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ABSTRACT: The dynamics of the nucleotide binding to a single, noninteracting nucleotide-binding site of the
hexameric helicase RepA protein of plasmid RSF1010 has been examined, using the fluorescence stopped-
flow method. The experiments have been performed with fluorescent analogues of ATP and ADP, TNP-ATP
and TNP-ADP, respectively. In the presence of Mg*™, the association of the cofactors proceeds as a sequential
three-step process

k ka k
RepA hexamer + N?—' (H-N), = (H—N)zl;é (H-N),
—1 -2 -3

The sequential nature of the mechanism indicates the lack of significant conformational equilibria of the
helicase prior to nucleotide binding. The major conformational change of the RepA helicase—nucleotide
complex occurs in the formation of (H—N),, which is characterized by a very high value of the partial
equilibrium constant and large positive changes in the apparent enthalpy and entropy. Strong stabilizing
interactions between subunits of the RepA hexamer contribute to the observed dynamics and energetics of the
internal transitions of the formed complexes. Magnesium cations mediate the efficient and fast conforma-
tional transitions of the protein, in a manner independent of the structure of the cofactor phosphate group.
The ssDNA bound to the enzyme preferentially selects a single intermediate of the RepA—ATP analogue
complex, (H—N),, while the DNA has no effect on the intermediates of the RepA—ADP complex. Allosteric
interactions between the nucleotide- and DNA-binding site are established in the initial stages of formation of
the complex. Moreover, in the presence of the single-stranded DNA, all the transitions in the nucleotide

binding to the helicase become sensitive to the structure of the phosphate group of the cofactor.

The metabolic processes of DNA and RNA, such as replica-
tion, recombination, and translation, require that the duplex
conformation of the nucleic acid be unwound to form a tran-
siently metabolically active single-stranded intermediate (/—7).
The unwinding reaction is catalyzed by a class of enzymes called
helicases, and the process is fueled by the hydrolysis of nucleoside
triphosphates (/—7). The replicative helicases are predominantly
homohexamers built of six identical subunits (3—7). The RepA
hexameric helicase is coded by broad host nonconjugative
plasmid RSF1010, which confers bacterial resistance to sulfona-
mides, and streptomycin (§—17). The RepA enzyme is the DNA
replicative helicase, which is essential for the RFS1010 plasmid
replication and unwinds the dsDNA' in a ¥ — 3’ direction
(10, 11). The molecular mass of the RepA monomer is 29896 Da;
i.e., it is one of the smallest known helicases. The crystal structure

"This work was supported by National Institutes of Health Grant
GM46679 (to W.B.).

*To whom correspondence should be addressed: Department of
Biochemistry and Molecular Biology, The University of Texas Medical
Branch at Galveston, 301 University Blvd., Galveston, TX 77555-1053.
Telephone: (409) 772-5634. Fax: (409) 772-1790. E-mail: wbujalow@
utmb.edu.

'Abbreviations: TNP-ATP, 2/(3')-0-(2,4,6-trinitrophenyl)adenosine
triphosphate; TNP-ADP, 2/(3)-0-(2,4,6-trinitrophenyl)adenosine 5'-
diphosphate; NTP, nucleoside triphosphate; DTT, dithiothreitol;
dsDNA, double-stranded DNA; ssDNA, single-stranded DNA.

pubs.acs.org/Biochemistry Published on Web 09/14/2009

of the RepA hexamer has been determined at 2.5 A resolu-
tion (/7). The diameter of a single hexamer is ~115 A, while the
diameter of the central cross channel of the ringlike structure of
the enzyme is only ~17 A. What distinguishes the RepA hexamer
from other hexameric helicases is its unusual stability, which does
not require any additional interactions with the nucleic acid and/
or nucleotides (/0—14). In this context, the RepA hexamer
resembles the Escherichia coli replicative helicase, DnaB protein,
whose hexameric structure stability requires only Mg*" cations
(15, 16). Several well-known helicases form hexameric ringlike
structures, which are stabilized by nucleotides and/or DNA
binding (17—20).

Although the unwinding of the duplex nucleic acid and
mechanical translocation along the single-stranded (ss) nucleic
acid lattice require binding and hydrolysis of nucleoside cofactors
(NTPs and NDPs) by a helicase, the mechanism of how the
binding or hydrolysis of cofactors regulates the activity of the
enzyme is still not completely understood for any helicase,
particularly, at the molecular level. At saturation, the RepA
hexamer binds six nucleotides, indicating that each subunit of the
helicase can engage in interactions with the cofactor (13, 14). The
nucleotide macroscopic affinity decreases with an increasing
degree of binding, resulting from negative cooperative interac-
tions between the binding sites. Thus, the nucleotide-binding sites
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of the RepA hexamer are initially independent, and the negative
cooperative interactions reflect interactions between the sites
saturated with the cofactor (13, 14).

Recent analytical ultracentrifugation and dynamic light scat-
tering studies revealed that the global conformation of the RepA
hexamer is modulated by a specific number of bound nucleo-
tides (27). The enzyme exists in at least four conformational
states, occurring sequentially as a function of the number of
bound cofactors. These conformational states are different for
the nucleoside diphosphate, as compared to the nucleoside
triphosphate. Modulation of the global structure is separated
into two phases, different for complexes with up to three bound
nucleotides, from the effect observed with all binding sites
saturated with the cofactor. This heterogeneity indicates different
functional roles of the two modulation processes. The control
of helicase—ssDNA interactions by the cofactors results from
binding the first one and/or two nucleotide molecules (2/). Not
only is the ssDNA affinity of the enzyme dramatically higher, but
the site size of the tertiary RepA—ssDNA—nucleotide complex is
increased.

Quantitative information about the interactions of the RepA
helicase with nucleotide cofactors is a necessary prerequisite
for the formulation of a model of the activity of the enzyme.
Although equilibrium studies shed some light on the intricate
nature of the nucleotide—RepA interactions, nothing is known
about the dynamics of binding of the cofactor to the RepA
hexamer, internal energetics among the intermediates of the
reaction, or the functional roles of the intermediates. Moreover,
the functional and structural homology between the RepA and
DnaB hexamers makes RepA protein an excellent system for
comparative studies and of paramount importance for under-
standing the general aspects of the hexameric helicase activities.
The RepA helicase is essential for RSF1010 plasmid replication,
which suggests that the protein is involved in specific mecha-
nisms during DNA replication that are not yet understood.
The essential role of the helicase in replication of RSF1010, a
ubiquitous plasmid, conferring resistance to antibiotics, pro-
vides an opportunity to examine molecular aspects of such
resistance (8—10).

In this work, we address the kinetics of nucleotide binding to
the single, noninteracting site of the RepA hexamer, using the
fluorescent nucleotide analogues (13, 14, 22—27). The association
of the cofactors with the single binding site on the RepA hexamer
proceeds through a minimum three-step sequential mechanism.
The major conformational change of the RepA helicase—nucleo-
tide complex occurs in the formation of the second intermediate,
(H—N),. Moreover, Mg”" cations affect the efficiency and dyna-
mics of the conformational transitions of the protein. The ssDNA
preferentially selects a single intermediate of the RepA—ATP
analogue complex. The allosteric interactions between the nu-
cleotide- and DNA-binding sites are already established in the
initial stages of formation of the complex, with the conforma-
tional transitions of the complex becoming sensitive to the
structure of the cofactor phosphate group.

MATERIALS AND METHODS

Reagents and Buffers. All solutions were made with distilled
and deionized > 18 MQ (Milli-Q Plus) water. All chemicals were
reagent grade. Buffer T5 consists of 50 mM Tris adjusted to pH 7.6
with HCI, 10 mM NaCl, and 10% glycerol (13, 14). The tempera-
ture and MgCl, concentrations in the buffer are given in the text.
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RepA Helicase of Plasmid RSF1010. Isolation and pur-
ification of the protein were performed, with slight modifications,
as previously described (/2—14, 21). The protein concentration
was spectrophotometrically determined using an extinction coef-
ficient e of 1.656 x 10° cm™' M ™!, obtained with the approach
based on Edelhoch’s method (22, 23).

Nucleotides. TNP-ATP and TNP-ADP were from Molecular
Probes (Eugene, OR) (13, 24—30).

Steady-State Fluorescence Measurements. All steady-
state fluorescence titrations were performed using the Fluorolog
F-11 spectrofluorometer (Jobin Yvon) (13, 14, 24—29, 31—35).
The binding was followed by monitoring the fluorescence of the
TNP analogues (¢, = 410 nm, and 4., = 560 nm). Computer
fits were performed using Mathematica (Wolfram) and Kaleida-
Graph (Synergy Software, Reading, PA). All titration points
were corrected for dilution and inner filter effects using the
following formula (3/—35):

1%
Foor = (F —B) <Vl> w 100304 (1)

(4]

where Fi.,, is the corrected value of the fluorescence intensity at a
given point of titration, F is the experimentally measured
fluorescence intensity, B; is the background, V; is the volume of
the sample at a given titration point, V,, is the initial volume of the
sample, b is the total length of the optical path of the sample in
centimeters, and Aj; is the absorbance of the sample at the
excitation wavelength (24—29, 31—35). The relative fluorescence
increase, AF,,, upon binding equals (Feo, — Fy)/Fo, where F, is
the initial value of the fluorescence of the sample.

