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Kinetics of the Escherichia coli primary replicative helicase DnaB protein
binding to a single-stranded DNA, in the presence of the ATP non-hydro-
lyzable analog AMP-PNP, have been performed, using the ¯uorescence
stopped-¯ow technique. This is the ®rst direct determination of the mech-
anism of the ssDNA recognition by a hexameric helicase. Binding of the
¯uorescent etheno-derivative of a ssDNA to the enzyme is characterized
by a strong increase of the nucleic acid ¯uorescence, which provides an
excellent signal to quantitatively study the mechanism of ssDNA recog-
nition by the helicase. The kinetic experiments have been performed with
a ssDNA 20-mer, deA(peA)19, that encompasses the entire, total ssDNA-
binding site of the helicase and with the 10-mer deA(peA)9, which binds
exclusively to the ssDNA strong subsite within the total ssDNA-binding
site. Association of the DnaB helicase with the 20-mer is characterized by
three relaxation times, which indicates that the binding occurs by the
minimum three-step mechanism where the bimolecular binding step is
followed by two isomerization steps. This mechanism is described by the
equation:
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The value of the bimolecular rate constant, k1, is four to six orders of
magnitude lower than the value expected for the diffusion-controlled
reaction. Moreover, quantitative amplitude analysis suggests that the
major conformational change of the ssDNA takes place in the formation
of the (H-ssDNA)1. These results indicate that the determined ®rst step
includes formation of the collision and an additional transition of the
protein-ssDNA complex, most probably the local opening of the protein
hexamer. The data indicate that the binding mechanism re¯ects the inter-
actions of the ssDNA predominantly through the strong ssDNA-binding
subsite. The analysis of the stopped-¯ow kinetics has been performed
using the matrix-projection operator technique, which provides a power-
ful method to address stopped-¯ow kinetics, particularly, the amplitudes.
The method allowed us to determine the speci®c ¯uorescence changes
accompanying the formation of all the intermediates. The sequential
nature of the determined mechanism indicates the lack of the kinetically
signi®cant conformational equilibrium of the DnaB hexamer as well as a
transient dissociation of the hexamer prior to the ssDNA binding. The
signi®cance of these results for the functioning of the DnaB helicase is
discussed.
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Introduction

The DnaB protein is an essential replication pro-
tein in Escherichia coli that is involved in both the
initiation and elongation stages of the chromoso-
mal DNA replication, as well as in the replication
of phage and plasmid DNA (Kornberg & Baker,
1992). The protein is the E. coli primary replicative
helicase, i.e. the factor responsible for unwinding
the duplex DNA in front of the replication fork
(LeBowitz & McMacken, 1986; Baker et al., 1987;
Kornberg & Baker, 1992). The DnaB protein is the
only helicase required to reconstitute DNA replica-
tion in vitro from the chromosomal origin of
replication (oriC). Multiple activities of the DnaB
protein in vitro re¯ect complex interactions of the
helicase with different ingredients in the primo-
some and in the protein-nucleic acid complexes
that are formed at the origins of bacterial and
phage DNA replication.

Sedimentation equilibrium, sedimentation vel-
ocity, and nucleotide cofactor binding studies show
that the DnaB helicase exists as a stable hexamer in
a large protein concentration range speci®cally
stabilized by multiple magnesium cations
(Bujalowski et al., 1994; Jezewska & Bujalowski,
1996b). Hydrodynamic and electron microscope
data indicate that six protomers aggregate with cyc-
lic symmetry in which the protomer-protomer con-
tacts are limited to only two neighboring subunits
(Bujalowski et al., 1994; San Martin et al., 1995; Yu
et al., 1996). Thermodynamic studies provide direct
evidence of the presence of long-range allosteric
interactions in the hexamer encompassing all six
subunits of the enzyme (Jezewska et al., 1996).

In the complex with the ssDNA, the DnaB heli-
case binds the nucleic acid with a stoichiometry of
20(�3) nucleotides per DnaB hexamer, and the for-
mation of the DnaB-ssDNA complex does not
require ATP hydrolysis (Bujalowski & Jezewska,
1995; Jezewska & Bujalowski, 1996a; Jezewska et al.,
1996, 1997, 1998a,b,c). The helicase binds the
ssDNA in a single orientation with respect to the
polarity of the sugar-phosphate backbone of the
nucleic acid (Jezewska et al., 1998a,b,c). This single
orientation is preserved in the complexes of the
enzyme with the replication fork. Photo-cross-link-
ing experiments indicate that the ssDNA binds pre-
dominantly, if not completely, to a single subunit
of the hexamer (Bujalowski & Jezewska, 1995;
Jezewska et al., 1996). The DnaB hexamer has an
effective, single binding site for the ssDNA,
although each subunit can most probably be
initially selected for ssDNA-binding. Our thermo-
dynamic studies show that the total ssDNA-bind-
ing site of the enzyme is built of two subsites, a
strong and a weak ssDNA-binding subsite, each of
which encompasses a similar �10 nucleotide resi-
dues each (Jezewska et al., 1998b,c). Moreover,
¯uorescence energy transfer studies indicate that in
the complex with the helicase, the ssDNA passes
through the cross-channel of the hexamer
(Jezewska et al., 1998c).
Here, we address for the ®rst time the mechan-
ism of the DnaB helicase binding to the ssDNA
using the ¯uorescence stopped-¯ow technique.
Our data show that, in the presence of the ATP
non-hydrolyzable analog, AMP-PNP, the associ-
ation of the DnaB hexamer with the ssDNA pro-
ceeds through the minimum three-step sequential
mechanism, where the bimolecular binding step is
followed by two isomerization transitions. Ampli-
tude analyses indicate that the major conformation-
al transition of the protein-nucleic acid complex
occurs in the ®rst reaction step. These results and
the lack of the effect of the protein concentration
on the measured relaxation times indicate that the
hexamer does not dissociate during DNA binding,
and the entry of the ssDNA into the cross-channel
of the hexamer occurs through a local opening of
the ring-like structure. The sequential character of
the reaction mechanism indicates that the ssDNA
recognition by the DnaB hexamer is not preceded
by a conformational transition of the helicase
hexamer prior to DNA binding.

Results

General analysis of stopped-flow kinetic
experiments using the matrix projection
operator technique

A quantitative determination of the mechanism
of the macromolecule-ligand interactions, using
spectroscopic stopped-¯ow measurements, requires
the examination of both the relaxation times and
the amplitudes of the observed processes. In our
analyses of the dynamics of the DnaB helicase-
ssDNA interactions, we use the matrix projection
operator technique (Pilar, 1968). This very power-
ful approach, familiar in the ®eld of quantum
chemistry, has so far been used very little in chemi-
cal kinetics where standard matrix methods are
applied (Bernasconi, 1976). As we show below, the
matrix projection operator technique is extremely
useful for the analysis of complex stopped-¯ow
kinetics, particularly, by providing closed-form
expressions for the amplitudes of the studied reac-
tion. This, in turn, allows the experimenter to
obtain structural mechanistic information about all
identi®ed intermediates.

Our data show that the formation of the DnaB
helicase complex with the ssDNA includes the
bimolecular step leading to the formation of the
initial complex, which subsequently undergoes
several ®rst-order conformational transitions.
Therefore, as an example, we consider a complex
sequential reaction between ligand, C, and protein,
N, of the type:

C1 �N1�
k1

kÿ1

N2�
k2

kÿ2

N3�
k3

kÿ3

N4 �1�

where the initial bimolecular process is followed
by two isomerization reactions of the formed com-
plex and the reaction is monitored by the ligand
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¯uorescence change. This reaction is characterized
by three relaxation times and three amplitudes, i.e.
there are three normal modes of the reaction
(Bernasconi, 1976). The differential equations
describing the time-course of reaction (1), in terms
of different macromolecule species, are:

dN1

dt
� ÿk1N1C� kÿ1N2

dN2

dt
� k1N1Cÿ �kÿ1 � k2�N2 � kÿ2N3

dN3

dt
� k2N2 ÿ �kÿ2 � k3�N2 � kÿ3N4

dN4

dt
� k3N3 ÿ kÿ3N4

�2�

In order to eliminate all higher-order terms in
differential equations and to formulate the kinetic
mechanism, our kinetic studies are performed in
pseudo-®rst-order conditions, i.e. in the large
excess of the ligand, Ctot4Ntot, i.e. Ctot is � con-
stant during the reaction. In matrix notation,
system (2) is then de®ned as:
dN1

dt

dN2

dt

dN3

dt

dN4

dt

0BBBBBBBBBBB@

1CCCCCCCCCCCA
�
ÿk1C kÿ1 0 0
k1C ÿ�kÿ1 � k2� kÿ2 0

0 k2 ÿ�kÿ2 � k3� k3

0 0 k3 ÿk3

0BB@
1CCA

N1

N2

N3

N4

0BB@
1CCA �3�
and:

_N �MN �4�
where _N is a vector of time derivatives, M is the
coef®cient matrix, and N is a vector of concen-
trations. In standard matrix approach the solution
of system (3) is:

N � exp�Mt�No �5�
and:

N � V

exp�l0t� 0 0 0
0 exp�l1t� 0 0
0 0 exp�l2t� 0
0 0 0 exp�l3t�

0BB@
1CCAVÿ1No

�6�
where l0, l1, l2, and l3 are eigenvalues of matrix
M, V is a matrix whose columns are the eigenvec-
tors of matrix M, and No is the vector of the initial
concentrations. In the considered case of the
sequential reaction 1, No is a column vector
(Ntot, 0, 0, 0), where Ntot is the total concentration
of macromolecule N. The form of the vector No

re¯ects the fact that at t � 0 the concentration of
the free macromolecule is equal to its total concen-
tration, while the concentrations of all other species
are zero. In order to solve system (3), i.e. ®nd
relaxation times and amplitudes of the reaction,
®rst one has to obtain the eigenvalues of matrix M,
then the corresponding eigenvectors. For a multi-
step mechanism, like that considered here, this can
be achieved only through cumbersome numerical
analyses, particularly for the eigenvectors, without
obtaining information about the spectroscopic
(structural) information about each intermediate.

