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Allosteric Effects of Nucleotide
Cofactors on Escherichia coli Rep
Helicase—DNA Binding

Isaac Wong and Timothy M. Lohman

The Escherichia coli Rep helicase unwinds duplex DNA during replication. The functional
helicase appears to be a dimer that forms only on binding DNA. Both protomers of the dimer
can bind either single-stranded or duplex DNA. Because binding and hydrolysis of aden-
osine triphosphate (ATP) are essential for helicase function, the energetics of DNA binding
and DNA-induced Rep dimerization were studied quantitatively in the presence of the
nucleotide cofactors adenosine diphosphate (ADP) and the nonhydrolyzable ATP analog
AMPP(NH)P. Large allosteric effects of nucleotide cofactors on DNA binding to Rep were
observed. Binding of ADP favored Rep dimers in which both protomers bound single-
stranded DNA, whereas binding of AMPP(NH)P favored simultaneous binding of both
single-stranded and duplex DNA to the Rep dimer. A rolling model for the active unwinding
of duplex DNA by the dimeric Rep helicase is proposed that explains vectorial unwinding
and predicts that helicase translocation along DNA is coupled to ATP binding, whereas ATP
hydrolysis drives unwinding of multiple DNA base pairs for each catalytic event.

The transient unwinding of double-strand-
ed (ds) DNA to form single-stranded (ss)
DNA is an essential step in DNA replica-
tion, recombination, and repair and is cat-
alyzed by DNA helicases in reactions that
are coupled to the hydrolysis of nucleoside
5'-triphosphates (I, 2). Helicases function
at an unwinding fork [that is, the junction
between duplex (ds) and ss-DNA] to unzip
duplex DNA progressively by destabilizing
the hydrogen bonds between the base pairs
(bp). These enzymes occur in both prokary-
otes and eukaryotes (1-3); 11 helicases
have been identified in Escherichia coli alone
(4, 5). Helicases unwind duplex DNA in
vitro in the absence of DNA synthesis,
some at rates comparable to the rates of
replication in prokaryotes (500 to 1000 bp
per second). Some helicases that function
in transcription (6), translation (7), and
DNA repair (8, 9) can unwind duplex
RNA and RNA-DNA hybrids. Putative
RNA helicases that may function in RNA
splicing (10) have been identified on the
basis of amino acid sequence comparisons
(11).

The molecular details of the mechanism
of DNA unwinding are not yet known for
any helicase. In principle, a helicase could
function by either a passive or active mech-
anism. In a passive mechanism, a helicase
might bind to and translocate unidirection-
ally along only ss-DNA, catalyzing net DNA
unwinding by binding to the ss-DNA that is
formed transiently as a result of thermal
fluctuations in the DNA duplex at an un-
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winding fork. Active mechanisms of DNA
unwinding would require direct binding of
the helicase to a region of the duplex DNA
with subsequent destabilization of the du-
plex. Therefore a helicase that functions by
an active mechanism might possess the abil-
ity to bind simultaneously to both ss- and
ds-DNA (5). This requires the functional
helicase to possess at least two DNA binding
sites.

The E. coli Rep helicase is required for
replication of a number of phages (for ex-
ample, $X174, f1, and P2), and the rate of
propagation of the E. coli chromosomal
replication fork is reduced by a factor of ~2
in rep mutants (12). Although the rep gene
is not essential in E. coli (13), rep/uvrD
double mutants are lethal (14) as are some
rep/rho(ts) double mutants (15); hence Rep
may also be involved in DNA repair (16)
and transcription (15).

Although the Rep protein is a monomer
(72.8 kD) (17) up to concentrations of at
least 8 uM, it forms a stable dimer on
binding either ss- or ds-DNA, and chemi-
cally cross-linked Rep dimers retain both
ss-DNA—dependent ATPase (adenosine
5'-triphosphatase) and DNA helicase activ-
ities (18, 19). Each protomer of the Rep
dimer can bind either ss- or ds-DNA, with
both DNA conformations competing for

Fig. 1. Dimeric Rep-
DNA complexes. Dia-
grammatic representa-
tion of the different Rep
dimer-DNA species that
can formin the presence
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the same site on each protomer, and dimers
can bind ss- and ds-DNA simultaneously
(19). The affinity of ss- or ds-DNA for a
half-saturated Rep dimer is modulated by
the conformation of the DNA that occupies
the first site (19). These results suggest that
the active form of Rep helicase is dimeric,
thus providing the helicase with two DNA
binding sites. In fact, the active forms of
many helicases may be oligomeric in order
to provide the helicase with multiple DNA
binding sites (5).