Stopped-Flow Kinetics. All fluorescence stopped-flow ki-
netic experiments were performed using the SX.18MV stopped-
flow instrument (Applied Photophysics Ltd., Leatherhead, U.K.).
The reactions were monitored using the total fluorescence of
the TNP analogues with a A., of 408 nm and the emission
observed through a GG500 cutoff filter (Schott), with the exci-
tation monochromator slits at | mm (band-pass at ~4.5 nm). The
sample was excited with vertically polarized light, and the time-
development of the function

F(l):[\/v(l) +2G]VH(Z) (2)

was monitored, where Iyy is the fluorescence intensity and the
first and second subscripts refer to vertical (V) polarization of
the excitation and vertical (V) or horizontal (H) polarization of
the emitted light. The factor G = Iyy/Iyy corrects for the
different sensitivity of the emission monochromator for vertically
and horizontally polarized light (22—37). The kinetic curves were
fitted to extract the relaxation times and the amplitudes using
nonlinear least-squares software provided by the manufacturer,
with the exponential function defined as

F()=F(e) + iAi exp( —Ait) (3)

i=1

where F(f) is the fluorescence intensity at time ¢, F(eo) is the
fluorescence intensity at time oo, A4; is the amplitude correspond-
ing to the ith relaxation process, 4,is the time constant (reciprocal
relaxation time) characterizing the ith relaxation process, and 7 is
the number of relaxation processes. All analyses of the data were
performed using Mathematica (Wolfram, Urbana, IL) and
KaleidaGraph (Synergy Software).

Analysis of Stopped-Flow Kinetic Data. Analyses of the
stopped-flow kinetic data have been performed using the matrix
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FIGuRE 1: (a) Fluorescence titrations (Aex = 410 nm, and Ao, = 560 nm) of TNP-ATP with the RepA helicase in buffer T5, containing 5 mM
MgCl,, at 10 (O) and 20 °C (M). (b) Fluorescence titrations of TNP-ADP with the RepA helicase in buffer T5, containing SmM MgCl,, at 10 (O)
and 20 °C (M). (c) Fluorescence titrations of TNP-ATP with the RepA helicase in buffer TS, in the absence of magnesium, at 10 (0) and 20 °C (H).
(d) Fluorescence titrations of TNP-ADP with the RepA helicase in buffer TS5, in the absence of magnesium, at 10 () and 20 °C (M). The solid lines
in all panels are the nonlinear least-squares fits of the experimental titration curves to a single-site isotherm (eq 4) with the binding constant K,,, and
the maximum relative fluorescence change, AFyy, as fitting parameters. The concentrations of the nucleotide cofactors are 3 x 1077 M. The
concentration of the RepA hexamer is expressed as protein protomers. The obtained binding constants and spectroscopic parameters are included

in Tables 1 and 2.

projection operator technique (35, 38—45). This approach is
particularly useful in analyzing the amplitudes of the studied
reactions and has been extensively described by us (35, 38—45).

Analytical Ultracentrifugation Measurements. Sedimen-
tation velocity experiments were performed with an Optima
XL-A analytical ultracentrifuge (Beckman Inc., Palo Alto, CA)
using double-sector charcoal-filled 12 mm centerpieces, as we
previously described (12, 15, 21, 26). Sedimentation velocity
scans were collected at the absorption band of the RepA protein
at 280 nm, or at the absorption band of the TNP moiety
at 410 nm. Time-derivative analysis of the scans was per-
formed with the software supplied by the manufacturer.
The values of sedimentation coefficients were corrected to 579y
for solvent viscosity and temperature to standard conditions
(12, 15, 21, 26).

RESULTS

Binding of the Fluorescent Nucleotide Analogues, TN P-
ADP and TNP-ATP, to a Single, Noninteracting Site of
the RepA Hexamer in the Presence and Absence of Mag-
nesium Cations. Binding of six nucleotide cofactors to the
RepA hexamer is a biphasic process, containing a weak and a
strong binding phase, resulting from the negative cooperativie

interactions limited to two adjacent subunits (/3, /4). In other
words, the nucleotide-binding sites of the enzyme are initially
independent and the association of any of the first three cofactor
molecules predominantly occurs at three noninteracting sites (13,
14, 35). Moreover, there is no detectable hydrolysis of TNP-ATP
by the RepA helicase on the time scale of the equilibrium
experiment, and the cofactor efficiently competes with unmodi-
fied nucleotides for the same binding sites (13, 14). Such behavior
of the system allows us to directly address the energetics of
the nucleotide binding to a single, noninteracting nucleotide-
binding site of the enzyme, as well as to obtain information
about the environment surrounding the cofactor in the binding
site (45).

Fluorescence titrations of TNP-ATP with the RepA helicase in
buffer TS, containing 5 mM MgCl,, at two different tempera-
tures, 10 and 20 °C, are shown in Figure la. The applied low
concentration of the cofactor (3 x 1077 M) ensures that only the
association with a single binding site is observed (13, 14, 35).
Saturation of the cofactor with the helicase induces a large,
~10.5-fold, increase in analogue fluorescence. Because the
TNP fluorescence is strongly dependent upon the polarity of
the environment, the data indicate that the cofactor is placed
in a strongly hydrophobic environment in the binding site
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(see below) (25). The solid lines in Figure 1a are nonlinear least-
squares fits using the single-site binding isotherm, defined as

AF = AFmaxKov[RepA]F (4)
1 + Koy[RepAjp

where K, is the TNP-ATP intrinsic binding constant, AF,,,, is
the maximum fluorescence increase for the nucleotide saturated
with the enzyme, and [RepAJg is the free concentration of the
RepA helicase expressed as the concentration of the protomers.
The fits provide an excellent description of the experimental
curves. The obtained values are as follows: K., = (2.1 £ 0.4) x
10°M " and AF,,,, = 10.6 £ 0.3 for the titration at 10 °C, and
Ky = (2.0 £ 0.4) x 10° M~" and AF,, = 8.6 & 0.3 for the
titration at 20 °C (Table 1). Thus, the increase in temperature
considerably affects the observed maximum fluorescence increase
for the cofactor in the binding site. However, the intrinsic binding
constant is, within experimental accuracy, unaffected by tem-
perature, indicating the overall enthalpy change (AHt ~ 0).
Moreover, the values of the binding constants are the same as
those obtained using the protein fluorescence to monitor the
interactions and analyzing the entire binding isotherm with the
statistical thermodynamic model for the protein hexamer. This
agreement between independent sets of data indicates that indeed
binding to a single site is observed (Table 1) (13, 14).

Analogous fluorescence titrations of TNP-ADP with the
RepA helicase are shown in Figure 1b. The solid lines are
nonlinear least-squares fits using the single-site binding isotherm
(eq 4), which provide the following values: K., = (8 % 1.6) x 10°
M 'and AF,,,, = 5.1 £0.3 for the titration at 10 °C, and K, =
(8 +1.6) x 10° M " and AF,,,, = 5.0 £ 0.3 for the titration at
20 °C (Table 1) (13, 14). The lack of a detectable temperature
effect on the observed binding process indicates that, similar
to the ATP analogue, the overall enthalpy of the process is
AHp ~ 0. Moreover, the change in temperature does not affect
AFa indicating that, unlike TNP-ATP, the ADP analogue
experiences an unchanged surrounding in the binding site at
different temperatures. Nevertheless, the observed AF,,, 1s signi-
ficantly smaller than that observed for TNP-ATP (Table 1).
These data provide the first indication that the location and/or
structure of the ADP analogue, in the nucleotide-binding site of
the RepA helicase, are different from the ATP analogue (13, 14, 21)
(see below).

Magnesium has a profound effect on the nucleotide cofactor
binding to the RepA hexamer (/4). In the absence of Mg>*, the
affinities of both ATP and ADP analogues are significantly lower
than those observed in the presence of magnesium (/4). Fluor-
escence titrations of TNP-ATP with the RepA helicase, in the
absence of Mg*", at two different temperatures, 10 and 20 °C, are
shown in Figure lc. The values of the binding constants are lower
by a factor of ~4, as compared to the corresponding values in the
presence of magnesium (Table 2). As observed in the presence of
Mg>", the intrinsic binding constant is, within experimental
accuracy, unaffected by the temperature, indicating that the
overall enthalpy change, AHr, is ~0 (Table 2). Also, in the
absence of magnesium, the temperature has little effect on
the maximum relative fluorescence increase of TNP-ATP upon
binding to the RepA helicase (Figure 1c and Table 2).

Fluorescence titrations of the ADP analogue TNP-ADP with
the RepA helicase, at two different temperatures and in the
absence of magnesium, are shown in Figure 1d. The binding
constants are diminished by more than | order of magnitude,

Table 1: Thermodynamic, Kinetic, and Spectroscopic Parameters for the Binding of TNP-ADP and TNP-ATP to the RepA Hexameric Helicase of Plasmid RSF1010 in Buffer T5 (pH 7.6), Containing 5 mM MgCl,, at

Different Temperatures, and in the Presence of 7 x 10> M (oligomer) ssDNA 20-mer, dT(pT);o (details in the text)

Biochemistry, Vol. 48, No. 44, 2009

b
qux

koo (sh ks(s™h ks (™) Ko’ M) F, F

K; ka(s7")

K>

KM

cofactor

TNP-ATP

10.6+0.3
8.6+£0.3
11.84+0.3

10.7£0.3
92403
23403

13.9+0.3
108+ 0.3
13.8+0.3

158 £0.3
14.6 £0.3
184403

(2.1 £0.4) x 10°

1.5+0.3
45409

39+£0.8
15.5+3.1

0.5£0.1
20+04

118 £39 2.6+0.8 S9+12
275+55

138 +46
2650 £ 850

(4.8+1.6)x 10°

10 °C
20 °C

(2.0+0.4) x 10°

34+ 1.1

(33+1.1)x 10°

(1.840.3) x 107

5.0+ 0.08

05+13

S3£10 0.02 +£0.003

0.1£0.03

6.0+ 2) x 10*

10 °C with dT(pT)yo

TNP-ADP

5.1+0.3
5.0+£0.3

6.0+£0.3
59+0.3
6.3+0.3

8.9+0.3 63+£0.3

9.8+0.3
114403

(8.0 +1.6) x 10°

1.1+£0.2
53+1.1

3.3+0.6
16+3
3.5+0.7

200 £70 3.0+ 1.0 30£6 0.154+0.03
0.3+0.06

267 £87
200 +£70

(1.0£0.3) x 10*

10 °C
20 °C

6.2+0.3
72403

(8.0 £1.6) x 10°
(6.9 1) x 10°

80+ 16
30+£6

3.0£ 1.0

(7.54£2.5) % 10°

55403

1£0.15

0.154+0.03

3.5+ 1.0

(7.7 4 2.6) x 10°

10 °C with dT(pT)lg

“Errors are standard deviations determined using three or four independent experiments. “Determined in equilibrium fluorescence titrations.
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Table 2: Thermodynamic, Kinetic, and Spectroscopic Parameters for the Binding of TNP-ADP and TNP-ATP to the RepA Hexameric Helicase of Plasmid RSF1010 in Buffer T5 (pH 7.6), in the Absence of Magnesium, at

