeled
by an intrastrand misalignment mechanism (RIPLEY
1991), in which the growing strand folds back upon
itself, resumes synthesis using itself as a template, and
then snaps back onto the correct template and contin-
ues. Although a subset of class D events (ROTHSTEIN
et al. 1987) involves replacement of one region by an
inverted duplication of another, noncontiguous re-
gion and can be modeled through intrastrand as well
as interstrand misalignments (Figure 2B, green
events), none of the other events described here can.
By using itself as the template, such fold-backs cannot
generate simple inversion or inversion associated with
a one-sided or two-sided deletion of sequence or to
inversion that includes only partial duplication of se-
quence.
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