The binding and hydrolysis of nucleoside
5’'-triphosphate, usually ATP, is essential for
helicase activity, and Rep appears to hydro-
lyze two molecules of ATP per base pair
unwound (20-22). The binding and hydrol-
ysis of ATP and the subsequent release of
ADP (adenosine 5’-diphosphate) and inor-
ganic phosphate may cause the helicase to
cycle through a series of energy (conforma-
tional) states and may drive DNA unwind-
ing vectorially (5, 21, 23). The unwinding
process would then be propagated by repeat-
ed binding and hydrolysis of ATP and re-
lease of ADP. Such changes in conforma-
tional states induced by ATP and DNA
binding have been observed for Rep (24).

In order to determine how a helicase
functions, information about the energetics
and dynamics of its interactions with both
ss- and ds-DNA is needed, as both forms of
DNA are present at an unwinding fork.
However, for a multisite protein such as the
DNA-induced Rep dimer, it is difficult to
examine the effects if DNA binding at the
separate sites of DNA molecules are long
enough to bind simultaneously both Rep
protomers. These complications can be cit-
cumvented with short oligodeoxynucle-
otides [16 nucleotides or base pairs] that
preclude multiple binding of Rep monomers
to a single oligonucleotide (19). Using these
Rep dimer—oligodeoxynucleotide complexes
to model intermediates that can form at an
unwinding fork (Fig. 1), we determined the
energetics of formation and the relative pop-
ulation distributions of these complexes in
the presence and absence of the nucleotide
cofactors ADP and the nonhydrolyzable
ATP analog B-y-imidoadenosine 5'-triphos-
phate [AMPP(NH)P].

Equilibrium constants for Rep DNA
binding and dimerization. The equilibrium
linkage scheme, the macroscopic equilibri-
um binding constants (Kj;,), and the Rep
dimerization constants (Ly,) (25) that de-
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of ss- and ds-oligodeoxynucleotides that are of sufficient length to allow only one Rep monomer to bind

per oligodeoxynucleotide.
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scribe the interactions of Rep with short
oligodeoxynucleotides (19) are shown in
Fig. 2. A quantitative description of this
system requires the determination of seven
independent interaction constants, includ-
ing five Rep DNA binding constants (K;g,
KZSS’ KID’ KZDD’ and KZSD) and two dimer-
ization constants (L,s and L,p) (19). Be-
cause Rep monomers in the absence of
DNA do not dimerize at concentrations up
to at least 8 uM (18, 26), we do not need
to consider explicitly any equilibria involv-
ing the free Rep dimer at the low Rep
concentrations (0.2 uM monomer) used in
these studies. The remaining equilibrium
constants (Lzss, LZDD’ LZSD’ Kzs, and KZD)
can be calculated from the seven that are
determined experimentally and an upper
estimate of L, < 10* M~! (18, 19). All
experiments were performed with d(pT),4
as ss-DNA (27) and the 16-bp hairpin
duplex oligodeoxynucleotide HP (5’-GAC-
TCGTTACCTGAGT-T,-ACTCAGGT-
TAACGAGTC) (28) as ds-DNA.

We obtained equilibrium isotherms for
Rep-oligodeoxynucleotide binding using a
double filter nitrocellulose filter binding
method (19, 29). To determine all seven
interaction constants for each solution con-
dition required three independent sets of
filter binding experiments (19, 30). In the
first set, only d(pT) ¢ was used to obtain the
three constants K; g, K,gg, and L,g, describ-
ing Rep interactions with ss-DNA (Fig. 2).
In the second set, only the 16-bp HP was
used to obtain the three constants K;p,
K,pps and L,p, describing Rep—ds-DNA
interactions (Fig. 2). For each case, two
isotherms were measured, one at constant
oligodeoxynucleotide concentration, vary-
ing the Rep concentration, and the other at
constant Rep concentration, varying the
DNA concentration (19, 30). Finally,
competition binding experiments per-
formed in the presence of both d(pT) ¢ and
HP yielded K,5p (19).