Different Temperatures (details in the text)*

b
Fmax

Fy

F

ko™ ka7 keaTh Ko M7 F

k(s ka7 ks

K,y

KM K>

cofactor

TNP-ATP

9.0+0.3
82403

10.2£0.3

7.0+ 03 22.8+0.3

99+0.3

7.0£0.3
6.7+0.3

(5.0+1.1) x 10°

0.15£0.03

0.53+0.1

714 2845 12+24  35+£0.7
30£6 2.1+04

306

35£1.2

0254008 34+1.1

(1.0+0.3) x 10°
1403

10 °C
20 °C

9.8+0.3

(5.0 £1.1) x 10°

0.7+0.14

3.0+ 1.0

(1.0£0.3) x 10°

TNP-ADP

6+0.3

11.6£03 6.6+03 —
57+£0.3

7.7+0.3
54+03

(24 £1.0)x 10°

1+£0.2  0.05+0.01

7+14
1.8+£04 0.30+£0.06 0.15+£0.03

1+0.2
3+0.6

0.14 £0.05 20+ 6

(6.14+2.0) x 10*

10 °C
20 °C

44403

48403

(2.34+0.5) x 10°

1.7£0.5 2.0+0.7

(3.8 +£1.2)x 10*

“Errors are standard deviations determined using three or four independent experiments. “Determined in equilibrium fluorescence titrations.

Andreeva et al.

R iAo ke
|
[ PR s At TR Y T ’ A Nal A in i A, o

e e,
MR

-
1

Fluorescence Intensity (Volts)
N

Residuals

Time (s)

FIGURE 2: Fluorescence stopped-flow kinetic traces (top), recorded
in two time bases, 0.5 and 2.0 s, after the RepA helicase had been
mixed with TNP-ATP in buffer TS5, containing 5 mM MgCl, (Aex =
408 nm, and A, > 500 nm). The final concentrations of the RepA
helicase (protomer) are, from the top, 12 x 107°,9 x 107, 3 x 10,
1.2 x 107>, and 0.6 x 107> M. The final concentration of the
nucleotide is 5 x 1077 M. The solid green and red lines are the
single-exponential and double-exponential, nonlinear least-squares
fits, respectively, of the experimental curves, using eq 3. The bottom
panel shows the deviations of the experimental curve from the fit
using the single-exponential (green) and double-exponential func-
tions (red) for the sample containing 9 x 10~> M (protomer) RepA
helicase.

significantly more than observed for TNP-ATP, and, within
experimental accuracy, are unaffected by temperature (Table 2).
Nevertheless, the maximum relative fluorescence increase for
TNP-ADP upon binding to the RepA helicase is still consider-
ably smaller than that observed for the ATP analogue and is
strongly affected by temperature (Table 2). Thus, the absence of
magnesium has a more pronounced effect not only on the
intrinsic affinity of the ADP analogue but also on the cofactor
environment in the nucleotide-binding site, providing an addi-
tional indication that the structure of the nucleotide-binding
site of the RepA helicase complex with the ADP analogue is
different from the structure of the complex with TNP-ATP (see
above) (14).

Kinetics of the ATP Analogue TNP-ATP Binding to a
Single, Noninteracting Site of the RepA Helicase in the
Presence of Magnesium. The dynamics of the ATP and ADP
analogue binding to the noninteracting nucleotide-binding site of
the RepA helicase has been addressed using the fluorescence
stopped-flow technique (35, 38—46). The kinetic measurements
have been performed under pseudo-first-order conditions by
mixing the nucleotide with a large excess of the RepA helicase (35,
38—46). The fluorescence stopped-flow kinetic traces, after 5 x
10~" M TNP-ATP had been mixed with different concentrations
of the RepA helicase in buffer TS (10 °C), containing 5 mM
MgCl,, are shown in Figure 2. The reference trace, obtained after
the cofactor had been mixed with only the buffer, at the same
final concentration of the nucleotide as with the protein, is also
included in Figure 2. All traces were recorded at two time bases.
The observed kinetics is complex, indicating the presence
of multiple steps. At lower enzyme concentrations, there is
a monotonous increase in cofactor fluorescence. However, at



Article

higher concentrations of the helicase, the initial large increase in
the nucleotide fluorescence precedes the slower process, which is
characterized by the lower fluorescence intensity. Moreover,
there is also a significant part of the observed increase in fluores-
cence emission, which is beyond the time resolution of the
stopped-flow measurement. Thus, the two identified relaxation
processes are preceded by another fast step (33, 40, 47—49). The
solid lines in Figure 2 are nonlinear least-squares fits of the
experimental curves, which require the single-exponential func-
tion at lower enzyme concentrations and the double-exponential
function in the high-concentraton range of the helicase (eq 3).
The included deviations of the experimental curve from the fit,
recorderd at a RepA concentration of 9 x 107> M (protomer),
indicate that only the double-exponential function provides an
adequate description of the experimentally observed kinetic
traces. A higher number of exponents does not significantly
improve the statistics of the fit (data not shown). Therefore, the
association of TNP-ATP with the RepA helicase requires at least
three steps, which includes the fast, unresolved step and two
identified relaxation processes (35, 40, 47—49).

The dependence of the reciprocal relaxation times, 1/7, and
1/73, characterizing the observed relaxation steps for the ATP
analogue binding to the noninteracting nucleotide-binding site of
the RepA helicase, as a function of the total RepA helicase
concentration, [RepA]r (protomer), is shown in Figure 3a,b. In
the lower-enzyme concentration range, the reciprocal relaxation
times have similar values, indicating a coupling of both relaxation
processes; i.c., their equilibrations are mutually dependent (35,
50, 51). However, the coupling becomes weaker with an increase
in protein concentration. The larger reciprocal relaxation time,
1/15, increases with an increase in [RepA]r and shows only
slightly marked hyperbolic character (35, 50, 51). These data
and the presence of the very fast, unresolved process (Figure 2)
indicate that 1/7, describes the intramolecular transition of the
formed complex (35, 38—46, 50, 51). On the other hand, 1/73
shows a clear hyperbolic dependence upon [RepA]r, indicating
that it represents the internal transition of the complex. The
simplest, minimum mechanism that can account for the observed
dependence of the reciprocal relaxation times on enzyme con-
centration and the presence of the fast, unresolved step is a three-
step, sequential binding process, in which bimolecular association
is followed by two isomerization steps, as described by

RepA hexamer + N/«I‘_’—1 (H-N), /T—’ ( —N)Z:T—’3 (H-N); (5)
k-1 k-2 -3

To extract the rate constants from the relaxation time data,
we utilize the fact that the value of the overall binding constant
(Kow ~ 2.1 x 10° M) has been independently obtained under
the same solution conditions by the equilibrium fluorescence
titration method (Figure 1a). The overall binding constant, K.,
is related to the partial equilibrium steps in eq 5, as

Ko =K\ (14 K; + K3 K3) (6)

The partial equilibrium constants, Kj, K>, and K3, for each step of
the reaction (eq 5), are as follows: K; = k/k_1, K, = k»/k_», and
K3 = ks/k_s. Expression 6 reduces the number of fitting parameters
by one (see below). Even though we cannot determine the value of
the reciprocal relaxation time, 1/zy, for the first fast relaxation
process, we can determine its amplitude, 4, as (35, 47—49)

Ay =Ar—Ar— A3 (7)
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FI1GURE 3: Dependence of the reciprocal relaxation times for the
binding of TNP-ATP to the RepA heliease in buffer T5 (10 °C),
containing 5 mM MgCl,, on the total concentration of the enzyme
(protomer): (a) 1/z, (M) and (b) 1/r3 (O). (c¢) Dependence of the
individual normalized relaxation amplitudes A (), A, (M), and 43
(d), of the kinetic process of binding of TNP-ATP to the RepA
helicase in buffer TS (10 °C), containing 5 mM MgCl,, on the
logarithm of the total concentration of the enzyme (protomer). The
solid lines in panels a, b, and ¢ are nonlinear least-squares fits of
the experimental data to the three-step sequential mechanism, de-
fined by eq 5. The obtained kinetic and spectroscopic parameters are
included in Table 1 (details in the text). The error bars are standard
deviations obtained from three or four independent experiments.

where At is the experimentally observed total amplitude of the
kinetic trace at a given total concentration of the RepA helicase (35,
47—49). The dependence of the individual amplitudes, 4;, 4,, and
Aj, of all three observed relaxation processes on the total concen-
tration of RepA protein (protomer) is shown in Figure 3c. The
individual amplitudes are normalized, i.e., expressed as fractions of
the total amplitude, 4,/ A;. At the low enzyme concentrations, the
total observed amplitude, A, is dominated by A3 while amplitude
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A of the fast process is barely detectable. Amplitude A3 sharply
decreases with the increase in [RepA]r and assumes negative values
in the high protein concentration range. The positive amplitude, 45,
appears at higher protein concentrations, where it dominates the
relaxation process. With an increase in [RepAlr, the values of A3
gradually decrease while the values of the amplitude of the fast
process, A4, are positive and steadily increase in the high-protein
concentration range. Such behavior of the individual amplitudes is
in complete agreement with the proposed kinetic mechanism (eq 5)
based on the behavior of the relaxation times (35, 47—350).

