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ABSTRACT: Global conformational and oligomeric states of theEscherichia colireplicative factor DnaC
protein in the absence and presence of magnesium and nucleotide cofactors, ATP and ADP, and their
fluorescent analogues, MANT-ATP and MANT-ADP, have been examined using analytical sedimentation
velocity and time-dependent fluorescence anisotropy techniques. In solution, the DnaC protein exists
exclusively as a monomer over a large protein concentration range. The value ofs°20,w ) 2.45( 0.07 S
indicates that the protein molecule has an elongated shape. When modeled as a prolate ellipsoid of
revolution, the hydrated DnaC protein has an axial ratio of 4.0( 0.6 with long axisa ) 112 Å and the
short axisb ) 28 Å, respectively. The presence of magnesium or nucleotide cofactors, ATP or ADP,
does not affect the global conformation of the protein and its monomeric state. These data indicate that
recently found cooperative interactions between the DnaC molecules, in the complex with the DnaB
helicase, are induced by the binding to the helicase, i.e., they are not the intrinsic property of the DnaC
protein. Fluorescence anisotropy decays of the DnaC-MANT-ATP and DnaC-MANT-ADP complexes
indicate that the protein has a rigid global structure on the nanosecond time scale, little affected by the
nucleotide cofactors. Nevertheless, the complex with ATP has a more flexible structure, while the complex
with ADP is more rigid, with the protein molecule assuming a more elongated shape. Magnesium exerts
control only on the complex with the ATP analogue. In the absence of magnesium, the ATP analogue is
firmly held in the binding site. In the presence of Mg2+, this fixed location is released and the analogue
is allowed to assume a flexible conformational state. The significance of the results for the functioning of
the DnaC protein is discussed.

The DnaC protein is an essential replication protein in the
Escherichia colicell that participates in the formation of the
replication fork as well as in the assembly of the primosome,
a multiprotein-DNA complex that can translocate along the
DNA, while synthesizing short oligoribonucleotide primers
that are used to initiate synthesis of the complementary strand
(1-3). Mutational analyses indicate that the protein is
involved in initiation and elongation stages of the chromo-
somal DNA replication (5, 6). The role of the DnaC protein
in these processes is thought to be strictly related to the
specific binding to theE. coli primary replicative helicase,
the DnaB protein, in the presence of ATP (1-7). Because
the DnaC protein is not necessary for the DnaB helicase to
bind the ssDNA, formation of the DnaC-DnaB-ATP/ADP
complex must allow the helicase to recognize the specific
protein-nucleic acid complex formed at the replication origin
(oriC) (8). The DnaC protein is absolutely required for this
recognition (9-11).

Thermodynamic studies showed that the DnaC protein has
a single nucleotide-binding site, highly specific for the
adenine base (12). Binding of nucleotides containing bases
different than adenine has not been detected. In the presence
of magnesium, both ATP and ADP have the same affinity
for the nucleotide-binding site of the DnaC protein. However,
in the absence of Mg2+ cations there are significant differ-
ences in interactions between the ATP and ADP cofactors
and the DnaC protein, both in the structure of the formed
complexes and in the affinities. The affinity of the ATP
analogue is lower by a factor of∼6 than in the presence of
magnesium. On the other hand, the binding constant of
MANT-ADP is increased by a factor of∼2, as compared to
the value determined in the presence of Mg2+. The obtained
data indicate that the complexes of the DnaC protein with
nucleotide cofactors are specifically controlled by magnesium
binding to the protein, through allosteric interactions between
the magnesium and the nucleotide-binding site (12-14).

In light of the essential role of the DnaC protein in theE.
coli cell replication, it is surprising that very little is known
about the structure of the DnaC protein and its complexes
with nucleotide cofactors. Kinetic analyses of binding of the
fluorescent nucleotide analogues, MANT-ATP and MANT-
ADP, to the DnaC protein indicate that the DnaC protein
exists in a preequilibrium conformational transition prior to
the nucleotide binding (12-14). The nucleotide cofactors
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bind to only one of the protein conformations. Moreover,
both MANT-ATP and MANT-ADP bind to the same protein
conformation in a two-step sequential process in which the
bimolecular reaction is followed by a single conformational
transition of the formed protein-nucleotide complex. Al-
though recent studies show that the DnaC interactions with
the helicase are independent of the nucleotide binding to the
DnaC protein, the fact that the protein and ATP are absolutely
required for the initiation of replication strongly suggest that
structural elements of the DnaC protein are specifically
recognized by the fork apparatus (8).

