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ABSTRACT

Polymerase slippage during DNA synthesis by the
Klenow fragment of DNA polymerase across A, C, G
and T repeats (30 bases) has been studied. Within
minutes, duplexes that contain only repeats (30 bp)
expand dramatically to several hundred base pairs
long. Rate comparisons in a repeat duplex when one
strand was expanded as against that when both
strands were expanded suggest a model of migrating

hairpin loops which in the latter case coalesce into a

duplex. Moreover, slippage (at the proximal or 3'-end)
is subject to positive and negative effects from the 5'-

end (distal) of the same strand. Growing T and G
strands generate T.A:T and G-G:C motif fold-back
structures at the distal end that hamper slippage at

the proximal end. On the other hand, growing tails at

the distal end upon annealing with excess comple-

mentary template accentuates proximal slippage
several-fold.

INTRODUCTION

or a defect in 55 3' exonuclease activity of Pol | (flap process-
ing activity) leads to a marked increase in repeat expansions
(16). Itis pertinent to mention here that mutations in mismatch
repair genes and not those affecting the proof-reading function
of DNA polymerase increase destabilisation of simple repeats
in yeast (17,18). This strongly suggests that strand slippage
involving short DNA loops may frequently escape polymerase
proof-reading and be corrected by mismatch repair. Thus it
seems likely that the larger expansions of hundreds of
nucleotides that characterise fragile-X syndrome could involve
multiple slippages during replication (19).

In vitro studies involving simple repeats in oligonucleotide
substrates have demonstrated that repetitious di- and trinucle-
otide motifs show slippage synthesis whose rate depends on
the types of sequence and polymerase involved and not on the
length of the substrate fragments (20,21). Moreover, triplet
repeats in the different strands of a duplex do not show the
same level of expansion (21). Such a strand bias seems to arise
due to a higher propensity of one strand to fold into hairpins,
which mediate DNA slippage (22). The importance of strand
foldability into hairpins is further underscored by the observa-
tion that long hairpins have long lifetimes even in the presence
of their complementary strand, thus facilitating large scale
expansion (23). Moreover, slippage does not depend on the

Monotonous repeats of short nucleotide motifs occur interwhole stretch of duplex DNA but depends on the 3'-end of the
spersed in eukaryotic genomes (1-4). These so-called ‘minflippage strand, which generates a DNA loop at every round of
satellites’ are highly polymorphic and have been usedolymerase slippage. Here, in a case study involving mono-
extensively as probes in RFLP analyses of DNA from individ-nucleotide repeats, we demonstrate that 3'-end (proximal) slip-
uals and in genome mapping (5,6). Instability of such repeat$age is influenced positively as well as negatively by the 5'-end
the source of DNA polymorphism, may involve multiple (distal) of the slippage strand.

mechanisms such as unequal crossing-over between repeats,

complex gene conversions and strand slippage during replicg;aATERIALS AND METHODS

tion (7-9). Evidence from different studies mechanistically

connects strand slippage with DNA replication which mediateg4 polynucleotide kinase, Klenow large fragment, exonucle-
DNA expansion. The instability of repeat tracts is highly ase (3% 5')-deficient Klenow polymerase (ejoand dNTPs
dependent on the orientation with respect to replication (10)were purchased from Amersham Life Science.

Although lagging strand synthesis shows a higher fidelity tha
that of the leading strand for a normal mixed sequence DN
(11), repeat sequences are more prone to instability in th@ligonucleotides were synthesised in an Applied Biosystems
lagging strand than in the leading strand (12,13). Deletion oDNA synthesiser at the Keck Biotechnology Resource Labora-
Rad27, which encodes a nuclease that processes 5'-overhatgy at Yale University. These were purified by electrophoresis
in Okazaki fragments in yeast, or mutation in its homologue irin 10% polyacrylamide gels containing 6 M urea as described
humans (FEN1) increases repeat expansion (14,15). I¢24). The sample of oligonucleotide was subsequently desalted
Escherichia coli mutations that induce the SOS response andby passing through a Sep-pak C18 cartridge (25). The purity of