With determined individual amplitudes, we can address the
molar fluorescence intensities characterizing each intermediate of
the reaction, using the matrix projection operator approach (35,
47—49). In this analysis, we use the maximum, fractional increase
in cofactor fluorescence (AF.x ~ 10.6) obtained in independent
equilibrium titrations (Figure la). The values of AF,,,, can be
analytically expressed as

AF) + K AF + Ky K3 AF;

AF = 8
max 1+ K> + K> Kq ®)

where AF,;, AF,, and AF; are fractional fluorescence intensities of
the corresponding intermediates in the association reaction of
TNP-ATP with the RepA helicase, relative to the fluorescence
of the free nucleotide, Fy, i.e., AF; = (F; — Fy)/F,. The value of F
can be taken to be 1. Expression 8 provides an additional
relationship among the fluorescence parameters, reducing the
number of fitted spectroscopic parameters by one. Moreover,
the value of AF,.. plays the role of a scaling factor in the
analysis (35, 38—49).

The solid lines in panels a—c of Figure 3 are nonlinear least-
squares fits of the experimentally determined reciprocal relaxa-
tion times and the fractional individual amplitudes of the reaction
(eq 5), using a single set of binding and spectroscopic parameters.
The following strategy is used in the numerical analysis (35,
38—49). First, the nonlinear least-squares fitting of the individual
relaxation times and then simultaneous fitting of all three
relaxation times are performed. Subsequently, the individual
amplitudes are fitted, using the rate constants obtained from
the relaxation time analysis, or allowing these rate constants to
float between £10% of the determined values. Finally, global
fitting, with the simultaneous analysis of all relaxation times
and individual amplitudes, refines the obtained parameters. The
obtained kinetic and spectroscopic parameters for binding of
TNP-ATP to the noninteracting nucleotide-binding site of the
RepA helicase are included in Table 1.

The value of the partial equilibrium constants, K;, which
describes the formation of the intermediate, (H—N);, in eq 5, is
~4.8 x 10> M~! (Table 1). Thus, the formation of the first
intermediate makes a dominant contribution to the free energy
of ATP analogue binding. At 10 °C, the next two steps of the
reaction increase the overall affinity. However, the value of K,
which characterizes the (H—N); < (H—N), transition, is ~118,
i.e., the first isomerization step in ATP analogue binding pro-
vides a dramatic increase in the free energy of binding. This is
very different from the analogous E. coli DnaB helicase where the
first isomerization step in ATP analogue binding is characterized
by a K, of ~1.3 (41) (see Discussion). On the other hand, the
values of K3, which describes the (H—N), <> (H—N); transition,
is ~2.6; i.e., it makes only a modest contribution to the over-
all affinity (Table 1). As observed for the partial equilibria,
the dynamics of the second, (H—N); < (H—N),, and third,
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(H—N), < (H—N)s, steps of the reaction are also very different.
The value of the forward rate constant (k, ~ 59) is more than 1
order of magnitude larger than the k3 of ~3.9. Conversely, the
k_» value of 0.5 is, by a factor of ~3, lower than the k_; of ~1.5
(Table 1). The enzyme locks itself quickly and very efficiently in
the (H—N), state, which slowly transforms into the (H—N);
intermediate (see Discussion). The bound TNP-ATP experiences
the largest, ~16-fold increase in its fluorescence emission inten-
sity, as compared to the free cofactor in the first intermediate,
(H—N);. In the subsequent intermediates, (H—N), and (H—N);,
the fluorescence intensity of the bound nucleotide is high,
although lower than in (H—N); (Table 1) (see Discussion).

Kinetics of the ADP Analogue TNP-ADP Binding to a
Single, Noninteracting Site of the RepA Helicase in the
Presence of Magnesium. The kinetic mechanism of binding of
TNP-ADP to the RepA helicase has been analogously examined
as described for TNP-ATP above (38—49). At higher enzyme
concentrations, the kinetic traces required a double-exponential
function (eq 3) to adequately represent the experimental curves
(data not shown). Moreover, a significant part of the increase in
analogue fluorescence occurs in the very short time range beyond
the time resolution of the stopped-flow measurement. Therefore,
the association of TNP-ADP with the RepA helicase consists of
at least three steps, the fast, unresolved step and two resolved
relaxation processes (38—51). The dependencies of the reciprocal
relaxation times and the amplitudes of all three observed relaxa-
tion processes on the total RepA helicase concentration, [RepA]r
(protomer), indicate that the simplest minimum mechanism that
can account for these data is a three-step, sequential binding
process as described by eq 5 (data not shown) (38—51). The
obtained kinetic and spectroscopic parameters for the binding of
TNP-ADP to the RepA helicase are included in Table 1.

Under the examined solution conditions, the formation of the
first intermediate, (H—N);, makes a dominant contribution to
the free energy of ADP analogue binding (Table 1). The value of
the partial equilibrium constants (K; ~ 1.0 x 10* M™") is larger
than that observed for TNP-ATP. The value of K>, which
characterizes the (H—N); < (H—N), transition, is ~200; i.c.,
the first isomerization step dramatically increases the overall
affinity. The value of Kj is ~3.0; i.e., it makes only a modest
contribution to the overall affinity (Table 1). The differences in
the dynamics of the second, (H—N); < (H—N),, and third,
(H—N), < (H—N)5, steps of the reaction are also similar to the
dynamics of the corresponding steps observed for the ATP
analogue (Table 1). Nevertheless, in spite of similar dynamics
and energetics, significant differences between the ATP and ADP
analogue occur in the values of the molar fluorescence intensities
of individual intermediates (Table 1) (35, 38—49). The bound
TNP-ADP experiences the largest, ~9-fold increase in its fluor-
escence emission intensity, as compared to the free cofactor in the
first intermediate, (H—N);. However, this value is by a factor of
~1.8 lower than the corresponding parameter observed for TNP-
ATP, indicating a very different surrounding of the bound ADP
analogue in the binding site, as compared to the ATP analogue
(see Discussion). Similarly, the values of the molar fluorescence
intensities of the bound TNP-ADP are significantly lower than
those observed for TNP-ATP in subsequent intermediates,
(H—N), and (H—N); (Table 1).

Effect of Magnesium on the Binding Dynamics of the
ATP and ADP Analogues to the Single, Noninteracting
Nucleotide-Binding Site of the RepA Helicase. Analogous
kinetic stopped-flow studies of TNP-ATP and TNP-ADP, as
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F1GURE 4: Dependence of the reciprocal relaxation times for the binding of TNP-ATP to the RepA helicase in buffer T5 (10 °C), in the absence of
magnesium, on the total concentration of the enzyme (protomer): (a) 1/7, (W), (b) 1/75 (O), and (c) 1/74 (®). (d) Dependence of the individual
normalized relaxation amplitudes 4, (a), 4, (W), A3 (), and 4,4 (®) of the kinetic process of binding of TNP-ATP to the RepA helicase in buffer
TS5 (10 °C), in the absence of magnesium, on the logarithm of the total concentration of the enzyme (protomer). The solid lines in panels a—d are
nonlinear least-squares fits of the experimental data to the four-step sequential mechanism, defined by eq 9. The obtained kinetic and
spectroscopic parameters are included in Table 2 (details in the text). The error bars are standard deviations obtained from three or four

independent experiments.

described above, have been performed in the absence of magne-
sium. The general aspects of the kinetic mechanism of the binding
of the ADP analogue to the RepA helicase are not affected by the
absence of magnesium; i.e., the association process is a three-step
sequential reaction as defined by eq 5 (data not shown). Never-
theless, the dynamics and internal energetics of the intermediates
of the reaction are dramatically different compared to the
behavior of the system in the presence of Mg>* (see below). On
the other hand, at 10 °C, the binding of TNP-ATP becomes
a more complex process. Besides the fast, unresolved step, the
kinetic traces require a triple-exponential function (eq 3) to
adequately represent the experimental curves (data not shown).

The dependencies of the reciprocal relaxation times, 1/, 1/13,
and 1/t4, on total RepA helicase concentration, [RepAlr
(protomer), for the TNP-ATP association reaction in the absence
of Mg”*, are shown in panels a—c of Figure 4, respectively.
The values of 1/1, 1/13, and 1/74 differ by more than 1 order of
magnitude through the entire examined enzyme concentration
range, indicating that the observed relaxation processes are now
close to “decoupled” ones; i.e., they equilibrate independently
from each other (35, 50, 51). Moreover, all three reciprocal
relaxation times do not show much dependence upon [RepAlr,
indicating that they describe intramolecular transitions of the
complex (35, 50, 51). The simplest mechanism that can account

for the observed dependence of the reciprocal relaxation times on
enzyme concentration and the presence of the fast, unresolved
step is a four-step, sequential binding process

/C]

Iy
Y

RepA hexamer + N 1;_—’ (H-N), = (H-N), 1;_—’ (H-N),
-1 <2 =3
ky
= (H-N), )

k —4

The dependence of normalized individual amplitudes A4, 4-,
As, and A4 on the logarithm of the total concentration of the
RepA helicase (protomer) is shown in Figure 4d. The observed
behavior of the individual amplitudes is very different from the
behavior observed in the presence of magnesium (Figure 3c),
indicating a profound change in the internal energetics and
dynamics of the association reaction (see below). A; is large
and dominates the relaxation process. The values of A, are low
and show little dependence on [RepA]t. The values of A3 and 4,4
are also low and gradually decrease with an increase in [RepAlr,
although none of the amplitudes becomes negative in the high-
enzyme concentration range. The obtained kinetic and spectro-
scopic parameters for binding of TNP-ATP and TNP-ADP to
the RepA helicase, in the absence of Mg*", are included in
Table 2.
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The dramatic effect of magnesium on the overall equilibrium
binding process (Figure 1b,c) of the nucleotide cofactors to the
RepA helicase is clearly reflected in the dynamic behavior of the
cofactor binding (Table 2). The values of partial equilibrium
constant K; are higher by factors of ~6 and ~20, in the absence of
Mg”", for the ADP and ATP analogue, respectively. Thus, the
very binding step of the nucleotide cofactors is more favorable in
the absence of magnesium. However, the most surprising is the
staggering decrease in the value of the partial equilibrium
constant, K,, which decreases by approximately 2—3 orders of
magnitude in the absence of Mg”" cations (Tables 1 and 2). The
decrease in K, is predominantly responsible for the decrease in
the overall affinity of the nucleotide cofactors in the absence of
Mg*" (Figure lc,d). In the case of the ADP analogue, this
decrease is partially compensated by an increase in the value of
K3, while for the ATP analogue, K3 remains unchanged in the
absence of magnesium. Recall that in the case of TNP-ATP, an
additional process, characterized by a partial equilibrium con-
stant (K4 ~ 3.5), becomes detectable in the absence of Mg>".