However, instead of ®nding eigenvectors corre-
sponding to each eigenvalue, li, of matrix M, we
expanded the matrix exp(Mt) using its eigenvalues,
exp(lit), and corresponding projection operators,
Qi, as (Fraser et al., 1965; Pilar, 1968):

exp�Mt� �
X3

i�0

Qi exp�lit� �7�

The projection operators, Qi, can easily be
de®ned by Sylvester's theorem, using the original
coef®cient matrix M and its eigenvalues, li (Fraser
et al., 1965; Pilar, 1968). In general, a projection
operator, Qi, corresponding to an eigenvalue, li, is:

Qi �

Yn

j 6�i

�Mÿ ljI�

Yn

j6�i

�li ÿ lj�
�8�

where n is the number of eigenvalues and I is the
identity matrix of the same size as M.

In the considered reaction, which includes three
sequential steps (equation (1)), there are four eigen-
values l0, l1, l2, and l3, however, l0 � 0 because
of the mass conservation in the reaction system.
Therefore, using equation (8) one obtains:

Q0 �
�Mÿ l1I��Mÿ l2I��Mÿ l3I�

l1l2l3
�9a�
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Q1 �
M�Mÿ l2I��Mÿ l3I�
l1�l1 ÿ l2��l1 ÿ l3� �9b�

Q2 �
M�Mÿ l1I��Mÿ l3I�
l2�l2 ÿ l1��l2 ÿ l3� �9c�

Q3 �
M�Mÿ l1I��Mÿ l2I�
l3�l3 ÿ l1��l3 ÿ l2� �9d�

The solution of the system of the differential
equation (equation (5)), expressed in terms of
matrix projection operators, is then:

N � Q0No �Q1No exp�l1t�
�Q2No exp�l2t� �Q3No exp�l3t� �10�

where Qi are de®ned by equations (9).
Using matrix projection operators, the numerical

analysis of the complex multi-step reaction is
reduced to ®nding only the eigenvalues of the orig-
inal coef®cient matrix M. As we show below, the
power of this technique is particularly evident in
obtaining closed-form formulas for amplitudes of
different normal modes of the reaction in terms of
rate constants, relaxation times, and spectroscopic
properties of each intermediate.

Inspection of equations (9) and their comparison
with equation (10) show that projection operators,
Qi, are matrices of the same size as the size of the
original coef®cient matrix M. Also, the products
QiNo are column vectors, Pi, which are the projec-
tions of No on each eigenvector of the matrix M.
Notice, that Pi are obtained without determining
the eigenvectors of M. Thus:

N � P0 � P1 exp�l1t� � P2 exp�l2t� � P3 exp�l3t�
�11a�

and:

N1

N2

N3

N4

0BBB@
1CCCA �

P01

P02

P03

P04

0BBB@
1CCCA�

P11

P12

P13

P14

0BBB@
1CCCA exp�l1t�

�

P21

P22

P23

P24

0BBB@
1CCCA exp�l2t� �

P31

P32

P33

P34

0BBB@
1CCCA exp�l3t�

�11b�

where Pij is the jth element of the projection of the
vector of the initial concentrations No on the eigen-
vector, corresponding to the ith eigenvalue of
matrix M. In stopped-¯ow experiments, the con-
centrations of all macromolecule species change
F�0� � F1Ctot � �P02 � P12 � P22 � P32 P03 � P13 � P23 � P33 P04 � P14 � P24 � P34�
F2 ÿ F1

F3 ÿ F1

F4 ÿ F1

0@ 1A �16�
from the concentrations at t � 0 to the equilibrium
concentrations at t �1 de®ned by the elements of
vector P0. It should be pointed out that each
element of Pij in equation (11b) is an algebraic
expression, in term of eigenvalues, li, rate con-
stants of the system, and total ligand and macro-
molecule concentrations, de®ned by the products
QiNo.

There are three normal modes of the reaction
and three amplitudes, A1, A2, and A3, correspond-
ing to relaxation times t1 � ÿ 1/l1, t2 � ÿ 1/l2,
and t3 � ÿ 1/l3. In spectroscopic stopped-¯ow
experiments, concentrations of the reactants and
products are indirectly monitored through some
spectroscopic parameter (e.g. ¯uorescence), charac-
terizing interacting species. In general, each inter-
mediate will have different ¯uorescence properties.
Thus, there are four molar ¯uorescence intensities,
F1, F2, F3, and F4, characterizing C1, N2, N3, and N4

states of the ligand, free and in the complex with
the macromolecule. The concentrations of all
ligand species, at any time of the reaction, follow
the mass conservation relationship:

Ctot � C1 �N2 �N3 �N4 �12�
where N2, N3 and N4 are de®ned by equation (11b).

The ¯uorescence of the system at time t of the
reaction, F(t), is de®ned by:

F�t� � F1C1 � F2N2 � F3N3 � F4N4 �13�
Introducing equations (11b) and (12) into equation
(13), one obtains:

F�t� � F1C1 �
F2P02 � F3P03 � F4P04

F2P13 � F3P13 � F4P14

F2P22 � F3P23 � F4P24

F2P32 � F3P33 � F4P34

0BB@
1CCA

T
1

exp�l1t�
exp�l2t�
exp�l3t�

0BB@
1CCA

�14�
where index T indicates the transpose matrix. The
observed total amplitude, Atot of the stopped-¯ow
trace is the sum of individual amplitudes of all
normal modes:

Atot � A1 � A2 � A3 �15a�
Experimentally, for any stopped-¯ow trace the
total amplitude, Atot is described by:

Atot � F�0� ÿ F�1� �15b�
where F(0) and F(1)) are the observed ¯uor-
escence intensities, F(t), of the system at t � 0 and
t �1, respectively. Introducing the mass conser-
vation relationship de®ned by equation (12) into
equation (14), t � 0 for F(0) and t �1 for F(1),
one obtains:
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and:

F�1� � F1Ctot � �P02 P03 P04�
F2 ÿ F1

F3 ÿ F1

F4 ÿ F1

0@ 1A �17�

which de®ne the total amplitude (equation (15b))
as:

Atot � �P12 � P13 � P14 P22 � P23 � P24 P32

� P33 � P34�
F2 ÿ F1

F3 ÿ F1

F4 ÿ F1

0B@
1CA �18�

The individual amplitudes A1, A2, and A3 for each
normal mode are then:

A1 � �P12 P13 P14�
F2 ÿ F1

F3 ÿ F1

F4 ÿ F1

0@ 1A �19�

A2 � �P22 P23 P24�
F2 ÿ F1

F3 ÿ F1

F4 ÿ F1

0@ 1A �20�

A3 � �P32 P33 P34�
F2 ÿ F1

F3 ÿ F1

F4 ÿ F1

0@ 1A �21�

Equations (18)-(21) are closed-form, explicit
expressions for the total and individual amplitudes
for the three-step reaction mechanism described by
equation (1). Thus, once the matrix operators are
formulated in terms of the original matrix of coef®-
cients M, the total and individual amplitudes of
the reaction system can be de®ned easily. Exten-
sion of the analysis to more complex reaction sys-
tems is straightforward.

The relationships derived above also provide an
important intuitive insight into the effect of differ-
ent values of spectroscopic properties of the inter-
mediates of the reaction on observed amplitudes.
For instance, even if all intermediates have the
same ¯uorescence properties (F2 � F3 � F4), the
amplitudes of all normal modes will be observed,
in spite of the fact that there are no additional ¯u-
orescence changes in all transitions following N2.
Equations (18)-(21) show that the dominant factors
affecting the individual amplitudes are the differ-
ences between the ¯uorescence of the free ligand
and a given intermediate and not the progressive
¯uorescence changes in subsequent transitions. For
some kinetic system, it may not be possible to
detect all present, normal modes of the reaction
(Bernasconi, 1976; Bujalowski et al., 1986a). How-
ever, this would result from the combined effect of
rate constants, relaxation times and spectroscopic
changes and not from similar or identical spectro-
scopic signal changes accompanying the formation
of subsequent intermediates. The equations
derived here are for the case where the observed
spectroscopic signal (¯uorescence) originates from
the ligand. Analogous equations can easily be
obtained when the observed signal comes from the
macromolecule.

The obtained expressions for the individual
amplitudes of the kinetic steps make it possible to
extract the spectroscopic properties of each inter-
mediate of the reaction, thus, providing infor-
mation about the structure of the intermediate,
unavailable by other methods. Notice, this can be
facilitated by setting the ¯uorescence of the free
ligand, F1 � 1. Then, all remaining molar ¯uor-
escence intensities, F2, F3, and F4 are uniquely
determined, relative to F1, by equations (18)-(21).
However, in practice, due to experimental error,
the determination of F2, F3, and F4 can be obtained
through non-linear least-squares ®tting of the
experimentally obtained individual amplitudes.
Because the quantum yield for the free ligand can
be obtained independently, then, if required, the
true quantum yields for all other intermediates can
also be determined.

Relaxation times

Examination of the relaxation times of the stu-
died kinetics, as a function of the ligand concen-
tration, constitutes the ®rst and fundamental step
in establishing the mechanism of the complex reac-
tion and the rate constants of particular elementary
processes (Bernasconi, 1976). The reciprocal relax-
ation times for the three-step sequential reaction,
described by equation (1), as a function of the free
ligand concentration are shown in Figure 1(a)-(c).
Relaxation times have been obtained by direct,
numerical determination of the eigenvalues, l1, l2,
and l3 of the matrix M, at a given free ligand con-
centration, C1, using the identities of 1/t1 � ÿ l1,
1/t2 � ÿ l2, and 1/t3 � ÿ l3. The selected rate
constants are: k1 � 1 � 105 Mÿ1 sÿ1, kÿ1 � 0.05 sÿ1,
k2 � 0.1 sÿ1, kÿ2 � 0.05 sÿ1, k3 � 0.01 sÿ1, and
kÿ3 � 0.005 sÿ1. Because of the large differences
between the values of the selected rate constants
among the elementary steps, the relaxation times
differ signi®cantly at any concentration of the
ligand, i.e. the normal modes of the reaction are
close to the ``uncoupled'' ones (Bernasconi, 1976).
In such a situation, it could be possible to obtain
approximate formulas for each of the relaxation
times; however, the numerical approach applied
here avoids such approximations. The largest
reciprocal relaxation time has typical characteristics
of the bimolecular binding process with 1/t1

increasing linearly with the ligand concentration in
the high ligand concentration range (Bernasconi,
1976). On the other hand, at low ligand concen-
trations there is clearly a non-linear region. This
non-linear region, observed experimentally (see
below), is evident only because no approximate
expression for this relaxation time is used. Both 1/
t2 and 1/t3 for the considered sequential three-step



Figure 1. Computer simulation of the dependence of
reciprocal relaxation times for the three-step sequential
mechanism of the ligand binding to a macromolecule,
de®ned by equation (1), upon free ligand concentration.
Relaxation times have been obtained by numerically
determining the eigenvalues of the matrix of coef®cient
M (l1, l2, l3) and using identities: 1/t1 � ÿ l1, 1/
t2 � ÿ l2, and 1/t3 � ÿ l3. The simulations have been
performed using rate constants: k1 � 1 � 105 Mÿ1 sÿ1,
kÿ1 � 0.05 sÿ1, k2 � 0.1 sÿ1, kÿ2 � 0.05 sÿ1, k3 � 0.01 sÿ1,
and kÿ3 � 0.005 sÿ1. The selected total ligand, Ctot, and
macromolecule, Ntot, concentrations are 1 � 10ÿ5 M and
1 � 10ÿ8 M, respectively; (a) 1/t1, (b) 1/t2, (c) 1/t3.