Elucidation of the structure of the DnaC protein and its
complexes with magnesium and nucleotide cofactors is of
paramount importance for our understanding of the activities
of this essential replication factor. There are several questions
that should be addressed. What is the dominant oligomeric
state of the protein in solution and how it is affected by
magnesium and nucleotide cofactors? Are there significant
global structural differences between the two DnaC confor-
mations prior to the nucleotide binding? Is magnesium
affecting the conformational equilibrium? How does the
complex of the DnaC protein with ATP differ from the
complex with ADP in the presence and absence of Mg2+

cations? The binding of six DnaC molecules to the DnaB
hexamer is characterized by positive cooperativity (15). Are
the cooperative interactions an intrinsic property of the DnaC
protein or are they exclusively induced by interactions with
the helicase?

In this communication, we examine the global structure
of the DnaC protein and its complexes with magnesium,
ATP, and ADP, using the analytical sedimentation velocity
and time-dependent fluorescence anisotropy techniques. We
obtain evidence that the protein is exclusively in a monomeric
state independently of the examined solution conditions. The
DnaC molecule in solution has an elongated shape and, when
modeled as a prolate ellipsoid of revolution, has an axial
ratio of 4 ( 0.6. Binding of magnesium or nucleotide
cofactors has little effect on the global conformation of the
protein and its monomeric state. The global structure of the
DnaC protein is rigid in the nanosecond time scale. Never-
theless, the data strongly suggest that the protein has more
flexible structure in the presence of ATP than ADP.

MATERIALS AND METHODS

Reagents and Buffers.All chemicals were reagent grade.
All solutions were made with distilled and deionized 18 MΩ
(Milli-Q) water. The standard buffer, T4, is 50 mM Tris
adjusted to pH 8.1 at appropriate temperatures with HCl,
10% glycerol, and 1 mM DTT. The temperature and
concentrations of salt in the buffer are indicated in the text.

Nucleotides.MANT-ATP and MANT-ADP were synthe-
sized as described before (16-21). The concentrations of
the nucleotides were spectrophotometrically determined,
using the extinction coefficientε356 ) 5800 M-1 cm-1.

DnaC Protein.The E. coli DnaC protein was purified as
previously described by us (12-14). The concentration of
the protein was spectrophotometrically determined using the
extinction coefficientε280 ) 2.32 × 104 M-1 cm-1 deter-
mined using a method based on Edelhoch’s approach (22,
23).

Steady-State Fluorescence Measurements.All fluorescence
measurements were performed using Fluorolog-3 (Jobin

Yvon-SPEX, Edison, NJ) spectrofluorometer, as previously
described by us (18-21). The binding was followed by
monitoring the fluorescence of nucleotide analogues (λex )
356 nm,λ em ) 450 nm) as described before (18-21).

Time-Dependent Fluorescence Measurements.Time-de-
pendent fluorescence lifetime and anisotropy measurements
have been performed using an IBH 5000U time-correlated
single photon counting instrument (IBH, Glasgow, UK)
equipped with polarizers as well as excitation and emission
monochromators. Excitation of the MANT residue at 370
nm was performed with a nanosecond light emitting laser
diode with emission recorded at 450 nm. At least∼10 000
counts were collected at the peak with vertical orientation
of both polarizers with respect to the direction of the light
beam. Glycogen solution was used as a reference for the
excitation source profile. The total emission of the sample
is defined asFTot ) IVV + 2GIVH, where IVV 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 ) IHV/IHH corrects for the different sensitivity of the
emission monochromator for vertically and horizontally
polarized light (24, 25). Deconvolution analyses of total
fluorescence emission decay curves were performed using
the nonlinear, least-squares software provided by the manu-
facturer, with the exponential function defined as

whereF(t) is the fluorescence intensity at timet, Ai is the
amplitude corresponding to theith decay process,τi is the
fluorescence lifetime characterizing theith decay process,
and n is the number of decay processes. Analyses of
fluorescence anisotropy decays were performed by decon-
volution of the difference function, d(t), defined as (25)

and by directly fitting the anisotropy function

whereb is the corresponding baseline correction andm is
the number of rotational correlation times.