The changes in the internal energetics of the association
reaction of both nucleotide cofactors are reflected in the large
changes in the dynamics of particular reaction steps (Table 2).
The forward rate constant, k», decreases from 59 and 30 s~ ! to 7
and 157!, for the ATP and ADP analogue, respectively. On the
other hand, the corresponding values of k_, increase from ~0.5
and ~0.15s™" to~28 and ~7s™", for TNP-ATP and TNP-ADP,
respectively. In other words, the formation of intermediate
(H—N), is slower, but the rates of returning back to intermediate
(H—N), are ~2 orders of magnitude faster. In the case of the
ADP analogue, the partial equilibrium constant, K3, is increased
predominantly due to the much lower value of k_5 (20.05s"), as
compared to the k5 of ~3.3 5™, determined in the presence
of magnesium (Tables 1 and 2). For the ATP analogue, the
dynamics of the (H—N), < (H—N); transition is much less
affected by the absence of Mg®" and is followed by an additional
slow process (Tables 1 and 2).

The absence of magnesium is also reflected in the changes in
the molar fluorescence intensities of different intermediates of the
association reaction of both cofactors, indicating significant
differences in the conformational transitions of the examined
complexes, as compared to the analogous transitions observed in
the presence of magnesium (Tables | and 2). The increases in the
fluorescence intensity of the cofactors in the first intermediate,
(H—N);, are lower than those observed in the presence of
magnesium (Table 1). The largest increase in cofactor fluores-
cence intensity occurs in the second intermediate, (H—N),, where
the relative fluorescence intensities reach values of ~23 and ~12
for the ATP and ADP analogue, respectively, as compared to the
corresponding values of ~14 and ~6, in the presence of magne-
sium. On the other hand, the values of the fluorescence intensities
of the ATP and ADP analogues in (H—N); are similar to the
values determined in the presence of Mg®" (Tables 1 and 2). Also,
the ATP analogue does not experience significant changes in the
environment of the binding site in the fourth intermediate,
(H—N),4 (Table 2) (see Discussion).

Effect of Temperature on the Dynamics of Binding of the
ATP and ADP Analogues to the Single Noninteracting
Nucleotide-Binding Site of the RepA Helicase in the Pre-
sence and Absence of Magnesium. To further address the
nature of different intermediates in the binding of the ATP and
ADP analogues to the RepA helicase, we examined the effect of
temperature on the dynamics of the reactions. The stopped-flow
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studies were analogously conducted at 20 °C in the presence and
absence of magnesium, as described above (data not shown). The
obtained kinetic and spectroscopic parameters for all examined
complexes are included in Tables 1 and 2. In general, the
temperature increase from 10 to 20 °C does not affect the major
features of the observed kinetic mechanism, which is the three-
step sequential process (eq 5). The additional process, seen at
10 °C in the binding of TNP-ATP, is not detectable at 20 °C.
However, the effect of temperature on the internal equilibria
differs among the reaction intermediates and is different in the
presence and absence of Mg*" cations.

In the presence of magnesium, the values of the partial
equilibrium constant, K, decrease with the increase in tempera-
ture for both ATP and ADP analogues (Table 1). On the other
hand, the values of K, increase with the increase in temperature
for both cofactors, mainly due to the increase in the values of the
forward rate constants, k», at a higher temperature. In contrast,
the partial equilibrium constant, K3, increases with temperature
only for the ATP analogue; for TNP-ADP, it is unaffected by
temperature (Table 1). A temperature increase has little effect on
the relative fluorescence intensities of the intermediates of the
reaction for both ATP and ADP analogues, which remain similar
to the corresponding values obtained at 10 °C (Table 1). In the
absence of Mg>", the partial equilibrium constant, K, is lower at
a higher temperature for TNP-ADP binding, but it is unaffected
by temperature in the case of TNP-ATP (Table 2). Nevertheless,
the values of K, are very strongly increased at a higher tempera-
ture for both cofactors, while the values of K3 are only modestly
affected by the increased temperature (Table 2). Also, the
increase in temperature strongly diminishes the relative fluores-
cence intensity of the second intermediate, (H—N),, for both
ATP and ADP (Table 2).

The temperature dependence of the partial equilibrium con-
stant, K;, for each ith transition in the binding of the nucleotide
cofactor to the RepA helicase is described by the van’t Hoff
equation [d In K/(31/T) = —AH{1/T — 1/TR)] (52). Tg is the
reference temperature, taken as the lowest experimentally studied
temperature, ie., 10 °C, and AH; is the enthalpy change
accompanying the ith transition. The obtained values of the
thermodynamic function, AH; and AS,, characterizing the partial
equilibria among the intermediates of the association reaction of
TNP-ATP and TNP-ADP with the single, noninteracting
nucleotide-binding site of the RepA helicase, are included in
Table 3. The errors in the determined parameters are intrinsically
large. Nevertheless, the observed differences are larger than the
errors and provide important insight about the nature of the
observed transitions.

In the presence of magnesium, the first binding step, H + N <
(H—N);, is characterized by significant negative enthalpy
changes and small entropy changes, suggesting a similar nature
of the binding processes for the ATP and ADP analogues (see
Discussion). In the next transition, (H—N); <= (H—N),, AH, and
AS, are positive, suggesting that a process of a nature different
from that of the first binding step is observed in the binding of
both cofactors (see Discussion). On the other hand, changes in
the thermodynamic functions in the third transition, (H—N), <
(H—N),, differ for the association of TNP-ATP versus TNP-
ADP (Table 3). Both AH; and AS; are positive for the ATP
analogue, while AH; ~ 0 for the ADP analogue. The absence of
magnesium significantly affects the energetics of all reaction
steps, although differently for ATP versus ADP analogues.
The apparent enthalpy change, AH,, negative in the presence
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Table 3: van’t Hoff Enthalpies and Entropies Characterizing the Formation of Intermediates in the Binding of the Nucleotide Cofactors TNP-ADP and TNP-
ATP to the RepA Helicase of Plasmid RSF1010 in Buffer T5 (pH 7.6), in the Presence or Absence of Magnesium (details in the text)”

AH, AS,’ AH, AS,’ AH; AS;®
cofactor (kcal/mol) (cal mol ™" deg™") (kcal/mol) (cal mol " deg™") (kcal/mol) (cal mol ™" deg™")
TNP-ADP with 5 mM MgCl, —4.7+22 1.6+0.7 48+22 27+12 0+1 22+ 1.0
TNP-ADP without MgCl, —7.8£3.5 —5.7+£3 41.1£18 141 £ 60 -379+17 —128£55
TNP-ATP with 5 mM MgCl, —6.2+2.7 —5+2.1 26+ 1.2 18.6+7 44+£20 17.5+£7.3
TNP-ATP without MgCl, 0+3 23410 22.8+107 8430 2408 —49+25

“Errors are standard deviations determined using three or four independent experiments. “Calculated using the binding constant determined at 10 °C.

of Mg”, is now ~0, for TNP-ATP, while AH; becomes even
more negative in the case of TNP-ADP. The apparent enthalpy
and entropy changes for the (H—N); < (H—N), transition
become very large and positive for both analogues. On the other
hand, the values of AH; and AS; become negative, with a
particular dramatic change occurring in the case of the ADP
analogue (Table 3) (see Discussion).

Global Conformations of the RepA Helicase Free and in
the Presence of the ATP and ADP Analogues, in the
Absence of Magnesium. To further address the dramatic effect
of magnesium on the energetics and dynamics of binding of the
nucleotide cofactor to the RepA helicase, we performed the
analytical sedimentation velocity studies that provide direct
information about the hydrodynamic properties of a macromo-
lecule (21). In turn, the hydrodynamic properties reflect global
conformational states of the macromolecule in solution. Sedi-
mentation velocity profiles of the RepA helicase alone, in the
absence of magnesium, are shown in Figure 5a. The total enzyme
concentration is I x 107> M (hexamer). To obtain the apparent
average sedimentation coefficient, s, ., the sedimentation velo-
city scans have been analyzed using the time-derivative approach,
which provides an s, 0of 7.8 £ 0.1 S (27). Such a nonlinear least-
squares fit, for RepA alone, is shown in Figure 5b. The obtained
value of sy, is significantly lower than the 55, 0f 8.3 £ 0.1 S,
determined for the enzyme in the presence of Mg>", and indicates
a profoundly changed global structure of the enzyme (see
Discussion) (21).

In the case of the RepA—TNP—cofactor complex, we can
utilize the fact that the absorption spectrum of the cofactor has a
maximum at 410 nm, which allows us to directly monitor the
sedimentation of the nucleotide in the complex with the enzyme,
without the interference of the protein absorbance (26). Sedi-
mentation velocity profiles of the RepA—TNP-ADP complex in
buffer TS (pH 7.6 and 10 °C), in the absence of magnesium, are
shown in Figure 5c. The total protein and cofactor concentra-
tions are 1 x 107> M (hexamer) and 6.5 x 10~¢ M, respectively.
At the selected RepA and TNP-ADP concentrations, the cofac-
tor completely saturates the protein and, on average, one cofactor
molecule is associated with the enzyme. The apparent average
sedimentation coefficient, 5o, of the RepA—TNP-ADP com-
plex has been obtained using the time-derivative approach
(Figure 5d), which provides an s, of 8.7 £ 0.1 S. Analogous
studies with TNP-ATP, in the absence of Mg®", provided an $20.w
of 8.4 4 0.1 S (data not shown). It is evident that the presence of
the nucleotides strongly affects the global conformation of the
RepA hexamer (21). Moreover, the effect is different for the ATP
versus ADP analogue (see Discussion).