NA substrates
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oligomers was judged b#P-labelling of a small portion by T4 A [Timeming)] [s]io]ss[s0] s [rofs [0
polynucleotide kinase, followed by analysis on a 12% poly- Template | | T|T| T[T |AlA|A]A
acrylamide sequencing gel. Primer? JAJAJA|AJA|TIT|TIT|T

123 45678 910
End-labelling of oligonucleotides B | ;
A standard protocol was used to phosphorylate 5'-ends with 0% (
[y-32P]ATP (10uCi) in 5 ul reactions containing 100M (total 400

nucleotide concentration) oligomer. Subsequently the sample

was diluted to 5l and heated at 7@« for 10 min to heat inac-

tivate T4 polynucleotide kinase. 200p
Standard reaction conditions 100b
Concentrations of oligonucleotides are expressed as total

nucleotides. Unless stated otherwise in the figure legends, the

following standard conditions were used. To generate DNA

duplexes with a near 1:1 ratio of strands, thermal annealing

was done by incubating the template|(81) and the labelled

primer (2.5uM) in 33 mM Tris—HCI (pH 7.5) and 10 mM

magnesium acetate at@for 3 min followed by slow cooling A" Primer

to room temperature. Extensions were carried out iuRat - ’1 R T Fomer,
37°C following the addition of required dNTPs at 5ApM each 1411 ‘e

and Klenow/exo Klenow (5 U). Polymerase extensions were

arrested by adding ful each of EDTA (500 mM) and SDS

(10%). A 5pl aliquot of this was then added to an equal vol- B ¥ 3

ume of formamide loading buffer and the entire sample was

loaded on a 10% polyacrylamide sequencing gel. Following

electrophoresis, the gel was dried and autoradiographed. DNA - Slippage
RESULTS — ] l__—U 7
DNA expansion was studied with two repetitive duplexes, Kienow fill - in
(dA)35:(T)30 and (dC)y:(dG)y, At @ near equimolar ratio, the |

annealed products migrated as 30mer duplexes and no other |

products were seen (data not shown). The expansion ofeachof — "~ . U

the strands in these repetitive duplexes was monitored sepa-
rately by labelling only one strand at a time. The labelled
strand is referred to as the primer and the unlabelled as the tem-
plate. Time courses were recorded under four different experi-
mental conditions. These were one dNTP (corresponding to the
primer strand) versus two dNTPs (corresponding to primer and ¥ 3
template strands) either at a near equimolar ratio of template

and primer strands or with a molar excess of template strand$igure 1. (A) Extensions in the 30mer A:T duplex using both dATP and TTP.
. . The asterisk (in all legends) indicates tH#e-labelled strand. The migration
Expansions in A:T duplexes position of standard markers is shown at the side by either arrows or arrow-

. . . . heads in most figuresB] Models depicting two extreme versions of strand
An illustrative example of dramatic expansion of the A and Tgjippage. 9 J picing

strands in (dA)y:(T)s is shown in Figure 1A. When both
dTTPs and dATPs were provided, the 30mer strands were
expanded simultaneously to products that were >400 bp within . .
5 min. Further incubation yielded products that were perhap@lidrate towards the middle of the DNA and eventually
much larger and so could not be resolved in the gel (Fig. 1A)c0alesce into a duplex. _