Analytical Ultracentrifugation Measurements.Sedimenta-
tion 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 described previously (15, 26-28). Sedimentation
velocity scans were collected at the absorption band of the
DnaC protein at 280 nm. The DnaC-nucleotide complexes
were scanned at 290 nm where the cofactor absorbance is
minimal and the absorbance of the sample is dominated by
the protein. Time derivative analyses of sedimentation scans
were performed with the software supplied by the manufac-
turer using averages of 8-15 scans for each concentration

FTot(t) ) IVV(t) + 2GIVH(t) ) ∑
i)1

n

Ai exp(-t/τi) (1)

d(t) ) IVV(t) - IVH(t) )
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ri exp(- t

τCi
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as described before (15, 29, 30). The values of sedimentation
coefficients were corrected tos20,w for solvent viscosity and
temperature to standard conditions (31).

RESULTS

Analytical Sedimentation Velocity Studies of the DnaC
Protein in the Absence and Presence of Magnesium and
Nucleotide Cofactors, ATP, or ADP.Analytical sedimenta-
tion technique provides direct information about the hydro-
dynamic properties of a macromolecule, reflecting its global
conformational properties (31, 32). The sedimentation veloc-
ity profiles (monitored at 280 nm) of the DnaC protein in
buffer T4 (pH 8.1, 20°C), containing 100 mM NaCl, in an
absence of magnesium, are shown in Figure 1a. The
concentration of the protein is 9.76× 10-5 M and the
sedimentation run has been performed at 60 000 rpm.
Inspection of the profiles clearly shows that there is a single
moving boundary. Similar experiments have been performed
in the presence of 5 mM MgCl2 (data not shown). To obtain
the sedimentation coefficient of the protein, sedimentation
scans have been analyzed using the time-derivative approach
as we described before (15). The advantages of time-
derivative approach over the traditional moment method are
thoroughly discussed in the literature (29, 30).

The dependence of the sedimentation coefficient of the
DnaC protein upon the protein concentration, obtained in
the absence and presence of magnesium, is shown in Figure
1b. The value ofs20,w shows, within the experimental
accuracy, very little, if any, dependence upon [DnaC] in the
examined protein concentration range. The same behavior
is observed in the presence of Mg2+ (Figure 1b). Analogous
sedimentation velocity studies have been performed in the
presence of the ATP and ADP. The dependence of the
sedimentation coefficient of the DnaC protein upon the
protein concentration, in buffer T4 (pH 8.1, 20°C), contain-
ing 100 mM NaCl and 5 mM MgCl2, obtained in the
presence of 0.1 mM ATP or 0.1 mM ADP, are included in
Figure 1b. At selected concentrations of ATP and ADP, the
DnaC protein is saturated with the cofactors (12-14). The
analogous data in the presence of the cofactors, but obtained
in the absence of magnesium, are shown in Figure 1c. In
these studies, the reference cell contains the same concentra-
tion of the nucleotide cofactor, thus, allowing us to exclu-
sively monitor the absorbance of the protein. The obtained
values ofs20,w are, within the experimental accuracy, the same
as observed for the protein alone and in the presence and
absence of magnesium. The extrapolation of the plots to
[DnaC] ) 0 providess°20,w ) 2.45( 0.07 S in all examined
solution conditions (Figure 1b,c).

There are two important aspects of the data. First, there is
a clear lack of any oligomerization process of the DnaC
protein over a large range of the [DnaC]. This is true for the
protein alone and its complexes with magnesium and
nucleotide cofactors. Moreover, the same values ofs20,w are
obtained in the presence of magnesium, ATP, and ADP. Such
behavior indicates that neither the binding of Mg2+ cations
nor the specific binding of nucleotide cofactors induce global
changes in the DnaC protein structure as sensed by trans-
lational movement. Second, the same values ofs20,w in the
presence of ATP and ADP indicate that tri- and diphosphate
adenosine nucleotides do not induce detectable and different

global structure changes in the DnaC protein, independently
of the presence of magnesium (see Discussion).

