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ABSTRACT. Amplification of oligonucleotide repeats is a major cause of variability and instability of
genomes. This phenomenon is probably due to an aberration in the copying process of polymerases.
We show here that in the presence of MgQ@hismatch formation commits HIV-1 reverse transcriptase

to a new mode of DNA synthesis which generates repetitive products. This activity is distinct from
terminal transferase since it requires specific DNA motifs in the template. This mechanism, which is
processive, also works on homologous RNA templates where it generates reiterative products more than
150 nucleotides long. The corresponding mechanism, which involves extensive primer misalignment, is
strikingly similar to that postulated for telomerases.

Reverse transcriptases are unusual DNA polymerases In order to reveal unusual replication patterns occurring
which convert the RNA plus strand of a retrovirus into a in vitro, we used conditions known to enhance the error rate
double-stranded DNA molecule competent for viral integra- for simple misincorporationd,e., biased nucleotide pools
tion. In order to do so, this enzyme has to fulfill very and partial or total substitution of Mfjby Mn?* (Beckman
different tasks, including recognition of the tRNA-primer et al., 1985; Bebenek & Kunkel, 1990; Ricchetti & Buc,
binding site complex, escape from this elaborated tertiary 1990) in simple run-off experiments performed on various
structure, intra- and intermolecular strand transfer at terminal single-stranded templates and using different RT#/e
repeat sequences, and termination. We assume that thepecifically looked for the occurrence of long extensions
distinct requirement to accomplishoth elongation and  which could be due to extensive slippage. Our objectives
recognition steps, where the relation of the enzyme to its have been first to optimize the requirements for the appear-
local nucleic acid counterpart is drastically different [see for ance of such an activity and to distinguish it from a classical
example Gopalakrishnan et #1992), Gadte et al. (1995), terminal transferase activity; second, to understand the
and Isel et al. (1996)], could significantly increase the overall mechanism for the generation of a given extension on a
inaccuracy on specific templates. We had previously shown specific template; and finally, to compare the efficiency and
that the pattern of simple misincorporations generated by the selectivity of this process on homologous DNA and RNA
various reverse transcriptases was extremely dependent otemplates.
the sequence context and markedly enzyme-specific [Ric-
chetti & Buc, 1990; for other cases see, for example, BebenekMATERIALS AND METHODS
and Kunkel (1990) and Vartanian et al. (1991)]. We are
specifically interested here by more complex phenom-
ena—extensive insertions or deletiorwhich are an impor- ~ SWeden). HIV-1 RT RNase H(Glu478>GIn478) and the
tant source of variability in small genomes [for reviews, see Nomologous wild type RT were a gift of S. Le Grice
Kunkel (1990) and Ripley (1990)] and which cannot be (Clevel_and, OH)_. When necessary, enzymes were titrated
explained without invoking the formation of aberrant nucleic according to Kati etal. (19.92) gnd their concentrations were
acid structures and of modifications in the enzyme’s behay- €XPressed in moles of active dimer. AMV REscherichia
ior. The elucidation of their mechanisms is also important coli DNA polymerase | and T7 DNA polymerase were
in relation to mutational processes occurring in larger Purchased from Pharmacia, MOMLV RT (wild type and
genomes, in particular the amplification of di- or trinucle- RNase H) from BRL, and T4 DNA polymerase and the
otides, which is associated with a number of human heritable K'?”OW fragment of DNA .p°|ymerase | were from Boe-
disorders and cancers and, generally, with genetic instability finger- The deoxynucleotide primers and templates, FPLC
in eukaryotes (Caskey et al., 1992; Thibodeau et al., 1993).pure’ were purchaged from Gen;et. The deoxyribonucleotide
The mechanism which generates such sequence repeats i mplgtes were elthe.r synthesized on DNA templates [as
still unknown, due also to failure of the biochemical approach described in Ricchetti and Buc (1993)] or purchased from
in reproducing extensive insertions. Nevertheless DNA Gef‘_set- Primers and templ_ates of msgfﬂcu_ent purity were
polymerase slippage along the template, during the replica-p“”f'ed by gel electrophoresis [as described in Ricchetti and

tion phase, is considered as a good candidate (Strand et al

1993). 1 Abbreviations: AMV, avian myeloblastosis virus; DTT, dithio-
threitol; HFB, hybrid formation buffer; HIV-1, human immunodefi-
ciency virus of type 1; HIV-2, human immunodeficiency virus of type
TThis work was supported by the Agence Nationale pour la 2; MoMLV, Moloney murine leukemia virus; nt, nucleotide; PAGE,

Materials. HIV-1 RT was a gift of T. Unge (Uppsala,

Recherche sur le SIDA. polyacrylamide gel electrophoresis; PRB, polymerization reaction
*Tel: +33/1-4568 8504. Fax+33/1-4061 3060. buffer; Pu, purine nucleotide; Py, pyrimidine nucleotide; RNase H,
® Abstract published il\dvance ACS Abstractdlovember 1, 1996. ribonuclease H; RT, reverse transcriptase.
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Table 1: Templates Used in This Study polymerization reaction buffer or PRB) with 6 nM of HIV-1
RT. When indicated in the text, the total divalent cation
20 25 30 35 . . .
3' ACCAUCCCGAUAUGUAAGAAUGAUAAAAUAAAUUGE 5' R2-36 concentration (MnGl+ MgCl,) was changed and their ratio

varied. Dissociation constants of the hybrid-RT complexes

3r .
ACCARCCCGATAUGTARGAATGAZAMAARAARETSG ° pa-36 vary from 4 to 10 nM for a DNA/DNA duplex matched at
Fariiiiiiinn, g+e++y+- -TARRATAAAT & D2-33 the initial position (corresponding to 24 nM of initial
3 e, TAAAAT 5' D2-29 complex). They increase when mismatches are introduced
. ° ° T;Auc . 25c in the duplex and when Mg is substituted by M#. Unless
""""""" o T TR otherwise stated, the reaction was started by addition of 1
R R EREEE geresg- - -TARMAS D2-28 mM dTTP for various times (or, alternatively, 100/ of
B TaaTAT 5’ 26T the four dNTPs for 5 min). It was stopped by addition of
. o N .T° s 29n6 50 mM EDTA in 90% formamide (1/3 vol/vol) and heating
0 o o o for 10 min at 90°C. The DNA samples in formamide were
R R EP PR z+ee.....2G0GGT TG,T run on 20% (or 10% when specified) polyacrylamide gels
3 i ireiierieian....TGAGAT S T(GA) 2T containing 8 M urea. The processivity assay was performed
.\ ° ° ° . as described above, but after preincubation of the primer/
""""""" gy ERGRGT T(AG) 2T template with the enzyme, polymerization was started by
R seee:e. -TAARARARAAAS D2-a simultaneous addition of 20@g/mL of yeast DNA and
dTTP.