Effects of nucleotide cofactors on DNA
binding and dimerization. In order to ex-
amine the effects of nucleotide cofactors on
the equilibrium binding of ss- and ds-DNA
to Rep, we performed titrations in the
presence of either ADP (2 mM) or AMPP-
(NH)P (31), in buffer that contained 5 mM
MgCl, (30). We compared three Rep-
d(pT),6 equilibrium binding isotherms ob-
tained at constant Rep concentration in the
presence of ADP(Mg?*), AMPP(NH)P-
(Mg?*), or Mg?* alone (Fig. 3A). There
was little qualitative effect of either nucle-
otide cofactor on the first phase of these
isotherms, which reflects mainly monomer-
DNA binding and dimerization (K;5 and
L,s); however, dramatic effects were ob-
served on the second phase of the iso-
therms, indicating large changes in the
relative affinities of d(pT),¢ for the unfilled

subunit of the P,S complex (K,gg5) (32).
Simultaneous nonlinear least-squares
analysis of these isotherms in conjunction
with isotherms obtained at constant
d(pT),¢ concentration (19) yielded values
of the three interaction constants K;g, L,g,
and K, for each condition (Table 1). The
values of these constants showed that nei-
ther K;g nor L,5 was sensitive to the bind-
ing of nucleotide cofactors. However, K,sg

decreased by more than a factor of 300 on
replacing ADP(Mg?*) with AMPP-

Fig. 2. Linkage scheme Kis
for DNA-induced Rep
dimerization in the pres-
ence of both ss- and ds-
oligonucleotides.  The
system is composed of
eight protein species, X
namely, P, PS, PD, P,S, ol
P.D, P.,S,, P.,D,, and
P.SD, where P, P,, S,
and D represent Rep
monomer, Rep dimer,
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(NH)P(Mg?**). Relative to the value of
K,ss in the absence of nucleotide, binding
of AMPP(NH)P induced a decrease in
K,ss, whereas binding of ADP had the
opposite effect. These effects were not the
result of lowered free Mg?* because of che-
lation by the nucleotide cofactors as in-
dicated by independent experiments per-
formed by varying the Mg?* concentration
(33).

The effects of nucleotide cofactors on
the Rep-ds-DNA interaction constants
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ss-DNA [d(pT),¢] and ds-DNA [16-bp hairpin (HP) duplex], respectively. The Rep-DNA binding
constants are designated by the K, and the Rep dimerization constants are designated by the L, as
defined in Table 1, where the first subscript, 1 or 2, designates whether the product formed is a Rep
monomer or dimer, respectively, and the second and third subscripts, S or D, designate the species of
DNA bound to Rep. The free Rep dimer, P,, is not formed under the conditions of these experiments.
Therefore only seven interaction constants are needed to fully describe this equilibrium scheme. The
seven constants that we have chosen to use are indicated in bold.

Fig. 3. Effects of nucleotide
cofactors on Rep-DNA inter- LA
actions. Nitrocellulose filter 10l
binding (79) was used to ob-

tain equilibrium isotherms for L
Rep binding to (A) labeled 08
32P-d(pT)4 Or. (B) 32P-HP ds-
DNA at constant Rep concen-
tration (0.2 wM of monomer)
under standard conditions (20 A
mM tris, pH 7.5, 6 mM NaCl, 5 04 |-
mM MgCl,, 5 mM 2-mercapto- [
ethanol, 10 percent (v/v) glyc-
erol, 4°C) with no cofactor
(open circles), 2 mM AMPP-
(NH)P (filled circles), or 2 mM

06

ADP (filled diamonds). Rep
was purified as described (78,
26). Resolution of the three
independent interaction con-
stants, Kjs, Lss, and Kygg (Or 0.8
Koy Lop, and Kypp) was

achieved by performing two [
equilibrium titrations for each 06 [
solution condition, one at con- [
stant Rep concentration as

[DNA]bound/ [Rep]monomer
5
—

shown and the other at con- 04
stant DNA concentration (0.1 [
wM for dT,g and 0.2 pM for 02t
HP), followed by simultaneous [
nonlinear least-squares analy- 00 L
sis of the two parallel titrations ’ 10

as described (79). Solid lines
represent simulated isotherms
obtained with the DNA-in-