Global Conformation of the DnaC Protein in Solution.
Determination of the sedimentation coefficient,s°20,w, al-
lowed us to evaluate the hydrodynamic properties of the
protein (31-33). The simplest and physically realistic model

FIGURE 1: (a) Sedimentation velocity absorption profiles at 280
nm of the DnaC protein in buffer T4 (pH 8.1, 10°C), containing
100 mM NaCl. The concentration of the DnaC protein is 9.76×
10-5 M; 60 000 rpm. (b) The dependence of the DnaC protein
sedimentation coefficient,s20,w, upon protein concentration in buffer
T4 (pH 8.1, 10°C) containing 100 mM NaCl (9), 100 mM NaCl
and 5 mM MgCl2 (0), 100 mM NaCl, 5 mM MgCl2, and 0.1 mM
ATP (b), 100 mM NaCl, 5 mM MgCl2, and 0.1 mM ADP (O). (c)
The dependence of the DnaC protein sedimentation coefficient,s20,w,
upon protein concentration in buffer T4 (pH 8.1, 10°C) containing
100 mM NaCl (O), 100 mM NaCl and 0.1 mM ATP (9), 100 mM
NaCl and 0.1 mM ADP (0). The solid lines in all plots have no
theoretical basis and follow the experimental data.
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of the shape of the protein molecule is that of prolate ellipsoid
of revolution (31-33). The sedimentation coefficient is
related to the average, frictional coefficient,fhe, of the hydrated
prolate ellipsoid by

The average translational frictional coefficient,fhe of a prolate
ellipsoid, is defined by the Perrin equation as (31-33)

whereRh is the hydrodynamic radius of the corresponding
hydrated sphere, defined as

wherep is the axial ratio of the major ellipsoid axis,a, to
the minor one,b, i.e.,p ) a/b, M is the molecular weight of
the anhydrous DnaC protein (27876.3) (34), NA is the
Avogadro number,νj is the protein partial specific volume,
F is the density of the solvent in g/mL,η is the viscosity of
the solvent (poise),h is the degree of the protein hydration
expressed asgH2O/gprotein, andνjs is the partial specific volume
of the solvent equal to the inverse ofF. Partial specific
volume of the DnaC protein,νj ) 0.736 mL/g, was calculated
from the amino acid composition of the protein (35). The
degree of hydration can be estimated by the method of Kuntz
(36). It providesh ) 0.39gH2O/gprotein. However, this value
of h is calculated for the mixture of amino acids completely
exposed to water, and it represents a possible maximum value
of the degree of hydration for the protein. Part of amino acid
residues of the protein will not be accessible to water in the
native structure. Thus, the value of the degree of hydration
should be corrected for the part of residues in the native
structure that is not accessible to the hydration. The correc-
tion factor can be obtained in a systematic way by comparing
Kuntz’s values for a series of proteins, with the hydration
values of the folded structure of the same protein (37, 38).
The correction factor amounts to 0.7-0.74, thus only∼70%
of the maximum values ofh is associated with the folded
protein molecule. The corrected value for the DnaC protein
is h ) 0.273gH2O/gprotein (37, 38).

The computer simulation of the sedimentation coefficient
of the DnaC protein as a function of the ellipsoid axial ratio,
p, using the corrected value of the degree of hydration,h, is
shown in Figure 2. The plot has been obtained using eqs
4-6. For comparison, the dependence of the sedimentation
coefficient as a function of the axial ratio of the ellipsoid
for the completely nonhydrated protein and with maximum
degree of hydration, are also included. The value ofs°20,w )
2.45( 0.07 indicates that the DnaC protein in solution, with
the corrected degree of hydration, has a nonspherical,
asymmetric structure and, when modeled as a prolate
ellipsoid, has an apparent axial ratio ofp ) 4.0 ( 0.6. For
the completely nonhydrated and maximum hydrated protein,
the same axial ratio would bep ) 6.0 ( 0.6 and 3.4( 0.5,
respectively (Figure 2, see Discussion).