a Position 20 of the first RNA template corresponds to position 1154 . . . . .
of the HIV-1 genome (Van Beveren et al., 1985). Nucleotides critical ~ Autoradiography and Densitometric Analysis by Direct

for mismatch formation are underlined. Radioactvity Measurements Autoradiography of samples
labeled with3?P was performed by exposing gels to photo-
Table 2: Primers Used in This Study stimulablle storage phosphorimaging plates in a.Phosp.ho-
rimager instrument (Molecular Dynamics). Densitometric
Reference template : . .
N 20 25 3035 analysis was performed with ImageQuant Software V3.0
ACCAUCCCGAUAUGUAAGAAUGAUARARDAARUUGGS R2-36 provided by Molecular Dynamics.
E.’jrn‘n;eésT  CCECTATACATTCTTA 3 p21 I_Dermanga_ngte AttackPermanganate attaqk of .the un-
S'chuccccmmc;-r . ° s »s paired thymidines was performed as described in Sasse-
STTCTTA P Dwight and Gralla (1989), using a final concentration of
®'GGGCTATACATTCTTACTA 3' p24 KMnQ, of either 10 or 50 or 100 mM for 30 s, in a total
5'ACATTCTTACTATTT 3' p27 volume of 20uL. Extended or regular synthesis (obtained
S'ACATTCTTACTTTTT 3 p27T in the presence of_ dTT!D or dNTPs, _respectively) was
5 PCGTAGEE ° . ° 18(Gic performed as described in the polymerization assay, and
TEGTAGGGCTATACHTTC pl8(e:c) permanganate attack was generally started after 15 min of
®'TGGTAGGGCTATACATTT 3’ pl8(G:T) incubation. Double-stranded or partially single-stranded

5'ACATTCTTACTATTTTATTTAACC 3' p36 samples, which were used as controls, were preincubated
with 6 nM HIV-1 RT in PRB in the absence of deoxyribo-
nucleotide substrates.

RNase H Assay The RNA template R2-36, labeled with
3'ACATTCTTACTATTTTTTTTTT 3 p34Apro 32%p at its 5 end and hybridized to the indicated primer, was
aThe primers are indicated according to their position with respect incubated at 37C in the presence of HIV-1 RT and of elth_er
to the a reference template, R2-36. The residue at position 24 is dTTP or dNTPs (or buffer alone) at the same concentrations
underlined if it forms a mismatch when hybridized to any of the as for the polymerization assay. The reaction was stopped
templates. Protruding primers (other than p34pro) containing T tails by addition of 50 mM EDTA in 90% formamide (1/3 vol/
ranging from T to T have also been used. vol) and heating for 10 min at 5GC. The RNA samples in
formamide were run on a 20% polyacrylamide gel containing
Buc (1993)]. dNTPs substrates, FPLC pure, were purchased3 M urea as indicated above.
from Pharmacia, andy[*?P]JATP was from Amersham.

Templates and primers mentioned in this study are listed in Asse§sment of the Varlpus Rate Constam’tﬁgr ascan
Tables 1 and 2, respectively. They are numbered from the Of the different lanes of a given gel (corresponding to various

5 end of the primer or from the' 2nd of the template. The times Qf.s_ynthesis, see Figure 1la and 1b) th.e relative amounts
corresponding hybrids are listed in Table 3. of the initial substrateto and'of the consecutive prpducks,
Polymerization AssayConditions were selected to allow ~Were computed by integration of the corresponding bands

the initial run-off phase of the reaction as well as the andnormalization. An experimentis therefore characterized
recycling to be followed. The standard reaction was @s a set of relative values of concentratias() ... xi(t). For
performed at 37C by incubating 3 nM of the preannealed a fully processive synthesis the system is defined by a set
hybrid (prepared in the hybrid formation buffer, HFB, of rate constant relating species—1 to species. An
consisting of 27 mM Tris-HCI pH 7.6, 4 mM Mggl2 mM accurate determination of those constants can be performed
DTT, and 100 mM NacCl) in a buffer containing 50 mM Tris- according to Creighton and Goodman (1995). In general, a
HCI, 5 mM MnCL, 50 mM KCI, 5 mM DTT, pH 7.8 (called = semiquantitative approach was used here. The transit times,

Protruding primer :
5'ACATTCTTACTITTTTTTTTTT 3' p34pro
o o o o
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Table 3: Qualitative Efficiency of the Extended Synthesis

primer/template hybrid overhanging template's{3) substrate efficiency of extended synthesis
p21/D2-36 GATAAAATAAATTGG T +++
p22/D2-36 ATAAAATAAATTGG T +++
p22/D2-33 ATAAAATAAAT T +++
p21/D2-29 GATAAAAT T +++
p22/D2-28 ATAAAA T +
p21/26T GATAATAT T -
p22/D2-29 ATAAAAT T +++
p22/D2-29 ATAAAAT T + A -
pP22/26T ATAATAT T -
p22/29C ATAAAAC T +++
p22/29C ATAAAAC T + G -
p24/D2-29 AAAAT T -
p27/D2-33 ATAAAT T -
p27T/D2-33 * ATAAAT T +++
p22/29A6 ATAAAAAAT T ++
p22/D2-A ATAAAAAAAAA T +
p22/TGAT ATGGGGT C +++
p22/T(GA)2T ATGAGAT T + C +
P22 /T (AG) 2T ATAGAGT T + C +
p22/TAAGGT ATAAGGT T + C -
p22/TGGAAT ATGGAAT T + C -
pl8(G:C) /R2-36 AAUGAUAAAAUAAAUUGG T ++
pl8(G:T) /R2-36 *AAUGAUAAAAUAAAUUGG T +++++
p21/R2-36 GAUAAAAUAAAUUGG T +++
p24/R2-36 AAAAUAAAUUGG T +
overhanging primers (53') substrate efficiency of extended synthesis
p34pro/D2-29 * *TTTTT T ++
p34pro/D2-33 * * T T +++
p34pro/D2-33 * * T A -
p34Apro/D2-33 * T T -

aColumn 1 lists the hybrids according to the nomenclature used in the two preceding tables. In column 2 the overhanging single-stranded region
of the template (upper part) or of some primers (lower part) are aligned, preserving their homology in the double-stranded region. A star indicates
a mismatch at the corresponding position. In column 3, the nature of the dXTP substrates used (at 1 mM concentration) is indicated by the symbol
characterizing the corresponding base. Column 4 gives a rough estimate of the efficiency of the extended synthesis after 15 min of reaction:
(+++++) the longest products exceed the template length by more than 108-ht-X more than 60% of the products are longer than the
template and the longest products exceed the template length by at least-£5-nground 25% of the products are longer than the template and
the longest products exceed the template length by around 15-hground 10% of the products are longer than the template and the longest
products exceed the template length ¥$0—15 nt; (£) less than 5% of the products longer than the template are observed, the longest products
exceed the template length by less than 6 af}; (ndetectable extended synthesis. Overhanging primers p30pro to p33pro were also used after

hybridization with D2-29. Primers p30pro, p31pro, p32pro, and p33pro are respectively 4, 3, 2, and 1 nucleotide shorter than p34pemdt the 3
these primers are not described in the tables.