108 107 106 10°5 104

[DNAL oz (M)

duced Rep dimerization model [Fig. 2, eq. 1 (30)] and the best-fit interaction constants in Table 1.
For comparison, the simulated isotherms for Rep-dT, binding from (A) in the presence of ADP
(dashed) and AMPP(NH)P (dotted) are shown under the same conditions.
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were examined with the 16-bp hairpin
duplex HP (28). The Rep—ds-DNA iso-
therms were compared in the presence and
absence of cofactors [2 mM ADP or AMP-
P(NH)P] (Fig. 3B). In each case, a 1:1
Rep monomer-HP stoichiometry was
achieved at saturating DNA concentra-
tions, an indication that both subunits of
the Rep dimer can bind duplex DNA.
These isotherms and the interaction con-
stants determined from their analysis (Ta-
ble 1) indicate that neither nucleotide
cofactor significantly affected the Rep-HP
equilibrium binding constants K; and
K,pp, although the dimerization constant
L,p was about three times greater in the
presence of ADP(Mg?™*).

We further compared the Rep-HP du-
plex isotherms with those for Rep-d(pT) ;¢
(Fig. 3B). In 5 mM Mg?" the isotherms
for d(pT),¢ and HP binding to Rep were
quite similar; however, in the presence of
ADP or AMPP(NH)P these isotherms dif-
fered. The largest differences were ob-
served in the second phase of the d(pT)
isotherms reflecting differences in the val-
ues of K,g5 for d(pT) ¢ binding (32). In
the presence of ADP, K,s5 was consider-
ably larger than K,pp, whereas the oppo-
site was true in the presence of AMPP-
(NH)P (Table 1).

Modulation of competitive binding of
ss- and ds-DNA to Rep by nucleotide
cofactors. The HP duplex and d(pT) ¢ bind
competitively to the same sites on Rep
monomers and dimers, and they can also
bind simultaneously to a Rep dimer, one to
each protomer, to form P,SD (19). We
therefore measured the effects of nucleotide
cofactors on the competitive binding of

d(pT) ;¢ and HP to Rep (Fig. 4, A to C).
For each condition, two parallel experi-
ments were performed in which a preformed
Rep-d(pT) ¢ complex was titrated with HP
duplex. In one case, *?P-labeled d(pT);4
was used with unlabeled HP, whereas in the
other case 3?P-labeled HP duplex was used
with unlabeled d(pT)¢. In all experiments,
the amount of Rep-bound 3?P-labeled DNA
was monitored with nitrocellulose filter
binding. In each condition, d(pT)c was
completely displaced by the HP duplex.
Furthermore, the stoichiometry of total
DNA [d(pT);¢ and HP] bound never ex-
ceeded one per Rep monomer, indicating
that ss- and ds-DNA compete for the same
binding sites as shown in the absence of
cofactors (19). However, the shape and
symmetry of the competitive isotherms
were affected by the presence of nucleotide
cofactors, indicating quantitative differ-
ences in competitive binding and the abil-
ity to form P,SD.

The competitive isotherms (Fig. 4, A to
C) were analyzed to obtain K,gp, the affin-
ity of HP for the unfilled subunit of the P,S
dimer. We accomplished this by simulating
a series of competition isotherms using Egs.
3a and 3b (30). The six constants K;g,
Kzss, Lzs, KlD’ KZDD’ and LZD were con-
strained to their values in Table 1, having
been determined independently, and the
value of K,gp was varied systematically
until the simulated and experimental iso-
therms matched. The results (Table 1)
indicated that K,gp, was lowest in the pres-
ence of only Mg”*, increased ~5-fold in
the presence of ADP(Mg?*), and increased
~30-fold in the presence of AMPP-
(NH)P(Mg**).