Figure 2. Computer simulation of the dependence of
individual, A1, A2, and A3, and the total, Atot, relaxation
amplitudes for the three-step sequential mechanism of a
ligand binding to a macromolecule, de®ned by equation
(1), upon the logarithm of the free ligand concentration.
The relative ¯uorescence intensities, F2, F3, and F4, char-
acterizing corresponding intermediates, N2, N3, and N4,
are 3, 3.5 and 3.5, respectively. The ¯uorescence of the
free ligand, C1, is taken as 1. The individual amplitudes
are expressed as fractions of the total amplitude Atot,
while the total amplitude has been normalized to 1 at
saturating ligand concentrations. The simulations have
been performed using closed-form expressions de®ned
by equations (18)-(21) with the rate constants:
k1 � 1 � 105 Mÿ1 sÿ1, kÿ1 � 0.05 sÿ1, k2 � 0.1 sÿ1,
kÿ2 � 0.05 sÿ1, k3 � 0.01 sÿ1, and kÿ3 � 0.005 sÿ1; A1 (± ±
±), A2 (Ð), A3 (- - -), Atot (Ð - - - Ð).
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reaction show hyperbolic dependence upon [ligand]
reaching the plateau values at high [ligand]. As a
result, t2 and t3 become independent of the ligand
concentration in the high concentration range. It
should be pointed out that 1/t3 reaches the plateau
value at signi®cantly lower ligand concentrations
than 1/t2. The hyperbolic dependence of 1/t3 upon
[ligand] is often unnoticed, particularly under
pseudo-®rst-order conditions.

Amplitudes

Analysis of the amplitudes of the spectroscopic
relaxation process offers a unique opportunity to
obtain information about the structure of the reac-
tion intermediates and the physical nature of the
elementary steps. The dependence of individual
amplitudes A1, A2, and A3, expressed as fractions
of the total amplitude Atot, (Ai/�Ai) upon the
ligand concentration, is shown in Figure 2. The
total amplitude, Atot, normalized to 1 at high
ligand concentrations is included. The computer
simulations have been performed using equations
(18)-(21). The selected molar ¯uorescence intensi-
ties are F1 � 1, F2 � 3, F3 � 3.5, and F4 � 3.5; the
rate constants are the same as in Figure 1. It is
clear that at low ligand concentrations only the
amplitudes of the second, A2, and third, A3, normal
modes of the reaction contribute signi®cantly to
the observed Atot, although a major ¯uorescence
change, as compared to the ¯uorescence of the free
ligand, accompanies the formation of N2. Such
behavior is the result of the low ef®ciency of the
N2 complex formation at low [ligand], while the
formed complex still relaxes with the second and
third normal mode. At high ligand concentrations,
the amplitude of the ®rst normal mode, A1, domi-
nates the relaxation process. The computer simu-
lations in Figure 2 show that all three amplitudes
of the present relaxation steps are detectable, in
spite of the fact that there is no additional ¯uor-
escence change in the transition from N3 to N4. As
mentioned above, this is evident from equations
(19)-(21), which show that an amplitude for a
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given normal mode of the reaction is mainly
affected by the difference between the spectro-
scopic properties of intermediates and the free
ligand (see above).

Computer simulations shown in Figure 2 were
performed with given values of the relative ¯uor-
escence intensities for all intermediates. In exper-
imental studies of a kinetic system this process is
reversed, i.e. from the dependence of the ampli-
tudes of the system upon ligand (or macromol-
ecule) concentrations one can determine the
spectroscopic parameters characterizing all inter-
mediates, as we discuss below, for the case of the
DnaB association with ssDNA oligomers.

Kinetics of the 20-mer, deeeA(peeeA)19, binding to
the DnaB helicase

The site-size of the DnaB hexamer in the com-
plex with the ssDNA is 20(�3) nucleotide residues
per hexamer, independent of the type of the base
(Bujalowski & Jezewska, 1995; Jezewska &
Bujalowski, 1996a; Jezewska et al., 1996). The DnaB
hexamer binds a single 20-mer molecule and the
oligomer encompasses the entire total binding site
of the helicase. As we have shown before, binding
of the ¯uorescent etheno-derivative of dA(pA)19,
deA(peA)19, is accompanied by a strong, �3-fold,
increase of the nucleic acid ¯uorescence, providing
an excellent signal to monitor the kinetics of the
helicase-ssDNA complex formation (Bujalowski &
Jezewska, 1995). The stopped-¯ow experiments
have been performed under pseudo-®rst-order con-
ditions by mixing the DnaB helicase with a large
excess of the 20-mer. At the concentration used
(1.5 � 10ÿ7 M hexamer), the DnaB helicase fully
preserves its hexameric structure (Bujalowski et al.,
1994a,b; Jezewska & Bujalowski, 1996a,b). The
stopped-¯ow kinetic trace of the deA(peA)19 fluor-
escence, after mixing 5 � 10ÿ6 M oligomer with
1.5 � 10ÿ7 M hexamer DnaB helicase (®nal concen-
trations) in buffer T2 (pH 8.1, 100 mM NaCl,
1 mM AMP-PNP, 10�C), is shown in Figure 3. The
curve is shown in two time bases, ten seconds and
1000 seconds. The observed kinetics is complex,
clearly showing the presence of multiple steps. The
continuous line in Figure 3 is a non-linear least-
squares ®t of the experimental curve using a three-
exponential ®t. As indicated by the included
deviations of the experimental curve from the ®t,
the two-exponential function provides a less than
adequate description of the experimentally
observed kinetics. Thus, the three-exponential ®t is
necessary to represent the observed experimental
curve. A higher number of exponents does not
signi®cantly improve the statistics of the ®t. There-
fore, the association of the ssDNA 20-mer with the
total binding site of the DnaB helicase is a complex
process that includes at least three steps. It is inter-
esting to note that the observed kinetics of the
ssDNA 20-mer binding to the DnaB helicase is
relatively slow (Figure 3). The entire kinetic process
takes �17 minutes to reach equilibrium. Also, the
rate depends little on the temperature (data not
shown). Notice, at this high concentration of the
20-mer only �50 % of the total amplitude is
included in the ®rst ten seconds of the reaction
time.

The reciprocal relaxation times, 1/t1, 1/t2, and
1/t3, characterizing the three binding steps, as a
function of the total deA(peA)19 concentration are
shown in Figures 4(a)-(c). The largest reciprocal
time, 1/t1, increases with [deA(peA)19] and the
Figure 3. The top panel is the
¯uorescence stopped-¯ow kinetic
trace, recorded in two time bases,
ten seconds and 1000 seconds, after
mixing the DnaB helicase with the
20-mer, deA(peA)19 in buffer T2
(pH 8.1, 100 NaCl, 1 mM AMP-
PNP) (lex � 320 nm, lem > 400 nm).
The ®nal concentrations of the heli-
case and the 20-mer are 1.5 � 10ÿ7

M hexamer and 5 � 10ÿ6 M oligo-
mer, respectively. The continuous
line is the three-exponential, non-
linear least-squares ®t of the exper-
imental curve using equation (26).
The lower panel shows the devi-
ations of the experimental curve
from the ®t using the two-exponen-
tial (broken line) and three-expo-
nential (continuous line) functions
(equation (26)), respectively.



Figure 4. The dependence of the reciprocal of the
relaxation times for the binding of the 20-mer,
deA(peA)19, to the DnaB helicase in buffer T2 (pH 8.1,
100 mM NaCl, 1 mM AMP-PNP, 10 �C) upon the total
concentration of deA(peA)19. The continuous lines are
non-linear least-squares ®ts according to the three-step
sequential mechanism, de®ned by equation (1), with the
rate constants: k1 � 3.4 � 104 Mÿ1 sÿ1, kÿ1 � 0.018 sÿ1,
k2 � 0.021 sÿ1, kÿ2 � 0.01 sÿ1, k3 � 0.004 sÿ1, and
kÿ3 � 0.0012 sÿ1 (see the text for details); (a) 1/t1,
(b) 1/t2, (c) 1/t3. The error bars are standard deviations
obtained from three or four independent experiments.
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dependence becomes linear at the high 20-mer con-
centrations, although there is a non-linear phase at
the low [deA(peA)19] concentration. Such behavior
is typical for the relaxation time characterizing the
bimolecular binding step (see Figure 1(a)). On the
other hand, both 1/t2 and 1/t3 show hyperbolic
dependence upon [deA(peA)19] and reach plateaus
at high ssDNA concentrations. The minimum
mechanism that can account for the observed
dependence of the relaxation times upon the
deA(peA)19 concentration is a three-step, sequential
binding process in which bimolecular association is
followed by two isomerization steps as described
by Scheme 1:

The continuous lines in Figure 4 are computer
®ts of the relaxation times according to the above
mechanism. First, the analysis was performed by
numerical, non-linear least-squares ®tting of the
individual relaxation times, then, the values of the
rate constants were re®ned by global ®tting that
simultaneously includes all relaxation times. The
obtained rate constants for the mechanism de®ned
by Scheme 1 are: k1 � 3.4(�0.6) � 104 Mÿ1 sÿ1,
kÿ1 � 0.018(�0.005) sÿ1, k2 � 0.021(�0.005) sÿ1,
kÿ2 � 0.01(�0.003) sÿ1, k3 � 0.004(�0.001) sÿ1, and
kÿ3 � 0.0012(�0.0005) sÿ1 (Table 1).