Dynamics of Binding of the ATP and ADP Analogues to
the Single, Noninteracting Nucleotide-Binding Site of the
RepA Helicase in the Presence of the ssDNA. The RepA
helicase acquires a significantly higher affinity for the ssDNA in

the presence of ATP or ATP nonhydrolyzable analogues than in
the absence of the cofactors (12, 21, 53). Moreover, binding of
only a single NTP cofactor molecule to the hexamer is necessary
to induce the high-ssDNA affinity state (2/). Nevertheless, the
binding of the ssDNA 20-mer to the enzyme, whose length
corresponds to the site size of the enzyme—ssDNA complex, is
characterized by the binding constant, K»g, in the range of 5 x 10°
to 1 x 10* M™', which allows us to address the effect of
the ssDNA on the dynamics of binding of the nucleotide to the
enzyme—ssDNA complex, by performing experiments in the
presence of elevated concentrations of the nucleic acid (21).
The stopped-flow measurements of the binding of the ATP and
ADP analogues to the RepA helicase, in the presence of the
ssDNA 20-mer, dT(pT),9, have been examined as described
above (35, 38—49). The kinetic traces required a double-expo-
nential function (eq 3) to adequately represent the experimental
curves. Also, in the high-protein concentration range, a part of
the fluorescence increase of the analogue occurs in the time range,
which is beyond the time resolution of the stopped-flow measure-
ment (data not shown).

The dependence of the reciprocal relaxation times, 1/7, and 1/13,
as a function of the total RepA helicase concentration, [RepA]r
(protomer), and in the presence of the ssDNA 20-mer, dT(pT);9
[7 x 107> M (oligomer)] (final concentration), for the association
reaction of TNP-ATP with the enzyme, is shown in Figure 6a,b.
The values of 1/7, increase with [RepAlr, showing only slightly
marked hyperbolic behavior (35, 38—49). However, as discussed
above, these data and the presence of the fast preceding process
indicate that 1/t, describes the intramolecular transition of the
formed complex (35, 50, 51). The hyperbolic dependence of 1/73
on [RepA]r clearly indicates an internal isomerization of the
complex. The dependence of the normalized individual ampli-
tudes, A;, A», and A3, on the logarithm of the total concentration
of RepA helicase, is shown in Figure 6¢ (47—49). Amplitude 4,
of the fast, unresolved process appears only at high values of
[RepAlr and significantly contributes to the total amplitude of
the relaxation process in the high-protein concentration range.
Amplitude A, dominates the observed total amplitude, A4, at
low enzyme concentrations. However, the values of A, sharply
decrease with the increase in [RepA]t and become negative in the
high-protein concentration range. Amplitude 45 is positive and
appears only at higher protein concentrations. Nevertheless, A3
gradually increases with an increasing protein concentration.
Such behavior of the reciprocal relaxation times and the indivi-
dual amplitudes is in excellent agreement with the proposed
kinetic mechanism (eq 5) (35, 50, 51). Analogous experiments
have been performed for the association of the ADP analogue
with the RepA helicase (data not shown). The obtained kinetic
and spectroscopic parameters for binding of TNP-ATP and
TNP-ADP to the single, noninteracting nucleotide-binding site
of the RepA helicase are included in Table 1.
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FIGURE 5: (a) Absorption profiles, recorded at 280 nm, of analytical sedimentation velocity runs of the RepA belicase alone, in buffer TS5 (pH 7.6
and 10 °C), in the absence of magnesium. The total protein concentration is 1 x 107> M (hexamer). (b) The solid line is the apparent average
sedimentation coefficient distribution g(s*), as a function of the radial sedimentation coefficient coordinate, s*, obtained from time derivatives of
the RepA sedimentation profiles recorded at 280 nm, in buffer TS (pH 7.6 and 10 °C), in the absence of magnesium (35000 rpm). The dashed line is
the nonlinear least-squares fit of the experimental distribution using the time-derivative method. Both plots are corrected for the solution
conditions (details in the text). (¢c) Absorption profiles, recorded at 410 nm, of analytical sedimentation velocity runs of the RepA helicase—TNP-
ADP complex, in buffer T5 (pH 7.6 and 10 °C), in the absence of magnesium. The total protein and cofactor concentrations are 1 x 107> M
(hexamer) and 6.5 x 10~° M, respectively. (d) The solid line is the apparent average sedimentation coefficient distribution, g(s*), as a function of
the radial sedimentation coefficient coordinate, s, obtained from time derivatives of sedimentation profiles of the RepA—TNP-ADP complex
recorded at 410 nm, in buffer TS (pH 7.6 and 10 °C), in the absence of magnesium (35000 rpm). The dashed line is the nonlinear least-squares fit of

the experimental distribution using the time-derivative method. Both plots are corrected for the solution conditions (details in the text).

In the case of TNP-ATP, the value of the partial equilibrium
constant (K; ~ 6 x 10* M) is approximately 1 order of
magnitude higher than that observed in the absence of the
ssDNA (Table 1). There is also a dramatic increase in the value
of K,, from ~118 to ~2650. Thus, both K; and K, strongly
contribute to the overall increase in the affinity of the ATP
analogue for the nucleotide-binding site (Table 1). The large
increase in K, results from the decrease in k_,, by a factor of ~25
in the presence of the nucleic acid, while the value of k, is slightly
diminished under the same conditions (Table 1). On the other
hand, the value of K3 is only ~0.1; i.e., it is diminished by a factor
of ~25, as compared to the value determined in the absence of the
nucleic acid, and makes a negative contribution to the overall free
energy of binding (Table 1). Changes in the internal energetics
and dynamics are accompanied by changes of the environment of
the cofactor in the binding site. The relative fluorescence intensity
of intermediate (H—N), is significantly increased, while that of
(H—N), is only slightly affected by the presence of the ssDNA.

However, the fluorescence intensity of the third intermediate,
(H—N)3, is diminished by a factor of ~5, as compared to the
intensity of the corresponding intermediate in the absence of the

DNA. The effect of the ssDNA on the binding of TNP-ADP to
the RepA helicase is very different. The K; value of &8 x 10° M ™!
is lower than that observed in the absence of the ssDNA
(Table 1). The presence of the nucleic acid does not affect K,
and only slightly increases the value of K3. As a result, the overall
affinity of the ADP analogue for the nucleotide-binding site
remains very similar to that observed in the absence of the
ssDNA (Table 1). Although the relative fluorescence intensity of
(H—N), is significantly increased, the fluorescence intensities
of (H—N), and (H—N); are only slightly affected by the presence
of the nucleic acid (see Discussion).

Fractional Distributions of Intermediates of the Nucleo-
tide Cofactor Binding to the Single, Noninteracting
Nucleotide-Binding Site of the RepA Helicase in the Pre-
sence of Magnesium. The distributions of the intermediates
during the time course of the reaction in the binding of ATP and
ADP analogues to the RepA hexamer, at 10 °C and in the
presence of magnesium, are shown in panels a and b of Figure 7,
respectively. The concentrations of the intermediates are normal-
ized as molar fractions of the total concentration of the nucleo-
tide cofactors. At the selected protein concentration, the
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FIGURE 6: Dependence of the reciprocal relaxation times for the
binding of TNP-ATP to the RepA helicase in buffer TS5 (10 °C),
containing 5 mM MgCl, and 7 x 107> M (oligomer) ssDNA 20-mer,
dT(pT);e, on the total concentration of the enzyme (protomer): (a)
1/7, (W) and (b) 1/73 (O). (c) Dependence of the individual normalized
relaxation amplitudes, 4, (A), 4, (W), and 45 (O), of the kinetic
process of binding of TNP-ADP to the RepA helicase in buffer T5
(10°C), containing 5 mM MgCl, and 7 x 10> M (oligomer) ssDNA
20-mer, dT(pT)9, on the logarithm of the total concentration of the
enzyme (protomer). The solid lines in panels a—c are nonlinear least-
squares fits of the experimental data to the three-step sequential
mechanism, defined by eq 5. The obtained kinetic and spectroscopic
parameters are included in Table 1 (details in the text). The error bars
are standard deviations obtained from three or four independent
experiments.

nucleotide cofactors are saturated with the helicase. We cannot
access the dynamics of the fast bimolecular step, but we can
address the maximum fractional contribution of (H—N); by
modeling the process as close to the diffusion-controlled reaction,
with the determined partial equilibrium constant, K;. Ina manner

Biochemistry, Vol. 48, No. 44, 2009 10631

independent of the assumed diffusion-controlled character, the
first, fast-forming intermediate, (H—N);, detectably contributes
to the total population of the ATP analogue states over a large
time span of the reaction. However, it does not constitute any
significant fraction of the total cofactor population at equili-
brium. Unlike (H—N);, intermediate (H—N), constitutes a
significant (~27%) portion of the total population of the ATP
analogue at the equilibrium state (Figure 7a). The third inter-
mediate, (H—N);, dominates the population of the bound ATP
cofactor at the equilibrium state (see Discussion). The fractional
distributions of the ADP analogue intermediates (Figure 7b) are
similar to the distributions of the ATP analogue. Higher tem-
perature does not significantly affect the intermediate distribu-
tions of either cofactor (data not shown).

Fractional Distributions of Intermediates of the Nucleo-
tide Cofactor Binding to the Single, Noninteracting
Nucleotide-Binding Site of the RepA Helicase in the Pre-
sence of the ssDNA. The fractional distributions of the inter-
mediates during the time course of the reaction in the binding of
ATP and ADP analogues to the RepA hexamer, in the presence
of the ssDNA 20-mer, are shown in panels ¢ and d of Figure 7,
respectively. The contribution of (H—N); to the total population
of the ATP analogue is little affected by the presence of the
ssDNA (Figure 7a,c). However, the contribution of (H—N), is
dramatically changed by the presence of the ssDNA and now
constitutes ~91% of the total population in the equilibrium state
(Figure 7c). Moreover, (H—N)s, which dominates the population
of the bound ATP cofactor at equilibrium, in the absence of the
ssDNA (Figure 7a), is reduced to ~9% of the total population at
equilibrium, in the presence of the nucleic acid (see Discussion).
Unlike TNP-ATP, the presence of the ssDNA 20-mer has a much
less pronounced effect on the intermediate distributions of the
RepA—ADP analogue complex (Figure 7d), as compared to the
effect observed in the absence of the DNA (Figure 7b).