This DNA synthesis must involve the property of strand slip- _The models mentioned above make two simple testable pre-
page that Klenow is known to facilitate in repeat regionsd'Ct'OnS- In the first model, sI|d|ng_of |nd|V|dgaI S'Frands ought
(20,21). To explain such slippage products, two models of0 be easier when only one strand is expanding since the duplex
extreme versions can be considered. In one scenario, Klend@ngth to be undone remains constant. On the other hand, when
slides an entire strand past the other, involving complete brealoth strands are expanding, the duplex that needs to be undone
age and reformation of AT base pairs. Such a process generak®eps on increasing (Fig. 1B). Therefore, the rate of expansion
single-stranded template of a certain non-specific length &af a strand ought to be less when both strands are expanding
each 5'-end (left side path in Fig. 1B). In the second scenaridghan when only one strand is expanding. Conversely, in the
Klenow slides on the 3'-ends locally to generate short singlehairpin loop model, the main component that drives expansion
stranded templates and looge novo(right side path in Fig. is coalescence of two migratory complementary loops into a
1B). Such loops on both strands of a duplex should freelyluplex. In such a scenario, the rate of expansion of a strand will

Migration and annealing of loops l
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Figure 2. Extensions in the 30mer A:T duplex using either one or both dNTPs.

Comparison of one strand versus both strand expansions. B |Tin)e1m|||5] 3 1o | 20 | 30
Template A A A A
Primer * T T T 1 T
be higher when both strands are expanding than when only one dnP BN ENEN R
is expanding. 1 2 3 4 s

In the present study, the rate of strand expansion was signif-
icantly higher when both strands were expanding (Fig. 2).
When both dNTPs were provided, the product of expansion
was longer than a 100mer within 1 min, which in the next
minute further expanded to more than a 200mer. On the other
hand, when either TTP or dATP alone was provided, expan-
sion of both the T and A primers was very little. This result
clearly favours the loop model over that of the strand sliding '
model (Fig. 1B). :

In order to check whether DNA expansion goes through any $ o
stable single-stranded intermediate, we probed the expansion
reaction with mung bean nuclease, a single strand-specific :
enzyme. Mung bean nuclease is known to digest any single- ‘
stranded (ss)DNA intermediate in the reaction. Controls with
ssDNA and a perfect duplex indicate the expected single strand .
specificity of mung bean nuclease action. Our results show that
in an expansion reaction neither the size nor the yield of expan-
sion products is rEdU(.:ed in the presence of mung bean nucle 96ure 3. (A) Exonuclease-minus Klenow extensions of the 30mer A:T duplex
(data not shown). This suggests that there is no stable SSDNfnerated by annealingi84 A strand with 2.5.M T strand. Even numbered
intermediate in this reaction and is consistent with the hypotanes are from extensions of the A strand whereas the odd numbered lanes are
thesis that transient loops mediate Klenow expansion. from that of the T strand. Positions marked on the side are +12mer, +30mer

I the expansions where both the strands are growing, vl 0ner exensions determined by couning e lsader 1 e suoradi:
found dissimilarity in the growth rates of individual strands. gvely. (8) A longer time course of exd<lenow extension of the T strand in the
The T primer grows slightly more slowly and is more dispersedomer A:T duplex generated by annealing/@ A strand with labelled fuM
Compared to the A primer (F|g 2) We studied this more Care:r strand [the react_ion d_escribed in (A)]. T'he position m_arked at the si_de is
fully !n reactions _where either the A or T strand alone Waﬁuioizgggiaer;(t[ensmn (i.e. 60mer) determined by counting the ladder in the
growing. We believe that the Klenow fragment that lacks
3'- 5" exonuclease activity would yield a cleaner comparison
of A strand versus T strand growth by eliminating the marginaproducts reveal a remarkable dissimilarity between the two
effects of 3L.5' exonuclease action. Therefore, in all thereactions (Fig. 3A). The A primer shows monotonous growth
experiments described below we used ekdenow. The while the T primer shows a non-monotonous and complex

< 30 mer

e

s EERTE®
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Figure 5. Effect of deaza-adenosines in the A strand of the 30mer A:T duplex
Figure 4. A model of T versus A strand growthA] T strand growth. Therigh N T strand growth. Extensions were done under conditions identical to those
diagram shows additional 30mer A strand (thin letters) annealing at the dist&escribed in Figure 3B. The only change was that in the 30mer A strand 15
end prior to folding of the growing T strand. Nucleotides are counted 3' to 58denosines at the 5'-end were replaced by 7-deaza-adenosines. A and B mark
and indicated numerically above the labelled straBjl X strand growth. the positions of the +45 and +75 additions, respectively.