The equilibrium association binding constants
for each step in Scheme 1 are: K1 � k1/kÿ1, K2 � k2/
kÿ2, and K3 � k3/kÿ3. Introducing the values of the
rate constants provides K1 � 1.9(�0.6) � 106 Mÿ1,
K2 � 2.1(�1), and K3 � 3.3(�1). Thus, the ®rst step
has a predominant contribution to the free energy
of ssDNA binding, although the next two steps
also increase the af®nity. The overall binding con-
stant, K20, is related to the partial equilibrium steps
by:

K20 � K1�1� K1K2 � K1K2K3� �22�
The value of K20 � 3(�1) � 107 Mÿ1 has been
obtained independently in the same solution con-
ditions by the equilibrium ¯uorescence titration
method (Jezewska et al., 1996; Jezewska &
Bujalowski, 1996a). Introducing the values of equi-
librium constants for partial equilibrium steps into
equation (22) gives K20 � 1.9(�0.7) � 107 Mÿ1.
Within experimental accuracy, this value of the
overall binding constant is in excellent agreement
with the K20, determined by equilibrium titrations
(Table 1).

Individual amplitudes of relaxation steps in the
20-mer, deeeA(peeeA)19, binding to the
DnaB hexamer

The dependence of the individual amplitudes,
A1, A2, and A3, of all three relaxation steps upon
the deA(peA)19 concentration, is shown in Figure 5.
The individual amplitudes are expressed as frac-
tions of the total amplitude, Ai/�Ai. At a low
DNA concentration, only the amplitudes A2 and A3

of the second and third relaxation steps have a
detectable contribution to Atot. The amplitude A2

goes through a maximum, while A3 decreases
steadily with the [deA(peA)19]. As the concen-
tration of the 20-mer increases, the amplitude of
the ®rst step, A1, (bimolecular binding) increases
and becomes a dominant relaxation effect.

Such behavior of the individual amplitudes is in
full agreement with the proposed mechanism

Scheme 1.



Table 1. Kinetic, thermodynamic, and spectroscopic parameters characterizing the binding of the ssDNA 20-mer, deA(peA)19, and the 10-mer, deA(peA)9, to the E. coli DnaB
helicase in buffer T2 (pH 8.1, 100 mM NaCl, 1 mM AMP-PNP, 10 �C)

Oligomer
k1

(Mÿ1 sÿ1)
kÿ1

(sÿ1)
k2

(sÿ1)
kÿ2

(sÿ1)
k3

(sÿ1)
kÿ3

(sÿ1)
K1

(Mÿ1) K2 K3

Overall
binding
constant

(Mÿ1)

Overall
binding

constanta

(Mÿ1) �F2
b �F3

b �F4
b

deA(peA)19 3.4
(�0.6) � 104

0.018
(�0.005)

0.021
(�0.005)

0.01
(�0.003)

0.004
(�0.001)

0.0012
(�0.0005)

1.9
(�0.6) � 106

2.1
(�1)

3.3
(�1)

1.9
(�0.7) � 107

3
(�1) � 107

3.3
(�0.4)

4.1
(�0.4)

4.1
(�0.4)

deA(peA)9 6.2
(�0.7) � 104

0.03
(�0.01)

0.06
(�0.01)

0.015
(�0.005)

0.006
(�0.002)

0.0045
(�0.002)

2.1
(�0.7) � 106

4
(�1.5)

1.3
(�0.5)

2.1
(�0.7) � 107

1.9
(�0.6) � 107

4.0
(�0.4)

5.0
(�0.5)

5.6
(�0.5)

a Determined in equilibrium ¯uorescence titrations (Jezewska & Bujalowski, 1996a; Jezewska et al., 1998c).
b Values relative to the ¯uorescence, �F1 � 1 of the free 20-mer, deA(peA)19, and the 10-mer, deA(peA)9 (see the text for details).



Figure 5. The dependence of the individual relaxation
amplitudes for the binding of the 20-mer, deA(peA)19, to
the DnaB helicase in buffer T2 (pH 8.1, 100 mM NaCl,
1 mM AMP-PNP, 10 �C) upon the logarithm of the total
concentration of deA(peA)19. The continuous lines are
non-linear least-squares ®ts according to the three-step
sequential mechanism, de®ned by equation (1), with the
relative ¯uorescence intensities �F1 � 1, �F2 � 3.3,
�F3 � 4.1, and �F4 � 4.1. The maximum fractional ¯uor-
escence increase of the nucleic acid is taken from the
equilibrium ¯uorescence titration, in the same solution
conditions, as �Fmax � 3.1 (Jezewska et al., 1996). The
rate constants are the same as obtained from the relax-
ation time analysis (Table 1); A1 (~), A2 (&), A3 (&).
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(Scheme 1) deduced from the relaxation time anal-
ysis (see also Figure 3). However, the amplitude
analysis, using the matrix projection operator tech-
nique, also allows us to determine the molar ¯uor-
escence intensities characterizing each intermediate
of the reaction, i.e. to assess the conformational
state of the protein-nucleic acid complex in each
intermediate. This determination is facilitated by
the fact that the maximum, fractional increase of
the nucleic acid ¯uorescence is known from the
equilibrium titrations, �Fmax � 3.1 (Bujalowski &
Jezewska, 1995; Jezewska & Bujalowski, 1996a).
Moreover, �Fmax can be analytically expressed as:

�Fmax � �F2

1� K2 � K2K3
� K2�F3

1� K2 � K2K3

� K2K3�F4

1� K2 � K2K3
�23�

where �F2, �F3, and �F4 are molar ¯uorescence
intensities of each intermediate in the association
reaction of the DnaB helicase with the 20-mer, rela-
tive to the ¯uorescence of the free nucleic acid,
�F1. Notice, these ¯uorescence parameters are rela-
tive ¯uorescence intensities, but not fractional
intensities, with respect to the free nucleic acid
¯uorescence. Equation (23) provides an additional
relationship among the ¯uorescence parameters,
with the value of �Fmax playing the role of a scal-
ing factor. The continuous lines in Figure 5 are
computer ®ts of the experimentally determined
fractional individual amplitudes of the reaction
using equations (19)-(21). The applied ®tting
procedure was similar to that used for the relax-
ation times described above. First, non-linear least-
squares ®tting was performed with the individual
amplitudes using the same rate constants as those
obtained from the examination of the relaxation
times, or allowing the rate constants to ¯oat
between �10 % of the values determined in the
relaxation time analysis. Both approaches provide
similar values of the relative ¯uorescence intensi-
ties. Finally, global ®tting, with the simultaneous
analysis of all three individual amplitudes, re®ned
the obtained parameters. The ¯uorescence of the
free deA(peA)19 was taken as �F1 � 1. The results
indicate that the largest ¯uorescence change,
as compared to the free 20-mer, occurs in the
®rst binding step, i.e. in the formation of the
(H-ssDNA)1. Upon formation of this complex, the
¯uorescence of the 20-mer increases by a factor of
3.3 (�F2 � 3.3 � 0.4) as compared to the free DNA.
Conformational transition to the (H-ssDNA)2

induces only an �30 % additional increase of the
20-mer ¯uorescence over �F1 (�F3 � 4.1(� 0.4)),
while the transition to the (H-ssDNA)3 is not
accompanied by an additional ¯uorescence
increase over �F3 (�F4 � 4.1(� 0.4)) (see Discus-
sion).

Effect of the protein concentration on
the measured relaxation times of the
deeeA(peeeA)19-DnaB helicase association

The stability of the DnaB hexamer is an import-
ant factor in the examination of the helicase-
ssDNA complex formation. Any dissociation of the
hexamer into lower oligomers would obscure the
kinetic processes and the possibility of quantitat-
ively interpreting it, unless the kinetics of such dis-
sociation and its effect on the dynamics of the
DNA binding is also examined. On the other hand,
dissociation of the hexamer could be a part of the
binding mechanism. Figure 6(a)-(c) shows the
determined relaxation times, as a function of the
[DnaB] (hexamer), over an order of magnitude
change of the protein concentration. The data
clearly show that, within experimental accuracy,
all three relaxation times are independent of the
helicase concentration, indicating that the observed
kinetics are not affected by the protein-protein
interactions. Also, the lack of a protein concen-
tration on the observed kinetic process indicates
that the DnaB protein hexamer does not dissociate
prior to binding the ssDNA, but rather the entry of
the ssDNA into the cross-channel of the hexamer
occurs through a local opening of the hexamer (see
Discussion).



Figure 6. The dependence of the reciprocal relaxation
times of the deA(peA)19-DnaB helicase system upon the
enzyme concentration (hexamer) in buffer T2 (pH 8.1,
100 mM NaCl, 1 mM AMP-PNP, 10 �C); (a) 1/t1,
(b) 1/t2, (c) 1/t3. The error bars are standard deviation
obtained from three or four independent experiments.
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Kinetics of the 10-mer, deeeA(peeeA)9, binding to
the DnaB helicase

The total ssDNA-binding site of the DnaB heli-
case is built of two subsites, a strong and a weak
ssDNA-binding region, which occlude a similar
�10 nucleotide residues of the ssDNA (Jezewska
et al., 1998c). The question to answer is: how does
the mechanism of the association of the 20-mer,
which encompasses the entire total binding site
of the DnaB helicase, re¯ect the interactions of
the enzyme with the partial ligand that binds
exclusively to the strong ssDNA binding subsite?

As in the case of the 20-mer, the stopped-¯ow
experiments have been performed under pseudo-
®rst-order conditions by mixing the DnaB with
a large excess of the 10-mer. The stopped-¯ow
kinetic trace of the deA(peA)9 ¯uorescence, after
mixing 5 � 10ÿ6 M oligomer 10-mer with
1.5 � 10ÿ7 M hexamer DnaB helicase (®nal concen-
trations) in buffer T2 (pH 8.1, 100 mM NaCl,
1 mM AMP-PNP, 10�C), is shown in Figure 7.
The curve has been recorded in two time bases,
10 and 1000 seconds. As shown by the included
deviations from the ®t, the observed kinetic curve
is adequately described by a three-exponential
function, but not by a two-exponential function.
Thus, similar to the 20-mer, the association of the
ssDNA 10-mer with the strong ssDNA-binding
subsite of the DnaB helicase includes at least three
steps.