DISCUSSION

Multiple-Step Kinetic Mechanism of Binding of the
Nucleotide Cofactor to the Single, Noninteracting Binding
Site of the RepA Helicase. In the presence of magnesium, the
kinetic mechanism of TNP-ATP and TNP-ADP binding to a
single, noninteracting nucleotide-binding site on the RepA heli-
case is a minimum three-step, sequential process (eq 5). The
sequential character of the mechanism indicates that transitions to
different states of the protein occur as a response to the formation
of the enzyme—nucleotide complex; i.e., conformational transi-
tions of the RepA helicase are not present prior to the nucleotide
binding but are induced by the cofactor (35, 38—351). The observed
mechanism is also similar to that of the analogous E. coli DnaB
protein, which undergoes sequential conformational transitions in
response to the nucleotide association, indicating that this is the
general behavior of hexameric helicases; i.e., the global structure
of the enzyme is under the strict control of the nucleotide
cofactors (39, 41). Nevertheless, the mechanism of binding of
the nucleotide to the RepA helicase is simpler and the dynamcs of
the transitions are faster than those observed in the case of the
DnaB protein (47). Such mechanistic simplicity and much faster
dynamics may reflect the limited number of functional engage-
ments of the RepA protein, specifically geared for replication of
the RSF1010 plasmid, as compared to the DnaB helicase, which is
engaged in a multitude of functions, including different pathways
in the replisome and primosome assemblies (6).
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FiGure 7: (a) Computer simulation of the time course of the fractional concentration distribution of different TNP-ATP intermediates, in the
binding to the RepA hexamer helicase, using the determined rate constants included in Table 1, in buffer T5, containing 5 mM MgCl,, at 10 °C.
(b) Analogous plots of the fractional concentration distributions of different TNP-ADP intermediates, in the binding to the RepA helicase,
using the determined rate constants included in Table 1, at 10 °C. (¢) Computer simulation of the time course of the fractional concentra-
tion distribution of different TNP-ATP intermediates, in the binding to the RepA hexamer helicase, using the determined rate constants included
in Table 1, in buffer T5 (10 °C), containing 5 mM MgCl, and 7 x 107> M (oligomer) ssDNA 20-mer, dT(pT);o. (d) Computer simulation of
the time course of the fractional concentration distribution of different TNP-ADP intermediates, in the binding to the RepA helicase, using
the determined rate constants included in Table 1, in buffer T5 (10 °C), containing 5 mM MgCl, and 7 x 107> M (oligomer) ssDNA 20-mer,
dT(pT);. The selected total nucleotide cofactor concentration is 1 x 1077 M. The selected RepA helicase concentration is 1 x 10™* (protomer):
free nucleotide cofactor (—), (H—N); (——), (H—N), (——), and (H—N); (---). The bimolecular step is modeled close to the diffusion-controlled
reaction with a k; of 1 x 10° M ™! and the k_, adjusted to give the experimentally obtained partial equilibrium constant, K, = k;/k_; (details in
the text).

The largest increase in nucleotide fluorescence occurs in the helicase (Table 1). Finally, the (H—N), <= (H—N); transition is
formation of the (H—N); intermediate, indicating a dramatic also more energetically favorable and significantly faster than
change in the environment around the cofactor in (H—N);, as that determined for the DnaB helicase.
compared to the bulk solution (25, 54). Moreover, the first step is Recall that the RepA hexamer is characterized by an unusually
accompanied by a significant negative enthalpy change, indicat- strong stability, which distinguishes the enzyme from other
ing the presence of a conformational change(s) in the formed hexameric helicases, including the DnaB helicase (10—14, 53).
complex (Table 3). These results indicate that the observed first A plausible explanation of the observed differences between these
step cannot be a simple collision complex (41, 55). The fact that two analogous enzymes is that because the tight interactions
the first step is beyond the time resolution of the stopped-flow between subunits of the RepA hexamer are already established
technique indicates that the very binding process, including an prior to cofactor binding, the energetics and dynamics of the
additional conformational transition of the formed complex, is a (H-N); < (H—N), transition reflect the free energy of the
very fast reaction occurring in a maximum of a few milliseconds. cofactor binding and the specific cofactor-induced structural

The energetics and dynamics of the second step are different change. In the case of the DnaB hexamer, part of the free energy
from the dynamics of the first step and strikingly different from of binding and the (H—N); <= (H—N), transition are used to
those of the corresponding step in binding of the cofactor to the establish stronger intersubunit interactions, leading to the ob-
E. coli DnaB helicase (Table 1) (41). The partial equilibrium served, much lower favorable free energy change for cofactor
constant, K>, is ~200 and ~120 for the ADP and ATP analogue, binding, and also to the slower forward and faster backward rates
respectively. Thus, the second step contributes very substantially of the transition, respectively. Notice, peculiar aspects of the
to the overall free energy of cofactor binding. The corresponding observed kinetics of binding of the nucleotides to the RepA
transition in the case of the DnaB helicase is characterized by a K, helicase are the close values of both 1/7, and 1/t3, pointing to
of ~0.4—2.3, i.e., with very small, if any, favorable contribution significant coupling of the two relaxation processes, which reflect
to the overall affinity (47). Also, the rate constant k; is ~30 and isomerizations of the formed complex (Figure 3a,b). This is
595! for the ADP and ATP analogue, respectively, significantly different from the DnaB helicase in which the relaxation times
larger than the values of ~3—14 s~! observed for the nucleotide significantly differ (47). Such coupling would be expected for the
binding to the DnaB protein (Table 1) (41). The large value of K system with very tight intersubunit interactions, which would
results from the very low values of k_,, which are more than increase the interdependence of the conformational changes

1 order of magnitude lower than that observed for the DnaB induced by the nucleotide binding.
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The Bound Nucleotide Cofactors Experience Changes in
the Structure of the Nucleotide-Binding Site, Which De-
pend on the Structure of the Phosphate Group. The fluores-
cence emission of the TNP group is very sensitive to the physical
nature of the environment and is an excellent reporter of the
polarity of the surroundings on Kosower’s scale (54). For both
the ATP and ADP analogues, the largest fluorescence increase
in the cofactor occurs in the formation of (H—N);, indicating that
the TNP group of the bound nucleotide is in the most hydro-
phobic environment in (H—N); and both cofactors deeply enter
the pocket of the binding site. Nevertheless, the F; value of ~16
determined for TNP-ATP is significantly larger than the F; of 9
obtained for TNP-ADP, indicating that the ATP analogueisin a
different state than the ADP analogue in (H—N), (Table 1). The
differences between the fluorescence intensities of the bound
TNP-ATP and TNP-ADP are also present in the subsequent
intermediates, (H—N), and (H—N)s. Thus, in spite of similar
dynamics and energetics of intermediate formation, these data
strongly suggest that the cofactor—enzyme complexes undergo a
sequence of structural changes, which depends on the structure of
the phosphate group of the cofactor. Similar differences between
bound ATP and ADP analogues were previously observed for
the DnaB helicase, reinforcing the notion of general mechanistic
and structural responses of hexameric helicases to nucleotide
binding (41).

Different Apparent Enthalpy and Entropy Changes of

the Binding Steps in the Nucleotide Cofactor Association
with the RepA Helicase Indicate a Different Nature of the
Formed Intermediates. The effect of temperature on binding of
the nucleotide to the RepA helicase provides an additional strong
indication of the different nature of the formed intermediates.
In the presence of magnesium, the first reaction step is character-
ized by an apparent negative enthalpy and small entropy changes,
for both ATP and ADP analogues (Table 3). Thus, the data show
that the intrinsic nucleotide binding process of the RepA helicase,
independent of the structure of the phosphate group, is appar-
ently an enthalpy-driven process. The second step, (H—N); <
(H—N),, is very different from the bimolecular association and is
characterized by the apparent positive enthalpy and entropy
changes (Table 3). As we discussed above, dramatically slower
dynamics of the second step for both analogues, as compared to
the bimolecular step, indicate that a global conformational
change of the RepA helicase is dominating this transition (see
above). The equally dramatic changes in the thermodynamic
functions strongly support the conclusion that a process of a
different nature, as compared to the bimolecular step, dominates
the second step.

The data indicate that the accompanying conformational
change of the RepA helicase in the (H—N); <> (H—N), transition
is an entropy-driven process strongly opposed by the enthalpy
changes. Such thermodynamic characteristics can be understood
in the context of the unusually strong stability of the RepA
hexamer, which requires perfectly matching protein—protein
interfaces with multiple and energetically favorable interactions.
Breaking such intersubunit engagements, as a result of a global
conformational change, must be energetically unfavorable. The
large positive entropy change also suggests that the reorientation
of subunits is accompanied by large changes in the hydration of
the hexamer (21). This conclusion is supported by the fact that the
(H—N), intermediate is preferentially selected by the ssDNA
bound to the enzyme, which requires opening of the hexameric
structure (see below) (38, 53).
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The next step, (H—N), < (H—N)3, is different for the ATP
versus ADP analogue. For TNP-ATP, the transition is accom-
panied by apparent positive enthalpy and entropy changes. For
the ADP analogue, the process is characterized by the apparent
AHj; of ~0 and positive AS; (Table 3). Recall that the RepA
helicase acquires the high ssDNA affinity only in the presence of
ATP or ATP analogues (12, 53). Thus, a possible explanation of
this difference is that, in the case of the ATP analogue, a further
conformational change in the enzyme occurs, which is energeti-
cally unfavorable and plays a role in the entry of DNA into the
cross channel (see below).