which are the inverse of the rate constakitsare additive a 5 labeled DNA primer of 21 nt, p21, by HIV-1 RT in the
(Fersht, 1985). To obtain those values, all the products presence of 5 MM MnGland of 1 mM dTTP results in the
resulting from incorporation at stepvere summedp;(t) = atypical pattern displayed in Figure la. An efficient
YiZ(t). The average time required to incorporate on the synthesis takes place during the first minute of elongation
average théth nucleotide isy} " k™). It can be estimated  for the first 14-15 nucleotide additions (lane 3). This was
by measuring the time interval required forpi(t) to reach followed by a slow extension, beyond the last base of the
a value equal to - e"* or 0.63. (This measure would be template. This anomalous polymerization process, called
strictly accurate if product accumulation at siegould be here extended synthesis, generates in 45 min a homopoly-

i i i i 7 : i . .
fitted with a single exponential & e™). 7 was then  aric extension up to 36 residues longer than the template
plotted against to give the time course of incorporation, as

i Fi 1 (lanes 4-9). In contrast, addition of the four deoxynucleo-
In Figure LC. side triphosphates yields the full-length product expected
RESULTS from the template sequence (lane 10).

Anomalous ExtensionOn a DNA template corresponding On such gels, the intensity of a given banx(t),
to 36 nt of the HIV-1 p25jagregion, D2-36, elongation of  characterizes the degree of arrested synthesis at position
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Ficure 1: Visualization and analysis of the process of extended synthesis. (a) Time course of DNA synthesis visualized by PAGE on the
preannealed hybrid p21/D2-36. Incubation of 1 mM dTTP for 30 s (lane 2) and 1, 2, 5, 10, 15, 30, and 45 min-(@nda &anes 10

and 1 the mixture was incubated for 10 min, dTTP being replaced by/iD6f dNTPs or omitted, respectively. On lane 10, the product

one step longer than the template represents a blunt end addition [see Peliska and Benkovic (1992) and Patel and Preston (1994)]. Intermediate
products are also visible. On the right side are indicated thengplate sequence and the last&sidue of the primer. (b) Phosphorimager

scan of lane 5 of the preceding graph. Tltensecutive steps take place at the expense of the hybrid substrate which by definition corresponds
toi = 0. (c) Time course of dTTP incorporationiatonsecutive positions for various hybrids. From scans analogous to the one displayed

in 1b, the relative concentrations of all the species at various times of incubsi(n,. x(t), are obtained. The average timerequired

to yield incorporation at positionis then computed for the samples as explained in Materials and Methoslas plotted as a function

of i for five samples: (1) p21/D2-36, the original template, (2) p22/D2-36, the same template hybridized to a longer primer (these two
independent determinations give the reproducibility of the experiments), (3) p22/D2-33, (4) p22/D2-29, and (5) p22/D2-A (see-Bables 1
for nomenclature). The template sequences (from 3) are indicated at the bottom of the graph. Arrow indicates the end of the template.

at a given time after substrate addition (for a representative has passed thel A, TA3Ts motif. The transit time required
example, see the scan displayed in Figure 1b). Quantitativefor each new addition can be estimated by the difference
evaluation of the average time, required to incorporate  — 7;-1. As shown in Figure 1c, curve 1, becomes quasi-
theith substrate was then possible, as explained in Materialslinear with i, implying that the transit time then becomes
and Methods. As revealed by the slow disappearance of theapproximately constant and equal to 3 min.

band corresponding to the incorporation of the first two  In order to know how frequently this anomalous process
dTMPs on the gel in Figure 1a, a rate-limiting step occurs occurred, purine rich templates (see Table 1) and their
during formation of a T:T mismatch at position 24 on the complementary primers (Table 2) were synthetised. Hybrids
template. The corresponding Michaelis constant for dTTP discussed in the present text are given in Table 3, as well as
incorporation was found to be unusually highn(= 135 the corresponding nucleotide substrates. Primers of various
uM). The subsequent elongation events during run-off lengths were used to eliminate the occurrence of certain
synthesis correspond to very favorable kinetic parameters.mismatches in the'3egion of the template.

No pause was seen in front of non-A residues on the template Requirements for Extended Synthesisddition of in-

at positions 29 and 3336 as if these bases, T and TTGG, creasing concentrations of dATP to such a reaction mixture
respectively, were not read by the enzyme (see Figure laprogressively inhibits the anomalous process (for an example,
again). The rate of incorporation decreases when synthesissee Figure 2). An overall apparent inhibition constant can
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FiGure 2: Inhibition of extended synthesis by dATP addition. Kinetics of extended synthesis on p22/D2-29 in the presence of dTTP (1
mM) and dATP (from 0 to 1 mM, other conditions as indicated at the bottom of the figure). For each dATP concentration the reaction was
performed at 1, 2, 5, 10, and 15 min (from lane 1 to lane 5 of each group, respectively). On the left side are indicdtézshthiate
sequence and the lastY8omplementary nucleotide of the primer. When extended synthesis is completely inhibited (as in the presence of
1 mM dATP), a product longer than the template is still present. It represents the blunt end addition which follows regular polymerization
(see text and Figure 1a, lane 10).