Table 1. The modulating effect of cofactors on Rep-oligodeoxynucleotide equilibrium interaction
constants. All titrations were performed with the use of nitrocellulose filter binding (19, 29, 30) in 20
mM tris-HCI, pH 7.5, 4°C, 6 mM NaCl, 5 mM 2-mercaptoethanol, 10 percent glycerol, and 5 mM
MgCl,, with 2 mM AMPP(NH)P or ADP as indicated. The dT,, was used as ss-DNA (S) and a 16-bp
duplex hairpin (HP) as ds-DNA (D). Kyps = Kisl osKasp/Kiplep Less = LosKass/Kisi Lopp =

LopKopp/Kip Lasp = LasKosp/Kip: Kos = Kislas/L,

2 Kop = Kiplop/Ls. Upper estimate for L, is

based on the observation that Rep in the absence of DNA is monomeric at concentrations up to 8

pM (18).
Equilibrium constant + SD* (uM™")
Reaction
MgCl, Mg - AMPP(NH)P Mg - ADP
P+ S = PS (Kt 21 + 0.3 0.74 = 0.12 25 = 07
PS + P =2 P,S (L) 200 + 40 205 + 30 190 + 70
P,S + S 2 PyS, (Koss) 0.0092 + 0.0011 <0.0025 083 *= 0.09
P,S + D = P,SD (Kagp) 0.023 * 0.003 073 =+ 0.08 012 = 003
P+ D=P 058 =+ 0.13 0.80 =+ 0.22 030 = 0.14
PD + P2 P,D (LZD) 290 +70 240 + 80 760 =150
P.D+ D= P2D2 (Kopp) 0.067 =+ 0.008 0.066 + 0.014 0.046 + 0.007
P.D + S 2 P,SD (Kyps) 0.057 0.58 0.25
PS +PS =2 P,S, (Lygs) 3O{B/g <0.69 63
PD +PD = P,D, (Lypp) 5 19.8 120
PS +PD = P,SD (Losp) 7.0 190 76
P, + S 2 P,S (Kyg) =42  x10* =15 x 10* =48 x 10*
P, + D 2 P,D (Kyp) =17  x10* =19 x10* =23 x 10
2P 2 P, (L) <0.01 <0.01 <0.01

*SD, standard deviation.
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1TSymbol in parentheses is the equilibrium constant for the adjacent reaction.
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The predicted population distributions
for the saturated Rep dimer species PZSZ,
P,D,, and P,SD in the presence of Mg’
ADP(Mg?*), and AMPP(NH)P(Mg“)
(Fig. 4, D to F) were calculated (19) with
the use of the DNA-induced Rep dimeriza-
tion model (Fig. 2) on the basis of the seven
interaction constants in Table 1. Compar-
ison of these distributions indicated that
formation of P,SD was favored in the pres-
ence of AMPP(NH)P(MgZ+), whereas in
the presence of ADP(Mg**), formation of
P,SD was suppressed and formation of P,S,
was favored. Neither P,SD nor P,S, was
hlghly populated in the presence of only
Mg?*; under these conditions P,S was dom-
inant.

The affinity of either ss- or ds-DNA for
the unfilled site of a half-saturated Rep
dimer was modulated by the type of DNA
bound to the first site (Table 1), indicating
allosteric communication between the two
DNA binding sites on Rep dimers (19).
This behavior is apparent from comparisons
of the intrinsic binding constants (25),
k,xy, which represent the binding of an
oligodeoxynucleotide of conformation Y (Y
= S or D) to a half-saturated Rep dimer P,X
(X = D or S). For example, the relative
affinity of ds-DNA compared to ss-DNA for
a Rep dimer with ss-DNA bound to one
protomer (that is, P,S) is given by k,gp/k,ss
= K,5p/2K;55 (25), and has a value of
0.043 under standard conditions (6 mM
NaCl, pH 7.5, 4°C) in the absence of Mg?*
(19), indicating a strong preference for
binding ss-DNA over ds-DNA to the sec-
ond Rep protomer when ss-DNA is bound
to the first protomer.

These allosteric effects were also modu-
lated by nucleotide cofactors (Table 2), as
k,sptksss had values of 0.072, =146, and
1.25 in the presence ADP(Mg?*), AMPP-
(NH)P(Mg?**), and Mg?* alone, respec-
tively. Therefore, k,sp/k,ss increased by a
factor of 2 X 10° on replacing ADP(Mg*™)
with AMPP(NH)P(Mg?*). Because kygp/
k,ss is equivalent to the equilibrium con-
stant for the transition from P,S, to P,SD
(when S; = Dy f = free), these values
indicate that AMPP(NH)P binding shifts
the equilibrium population of dimers to
favor formation of P,SD, whereas ADP
binding shifts the equilibrium to favor P,S,.
Nucleotide cofactor binding affects primar-
ily the interaction constants K,ss, Ksgp,
and K,pg. All Rep dimerization constants
and the equilibrium constants K;5 and K,
for ss- and ds-DNA binding to Rep mono-
mers, as well as K;5p, were relatively unaf-
fected by ADP or AMPP(NH)P (Table 1).