The reciprocal relaxation times, 1/t1, 1/t2, and
1/t3, characterizing the three binding processes, as
a function of the total deA(peA)9 concentration, are
shown in Figure 8(a)-(c). The largest reciprocol
relaxation time, 1/t1, increases with [deA(peA)9] as
expected for the relaxation time characterizing the
bimolecular binding step (see Figures 2 and 4).
Both 1/t2 and 1/t3 show hyperbolic dependence
upon the [deA(peA)9] and reach plateaus at high
ssDNA concentrations. Therefore, the association
of the 10-mer with the strong ssDNA-binding sub-
site can be described by the same mechanism as
determined for the 20-mer, in which the bimolecu-
lar association is followed by two conformational
transitions of the formed complex (Scheme 1).

The continuous lines in Figure 8(a)-(c) are com-
puter ®ts of the relaxation times according to the
three-step mechanism (Scheme 1), which provide
the following rate constants: k1 � 6.2(�0.7) � 104

Mÿ1 sÿ1, kÿ1 � 0.03(�0.01) sÿ1, k2 � 0.06(�0.01) sÿ1,
kÿ2 � 0.015(�0.005) sÿ1, k3 � 0.006(�0.002) sÿ1, and
kÿ3 � 0.0045(�0.002) sÿ1. The data show that,
although the binding of the mechanism of the
10-mer, deA(peA)9, is the same as that determined
for the larger ligand, deA(peA)19, the values of all
rate constants are higher (Table 1) (see Discussion).

Analysis of the amplitudes of the kinetic
process of deeeA(peeeA)9, binding to the
DnaB helicase

The dependence of the total, Atot and individual
amplitudes, A1, A2, and A3 of all three relaxation
steps upon the logarithm of the total deA(peA)9

concentration is shown in Figure 9. The individual
amplitudes are expressed as a fraction of the total
amplitude, while the total amplitude is normalized
to 1 at saturating concentrations of the nucleic
acid. Molar ¯uorescence intensities characterizing
each intermediate of the reaction, relative to the
molar ¯uorescence of the free 10-mer, have been
obtained using the matrix projection operator tech-
nique, described above, and the relationship
de®ned by equation (23). The maximum, fractional
increase of the 10-mer ¯uorescence, upon satur-
ation with the DnaB helicase, is known from the
equilibrium titrations with the value used in these
calculations, �Fmax � 4.2 (Jezewska et al., 1998c).
The continuous lines in Figure 9 are non-linear
least-squares ®ts of the experimentally determined
fractional individual amplitudes of the reaction,
using equations (18)-(21) and equation (23), with



Figure 7. The top panel is the ¯uorescence stopped-¯ow kinetic trace, recorded in two time bases, ten seconds and
1000 seconds, after mixing the DnaB with the 10-mer, deA(peA)9 in buffer T2 (pH 8.1, 100 NaCl, 1 mM AMP-PNP,
10 �C) (lex � 320 nm, lem > 400 nm). The ®nal concentrations of the helicase and the 10-mer are 1.5 � 10ÿ7 M (hex-
amer) and 5 � 10ÿ6 M (oligomer), respectively. The continuous line is the three-exponential, non-linear least-squares
®t of the experimental curve using equation (26). The lower panel shows the deviation of the experimental curve
from the ®t using two-exponential (broken line) and three-exponential (continuous line) functions (equation (26)),
respectively.
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the ¯uorescence of the free deA(peA)9 taken as 1.
The ®tting procedure is the same as that applied
for the 20-mer.

All relative ¯uorescence increases are larger than
obtained for the 20-mer because the maximum
increase of the 10-mer ¯uorescence is larger upon
saturation with the helicase (Table 1; Jezewska
et al., 1998c). However, similar to the 20-mer, the
major ¯uorescence change occurs in the formation
of the (H-ssDNA)1 with �F1 � 4.0(�0.4). Confor-
mational transition to the (H-ssDNA)2 induces
only an �25 % additional increase of the 10-mer
¯uorescence over the (H-ssDNA)1 with
�F2 � 5.0(�0.5). Formation of the (H-ssDNA)3 is
accompanied by an additional �10 % ¯uorescence
change with �F3 � 5.6(�0.5).

Stopped-flow kinetic studies of the binding of
deeeA(peeeA)4(pT)15 and deeeA(peeeA)4(pA)15 oligomers
to the DnaB hexamer

In solution conditions, similar to these applied in
our studies, adenosine homooligomers have an
ordered structure with signi®cant stacking inter-
actions between bases (Porschke, 1973; Baker et al.,
1978; Saenger, 1984). On the other hand, thymine
oligomers form disordered structures with very
limited base-base stacking interactions (Saenger,
1984). To address the role of the nucleic acid struc-
ture in observed kinetics of the ssDNA binding to
the DnaB helicase, we performed experiments
with two 20-mers, deA(peA)4(pT)15 and
deA(peA)4(pA)15. Each oligomer has a short stretch
of ®ve etheno-adenosine residues at its 50 end that
provide the signal to monitor the interactions.

Stopped-¯ow kinetic traces for both
deA(peA)4(pT)15 and deA(peA)4(pA)15 are ade-
quately described by a three-exponential function,
although the observed signal is much weaker, due
to the much lower ¯uorescence of both oligomers,
resulting from the low content of the ¯uorescent
etheno-adenosine residues. Thus, similar to the
deA(peA)19 and deA(peA)9, the association of
deA(peA)4(pT)15 and deA(peA)4(pA)15 with the
DnaB helicase includes at least three steps. The
reciprocal relaxation times, 1/t1, 1/t2, and 1/t3, as
a function of the total deA(peA)4(pT)15 concen-
tration in buffer T2 (pH 8.1, 100 mM NaCl, 1 mM
AMP-PNP, 10 �C), are shown in Figure 10(a)-(c).
The largest reciprocal relaxation time, 1/t1,
increases with the [deA(peA)4(pT)15], as expected
for the relaxation time characterizing the bimolecu-
lar binding step, while both 1/t2 and 1/t3 reach
plateaus at high oligomer concentrations. Thus, the
association of the deA(peA)4(pT)15 with the helicase
can be described by the same mechanism as that
determined for the deA(peA)19 and deA(peA)9 in
which the bimolecular association is followed by
two conformational transitions of the formed com-
plex (Scheme 1). Binding of oligomers with the



Figure 8. The dependence of the reciprocal of the
relaxation times for the binding of the 10-mer,
deA(peA)9, to the DnaB helicase in buffer T2 (pH 8.1,
100 mM NaCl, 1 mM AMP-PNP, 10 �C) upon the total
concentration of deA(peA)9. The continuous lines are
non-linear least-squares ®ts according to the three-step
sequential mechanism, de®ned by equation (1), with the
rate constants: k1 � 6.2 � 104 Mÿ1 sÿ1, kÿ1 � 0.03 sÿ1,
k2 � 0.06 sÿ1, kÿ2 � 0.015 sÿ1, k3 � 0.006 sÿ1, and
kÿ3 � 0.0045 sÿ1, (a) 1/t1, (b) 1/t2, (c) 1/t3. The error
bars are standard deviations obtained from three or four
independent experiments.

Figure 9. The dependence of the individual and total
relaxation amplitudes for the binding of the 10-mer,
deA(peA)9, to the DnaB helicase in buffer T2 (pH 8.1,
100 mM NaCl, 1 mM AMP-PNP, 10 �C) upon the logar-
ithm of the total concentration of deA(peA)19. The con-
tinuous lines are non-linear least-squares ®ts according
to the three-step sequential mechanism, de®ned by
equation (1), with the relative ¯uorescence intensities
�F1 � 1, �F2 � 4.0, �F3 � 5.0, and �F4 � 5.6. The maxi-
mum ¯uorescence increase of the nucleic acid upon sat-
uration with the helicase has been determined in
equilibrium ¯uorescence titrations, in the same solution
conditions, as �Fmax � 4.2 (Jezewska et al., 1998c). The
rate constants are the same as obtained from the relax-
ation time analysis (Table 1); Atot (^), A1 (*), A2 (&),
A3 (&).
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stretch of ®ve etheno-adenosine residues located at
their 30 end is characterized by the same kinetic
mechanism (data not shown). The continuous lines
in Figure 10 are computer ®ts of the relaxation
times according to the three-step mechanism
(Scheme 1), which provide the following
rate constants: k1 � 3.1(�0.6) � 104 Mÿ1 sÿ1,
kÿ1 � 0.025(�0.007) sÿ1, k2 � 0.035(�0.01) sÿ1,
kÿ2 � 0.012(�0.005) sÿ1, k3 � 0.0021(�0.001) sÿ1,
and kÿ3 � 0.001(�0.0005) sÿ1. Binding of the
deA(peA)4(pA)15 is characterized by virtually the
same kinetic parameters, showing that the differ-
ence in the ssDNA structure, the extent of stacking
interactions, and the type of base has little effect on
the kinetics of the 20-mer binding (Table 2; see
Discussion).

The dependence of the individual amplitudes,
A1, A2, and A3, of all three relaxation steps upon
the logarithm of the total deA(peA)4(pT)15 concen-
tration is shown in Figure 11. The individual
amplitudes are expressed as a fraction of the total
amplitude. Molar ¯uorescence intensities character-
izing each intermediate of the reaction, relative to
the molar ¯uorescence of the free nucleic acid,
have been obtained using the matrix projection
operator technique, described above. The continu-
ous lines in Figure 11 are computer ®ts of the
experimentally determined fractional individual
amplitudes of the reaction using equations (18)-(21)
and equation (23) with the ¯uorescence of the
free 20-mer taken as 1. All relative ¯uorescence
increases are signi®cantly lower than those
obtained for the deA(peA)19 and deA(peA)9

(Table 1). This is because the maximum increase
of ¯uorescence of both deA(peA)4(pT)15 and
deA(peA)4(pA)15 upon saturation with the DnaB
protein is lower than in the case of homoetheno-
adenosine oligomers (Table 2; Figure 11). However,
similar to deA(peA)19 and deA(peA)9, the major
¯uorescence change of deA(peA)4(pT)15 and
deA(peA)4(pA)15 occurs in the formation of the
(H-ssDNA)1 (Table 2).