be calculated. Its value, 2/, is similar to the Michaelis of the homopolymeric TAT tract does not increase but rather
constant for incorporation of dATP at position 24 during decreases the efficiency of this anomalous synthesis: & TA
normal synthesis, when dATP correctly pairs to the comple- template (29A6) was less efficient than 71A (data not
mentary T residue of the template. When a T:A match (T shown) and the T4 template is very inefficient (sample 5
and A indicate the residues on the template and on the primer,in Figure 1c). Deletion of the terminal Byrimidine in the
respectively) was created at that position by using an TA,T tract also leads to inefficient extensions (as with the
adequate primer (as in hybrid p24/D2-29), extended synthesistemplate D2-28; data not shown). In marked contrast with
in the presence of dTTP alone was completely suppressedslippage processes observed with other DNA polymerases
(data not shown, but summarized in Table 3). For under- (Ripley, 1990), the repeated,Aequence must therefore be
standing the role of a mismatch at this critical position, a limited in length (optimal lengthn = 4) and be flanked by
direct comparison was performed using the same templatetwo T residues.
and two primers which differ only by the presence or absence Other sequences not related to the initial template were
of a preformed T:T mismatch at position 24 (p27T/D2-33 also able to generate extended products. We have systemati-
versus p27/D2-33; see Table 3). Extended synthesis takesally investigated sequences of the type Py{Pw)using
place again in the first case, while it is not visible in the again in our assay M instead of M@" and mixtures of
second one (data not shown, but summarized in Table 3).dCTP plus dTTP as substrates (see Table 3).,TTG
As a control, the formation of a G:T mismatch at position efficient provided that dCTP is added. In the presence of
22 has no influence on the course and the extent of extendeddCTP alone, TAT is inefficient, as well as T, when
synthesis (compare the time course of DNA polymerization dTTP is the sole substrate added, suggesting that the template
for p21/D2-36 and for p22/D2-36, samples 1 and 2 in Figure for an anomalous synthesis is the polypurine sequence
1c). By these criteria, a specific misincorporation at position following the critical mismatch. This deduction is strength-
24 appears to be required to trigger the appearance ofened by the inspection of templates containing heteropoly-
extended synthesis. meric sequences. Indeed T(GA)and T(AG)}T generate
The minimal motif required to generate extended products extended products if both dTTP and dCTP are added, while
was assessed by modifications of the terminal sequence inthey both fail if only one of these substrates is present.
the D2-36 template (in each case the extent and rate ofHowever, extended synthesis on heteropolymeric templates
extension were quantified as above; for a general summaryis less efficient than on homopolymeric ones (data not

see Table 3). As shown in Figure 1c, a single,T Anotif shown).

can yield long extensions (sample 4). The rates (as well as Extended synthesis is observed if Mnis replaced by
the yields) are increased if the motif is repeatebX,TA3Ts, another soft metal ion like C6 but not by Mg*, Cu?*, or
sample 3) and if a random DNA tail is addeglTA,TA3- Zn?* (data not shown). The concentration of Mrcould

TTGGs, as in samples 1 or 2). Disruption of the corg A be lowered to 2 mM without affecting the occurrence of
motif completely abolishes the anomalous process. Whenrepetitive synthesis (data not shown). However a complete
the template 26T (whose terminal sequencgTi,TATs, replacement of Mg by Mn?" is not required. When
and which differs from the efficient template D2-29 only mixtures of Mg+ and Mr#+ were used at fixed total divalent
by a A versus T substitution, see Table 3) was hybridized to cation concentration (5 or 10 mM), half stimulation was
primer p21 or p22, no extended synthesis was generated inobserved at+2 mM Mn?t (data not shown). Finally, M

the presence of dTTP (data not shown). Increasing the lengthcan be first chelated on the primer/template hybrid at a
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as for other DNA polymerases and reverse transcriptases (one
extra nucleotide in general) (Patel et al., 1994; Clark, 1988).
In these cases the reaction requires a duplex DNA but does
not use the coding information of the template strand. In
the present assay, the fact that extended synthesis requires a
specific polypurine tract embedded within the template
already indicated that our anomalous polymerization does
not result from a classical terminal transferase activity present
in HIV-1 RT. We specifically checked, however, that
extended synthesidoesneed the presence of a template.
When used alone, none of the tested primers (p21, p22, p36,
or p34pro) is elongated by HIV-1 RT in the presence of either
dTTP alone or of the four ANTPs. Furthermore, the reaction
does not proceedia blunt end addition of a duplex DNA,
even if this DNA contains a TR sequence: the perfectly
matched double-stranded hybrid p36/D2-36 fails to be
elongated in the presence of any deoxynucleotide substrate
(data not shown). For these reasons we exclude the
possibility that extended products are generated by either a
blunt end addition or by a terminal transferase activity.

Reorganization of the Hybrid During Extended Synthesis
Extended synthesis appears strikingly more processive than
a classical elongation. Residence times of only1s per
elongation step are normally observed when synthesis takes
place with all four dNTPs. When DNA synthesis is
1234567 performed on the p22/D2-36 hybrid in the presence of dTTP
- + - -|ldNTPs alone, and challenged by yeast DNA at the time of nucleotide
-+ - + -+ + dTTP addition, a very peculiar shift in the pattern of intensities of

- the various bandxs(t) is observed as displayed in Figure 4.
- |MnC12 (in HFB) | In the initial phase of the reaction (2 min of incubation,
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‘tto‘tto‘t'r: ix:cfa 3 Figure 4, left panel), the competitor drastically affects the
- - 'S $ S|cation (in PRB) | concentrations of the first and the second bands of the pattern,

i _ _ L indicating that reinitiation occurs at these steps in its absence.
Ficure 3: Effect of the hybrid formation conditions on the extent Th Il sh fth it f extended thesi
of extended synthesis. DNA synthesis performed on p22/D2-36 in _e overa S_ ap_e or the patlern of ex e_n e_ synthesis (
the presence of 100M dNTPs for 5 min (lanes 1, 3, and 5) or in  2) is fully maintained when the competitor is present. An
the presence of 1 mM dTTP for 15 min (lanes 2, 4, 6, and 7). The attenuation of each band by a similar factor (3.6 on average)
primer/template hybrid was formed in HFB (lane 7), or modified s opserved. The same 3.6 factor applies to the attenuation