A rolling model for Rep dimer—cata-
lyzed DNA unwinding. The observations
that DNA binding induces Rep dimeriza-
tion and that a cross-linked Rep dimer
retains both DNA-dependent ATPase and



DNA helicase activities suggest that the
active form of the Rep helicase is dimeric
(18). Therefore, the nucleotide cofactor—
dependent modulation of the relative affin-
ities of ss- and ds-DNA for the two sites on
a Rep dimer is likely to be central to the
mechanism of Rep-catalyzed DNA unwind-
ing. Using the complexes formed between
the DNA-induced Rep dimer and ss- and
ds-oligodeoxynucleotides (Fig. 1) as models
for Rep-DNA intermediates in DNA un-
winding, we have shown the importance of
two intermediates in the unwinding reac-
tion (Table 2 and Fig. 4). On binding
AMPP(NH)P, a P,SD complex is formed
in which ss- and ds-DNA are bound simul-
taneously to the Rep dimer, one to each
protomer, whereas on binding ADP a P,S,
complex is formed in which both protomers
of the Rep dimer are bound to ss-DNA.
On the basis of our observations we
propose a model for the active unwinding of
duplex DNA by the Rep helicase dimer
(Fig. 5). We assume that ss-DNA binds
each protomer with defined polarity with

MgCl,

=
=]

respect to its sugar-phosphate backbone and
that like other dimeric proteins (34) the
Rep dimer has C, symmetry (34). In the
model, at least one subunit of the Rep
dimer, although not always the same sub-
unit, is bound to the 3’ ss-DNA at the fork,
while the other subunit is bound either to
the same single strand or to the adjacent
duplex region ahead of the fork. Binding of
ATP and its subsequent hydrolysis serve to
modulate the affinities of the second Rep
subunit so that binding to duplex DNA is
favored when Rep is complexed with
ATP(Mg?*), whereas binding to ss-DNA is
favored after hydrolysis of ATP to ADP.
In the model (Fig. 5) we start arbitrarily
with a configuration (intermediate I) in
which both Rep protomers are bound to the
3’ ss-DNA strand (corresponding to the
leading strand in DNA synthesis), simulat-
ing a P,S, complex (35). This configuration
was chosen on the basis of the observation
that initiation of DNA unwinding by the
Rep helicase in vitro requires a 3’ ss-DNA
flanking the duplex (21, 26, 36). On bind-

AMPP(NH)P

[DNA]DOUI‘Id, [Rep]monomer
s e o e
N S (= o0

o
°
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ing ATP, the affinity of the P,S complex for
ss-DNA in the second protomer decreases
substantially (intermediate II) with a con-
comitant increase in the affinity of the P,S
complex for ds-DNA, resulting in the for-
mation of intermediate III (P,SD) in which
the Rep dimer is bound simultaneously to
the duplex ahead of the fork and the 3’
ss-DNA strand. In the next step (III to IV),
hydrolysis of ATP by Rep induces confor-
mational changes that unwind (denature)
the region of duplex DNA bound to the
Rep protomer, displacing the 5’ strand
while remaining bound to the 3’ strand,
thereby forming intermediate IV in which
both protomers of the Rep dimer—-ADP
complex are bound to ss-DNA (P,S,). The
subsequent release of ADP and inorganic
phosphate leads to intermediate I', which
differs from intermediate I only in the rela-
tive positions of the individual subunits.
However, because Rep is a homodimer,
intermediates I and I' are functionally
equivalent, and the catalytic cycle is com-
pleted.