Table 2. Kinetic, thermodynamic, and spectroscopic parameters characterizing the binding of the ssDNA 20-mers, deA(peA)4(pT)15 and deA(peA)4(pA)15, to the E. coli DnaB
helicase in buffer T2 (pH 8.1, 100 mM NaCl, 1 mM AMP-PNP, 10 �C)

Oligomer
k1

(Mÿ1 sÿ1)
kÿ1

(sÿ1)
k2

(sÿ1)
kÿ2

(sÿ1)
k3

(sÿ1)
kÿ3

(sÿ1)
K1

(Mÿ1) K2 K3

Overall
binding
constant

(Mÿ1)

Overall
binding

constanta

(Mÿ1) �F2
b �F3

b �F4
b

deA(peA)4

(pT)15

3.1
(�0.6) � 104

0.025
(�0.007)

0.035
(�0.01)

0.012
(�0.005)

0.0021
(�0.001)

0.001
(�0.0005)

1.2
(�0.4) � 106

2.9
(�0.7)

1.8
(�0.6)

1.2
(�0.4) � 107

1.1
(�0.3) � 107

2.3
(�0.3)

2.7
(�0.4)

3
(�0.4)

deA(peA)4

(pA)15

3.1
(�0.6) � 104

0.025
(�0.007)

0.04
(�0.01)

0.012
(�0.005)

0.0024
(�0.001)

0.0013
(�0.0005)

1.2
(�0.5) � 106

3.3
(�1)

1.6
(�0.5)

1.3
(�0.5) � 107

1.1
(�0.3) � 107

2.3
(�0.3)

2.7
(�0.4)

3
(�0.5)

a Determined in equilibrium ¯uorescence titrations.
b Values relative to the ¯uorescence, �F1 � 1 of the free 20-mers, deA(peA)4(pT)15 and deA(peA)4(peA)15 (see the text for details).



Figure 10. The dependence of the reciprocal of the
relaxation times for the binding of the 20-mer,
deA(peA)4(pT)15, to the DnaB helicase in buffer T2
(pH 8.1, 100 mM NaCl, 1 mM AMP-PNP, 10 �C) upon
the total concentration of deA(peA)4(pT)15. The continu-
ous lines are non-linear least-squares ®ts according to
the three-step sequential mechanism, de®ned by
equation (1), with the rate constants: k1 � 3.1 � 104 Mÿ1

sÿ1; kÿ1 � 0.025 sÿ1, k2 � 0.035 sÿ1, kÿ2 � 0.012 sÿ1,
k3 � 0.0021 sÿ1, and kÿ3 � 0.001 sÿ1; (a) 1/t1, (b) 1/t2, (c)
1/t3. The error bars are standard deviations obtained
from three or four independent experiments.

Figure 11. The dependence of the individual relax-
ation amplitudes for the binding of the 20-mer,
deA(peA)4(pT)15, to the DnaB helicase in buffer T2
(pH 8.1, 100 mM NaCl, 1 mM AMP-PNP, 10 �C) upon
the logarithm of the total concentration of
deA(peA)4(pT)15. The continuous lines are non-linear
least-squares ®ts according to the three-step sequential
mechanism, de®ned by equation (1), with the relative
¯uorescence intensities �F1 � 1, �F2 � 2.3, �F3 � 2.7,
and �F4 � 3. The maximum ¯uorescence increase of the
nucleic acid upon saturation with the helicase has been
determined in equilibrium ¯uorescence titrations, in the
same solution conditions, as �Fmax � 1.8 (Table 2). Rate
constants are the same as obtained from the relaxation
time analysis (Table 2); A1 (*), A2 (&), A3 (&).
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Discussion

Elucidation of the energetics and dynamics
aspects of the helicase interactions with its DNA
substrates is one of the major prerequisites for
understanding the enzyme activity at the molecu-
lar level (Lohman & Bjorson, 1996). In order to
determine the mechanism of the ssDNA recog-
nition by the DnaB helicase, we have undertaken
stopped-¯ow kinetic studies of the enzyme-ssDNA
complexes. The site-size of the E. coli DnaB hex-
americ helicase, in the complex with the ssDNA, is
20(�3) nucleotides per hexamer. Moreover, the
hexamer binds a single molecule of the 20-mer that
encompasses the entire total binding site of the
enzyme. To directly address the interactions of the
helicase with the nucleic acid within the binding
site-size, without any interference of the possible
protein-protein interactions, the stopped-¯ow
experiments have been performed with 20-mer and
10-mer ssDNA oligomers. We previously deter-
mined that binding of the DnaB helicase to ssDNA
oligomers is not affected by any detectable ``end
effects'' (Jezewska et al., 1996).

The DnaB helicase acquires strong af®nity
toward ssDNA only in the presence of ATP or
ATP non-hydrolyzable analogs, e.g. AMP-PNP
(Arai & Kornberg, 1981; Bujalowski & Jezewska,
1995; Jezewska & Bujalowski, 1996a; Jezewska et al.,
1996). However, as we pointed out before, the
DnaB helicase is a potent ATPase even in the
absence of the ssDNA (Bujalowski & Klonowska,
1993). Such strong ATPase activity would make
any quantitative analysis of the enzyme binding to
the ssDNA in the presence of ATP very dif®cult
because of the multitude of different enzyme forms
in solution whose concentrations change with time
and whose interactions with the ssDNA can be
very different. Therefore, the experiments reported
here have been performed with a high ssDNA af®-
nity form of the DnaB helicase, in the presence of a
saturating concentration of the ATP non-hydrolyz-
able analog, AMP-PNP.
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In our approach, we utilized the fact that the
binding of the ssDNA containing the ¯uorescent
etheno-derivative of adenosine to the DnaB heli-
case is accompanied by a strong nucleic acid ¯uor-
escence increase (Bujalowski & Jezewska, 1995;
Jezewska & Bujalowski, 1996a; Jezewska et al.,
1996, 1997). Such a large signal change upon form-
ing a complex with the protein provides the
necessary resolutions required to quantitatively
assess the complex mechanism of ligand-macro-
molecule interactions. This is particularly import-
ant when the amplitudes of some relaxation
processes are small and when there are large
differences among the relaxation times.

Application of matrix projection operator
technique to study stopped-flow kinetics

Complex relaxation kinetics are usually studied
either by purely numerical methods or by using
approximate formulas, justi®ed by the properties
of the studied system, for relaxation times and
amplitudes (Bernasconi, 1976). Purely numerical
methods are very powerful, but require sophisti-
cated software and provide limited insight into the
physical aspects of the studied mechanism, particu-
larly, the nature and structure of the intermediates.
On the other hand, approximate formulas, import-
ant for intuitive understanding, can be applied
only in stringent conditions, not always ful®lled by
the system, and can often miss some characteristics
of the studied system, as we discussed above. The
matrix projection operator technique, as described
here, offers an experimenter the possibility of limit-
ing the numerical analysis to ®nding only the
eigenvalues of the coef®cient matrix that are
directly related to the relaxation times of the kin-
etic system. Once the eigenvalues are determined,
the amplitudes of each resolved step of the reaction
can be explicitly expressed in terms of the rate con-
stants, relaxation times (eigenvalues), and spectro-
scopic properties of each intermediate by
expanding the solution matrix using eigenvalues
and corresponding projection operators. The
approach provides closed-form expressions for the
amplitudes of the complex, multistep kinetic mech-
anism (equations (18)-(21)). In the case of spectro-
scopic kinetic studies, as described here, analysis of
the experimentally obtained amplitudes enables
the determination of spectroscopic properties of all
identi®ed intermediates.

Multiple-step kinetic mechanism of the ssDNA
20-mer binding to the DnaB helicase

The results obtained in this work indicate that
the mechanism of the ssDNA 20-mer, deA(peA)19,
binding to the DnaB helicase in the presence of the
ATP non-hydrolyzable analog, AMP-PNP, is a
minimum three-step, sequential process described
by Scheme 1. The bimolecular association is fol-
lowed by two isomerization processes. Thus, the
enzyme-ssDNA complex undergoes at least two
conformational transitions following the initial
complex formation. The kinetic evidence of the
conformational transition of the helicase-ssDNA
complex following the binding, presented here,
corroborates well with our previous results
obtained using analytical ultracentrifugation
(Jezewska & Bujalowski, 1996b). Association of the
DnaB helicase with the ssDNA 20-mer is
accompanied by a change of the enzyme sedimen-
tation coef®cient larger than expected from the
increased molecular mass of the complex.
However, it should be noticed that the value of
the bimolecular association rate constant
k1 � 3.4(�0.6) � 104 Mÿ1 sÿ1 is dramatically lower
than expected for the diffusion-controlled reaction
(Berry et al., 1980; Moore & Pearson, 1981). The
intrinsic association rate constant could be even
lower, because the six subunits of the DnaB hex-
amer are chemically identical, i.e. there could be
six entry sites for the ssDNA. Thus, the determined
association rate constant may contain a statistical
factor as high as 6.

In chemical bimolecular reactions in solution,
formation of a collision/encounter complex, a pro-
cess that is controlled by diffusion of the reactants
(Berry et al., 1980; Moore & Pearson, 1981), pre-
cedes formation of the product. Theoretical values
of the maximum rate constant for the diffusion-
controlled association can be estimated using the
Smoluchowski equation (Moore & Pearson, 1981):

kD � 4pNA�DP �DD��rP � rD�
1000

�24�

where NA is Avogadro's number, DP and DD are
diffusion coef®cients of the protein and the nucleic
acid, respectively, and rP and rD are their inter-
action radii. The diffusion coef®cient of the DnaB
helicase hexamer, corrected to our buffer con-
ditions (buffer T2 (pH 8.1, 100 mM NaCl, 10 �C),
DP � 2.8(�0.3) � 10ÿ7 cm2/second) has been deter-
mined using the dynamic light-scattering technique
(unpublished results). The diffusion coef®cient of
the ssDNA 20-mer can be estimated from the Sved-
berg equation (Tanford, 1961):