pattern of growth. The average growth rate of the A strandanight reach a limit size is described in the model shown in
(Fig. 3A, lanes 2, 4 and 6) is ~2—3 nt/min. In T strand expan¥igure 4. The conclusion is based on the fact that the limit size
sion, the product distribution shows four size classes that seematches perfectly with a folded back T.A:T triplex (26)
to slowly mature into four different stable sizes. For instance(Watson-Crick base pairs are represented as R:Y and
at the 2 min time point the smallest of the four classes showsldoogsteen base pairs as Y.R) product length. We tested this
distribution maximal at +12mer (i.e. addition of 12 nt to the prediction in the following experiment.
30mer primer) that matures to a limit size of +33mer at subse- We replaced the first 15 adenosines of the A strand at the 5'-
quent time points (Fig. 3A). This peculiar limit size of +33mer end with 7-deaza-adenosines to prevent Hoogsteen pairing in
was further confirmed by a longer time course of Klenowthe major groove of the A:T duplex (27). This prevents forma-
extension in a higher percentage gel (Fig. 3B). In this experition of the classical (T.A:T) triplex structures (28). Thus, in the
ment we used excess T strand compared to A template to dri@NA expansion reaction with the (7-deazagAldA),s(dT)s,
the products exclusively to the +33mer limit size and therebyluplex, two different situations are likely to occur according to
reduce the yield of higher sizes that form due to secondarthe model envisaged in Figure 4. (i) The T strand should not
annealing with leftover template (cf. Fig. 3A). The higher sizereach the limit size of a folded triplex if the 15 dA residues at
classes of products seen at 2 min (in Fig. 3A) also followed ahe 3'-end of the A strand are too short to sustain T.A:T fold-
trend where they matured into discrete limit sizes during thévack triplexes. (ii) On the other hand, if 15 dA residues can
slow phase of growth. Accurate size analysis of these longesustain T.A:T triplexes, the limit sizes of T strand growth
products was, however, not possible due to poor resolutioshould now change to about +18, +48, +78, etc. from the +33,
However, based on the mobility of standard size markers, we63 and +93 seen earlier (see Fig. 3A and B). Indeed, the latter
believe that the higher size classes of products in the slowas the case when a (7-deazaA}A),; strand duplexed with
phase of the reaction are spaced by 30 nt size differences. a (dT),, strand was studied (Fig. 5). An extended time course
We believe that the dissimilarity in T strand versus A strandn this reaction yielded products whose distribution showed a
growth observed in this experiment reflects underlying differ-new limit size of +48 and +78 (positions marked A and B,
ences in the nature of DNA intermediates involved in expanfespectively, in Fig. 5) (these sizes were estimated by carefully
sion reactions. While it is easy to understand the monotonousounting the bands in the autoradiogram). Perhaps by the sec-
and uninterrupted growth of the A strand, the growth of the Tond time point chosen (5 min) the distribution of products went
strand, which reached a limit size, is not easy to rationalispast the +18 limit size or the first round of template annealing
(Fig. 3A and B). One way to explain how T strand growth at the distal end quickly competed out +18 fold-back triplexes.
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Figure 6. Effect of excess template on extension of the 30mer A:T duplex.
Duplexes were formed by annealing 2481 primer and 25uM template
strands.