ADP

° o
> [
. :

Fraction of rep dimers
o
N

l P,SD

] ."‘PzDz E

4
°
|
|
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Fig. 4. Effects of cofactors on the competitive binding of ss- and ds-DNA
to Rep. The competitive binding of ss- versus ds-oligodeoxynucleotides
for Rep was examined with nitrocellulose filter binding (719). Preformed
Rep-d(pT),¢ complexes (4 uM dT, s and 4 uM Rep monomer) were titrated
with the 16-bp hairpin duplex, HP, under standard conditions (20 mM tris,
pH 7.5, 6 mM NaCl, 5 mM MgCl,, 5 mM 2-mercaptoethanol, 10 percent
(v/v) glycerol, 4°C). Two parallel competition experiments were performed
for each of the following conditions: (A) no cofactor, (B) 2 mM AMPP-
(NH)P, and (C) 2 mM ADP. The 32P-labeled dT,¢ (4 wM) (filled circles) was
used, and the extent of ss-DNA binding to Rep was monitored as a
function of added HP duplex. When the *P-labeled HP duplex was used
(open circles), the amount of ds-oligodeoxynucleotide bound to Rep was
monitored directly in the presence of unlabeled dT,s (4 wM). The
competition curves were analyzed with the DNA-induced Rep dimeriza-
tion model [Fig. 2; equations 3a and 3b (30)], and the best-fit values of
K,sp Were obtained by varying K,gp while constraining the six interaction
constants Kjg, Log, Koss, Kip, Lop, @and Kopp to the values in Table 1.
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These six constants could be constrained, as their values had been
determined from separate analyses of independent binding experiments
with ss-DNA (dT,¢) and ds-DNA (HP). The solid lines represent simulated
isotherms generated with the DNA-induced Rep dimerization model
[equations 3a and 3b (30)] and the seven interaction constants listed in
Table 1 for each condition. In all cases, saturation with ds-DNA required
complete dissociation of bound ss-DNA, indicating competitive binding to
the same sites on the Rep dimer. The predicted population distributions of
the doubly ligated Rep dimer species are shown in (D) no cofactor, (E)
AMPP(NH)P, and (F) ADP. The fraction of Rep protein monomers present
in each of the three doubly ligated states, P,S, (dashed line), P,D, (dotted
line), and P,SD (solid line), were calculated as a function of ds-DNA
concentration under the conditions of the competition titrations with the
DNA-induced Rep dimerization model (Fig. 2) and the equilibrium inter-
action constants in Table 1 as described (79). Arrows indicate the position
at which the concentrations of ds-DNA, ss-DNA, and Rep monomer are
equal (4 pM).
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This model suggests that the Rep dimer
rolls along the DNA, with translocation
(steps I to ITI) coupled to ATP binding, and
DNA unwinding (steps III to IV) coupled
to ATP hydrolysis. Furthermore, each pro-
tomer of the Rep dimer does not remain
bound to the DNA at all times during the
unwinding process; rather, each subunit
alternates among three states, namely,
bound to ss-DNA, bound to duplex DNA,
or dissociated from DNA. However, the
functional helicase dimer always remains
bound to the 3’ ss-DNA through at least
one protomer. This model is therefore dis-
tinct from those that invoke sliding of the
helicase along the DNA (that is, move-
ment of a protomer along the DNA while
the same protomer maintains continuous
contact with the same DNA strand).

Our model predicts that translocation oc-
curs in steps that are comparable to the site
size of the protein (~16 nucleotides for Rep),
rather than one nucleotide at a time, and that
multiple base pairs are unwound per catalytic
event (ATP hydrolysis). Although this ap-
pears to be in conflict with the observation
that two molecules of ATP are hydrolyzed
per base pair unwound during the Rep-
catalyzed unwinding of duplex DNA (20-
22), it is not likely that coupling of ATP
hydrolysis to DNA unwinding is 100 percent
efficient. In fact, a lower coupling efficiency
(two ATP molecules hydrolyzed per bp un-
wound) could result from the mechanism in
Fig. 5, as some uncoupled ATP hydrolysis
should occur continuously because at least
one Rep protomer is always bound to ss-
DNA, and Rep-ss-DNA complexes have
high ATPase activity. Therefore, it is possi-
ble that multiple base pairs are unwound per
ATP hydrolyzed, but that this stoichiometry
is not reflected directly in macroscopic mea-
surements of ATP hydrolysis.