Binding of Magnesium Cations to the RepA Helicase Is
Necessary for the Efficient Communication between Dif-
ferent Intermediates of the RepA Protein—Nucleotide
Complex. The dramatic change in the sedimentation coefficient
of the RepA hexamer, from ~8.3 S in the presence of magnesium
to ~7.8 S in the absence of Mg>", indicates a very significant
change in the global conformation of the RepA hexamer and
provides direct evidence of the specific Mg>" binding to the
protein (/4). The large extent of the change strongly suggests a
profound modification of the intersubunit interactions (27).
Binding of a single nucleotide molecule to the RepA helicase,
in the absence of magnesium, increases the sedimentation co-
efficient to ~8.3 and ~8.7 S for TNP-ATP and TNP-ADP,
respectively. First, these data show that the global conformation
of the RepA hexamer is dramatically affected by the nucleotide
binding to one of the six nucleotide-binding sites of the pro-
tein (27). Second, the effect is dependent upon the structure of the
phosphate group; i.e., the bound ATP analogue molecule induces
a different conformational state than the ADP analogue (14, 21).
Third, these results indicate that the diminished nucleotide
affinity, in the absence of Mg>*, results from the fact that part
of the binding free energy is used to induce conformational
changes in the entire hexamer (see below).

The kinetic data provide information about the effect of Mg”*
on the dynamics and internal energetics among particular inter-
mediates of the protein—nucleotide complexes (/4). The absence
of Mg*" decouples the relaxation processes, which is the first
indication of a weakened interdependence between conforma-
tional states of the enzyme induced by the cofactors (Figure 4).
Magnesium cations are not necessary for the bimolecular step,
which is even more energetically favorable in the absence of Mg "
(Table 2). However, Mg>" cations differently affect the energetics
of the binding step for the ATP versus ADP analogue. The partial
equilibrium constant, Kj, is by factors of ~20 and ~6 higher
in the absence of magnesium, for TNP-ATP and TNP-ADP,
respectively, as compared to the values of Kj in the presence
of Mg*™ (Tables 1 and 2). Moreover, the absence of Mg*"
differently affects the apparent enthalpy and entropy changes of
the bimolecular step for the ATP versus ADP analogue (Table 3).
Similarly, the effect of Mg*" on the third step, (H—N), <
(H—N)j3, is different for TNP-ATP, as compared to that of
TNP-ADP (Table 2). These results support the conclusion that
the nature of the intermediates, (H—N); and (H—N)s, depends
upon the structure of the phosphate group of the cofactor (see
above).

However, the diminished overall affinity of the cofactors in the
absence of Mg®" predominantly originates from the staggering
diminishing of the values of K, by more than two 2 orders of
magnitude, similar for both cofactors. Moreover, the rate con-
stant, k», is diminished by approximately 1 order of magnitude.
Such dramatic changes in the efficiency and dynamics of the
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(H—N), = (H—N), transition indicate that the role of the Mg*"
cations bound to the enzyme is to induce and/or mediate efficient
and fast contacts between the subunits of the enzyme, in spite
of the fact that Mg>" is not necessary for the stability of the
hexameric structure. In the context of the hydrodynamic data,
the kinetic results indicate that global conformational change
induced by cofactor binding predominantly occurs in the
(H—N); < (H—N), transition. Nevertheless, although the dy-
namics and energetics of the (H—N); < (H—N), transition are
independent of the structure of the phosphate group, the
structure of (H—N), is, as indicated by the very different
fluorescence intensity of TNP-ATP and TNP-ADP in (H—N),
(see below).

The Bound ssDN A Preferentially Selects a Single Inter-
mediate from the RepA—ATP Analogue Complexes. Allos-
teric interactions between the nucleotide-binding site and the
DNA-binding site of a helicase control the affinity of the enzyme
for the nucleic acid and are a crucial part of the free energy
transduction mechanisms of the enzyme (/—7, 12, 53). The RepA
helicase acquires the high ssDNA affinity in the presence of ATP
or ATP analogues, while ADP has only a modest effect, if any, on
the association of the enzyme with the nucleic acid. In a
thermodynamic equilibrium system, the opposite must also be
true; i.e., the bound DNA will affect the dynamics and energetics
of the ATP analogue association, while the effect of the nucleic
acid on the binding of the ADP analogue to the enzyme should be
much less pronounced.

In the case of TNP-ATP, the presence of the bound ssDNA
20-mer affects both the intermediate distribution during the time
course of the reaction and the intermediate distribution in the
equilibrium state (Figure 7a,c). The value of partial equilibrium
constant K| is 1 order of magnitude larger in the presence of the
ssDNA than in the absence of the nucleic acid (Table 1). Such a
pronounced effect of the bound nucleic acid on the value of K
and a significant increase in the relative fluorescence intensity of
the cofactor in (H—N); indicate that the allosteric interactions
between the nucleotide-binding site and the DNA-binding site
are quickly established, within no more than a few milliseconds,
in the initial stages of formation of the tertiary complex, RepA—
ATP analogue—ssDNA. However, the H + N < (H—N), step is
still very fast; i.e., intermediate (H—N); must be short-lived,
strongly suggesting that allosteric interactions occur with the
ssDNA bound in the outer DNA-binding site of the helicase
(38, 56).

Nevertheless, the most dramatic effect is observed in the case
of the partial equilibrium constant, K>, which is increased by a
factor of ~20 in the presence of the ssDNA (Table 1). The
increase in K, results from the large decrease in the value of the
backward rate constant, k_,. Such a dynamic behavior would be
expected for the transition, which is an intrinsic property of the
enzyme—cofactor complex (see above), where the allosteric
interactions between the nucleotide-binding site and the DNA-
binding site additionally lock the cofactor in (H—N),, leading to
the lower value of k_,. Notice that the fluorescence intensity of
(H—N), is only slightly affected by the DNA, indicating that the
DNA binds to the conformation induced by the cofactor.

On the other hand, the value of K3 is diminished by a factor of
~25, as compared to the value determined in the absence of the
DNA (Table 1). This occurs mainly through the large decrease in
rate constant k3 and a significantly increased value of k_s.
Moreover, the fluorescence intensity of the (H—N); intermediate
is diminished by a factor of ~5, as compared to the intensity of
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FIGURE 8: Schematic model of the sequential kinetic mechanism of
the NTP binding to the single, noninteracting nucleotide-binding site
of the RepA hexamer and the selection of the intermediates of the
reaction by the ssDNA, based on the data obtained in this work.
Initially, all six nucleotide-binding sites are independent and equiva-
lent (/3, 14). The single NTP molecule binds to an independent
nucleotide-binding site forming the (H—N); intermediate (13, /4).
The (H—N), intermediate has a modestly increased affinity for the
nucleic acid bound in the outer DNA-binding site of the enzyme (56).
Nevertheless, (H—N) is short-lived. The subsequent transition to the
(H—N), intermediate is fast and energetically very favorable. The
(H—N), intermediate is preferentially selected by the single-stranded
conformation of the DNA and dominates the fractional distribution
of the RepA—cofactor—ssDNA ternary complex in the equilibrium
state. Only a small fraction of the formed complex transforms into the
(H—N); intermediate (details in the text).

the corresponding intermediate in the absence of the DNA,
indicating that the allosteric interactions affect the structure of
the enzyme—cofactor complex. Thus, the presence of the nucleic
acid slows the rate of the transition to the (H—N); intermediate
and dramatically decreases the efficiency of its formation. As a
result, the contribution of (H—N), constitutes ~91% of the total
population of the bound ATP analogue at the equilibrium state,
while the analogous contribution of (H—N); is profoundly
reduced (Figure 7a,c). In other words, the bound nucleic acid
preferentially selects (H—N),, i.e., the intermediate which results
from a large conformational transition of the enzyme (see above),
from all other intermediates of the RepA helicase—ATP analogue
association reaction. Because the entry of the DNA into the cross
channel is accompanied by a local opening of the hexameric
structure of the RepA helicase, the (H—N); <= (H—N), transi-
tion, in the case of the ATP analogue, must constitute a prelude to
the opening of the hexameric structure of the enzyme in the
absence of the nucleic acid (38, 53, 56).

In the case of TNP-ADP, the value of K is even slightly
lower in the presence of the nucleic acid, as compared to the
value observed in the absence of the ssDNA (Table 1). None-
theless, the relative fluorescence intensity of (H—N); is signi-
ficantly increased in the presence of the DNA, indicating that
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the allosteric interactions between the nucleotide-binding site
and the DNA-binding site do occur. Similarly, the nucleic acid
does not affect K>, slightly increases the value of K3, and has little
effect on the fluorescence intensities of (H—N), and (H—N);
(Table 1). As a result, the fractional distributions of these
intermediates during the time course of the reaction and in the
equilibrium state are very similar to the fractional distributions
determined in the absence of the DNA (Figure 7b,d). The
obtained results indicate that, in the presence of the DNA, all
transitions observed in the binding of nucleotides to the RepA
helicase become sensitive to the structure of the phosphate
group of the cofactor, with the initial testing of the structure of
the phosphate group already occurring in the initial stage of the
reaction in (H—N),, while the final major testing occurs in
(H-N),.

A schematic model of the preferential selection of a single
intermediate of the RepA helicase—NTP complex, which can
account for the data obtained in this work, is depicted in Figure 8.
The single NTP molecule binds to an independent nucleotide-
binding site forming (H—N), (13, /4). The (H—N); intermediate
has an increased affinity for the nucleic acid, which is bound
in the outer DNA-binding site of the enzyme. Nevertheless,
(H—N); is short-lived. The subsequent transition to (H—N), is
fast and energetically very favorable. The enzyme is locked
in (H=N), because of the slow rates back to (H—N); and
forward to (H—N)s. In the equilibrium state, (H—N)j, is prefer-
entially selected by the single-stranded conformation of the
enzyme-bound DNA. The selection process may include addi-
tional conformational transitions of the (H—N),—ssDNA com-
plex, which, for the sake of simplicity, are not included in
Figure 8 (56). A small fraction of the formed complex transforms
into (H—N);. Nevertheless, the (H—N), < (H—N); transition
is slow and allows the efficient binding of the nucleic acid
to (H_N)z
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