DD � sRT

M20�1ÿ �#r� �25�

where s and M20 are the sedimentation coef®cient
and molecular mass of the 20-mer, R is the gas
constant, T is the temperature (Kelvin), �# is the
ssDNA speci®c volume, and r is the solvent den-
sity. Using the analytical ultracentrifugation tech-
nique, we determined the sedimentation coef®cient
of the 20-mer s20,w � 1.4(�0.12) S. Using this value
of s and M20 � 6400 g/mol, �# � 0.505 ml/g,
r � 1 g/ml, one obtains DD � 1.1 � 10ÿ6 cm2/
second (Bujalowski et al., 1986b). Correcting this
value to our buffer conditions, one obtains
DD � 6.1 � 10ÿ7 cm2/second (Tanford, 1961). The
interacting radii have been taken as equal to the
approximate size of the 20-mer rD � rP � 68 AÊ .
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With these values, the diffusion-controlled associ-
ation rate constant is kD �8.9 � 109 Mÿ1 sÿ1. Smal-
ler interaction radii and/or orientation factors
could lower this value to kD �107-108 Mÿ1 sÿ1,
which is similar to the values observed for some
very fast formations of the single-stranded nucleic
acid oligomers-protein complexes (Mulsch et al.,
1981). In spite of the approximate nature of these
estimates, the determined bimolecular rate constant
k1 is about three to six orders of magnitude lower
than the kD predicted by the diffusion-controlled
collision, indicating that the bimolecular associ-
ation step contains an additional, conformational
transition of the helicase-ssDNA complex. This
conclusion is also evident from the amplitude anal-
ysis, which shows that the largest increase of the
nucleic acid ¯uorescence in the complex with the
DnaB helicase (most probably the largest confor-
mational change) occurs in the formation of the
(H-ssDNA)1 (see below). Such dramatic confor-
mational changes cannot take place in a collision
complex, because then it would not be a collision
complex (Berry et al., 1980; Moore & Pearson,
1981). Therefore, Scheme 1 should be enlarged by
an extra step following the collision complex, E, as
described by Scheme 2:

where kD and kÿD are rate constants for the for-
mation and dissociation of the collision complex,
and k01 and k0ÿ1 are the rate constants for the
transition from the collision complex to the
(H-ssDNA)1. The equilibrium constant for the ®rst
step is then KD � kD/kÿD. Because the formation of
E is a very fast process and equilibrates before any
signi®cant transition to the (H-ssDNA)1 takes
place, the observed, apparent bimolecular rate con-
stant is k1 � KD k01. Inspection of Figure 3 shows
that there is no amplitude lost in the dead-time of
the instrument (�1.4 ms). The lack of any ampli-
tude corresponding to the formation of the
collision complex results from the fact that the
process is very fast and there is no conformational
transition accompanying its formation.

The estimate of the range of the values of k01 can
be obtained as follows. Notice that the dependence
of the reciprocal relaxation time for the bimolecular
process, 1/t1, is a linear function of the nucleic
acid concentration at the highest concentrations
examined (�6 � 10ÿ6 M). This shows that KD is
much lower than �2 � 105 Mÿ1 (Bernasconi, 1976).
Taking a conservative value of KD � 104 Mÿ1 gives
k01 � 3.4 sÿ1. Thus, the data indicate that the
collision complex E undergoes a transition to the
(H-ssDNA)1, which has a forward rate constant of
about two to three orders of magnitude larger than
the forward rate constants for the subsequent
formation of the (H-ssDNA)2 and (H-ssDNA)3.

Scheme 2.
Observed ssDNA fluorescence changes
suggest that major conformational transition
of the nucleic acid in the complex with the
DnaB helicase occurs in the first binding step

The functional dependence of the individual
amplitudes, A1, A2, and A3, of the relaxation pro-
cesses in the DnaB helicase association reaction
with the ssDNA 20-mer fully support the sequen-
tial character of the binding mechanism (Figures 2
and 5). Moreover, the amplitude analysis indicates
that the largest ¯uorescence increase accompan-
ies the formation of the (H-ssDNA)1 complex.
Notice, at the excitation wavelength applied
(lex � 320 nm), only the etheno-adenosine is
excited. Thus, the observed ¯uorescence increase
results from a nucleic acid quantum yield increase
in the complex with the helicase, not through
energy transfer processes. We previously
determined that tryptophan residues of the DnaB
protein are located far enough away from the
ssDNA-binding site to eliminate any ef®cient
energy transfer (Bujalowski & Klonowska,
1994a,b).

The ¯uorescence of eA is dramatically quenched
(between eight- and tenfold) in the etheno-
oligomers as compared to the free eAMP (Tolman
et al., 1974; Baker et al., 1978). Stacking interactions
among neighboring eA bases is similar to stacking
interactions in unmodi®ed adenosine polymers
(Baker et al., 1978). The quenching of the eA ¯uor-
escence has been modeled as a dynamic phenom-
enon in which the motion of the eA leads to
quenching via intramolecular collision. Fluor-
escence of the etheno-derivative depends little on
solvent conditions (Secrist et al., 1972; Bujalowski
& Klonowska, 1994b). In other words, changes of
the ¯uorescence of the etheno-derivative ssDNA
oligomers are induced predominantly through con-
formational changes of the nucleic acid. This is a
particularly useful property of the etheno-deriva-
tives. The observed strong ¯uorescence increase of
the etheno-derivative ssDNA oligomers upon bind-
ing to the DnaB helicase indicates signi®cantly
restricted mobility and separation of the nucleic
acid bases in the complex with the enzyme
(Jezewska et al., 1996). The largest ¯uorescence
increase observed in the formation of the
(H-ssDNA)1 strongly suggests that these dramatic
changes of the nucleic acid conformation occur in
the formation of this complex and are preserved in
the (H-ssDNA)2 and (H-ssDNA)3. As we pointed
out, a large conformational change accompanying
the formation of the (H-ssDNA)1 argues against
the possibility that this complex is the result of a
simple collision or encounter.

Comparison between deA(peA)19, deA(peA)4

(pT)15, and deA(peA)4(pA)15 puts additional light
on the nature of the (H-ssDNA)1 complex. All
three 20-mers differ dramatically in the type of
base, however, they bind with the same mechan-
ism and their kinetic parameters are very similar,
indicating that the dynamics of the ssDNA associ-
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ation with the DnaB helicase is largely base-inde-
pendent (Tables 1 and 2). These results corroborate
our thermodynamic studies, which showed that
the energetics of the 20-mer binding to the enzyme
is base-independent (Jezewska et al., 1996). More-
over, while deA(peA)19 and deA(peA)4(pA)15 form
ordered helical structures in solution, with strong
stacking interactions between bases,
deA(peA)4(pT)15 exists mostly in a disordered
state, with very limited stacking interactions
between the bases (Saenger, 1984). The very similar
rate constants in all kinetic steps for all three 20-
mers indicate that the structure of the free single-
stranded nucleic acid in solution does not affect
the dynamics of the ssDNA recognition by the
DnaB helicase.

Conformational transitions of the single-stranded
nucleic acid oligomers, particularly base stacking,
are very fast processes that occur in the range of
microseconds (Porschke, 1973, 1976, 1978). The fact
that the transition from the collision complex E to
the (H-ssDNA)1 is characterized by the rate con-
stant in the range of �3 sÿ1 indicates that this is
not exclusively the change of the nucleic acid struc-
ture upon association, but rather a conformational
transition of the enzyme-ssDNA complex. In other
words, the observed dynamics of the formation of
the (H-ssDNA)1 is an intrinsic property of the
DnaB helicase, in response to the nucleic acid bind-
ing, and not simply an adjustment of the bound
ssDNA to the structure of the enzyme binding site.

Strong ssDNA-binding subsite of the DnaB
helicase is predominantly involved in ssDNA
recognition by the enzyme

The total ssDNA-binding site of the DnaB heli-
case is built of two functionally and structurally
different regions, strong and weak ssDNA-binding
subsites that occlude about ten nucleotide residues
each (Jezewska et al., 1998c). Formation of the com-
plex between the ssDNA 10-mer, deA(peA)9,
which binds exclusively to the strong subsite, and
the DnaB helicase proceeds with the same mechan-
ism as the binding of the 20-mer. Using the Smolu-
chowski equation, with DD � 1.8 � 10ÿ6 cm2/
second for the 10-mer, the theoretical value of the
maximum rate constant for the diffusion-controlled
association kD � 9.7 � 109 Mÿ1 sÿ1. Thus, the deter-
mined bimolecular rate constant k1 is about three
to six orders of magnitude lower than the kD

predicted by the diffusion-controlled collision,
strongly suggesting that, similar to the 20-mer, the
bimolecular association step contains an additional
conformational transition of the helicase-ssDNA
10-mer complex. Moreover, the largest increase of
the 10-mer ¯uorescence in the complex with the
DnaB helicase (largest conformational change)
occurs in the formation of the (H-ssDNA)1, which
excludes the possibility that this is a collision
complex (see above). Therefore, the mechanism
of the 10-mer binding to the DnaB helicase
should include an additional step as described by
Scheme 2.

The same mechanism of binding and the similar
progress of the conformational transitions of the
nucleic acid during the binding process indicate
that the 10-mer forms all necessary contacts with
the protein. These data agree well with equilibrium
thermodynamic studies that show that crucial
structural elements of the strong binding subsite
are separated by no more than six or seven nucleo-
tide residues (Jezewska et al., 1998c). Moreover, the
results indicate that only the strong binding subsite
is on the main route in the recognition process of
the ssDNA by DnaB. The role of the weak ssDNA-
binding subsite seems to be passive in the
dynamics of the ssDNA binding.

Comparison with other helicases

The kinetics of the DnaB helicase binding to the
ssDNA is different from the dynamics of the
ssDNA binding of an another well-studied E. coli
Rep helicase. Rep protein is the only other helicase
whose quantitative kinetic mechanism of inter-
actions with a ssDNA has been determined directly
(Lohman & Bjorson, 1996; Wong et al., 1996;
Bjorson et al., 1996, 1998). Excellent, extensive kin-
etic data from Lohman's laboratory showed that
the Rep helicase monomer binds ssDNA oligomers
via a two-step mechanism, although some indi-
cation of the presence of an additional fast step,
possibly following the collision step, has been indi-
cated (Bjorson et al., 1996, 1998). The determined
bimolecular rate constant (3 � 107 Mÿ1 sÿ1) is close
to the value expected for the diffusion-controlled
reaction. However, rate constants for the sub-
sequent step (3-8 sÿ1) are similar to the values of k01
for the DnaB helicase (Scheme 2).

The Rep helicase exists in solution predomi-
nantly as a monomer that dimerizes upon complex
formation with the DNA substrates (Lohman &
Bjorson, 1996). In the case of the DnaB helicase, the
enzyme forms a stable, ring-like structure in which
protomer-protomer contacts are limited to two
neighboring subunits (Bujalowski et al., 1994; San
Martin et al., 1995; Yu et al., 1996). Recently, we
obtained evidence, using the ¯uorescence energy
transfer approach, that in the complex with the
helicase the ssDNA passes through the cross-chan-
nel of the hexamer (Jezewska et al., 1998b). Similar
structures of the enzymes and their complexes
between a hexameric helicase and a ssDNA have
been found in the case of bacteriophage T7 and T4
hexameric helicases (Dong et al., 1995; Egelman
et al., 1995). Thus, the multi-step mechanism of the
DnaB helicase binding to the ssDNA re¯ects the
complex structure of its ®nal equilibrium complex.
At this point, it should be mentioned that binding
of a ssDNA oligomer to the Rep dimer, already
associated with another ssDNA oligomer, is
characterized by a very low bimolecular rate
constant (>250 sÿ1), which certainly indicates a
multiple-step process (Bjorson et al., 1996, 1998).