It has been generally assumed that heli-
cases hydrolyze ATP in order to translocate
unidirectionally along ss-DNA. However,
the rolling model (Fig. 5) suggests that Rep
dimer translocation along ss-DNA alone
occurs by a random-walk mechanism with-
out directional bias, as equivalent regions of
ss-DNA exist on either side of the bound
Rep dimer. In contrast, a net directional
movement occurs during duplex DNA un-
winding as a result of the presence of a
duplex region that is covalently linked to
the 5’ end of the ss-DNA. At an unwinding
fork, the unliganded Rep protomer (Fig. 5,
intermediate II) has two non-equivalent
options for its next binding step because it
is flanked on one side by ss-DNA and on
the other side by ds-DNA.. At equilibrium,
the unbound Rep protomer in intermediate
II binds to the DNA conformation for
which it possesses the highest affinity,
which is ds-DNA when Rep is bound with
ATP; hence net directional transfer toward
the duplex results from the presence and
relative position of the duplex DNA and
the influence of nucleotide cofactors on ss-
versus ds-DNA binding. On the basis of the
assumption that ss-DNA binds with a spe-
cific polarity to a Rep protomer, a Rep
dimer would be unable to form the same
type of P,SD complex with a 5 ss-DNA~
duplex junction as it would with a 3’
ss-DNA—duplex junction. This suggests
that Rep initiates unwinding only at one of
these junctions as a result of its inability to
form a correct initiation complex at the
other junction, rather than as a result of
unidirectional translocation along ss-DNA.

A helicase that functions by such a
rolling mechanism should remain bound
continuously to the DNA by at least one
protomer. This provides a mechanism for
the helicase to unwind DNA processively,

Table 2. Cofactor modulation of P,S, = P,SD equilibrium. kygp/koss = Kogp/2Kogs. Values of Kogp
and K,gg are taken from Table 1. AG® = —RT In(kxgp/Koss)-

AG™ Preferred
Cofactor Koso/koss (kcal/mol) ligation state
Mg - ADP 0.072 +1.4 P,S,
Mg - AMPP(NH)P =146 =-27 P,SD
MgCl, 1.25 -0.13 P,S, + P,SD

*Free energy change for the transition from P,S, to P,SD at 4°C assuming S; = D; as would be the case for Rep

bound at the unwinding fork.

Fig. 5. Rolling model for

Translocation

Unwinding

Rep-catalyzed unwind-
ing of duplex DNA, The
dimeric Rep helicase is
shown with triangular
subunits assumed to
be related by C, sym-
metry. The two Rep
protomers are differen-
tiated (filled versus un-
filled) to indicate how
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the positioning of each protomer changes during the unwinding cycle.
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although kinetic considerations such as the
rate of Rep—ss-DNA dissociation and the
efficiency of ATP hydrolysis influence the
quantitative extent of processivity. The
Rep helicase can unwind $X174 DNA
(5386 bp) and fd phage DNA (~6000 bp)
with high processivity in the absence of
DNA synthesis after the supercoiled DNA
has been nicked by the $X174 gene A or
the fd gene II proteins, respectively (21,
37), thus providing the site for initiation of
Rep helicase action.

Although DNA binding studies similar
to those reported here are not yet available
for other helicases, there are similarities
between Rep and other helicases that sug-
gest that some of the behavior observed for
Rep may be general (5). Oligomeric assem-
bly states, usually dimeric or hexameric,
have been observed for all helicases exam-
ined, with the apparent exception of PriA
(38). Examples include hexamers such as E.
coli DnaB (39), SV40 large T antigen (40),
and E. coli Rho (41) and dimers such as E.
coli helicase III (42), phage T7 gene 4
protein (43), a human (HeLa) helicase
(44), and the HSV-1 origin binding protein
(45). The RecBCD protein, a recombina-
tional helicase (46), forms at least a het-
erotrimer and possibly a hexamer
[(RecBCD),] (47). Helicase II (uvrD) from
E. coli (48) and the phage T4 gene 41
protein (49) also oligomerize. Like Rep, the
E. coli DnaB protein can bind ss- and
ds-DNA simultaneously (50), although the
effects of nucleotide cofactors on the rela-
tive affinities of the individual DnaB sub-
units for ss- versus ds-DNA have not been
determined. Therefore, it is possible that
the active forms of many helicases are
oligomeric, thus providing a means by
which these enzymes acquire multiple DNA
binding sites for use in mechanisms such as
the one proposed in this article.
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