The latter possibility might indeed be true because as a resuftdure 7- C strand growth in the 30mer C:G duplex. Annealing was done
of a second round of template annealing at the distal end, ttf) “g;%”capﬁnfgmglzfﬂ)(ggflJ&;g”@sei;ezsisg;ﬁyfggggizv?_ 13) and a
+48 limit size population decreased with a concomitant ' '

increase in the +78 population. This point is clearer from a

comparison of the fall in distribution at A and the rise at B in When the template strand is in molar excess, expansion of

lane 6yersus lane 5 (Fig. 5). . - ._the primer strand is periodic only when one strand (i.e. the
_Coming back to the model described in Figure 4, the periogimer strand) is growing (Fig. 6, compare lanes 2 and 3 with 4
dicity of higher products seen for T strand expansion (Fig. 3Agnq 5 and lanes 7 and 8 with 9 and 10, respectively). A strand
lanes 1, 3, 5 and 7) is explained as arising due to secondagynansion, which was monotonous due to the absence of sec-
annealing of the growing primer with the leftover template.qngary annealing in the earlier experiment (Fig. 3A), showed a
This is because the A strand concentratiop§ was in slight  ¢jear periodic growth of higher products here due to secondary
molar excess to that of the T strand (u81). Moreover, the  gnnealing with excess T template (Fig. 6). As described earlier
secondary annealing seems to compete with folding back q&ee Fig. 3A), the growth rate of the A strand was slightly faster
the T strand (Fig. 4). Even with slightly excess A strand (bythan that of the T strand when both strands were growing (Fig.
0.5puM), the distribution of T strand expansions was signifi- 6 compare lanes 4 and 5 with 9 and 10, respectively). In line
cantly skewed in favour of higher period products (Fig. 3A).with that, A strand growth was faster than that of the T strand
The relatively large yield of higher products such as +63mergven when only one strand was allowed to grow (Fig. 6, com-
+93mer, etcvis-a-visthat of the +33mer was incommensuratepare lanes 2 and 3 with 7 and 8, respectively). Comparison of
with the slight excess of the A strand. On the contrary, at théhe mobility with that of standard DNA markers suggested that
same concentrations the A primer grew monotonously age products in these lanes were periodically spaced at 30 nt
neither limit sizes nor periodic higher products were observethtervals. This experiment revealed a mechanistic component
(Fig. 3A). Secondary annealing by the T template was not possf expansion where distal annealing of excess template with
sible as the A primer was in excess, which led to continuouthe growing primer irtransseems to accelerate primer growth
monotonous growth of the A strand. It is pertinent to mentiorat the proximal 3'-end. This results in a periodic distribution of
here that the extent of annealing assessed by leftover A primeroducts (Fig. 6).
was variable. To overcome this variation and to study the , )
source of periodicity in strand expansion, we repeated th&xPansionsin G:C duplexes
experiment with a 10-fold molar excess of the template stranth order to determine the effects of distal ends on proximal
over the labelled primer. Even when the template strand was igslippage in C and G repeats, we also studied DNA expansion
excess, the annealed product migrated as a 30mer duplex awith (dC),;:(dG);, duplexes. Almost all the experiments dis-
no other products were seen (data not shown). cussed above were repeated with a (@Q@G),, system.
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Figure 8. Native gel analysis of annealed complexes formed between 30mer G » .., . ’ . ' . ' A '

strands (30, 3 and|@M, respectively, for lanes 1-3) and labelled C strands (2.5

puM) (as in Fig. 7). Following annealing, a 20 sample of each was electro-

phoresed in a 10% polyacrylamide non-denaturing gel, dried and autoradio- ) )

graphed. Arrowheads mark the positions of complexes containing multiple &rigure 9. G strand growth in the 30mer C:G duplex. Annealing was done
strands per single C strand. between a C template (8 in lanes 1-6; 3QM for lanes 7~12) and a labelled

G primer (2.5uM) followed by extension by exoKlenow. The arrowhead
marks the position of the labelled 30mer G strand.