Figure 12. Computer simulation of the time-course of
the fractional concentration distribution of different
DnaB helicase species, in the binding of the 20-mer,
deA(peA)19, using the determined rate constants:
k1 � 3.4 � 104 Mÿ1 sÿ1, kÿ1 � 0.018 sÿ1, k2 � 0.021 sÿ1,
kÿ2 � 0.01 sÿ1, k3 � 0.004 sÿ1, and kÿ3 � 0.0012 sÿ1 (buf-
fer T2 (pH 8.1, 100 mM NaCl, 1 mM AMP-PNP, 10 �C).
The total DnaB and oligomer concentrations are
1.5 � 10ÿ7 M (hexamer) and 5 � 10ÿ6 M (oligomer),
respectively; free DnaB (± - ± - ±), (H-ssDNA)1 (Ð), (H-
ssDNA)2 (± ± ±), (H-ssDNA)3 (Ð - - - Ð).
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Sequential character of the mechanism of the
DnaB helicase binding to the ssDNA and its
functional implications

Electron microscopy studies indicate that, in the
presence of nucleotide cofactors (AMP-PNP and
ADP), the DnaB hexamer can exist in two major
conformations (Yu et al., 1996). On the other hand,
kinetics of the ligand binding is a very sensitive
method to detect such pre-equilibrium confor-
mational transitions of the macromolecule
(Bernasconi, 1976; Bujalowski et al., 1986a,b). For
instance, if the DnaB hexamer exists in solution in
an equilibrium of two conformational states prior
to the ssDNA binding, and both states can bind
the nucleic acid, then we should detect two relax-
ation times corresponding to the bimolecular bind-
ing steps to each conformation (Bernasconi, 1976).
However, this is not what is experimentally
observed (see above). Both relaxation times and
amplitudes show behavior typical for the sequen-
tial mechanism of binding. On the other hand, if
the DnaB hexamer exists in solution in different
conformations in the presence of AMP-PNP, our
data indicate that the equilibrium between these
different states is very strongly shifted toward the
conformation which strongly binds the ssDNA.
The sequential mechanism indicates that, in the
binding process, the ssDNA is not forced to select
between different states of the enzyme complexed
with the nucleotide cofactor.

Hydrodynamic studies showed that the DnaB
hexameric structure is very stable in solution, with
magnesium cations playing a speci®c role in main-
taining its stability (Bujalowski et al., 1994). As we
pointed out, this stable hexameric structure and
the structural role of Mg2� cations distinguishes
the DnaB helicase from other well-studied hexame-
ric helicases for which the mechanism of binding
to a ssDNA most probably includes oligomeriza-
tion of the protein around the nucleic acid (Dong
et al., 1995; Egelman et al., 1995; Hacker & Johnson,
1997). As determined in this work, the relaxation
times for the 20-mer binding to the DnaB hexamer
are independent of [DnaB] over approximately an
order of magnitude of the enzyme concentration
(Figure 6). The lack of the effect of the DnaB pro-
tein concentration on the relaxation time argues
strongly against any dissociation of the DnaB hex-
amer prior to the ssDNA binding. Such large
changes of the protein concentration would cer-
tainly affect any protein dissociation, if it occurred.
In the ®nal equilibrium complex, the ssDNA passes
through the cross-channel of the DnaB hexamer
(Jezewska et al., 1998b). Therefore, in the initial
stages of the reaction, the association of the DnaB
hexamer with the ssDNA complex would include a
collision complex, which is most probably followed
by a transient and local opening of the hexamer.

The value of the determined rate constant k1, for
the formation of the (H-ssDNA)1 complex with the
20-mer and 10-mer, is �3 � 104-6 � 104 Mÿ1 sÿ1

(Tables 1 and 2). On the other hand, the dis-
sociation of the (H-ssDNA)1 back to the free heli-
case and the ssDNA is controlled by kÿ1 � 0.02-
0.03 sÿ1, which is about six orders of magnitude
lower than the k1, indicating that once the helicase
forms the (H-ssDNA)1 with the ssDNA it is
``locked'' in the complex in a way that is largely
independent of the nucleic acid length, base, and
structure. These results strongly suggest that the
local opening of the hexamer, possibly between
only two subunits, and the entry of the ssDNA
into the cross-channel of the hexamer occurs in the
formation of the (H-ssDNA)1 complex, while sub-
sequent transitions to (H-ssDNA)2 and (H-ssDNA)3

occur with the ssDNA already in the cross-channel
of the hexamer. The large difference between the
forward and backward rate constants for the ®rst
binding step and formation of the (H-ssDNA)1 is
in contrast to similar values of the rate constants in
the next steps (Tables 1 and 2).

Recall, the major conformational transition of the
single-stranded nucleic acid-DnaB helicase complex
occurs in the formation of the (H-ssDNA)1, which
is an intrinsic conformational transition of the
enzyme (see above). Also, the maximum increase
of the ATPase activity of the enzyme by the
ssDNA takes place within about three to ®ve
seconds after mixing the DnaB (1.5 � 10ÿ7 M hex-
amer) with the deA(peA)19 (5 � 10ÿ6 M oligomer),
®nal concentrations, in the same solution
conditions as applied in the studies described here.
Figure 12 shows the computer simulation of the
time-courses of the fractional concentrations of the
different DnaB intermediates in the association
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reaction with the 20-mer, deA(peA)19, in buffer T2
(pH 8.1, 100 mM NaCl, 1 mM AMP-PNP, 10 �C)
using the same DnaB and 20-mer concentrations as
those used in the ATPase assays and determined
rate constants (Table 1). Thus, the dynamics of the
ATPase-stimulated activity coincides with the
time-course of the appearance of the (H-ssDNA)1,
suggesting that allosteric changes in the ATP-bind-
ing site, induced by the ssDNA, are already pre-
sent in the (H-ssDNA)1. The role of the different
DnaB helicase-ssDNA complexes in the nucleic
acid recognition, stimulating ATPase activity, and
duplex DNA unwinding by the enzyme are cur-
rently being studied in our laboratory.

Materials and Methods

Reagents and buffers

All solutions were made with distilled and deionized
>18 M
 (Milli-Q Plus) water. All chemicals were reagent
grade. Buffer T2 is 50 mM Tris adjusted to pH 8.1 with
HCl, 5 mM MgCl2, 10 % glycerol. The temperatures and
concentrations of the NaCl and AMP-PNP in the buffer
are indicated in the text.

DnaB protein

The E. coli DnaB protein was puri®ed as described
(Bujalowski & Klonowska, 1993, 1994a,b; Bujalowski
et al., 1994). The concentration of the protein was deter-
mined spectrophotometrically, using the extinction coef-
®cient e280 � 1.85 � 105 cmÿ1 Mÿ1 (Hexamer) (Bujalowski
et al., 1994).

Nucleic acids

Oligomers, dA(pA)19, dA(pA)9, deA(peA)4(pT)15 and
deA(peA)4(pA)15 were purchased from Midland Certi®ed
Reagents (Midland, Texas). Oligomers were at least 95 %
pure as judged by autoradiography on polyacrylamide
gels. The etheno-derivatives of the dA(pA)19 and
dA(pA)9 were obtained by modi®cation with chloroacet-
aldehyde (Secrist et al., 1972; Bujalowski & Jezewska,
1995; Rajendran et al., 1998). This modi®cation goes to
completion and provides a ¯uorescent derivative of the
ssDNA. The concentration of the etheno-derivative of the
nucleic acids was determined using the extinction coef®-
cient 3700 Mÿ1 cmÿ1 (nucleotide) at 257 nm (Ledneva
et al., 1977).

Fluorescence measurements

Steady-state ¯uorescence titrations were performed
using the SLM-AMINCO 48000S or 8100 spectro¯uoro-
meters. In order to avoid possible artifacts due to the
¯uorescence anisotropy of the sample, polarizers were
placed in excitation and emission channels and set at 90 �
and 55 � (magic angle), respectively (Jezewska &
Bujalowski, 1996a; Jezewska et al., 1996). The binding
was followed by monitoring the ¯uorescence of the
etheno-derivatives (Jezewska et al., 1996, 1998c). The
fractional ¯uorescence change, �Fi, is de®ned as
�Fi � (Fi ÿ F0)/F0 where Fi is the ¯uorescence emission
of the ssDNA etheno-derivative, at a given DnaB concen-
tration, and F0 is the initial value of the nucleic acid ¯u-
orescence.
Stopped-flow kinetics

All ¯uorescence stopped-¯ow kinetic experiments
were performed using either the SX.MV18 or the
SX.MV18 sequential stopped-¯ow instrument (Applied
Photophysics Ltd, Leatherhead, UK). The reactions were
monitored using the ¯uorescence of the etheno-deriva-
tives of the ssDNA oligomers with lex � 320 nm, and
emission observed through a GG400 cutoff ®lter (Schott,
PA), with the excitation monochromator slits at 1 mm
(band pass �4.5 nm). The small excitation slits were
used to limit photo-bleaching of the sample during long-
time scans. The experiments were performed in the
``oversampling'' mode, in which the instrument collects
and averages the multiple data points at the fastest
instrumental rate for the selected time interval, achieving
a higher signal to noise ratio. Usually, three to eight
traces were collected and averaged for each sample. The
kinetic curves were ®tted to extract relaxation times and
amplitudes using non-linear least-squares software pro-
vided by the manufacturer, with the exponential func-
tion de®ned as:

F�t� � F�1� �
Xn

i�1

Ai exp�ÿlit� �26�

where F(t) is the ¯uorescence intensity at time t, F(1) is
the ¯uorescence intensity at t �1, Ai is the amplitude
corresponding to the ith relaxation process, li is the time
constant (reciprocal relaxation time) characterizing the
ith relaxation process, and n is the number of relaxation
processes. All further analyses of the data were
performed using Mathematica (Wolfram, Urbana, IL)
and KaleidaGraph (Synergy Software, PA) on MacIntosh
G3 computers.
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