HFB where the MgGlwas replaced by 5 mM Mngllanes 1-6), : : : ;
then 10-fold diluted in the hybrid storage buffer (10 mM Tris-HCI, of the intensity of(1), the band preceding the formation of

pH 8, 100 mM NaCl) either in the absence (lane 7) or in the & T:T mismatch which engages the enzyme into the new
presence (lanes-36) of 5 mM MnCk. This hybrid was again diluted ~ mode of synthesis. Therefore, this slow step constitutes a
10-fold in PRB which contained either no divalent cation (lanes 1 “gate” after which the complex appears immune to the

and 2) or 5 mM Mgd (lanes 3 and 4) or 5 mM Mngl(lanes ~ competitor. At longer times of incubation (for example
5—7). The reaction was then proceeded as described in Materials b ' g ( ple,

and Methods. The template sequence is indicated on the right. — L0 Min, Figure 4, right panel) the pattern of extended
synthesis is again almost unaffected by the addition of the
concentration of 5 mM and then be diluted to 0.5 mM before COMPEtitor, though one can notice a slight shift in the position
addition of enzyme and 5 mM Mggl The system is again ~ Of the maximum (from = 14 toi = 13). The amount of
fully committed toward extended synthesis. (Figure 3). material, which trails behind the wave of extended synthesis
On the Py(PupPy motives we have performed an extended 2nd which has passed the gate<(2 < 9), is essentially the
synthesis assay with other DNA polymerasgscoli DNA same in both experiments. It corresponds to a fraction of
polymerase |, bacteriophage T4 and T7 DNA polymerases) less than 9% of the binary complexes engaged in anomalous
and reverse transcriptases (AMV-RT, MoMLV-RT, or HIv-2 ~ €xtension. It represents an upper limit for the amount of
RT). With the exception of HIV-2 RT, all the other enzymes dissociated complexes at those steps. The evolution of such
failed to produce extended synthesis (data not shown). ~ Patterns with incubation times allows estimates of the average

Extended Synthesis Does Not Procedd Terminal residence.time of the RThybrid complex at each step of
Transferase AdditionsThe ability to catalyze consecutive N €xtension. They range between 3 and 4 h.
additions of a given nucleotide onto thé t8rminus of a HIV-1 RT must therefore display a tight affinity for the

DNA fragment without using the coding information present intermediates which accumulate during the anomalous DNA
at the 5 end of the template is reminiscent of the behavior polymerization. To characterize such intermediates, a series
of known terminal tranferases [see Kornberg and Baker of primers overhanging a template containing either one (D2-
(1992) and references therein]. Indeed addition of few extra 29) or two (D2-33) TAT motifs by one to five T motifs

nucleotides beyond the template termini has been docu-were synthesized (see Table 3 and its legend). After
mented for HIV-1 RT (one to four extra nucleotides) as well hybridization with those templates they were assayed for their
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Ficure 4: Processivity of extended synthesis. A DNA polymerization assay in the presence of dTTP alone was performed as described in
Materials and Methods either in the absence or in the presence of competitor DNA, on the preannealed hybrid p22/D2-33. Incubation times
ranged between 40 s and 15 min. Controls, designed to check the processivity of a synthesis performed in the presence of the four substrates,
plus or minus competitor, were included. After a scan of the relevant lanes of the gels, the relative concentration of each extended species,
X, was determined. The corresponding distribution is plotted here on a semilogarithmic scale as a fumcti@rafmber of incorporated
nucleotides for four representative scans. Left panel. Incubation time of 2 min. Distributions obtained in the absence (diamonds) or in the
presence (rectangles) of competitor. Downward arrows indicate the common location of the maxima for the bands corresponding to an
extended synthesis £ 13). An attenuation factor can be defined as the rafit)/x(—), for each value of, or the difference in ordinates

of the two patterns in these semilogarithmic representations. It is represented hiere fofjust before formation of a T:T mismatch at

position 24, boxed in the template sequence displayed in the abscissa) by the upper bar on the right, and at the common maximum (lower
bar, on the right). Right panel. Incubation time of 10 min. Same representation as in the preceding case. The maximum intensities of the
bands corresponding to extended synthesis occur now-dt4 (in the absence of competitor) and at 13 (in its presence), as indicated

by the two arrows.

ability to bind RT and to sustain reinitiation of a dTTP formation, as sketched in Figure 5a) should therefore occur.
dependent elongation. Binding is assayed by the ability of  As for regular extended synthesis, elongation of protruding
the mixture to incorporate a nucleotide (here dATP), which primers hybridized to the templag@ A, TA3Ts or TALT takes
correctly pairs with the '3end of the template motif (here a place only if MnC} is present in the reaction buffer.
T). These overhanging primers are considered to be putativeAdditionally, primer backward slippage and its subsequent
intermediates of the reaction, if they also incorporate several elongation do not occur in the absence of the T:T mismatch
dTTP molecules, at a rate equivalent to the rate observed afat position 24: if p34pro/D2-33 was substituted with the
the same step during steady-state synthesis (see scheme imybrid p34Apro/D2-33 (which forms a T:A match at position
Figure 5a). As shown in Figure 5b and 5c, incorporation of 24, see Table 3), the protruding primer was not elongated.
dATP occurs inall of the overhanging primers assayed in Primer backward slippage and extended synthesis are also
this series. When dATP is replaced by dTTP, not one but both inhibited by the formation of a correct pairing down-
several thymidines are added sequentially, indicating that stream the A motif. If the pyrimidine residue located at
initiation of extended synthesis is also taking place (see position 29 on the template TA4Pys) is correctly paired,
Figure 5a and 5b again). In general however, addition occursextended synthesis is abolished, even in the presence of a
at a slower rate than the one observed during the corre-T:T mismatch at position 24. Inhibition of extended
sponding forward synthesis. On a template terminated by asynthesis takes also place when the hybrid p22/29C (which
single TA,T motif, the reinitiation rates vary from 0.022 to has the critical sequencgTA4Cs) is elongated in the
0.03 minrt per added nucleotide when the primer contained presence of both dTTP and dGTP, this last substrate being
from five to one overhanging motifs (Figure 5c; other results now correctly paired to the'5yrimidine base (data not
not shown). The rate of reinitiation becomes equivalent to shown, but summarized in Table 3). On the contrary in the
the forward rate of extended synthesis (0.3 hilonly when presence of dTTP alone (or of both dTTP and dCTP)
the D2-33 template, terminated BYA4TA3Ts, was hybrid- extended products are normally formed. As efficient exten-
ized with p34pro which contains a tail overhanging by a sion, repositioning of the primer strand and subsequent
single T (Figure 5b). Reentry was then no longer rate elongation are therefore dependent (i) on the presence of a
limiting for the reestablishment of steady-state synthesis. misincorporation upstream of the poly-A tract and (ii) on
Extensive primer overhang beyond the last base of thethe absence of a correct pairing downstream of the same
template is therefore prevented during extension of the homopurine tract.