C strand growth was monotonous at an average rate of ~1-2 nt/

min when only the C strand was allowed to expand (Fig. "com L : : )

. ) . ) pared following its annealing with the G strand at 1:1 as
lanes 2-4). Unlike T expansion, which generated T.A:T fold- ) PR ;
back triplexes of defined limit size (Fig. 3A and B), C expan-We" as 1:10 (excess G template case in Fig. 7) molar ratios

sion showed no such pattern of equivalent fold-back triplexeg:ig' 8). Ata 1:1 ratio, as expected, one sees a unique species
containing a €.G:C motif even over a long time course (Fig. 7 onsistent with a.normal C:.G duplex populatlo_n thatis compe-
e . "' tent in C expansion (see Fig. 8, lane 2 and Fig. 7, lanes 2-7),
and data not shown). The growth was entirely monotonous, hereas at a 1:10 ratio one sees multiple species of C:G com-
This result was consistent with the reported findings that" - e pie sp o
unlike the T.A:T triplex, which is stable at neutral pH'.G:C blexes (see Fig. 8, lane 1), pointing to the high propensity for
' ' plgher order structures in C:G duplexes (shown by arrowheads

triplexes are stable only at acid pH due to a requirement for <_. . - )
protonation of C at the N3 position for its Hoogsteen pairing'n Fig. 8). Such multistrand complexes might be resistant to C

with G (26). The C strand growth rate increased several-fol trand slippage as sh0\_/vn abO\_/e (Fig. 7, I_anes 8-13). .SUCh a
(100 nt/min) when both the C and G strands were allowed t Iockgge of C stra_nd shppagg IS not aIIewatepI even with the
expand (lanes 5-7), which mirrored the trend observed for AnCIl_JS'On of QGTP in the reaction, perhaps again due to the for—
and T (Fig. 2). However, the same reactions were completel{f'@tion of higher order structure (for example G-G:C) (mis-
dead when excess G template strands were present, a result tHigich base pairs are represented as G-G and Watson—Crick
contrasted with that of A and T strand growth described abov82S€ pairs are represented as G:C) in which the 3'-end of the
(compare Fig. 7, lanes 8-13 with Fig. 6, lanes 7-10). This mayVatson_—Cnck paired G strand is not available for slippage
be due to the fact that G template strands are known to atta#¥Nthesis. _ _

unusual secondary structures encompassing G strand dimersfinally, we studied G strand growth in G:C duplexes. When
quartets, etc. (29). We compared the electrophoretic mobilitie@nly the G strand was allowed to grow, the expansion seen was
of G strands with those of A, C and T strands in native poly-only ~5-10 nt, which was halted very early in the reaction (Fig.
acrylamide gels under our reaction conditions (data no®, lanes 1-3). It was as if the short G tail at the distal end inhib-
shown). As expected, A, C and T strands migrated as singléed its own further expansion. The same strand grew at a much
conformers while the G strand migrated as a smear in whicgreater rate (~100 nt/min) when both the G and C strands were
three populations were more distinct. Such a distribution ofillowed to grow (Fig. 9, lanes 4-6). In another set, inhibition of
multiple conformers of G strands is consistent with the notiorG strand growth was completely relieved when the C template
that G strands aggregate (29). This aspect was corroboratgds present in excess. In fact, the rate of G strand growth
further when we analysed C:G annealed complexes in a nativecreased remarkably in the presence of excess C template (Fig.
gel (Fig. 8). These samples were derived from the experimerg, lanes 7-9). When both the G and C strands were allowed to
described earlier (Fig. 7). The mobility of a labelled C strand isgrow in the presence of excess C strand (Fig. 9, lanes 10-12), the
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strand slippage (31). Several recent studies also reiterated that
polymerases misalign simple repetitive sequences leading to
DNA expansion or contraction (20,21,32,33). Direct evidence
is now available to suggest that expansions arise by slippage of
Okazaki fragments (34—-36).

The robust version of polymerase slippage described in this
paper provides an insight into the mechanistic aspects of how
slippage at the (proximal) 3'-end is affected by the DNA second-
ary structure at the distal 5'-end. First of all, T strand expansion
interestingly leads to a fold-back structure that is consistent with
a T.A:T triplex. This conclusion is based on two observations:
() T strand growth is punctuated at lengths that match with
T.A:T fold-back structures (Figs 3A and B and 4); and (ii) the
periodicity of T strand growth changes appropriately when some
of the adenosines in the A strand are replaced by 7-deaza-ade-
nosines, which prevent Hoogsteen pairing (Fig. 5; 27,28). In T
strand growth, the fold-back structure (T.A:T triplex) slows
down loop migration through it, thereby limiting the rate of
synthesis. The rate in this phase plummets to ~0.2—0.3 nt/min,
with only ~3-5 nt being added in 15 min (Fig. 3B). Eventually,

oo

as the T.A:T triplex matures to its full length, the 3'-end of the T
strand becomes completely refractory to slippage and expansion
comes to a halt (Fig. 3A and B).
\ The monotonous growth of A and C tails (2—3 nt/min) (Figs
3A and 7) is much slower than that of branch migration in
v naked DNA, which is estimated to be ~200 nt/min in the pres-
ence of magnesium cations (37). The DNA loop migration
described in Figure 1B is analogous to branch migration
' described earlier (37,38). Hence, polymerase slippage itself,
rather than loop migration, may be rate limiting in DNA
expansion reactions. In contrast to A, C and T strands, G strand
] expansion failed to take off under our experimental conditions
(Fig. 9, lanes 1-3). G strands have a strong tendency to dimer-
ise intramolecularly as well as intermolecularly (29). Compar-
v ative mobility analysis of A, C, G and T strands in native
polyacrylamide gels revealed species that are consistent with
intra- as well as intermolecular dimerisation only for G (data
v not shown). Furthermore, labelled C strands anneal with G
strands into complexes that presumably contain more than one
G strand per C strand (Fig. 8). These results are consistent with
itates G-G:C triplex formation.K) G strand growth generates a distal G tail secondary structural motifs proposed for G-rich strands
that folds bacszJn the G:C duplex Ieadinggto formgation of a G-G:C triplex. (29'.39)' G expansion generated a small G. tail th.at probably
Next, the G loop traverses along the G strand, only to be deflected back by trfattained secondary structures of the type cited (Fig. 10A and
G-G:C stretch at the distal end. Residual DNA synthesis that might ensue dufeferences cited above). This blocked expansion by preventing
ing this step is shown by the dotted line. Return of the loop back to the 3-en¢he release of G loops at the distal end and further strand slip-
leads to _stralnd Protrusmn that halts further expansion by Klenow, since it iHage at the 3'-end. This simple but interesting mechanism is
deficient in 3% 5' exonuclease activity. deni - - - -
epicted in Figure 10B, where a traversing G loop is deflected
back when the protruding G tail at the distal end is left to itself
as evidenced by lack of G strand growth beyond a few nucle-
ides in Fig. 9, lanes 1-3). On the contrary, in the same reac-
tion this inhibitory effect of protruding G tails is efficiently
nullified when the C strand is simultaneously allowed to grow
DISCUSSION (Fig. 9, lanes 4-6). Itis interesting to visualise how a fold-back
G-G pairing might function as a block to an incoming G loop
There have been numerous reports on polymerase slippageig. 10B). The simplest known chemical motif that explains
during DNA synthesis. Several years ago Fresco and Alberte distal fold-back region (in Fig. 10B) is the classical G-G:C
had discussed the possibility that deletion and addition mutariad (Fig. 10A; 40). In this setting, the middle G base of the
tions arise via a DNA intermediate that involves ‘helix with triad is so well caged between the outer bases that it cannot be
loops’ (30). Kornberg and co-workers demonstrated a novedxchanged with another G base of the incoming G loop. This
property of Pol | that expands dA:dT oligomers into long prod-explains how the migratory G loop is deflected back on its path
ucts which were believed to be generated by Pol I-mediatefFig. 10B). Since the migration rate of the deflected G loop is

Ay,
v

Figure 10.Model of G strand expansiorAf The G-G:C triad motif that facil-

growth rate was again comparable to what was seen in t
absence of excess C template (Fig. 9, lanes 4-6).
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