primer. A constant repositioning of the primer strand with ~ Repositioning of the primer strand was then probed on
respect to the template (probably by some type of loop the same templates by permanganate attack of their unpaired
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FiGure 5: Reorganization of several hybrids during extended synthesis. (a) Hybrid p34pro/D2-33, a primer protruding by one base, is
represented on the first line. The minimal reorganization of this primer as HIV-1 RT binds and incorporates one dATP molecule is represented
on the left side (pairing of the incoming substrate with the terminal T residue on the template). On the right are schematically represented
unpairings required for the first and the fourth incorporations when dTTP is added (in this case any A residue could probably be used as
a nucleotide template). The original primer and template sequences are indicated in capital letters. Small letters represent the incorporated
residues. The position where the primer is labeled is marked with a star. The critical mismatch at position 24 is boxed. The gels on the left
and on the right sides show, at the times indicated, the actual elongations observed in the presence of dATP or dTTP, respectively. In both
cases the concentration of the substrate isiB0Significant differential reactivities of those structures with respect to Ki/e® displayed

on the right. These reactivities were probed with the corresponding hybrids complexed with HIV-1 RT as dTTP was incorporated (see
text). Full line, strong reactivity to KMng) thin line, mild reactivity; dotted line, almost no reactivity. A circled star indicates the incorrect
pairing at position 24. (b) Kinetics of elongation of p34pro/D2-33. A hybrid was formed between p34pro and D2-33 (see the upper part of
panel a) and incubated with HIV-1 RT. After 15 min a single nucleotide monophosphate was addediAj7d®e disappearance of the

primer, monitored by(t), and the appearance of consecutive prodptswere followed. They are displayed on a semilogarithmic plot,

log xo = f(t), log(1—p)) = g(t) allowing measurement of the corresponding rate constdlis Open square, addition of dATR'(t) =

0.46 mim?; filled diamond, addition of dTTPk;'(t) = 0.3 mir?, k)'(t) ~ 0.6 mirrL. The latter rate constants are of the same order of
magnitude as the ones measured during elongation of a recessed primer, for the formation of the samekpyo)derc@.32 mirnr?, ky4(t)

= 0.45 minL, (c) The same experiments as in panel b, performed with the hybrid formed between D2-33 and p34pro (overhang of five
nucleotides, see the upper part of the figure). Open square, addition of #AEP= 0.022 mi?; filled diamond, addition of dTTPk,'(t)

= 0.015 mirry, ky'(t) > 0.015 mirr®. These rate constants are clearly smaller than the ones measured during steady-state elépggtion:

= 0.47 mirr?, kyp(t) = 0.30 mir?,

thymidines. Patterns of reactivities of hybrids alone and of hybrids p22/D2-29 and p22/D2-36 are self-consistent. They
hybrids complexed with the enzyme during normal or show three different levels of reactivity for the complexes:

extended synthesis were compared, using the conditionspoly-dT tails expected to protrude from the template appear
described in Materials and Methods. Results obtained with uniformly sensitive to KMn@, and the Ts located just
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FiGurRe 6: Progressive increase in the efficiency of extended synthesis on RNA templates as potential mismatches accumulate. (a) Extension
of a primer matched with an RNA template up to the first U of the crucial motif,Wfp24/R2-36). Synthesis monitored at 1, 2, 5, 10,

15, 30, and 45 min (lanes-B) is rather inefficient. On the right, the template sequence is represented. The non-elongated primer is used
as a marker in lane 1. (b) Extension on p21/R2-36 monitored as in a (the 5 min time point is missing); here the first uridine of the motif

is not prematched. Extension is more efficient. The template sequence is represented on the right. (c) A new G:T mismatch is introduced
at position 18 [p18(G:T)/R2-36]. On the left the G present at then of the template is labeled with a star. The kinetics of extension are
performed with a wild-type HIV-1 RT (lanes-13) and with an RNase Hmutant (lanes 46). Left and right panels correspond to gel
exposures of 40 and 5 h, respectively. The degree of polymerization of the consecutive products is given in nucleotides (arrows on the left
side), the longer products (arrowheads) being estimated through a logarithmic extrapolation. In order to visualize bands corresponding to
the longer products>(70 nt), which cannot be discriminated on a 20% PAGE, the samples have been separated on 10% PAGE.

downstream of the critical mismatch are uniformly protected enzyme resolves bulging problems during extended synthesis
while this mismatch and the base just upstream of it are both[reviewed in Le Grice (1993)].

mildly exposed (data not shown). These results were used Experiments performed with RNA templates allow posi-
to propose the sketch displayed in Figure 5a, assuming thattioning of the DNA polymerase site of HIV-1 RT during
full protection results from a local double-stranded structure extended synthesis. To do so, we have first localized the

of the DNA. ;
. RNase H site by the pattern of attack of a labeled template;
Extended Synthesis on RNA TemplatBhA sequences we have then calculated the average distance (in nucleotides)

homologous to the previous DNA templates were then o ) ;
: - .| between the two catalytic sites by the method described in
systematically assayed. The order of efficiency of the crucial the legend of Figure 7, and last, we have replotted the

motifs is essentially unchanged when the RNA sequences o
y 9 q reactivity data on the sequence of the template after a

are substituted for DNA sequencesgdA4UA3Us motif ; i .
being the most efficient. The role of various mismatches corresponding translation. The pattern of degradation of a

was investigated on this type of template (see Figure 6). labeled RNA te_mpl:_:lte was established either in the absence
Extension was again inefficient when the first U at position Of any nucleotide, in the presence of all the dNTPs or of
24 in thesUAUAUs motif is matched (p24/R2-36, Figure dTTP alone. In the absence of added substrate, the DNA
6a). Synthesis increases when it is mismatched (p21/R2-Polymerase site, P, is expected to sit at thee®d of the

36, Figure 6b). The introduction of a further G:T mismatch Primer. In this case a distance of 15 bases separates the
at position 18 markedly increases the rate of primer elonga- Polymerization site, P, from the prevalent RNA cleavage site,
tion, specifically when the enzyme carries an efficient RNase R, when primers p21 or p24 are used (see Figure 7a,b, lanes
H activity [p18(G:T)/R2-36, Figure 6¢; compare lanes3l b and c, and scheme in Figure 7e). An identical distance
with lanes 4-6]. Very long products are observed with the has been previously measured on a different hybrid by
wild type enzyme, probably because the steady degradationPeliska and Benkovic (1992). In agreement with these
of the template by the RNase H activity carried by the authors we also observed shorter 1&8beled fragments
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FIGURE 7: Nuclease degradation of the RNA template by the RNase H activity of HIV-1 RT. Scheme for positioning the catalytic sites on
p21/R2-36. (a) p21/R2-36. (b) p24/R2-36. (c) p18(G:C)/R2-36. (d) pl8(G:T)/R2-36. Lane a, unprocessed R2-36 RNA; lanes b and c,
hybrid and HIV-1 RT incubated for 5 and 15 min, respectively; lanes d and e, hybrid, HIV-1 RT, and dNTPs incubated for 1 and 5 min,
respectively; lanesfl (panel a), hybrid, HIV-1 RT, and dTTP incubated for 1, 2, 5, 10, 15, and 30 and 45 min, respectively;+&nes f

(panel b), hybrid, HIV-1 RT, and dTTP incubated for 2, 5, 10, 15, 30, and 45 min, respectively; fgn@anels c and d), hybrid, HIV-1

RT, and dTTP incubated for 7, 15, 30, 45, and 60 min, respectively. (e) As an example, a scheme for the major degradation patterns
observed on the p21/R2-36 hybrid, panel a, is represented. The RNA template is label&® aitits 5 end. The position of a prevalent

RNase H degradation site (R), resulting from panel a, is shown by an arrow (minor degradation sites, appearing at longer incubation times,
are indicated by an “R” of reduced size). The hypothetical position of the corresponding DNA polymerase site (P) is represented by an
arrow located 15 residues more downstream. In the absence of substrate (lane b) or of dNTPs addition (lane d), the DNA polymerase site
must be located at positions 22 and 36, respectively (see text). In both cases the predicted P site corresponds to the one calculated by adding
15 residues to the position of the R site. During extended synthesis in the presence of dTTP (lane j), two major RNase H degradation sites
are present. The corresponding polymerization sites are therefore at positions 30 and 32 after translation by 15 residues on the sequence.
The horizontal bar underlines the critical WAmotif. A star indicates the U:T mismatch at position 24. Primers and templates are indicated

in capital letters. The incorporated nucleotides are represented by small letters.

appearing at longer reaction times. Fragments of 18 p18(G:T)/R2-36, where the extended synthesis proceeds with
bases in length, the average distance between the RNase khaximal efficiency (see Figure 6c), the pattern of RNase H
and measured polymerase sites in the absence of substrataction remains quasi-stable (Figure 7d, lane§.f In this

or during steady-state elongation (Kohlstaedt et al., 1992; case the RNA sequence, onto which the catalytic site for
Gopalakrishnan et al., 1992; Metzger et al., 1993), appearretrotranscription appears to be positioned, is precisely the
only for reaction times shorter than 30 s [see again PeliskaUA;U motif (Figure 8d). Therefore, introduction of an
and Benkovic (1992)]. In the presence of the four nucleotide additional mismatch at position 18 stops the processive
substrates, full-length copies of the template were observed.RNase H activity. As a consequence, the most efficient
Experiments monitoring RNase H degradation during regular extension is observed and the “consensus” RNA maotif is
synthesis indicate that the length between the end of themaintained in proper register with the catalytic site.
RNA/DNA duplex (polymerase site, P) and the prevalent

RNA cut (RNase H site, R) is again 15 nucleotides (see DISCUSSION

Figure 7, lanes d and e in each panel, and scheme in Figure The present experiments describe conditions where DNA
7e). Afragment of 12 nt appears only for longer incubation polymerization by HIV-1 reverse transcriptase departs from
times. its classical mode of elongation and “stutters” on DNA as
Patterns of progression of the RNase H activity were then well on RNA templates. This aberrant mode of synthesis
monitored on different primer/template combinations as prevails when a misincorporation is introduced and when
extended synthesis was taking place, in the presence of dTTRnillimolar concentrations of MnGlare used. Divalent
alone. According to the previous data, the position of an cations are known to deeply affect the accuracy of DNA
RNase H site at position(lower part of the histogram, Figure  polymerases (Beckman et al., 1985). In the present case
8) was used to locate the DNA polymerase sita-at5 manganese can be first chelated to the primer-template before
(upper part of the histogram). On the less active hybrid (p24/ enzyme and magnesium addition, suggesting that the primary
R2-36), RNase H action degrades processively the wholerole of this cation is to induce or to stabilize a particular
template (Figure 7b, lanes-k, and Figure 8a). A partial  geometry of the primer-template. Nin being a soft ion,
halt is observed when the mismatch is restored at position binds preferentially soft ligands, like the heterocyclic nitrogen
24 (Figure 7a, lanesl, and Figure 7c, lanesj). After atoms of the bases, while inner sphere coordination 6fMg
translation, the catalytic site is located mainly af And a hard ligand, is more readily accomplished by the oxygen
Az (p21/R2-36) or even at AAzs [pl8(G:C)/R2-36] ligands of the ribose phosphate backbone. In particular,
(Figures 8b and 8c, respectively). On the mismatched hybrid mismatches which expose heterocyclic nitrogen atoms to the
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Ficure 8: Positioning of the catalytic sites during extended synthesis. The pattern of RNase H activity of the wild-type HIV-1 RT on
different hybrids is followed during extended synthesis (in the presence of dTTP) at the times indicated. Histograms display the intensity
of the corresponding bands as shown in Figure 7. The degradation pattern, and the corresponding position of the catalytic site, is then
compared to the respective elongation profile shown in Figure 6. The bottom sequence (pbaitibhe®xed R for RNase H site) positions

the actual RNase H degradation sites quantified from Figure 7. The upper sequence (pbsitibrad boxed P for polymerase site)
positions the corresponding DNA polymerase sites after a translation by 15 nt. On both sequences the U residues located in the critical
motif are circled. (a) RNase H degradation pattern observed on p24/R2-36 at the times indicated. The pattern is positioned with respect to
the template sequence, written in the lower part of the histogram, and is read with respect to the upper sequence to locate the corresponding
position of the catalytic site, P, involved in reverse transcription as extension proceeds. After this translation the highest cutting frequency
takes place after the twenty-first residue, a uridine. It positions the catalytic site for polymerization at the end of the template (after the
thirty-sixth nucleotide), as expected for run-off synthesis. (b) Processive RNase H degradation on p21/R2-36 monitored at the times indicated.
RNase H action is halted three nucleotides upstream of the limit position observed in a. Accordingly, the catalytic site for polymerization
is within the last UAU motif (upper sequence). (c) p18(G:C)/R2-36. The primer has been shortened by three nucleotides, and a thymidine
residue, T, has been introduced by HIV-1 RT in front of position 21 (previously occupied by an adenine residue, A, in a and b). Extended
synthesis occurs at a pace slightly faster than in b (results not shown). RNase H degradation is slowed down. During the 60 min of incubation,
the catalytic site for reverse transcription appears to drift fromW#so UA3U. (d) p18(G:T)/R2-36. RNase H degradation is halted at
position 13 on the template sequence (lower part of the histogram). The prevalent cuts locate the DNA polymerization site on the upper
sequence within the UAJ motif during the 60 min of incubation (the horizontal bar below the upper sequence delimits the RNA region
which is not yet accessible to reverse transcription according to our positioning of the catalytic site).

Telomerase HIV-RT

solvent are more likely stabilized by Mhrather than by
Mg?* (Pan et al., 1993). Furthermore the nucleotide pools

were highly biased, this being a requirement for observing 1

this process under the presentuitro conditions. Indeed

somein vitro assays performed in the absence ofMiead

from time to time to sequence insertions which could also

be due to the phenomenon analyzed here (Martinez. et al

1995). * oTTP
This efficient mode of synthesis of polypyrimidine tracts 2

is not due to blunt end or terminal nucleotidyl transferase t :tt.t'-

addition. In sharp contrast with these processes, the present YAAAT

activity requires and copies a specific template sequence Al e

immediately following a critical site of mismatch formation.

The sharp specificity of the reaction is also illustrated by ¥

the fact that HIV-1 and HIV-2 RTs are the only polymerases °

able to perform efficiently this aberrant mode of synthesis 3 *

on the Py(PuPy motives of the template. Most certainly, (o

synthesis of products exceeding the template size have been . ;AAAT

previously reported using HIV-1 RT (Buiser et al, 1991; A e

Andreola et al 1993) and other DNA polymerases (Guieysse

et al., 1995), but the analyses of the corresponding experi- .

ments have suggested a mechanism involving enzyme ¥

dissociation followed by a switch to a new template. Here, L

4

in contrast, addition of competitors only mildly affects the tt

process by complexing only those RT molecules which have

dissociated before entering the critical template sequence. !
There is no significant difference between the process

observed on DNA and on equivalent RNA templates except

t tet tt
Al e
.
that reiterative synthesis can be more efficient in this second

case and that the enzyme positioning is better defined. FiGurRe 9: HIV-1 RT as a telomerase. Left panel. Mechanism

If we pool together the observations made on those variousPostulated by Shippen-Lentz and Blackburn (1990) Eoplotes
telomerase. Right panel. An equivalent mechanism proposed for

templates, the data §upport an overall mechanism where th‘E'extended synthesis by HIV-1 RT on a DNA template. Step 1, the
enzyme operates in a mode analogous to telomerasesirst T:T mismatch commits the enzyme to a new mode (the star
[Shippen-Lentz & Blackburn, 1990; Blackburn, 1993; and indicates a non-canonical primer/template pairing); step 2, copy of
in more detail, Gilley and Blackburn (1996)]: cammitment an A, stretch and encounter with the second thymine residue of

o : ; the template; initiation of backward strand slippage; step 3,
step requiring MA" takes place during the slow formation repositioning of the catalytic site on an A residue of the template;

of a T:T (or U:T) mismatch and leads to a state of high gtep 4, new cycle of polymerization (analogous to step 2). Note
processivity where misalignment between the two strandsthat, as it extends the primer, the catalytic site (labeled by a box
of the duplex is made easier (Figure 9, step 1). This is with arrowhead) passes back and forth on the enzyme domain
followed by an elongation cycle(step 2). Significant (indicated by an oval) which holds the crucial template motif.
extension past the last base of the core polypurine motif

cannot take place without strand slippage which in turn protruding primer are similar: presence of Mnand
requires some DNA unwinding (step 3). Requirements for presence of a limited core of purines flanked by two
efficient extension, and for efficient resumption of polypy- pyrimidines. They can be explained by the necessity of
rimidine synthesis, where the enzyme has to rebind to afavoring unwinding during reshuffling of the primer. Un-
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winding is easier if the length of the correctly paired template a strained conformation of the primer (here the RNA) or of
purine tract is limited, expecially when followed by;&y- the single-strand DNA template.
Pu step where the last nucleotide is mispaired. The The easy expansion of repeat regions in several genes
potassium permanganate footprinting experiments indicateinvolved in human diseases could also be generated by DNA
no permanent bulge upstream the crucial mismatch. Theypolymerases performing during elongation an operation
also fail to detect any new hot spot when the overhanging expected to take place at another stage. Sequence expansions
primer slides back. Therefore, the constant repositioning of do not seem to be exceptionnally rare events: ratheiipo
the catalytic site likely occurs at random on any A motif of data indicate that these anomalies have a high tendency to
the consensus DNA sequence (see step 3, Figure 9). Thisappear but that they are eliminated by a functional repair
interpretation is also supported by the unimodal Gaussiansystem (Strand et al., 1993; Johnson et al., 1995). Without
distribution of the extended products (see for example Figure exceptions, the “excess” number of repetitions which gener-
1b), a pattern obtained when all of the forward transit times ates a pathological state arises on a sequence background
are of the same order of magnitude (Fersht, 1985). which is already highly repeated [for review, see Ashley and
On RNA templates, the RNase H footprinting studies Warren (1995)]. Current explanations of the formations of
strongly suggest that an RT domain firmly grips the template these repeats invoke extensive primer slippage during DNA
consensus motif UAJ onto which another domain, which  replication. According to this model, repositioning of the
carries the catalytic site and the primer, performs reiterative primer and subsequent DNA synthesis takes place on a repeat
elongation. This implies dislocationbetween two protein  unit located more upstream (Strand et al., 1993). This still
domains which are maintained in register during normal hypothetical mechanism, however, does not account for the
elongation. Such a dislocation is reminiscent of the occur- formation of the initial “core” unit of repetitions. We
rence of two different modes of dissociation at pause or propose that, under specific polymerization conditions,
termination (leading to free enzyme and hybrid) and during eukaryotic DNA polymerases can also perform reiterative
strand transfer, when RTs maintain a firm grip on their synthesis on specific template sequences. The number of
primer, and weaken their interaction with theehd of the units of this initial “core” can be further increased by the
original template to accept the incoming terminal repeat same mechanism or by slippage-mediated repositioning
sequence (Peliska & Benkovic, 1992), a reaction equivalenterrors. By analogy with HIV-1 RT, where the “stuttering”
to a dissociation between primer/enzyme on the one handbehavior is activated by mismatch formation, it is probable
and template on the other (a similar suggestion was madethat replication handicaps induce eukaryotic DNA poly-
earlier by Greider in 1991). One can finally notice that the merases to undergo these alternative modes of synthesis.
action of RNase H has isolated a PyPy sequence which
bears similarity with consensus RNA motifs occurring at the ACKNOWLEDGMENT
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