Fluorescence Anisotropy Decays of the DnaC-MANT-
ATP and DnaC-MANT-ADP Complexes in the Presence of
Magnesium.Binding thermodynamics of fluorescent MANT
derivative of adenosine nucleotides are indistinguishable from
the unmodified cofactors (12-14). Moreover, binding of
MANT-ATP and MANT-ADP to the DNAC protein is
characterized by strong increase of the cofactors’ fluores-
cence, providing an excellent signal to monitor the confor-
mational dynamics of the formed complexes. Thus, we
address the conformation of the DnaC protein in complexes
with the nucleotide cofactors, in the presence of Mg2+

cations, using time-dependent fluorescence anisotropy tech-
nique (25, 39-41).

The decay of the total emission,FTot(t) of the MANT-
ATP in the presence of the DnaC protein (λex ) 370 nm,
λem ) 450 nm) in buffer T4 (pH 8.1, 20°C), containing 100
mM NaCl and 5 mM MgCl2, is shown in Figure 3a. The
concentration of the nucleotide and the DnaC protein are 5
× 10-6 and 1.2× 10-4 M, respectively. At these concentra-
tions, the nucleotide cofactor is virtually completely saturated
with the protein (12-14). The solid line is the nonlinear least-
squares fit of the experimental curve, using the two-
exponential function (eq 1). As shown by the included
residuals, the two-exponential fit provides adequate descrip-
tion of the experimental curve. The total fluorescence
intensity of the MANT-ATP bound to the DnaC is character-
ized by fluorescence lifetimesτ1 ) 5.6 ( 0.3 andτ2 ) 9.9
( 0.5 ns and relative amplitudesA1 ) 0.16( 0.01 andA2

) 0.84( 0.01. Analogous fluorescence intensity decay for
the MANT-ADP bound to the DnaC protein is shown in
Figure 3b. Similar to the MANT-ATP, the decay is ad-
equately described by the two-exponential function with
fluorescence lifetimesτ1 ) 5.6( 0.3 andτ2 ) 9.2( 0.5 ns
and relative amplitudesA1 ) 0.15( 0.01 andA2 ) 0.85(
0.01 (Table 1). Thus, the longer lifetime component domi-
nates the decay process for both MANT-ATP and MANT-
ADP bound to the DnaC protein, providing the time window
to examine the rotational dynamics of the protein.

The decays of the fluorescence intensity of the MANT-
ATP bound to the DNAC protein, with the excitation
polarizer oriented vertically and the emission polarizer

s°20,w )
M(1 - νjF)

NA fhe

(4)

fhe ) { xp2 - 1

p1/3{ln[p + x1 - p2]}}6πηRh (5)

Rh ) [3M(νj + hνjS)

NA4π ]1/3

(6)

FIGURE 2: Computer simulation of the sedimentation,s°20,w, as a
function of the axial ratio of the prolate ellipsoid of revolution,p,
for different values of the degree of hydration,h (gH2O/gprotein); 0.39
(- - -), 0.273 (s); 0 (- - -) The plots have been generated using
eqs 4-6. The solid horizontal line marks the value of the
sedimentation coefficient,s°20,w ) 2.45. The arrows indicate values
of the axial ratio,p, corresponding to the sames°20,w at different
degrees of hydration (see text for details).
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oriented vertically,IVV(t), or horizontally,IVH(t), are shown
in Figure 4a. The functionIVV(t) initially decays fast as a
result of fast reorientation of the vertically orientated
molecules, whileIVH(t) shows initially a slower decay rate
as a result of the initial increasing of the population of the
horizontally oriented molecules. The difference function, d(t)
) IVV(t) - IVV(t), (eq 2) is shown in Figure 4b. The initial
value of d(t) decays to∼0 at a longer time regime as a result

of averaging of the orientations of the bound MANT-ATP
molecules. The solid line in Figure 4b is the nonlinear least-
squares fit of the experimental curve to eq 2, deconvoluted
with the discrete size of the excitation pulse and using the
total fluorescence intensity decay,FTot(t), depicted in Figure
3a (Materials and Methods). The single-exponential function
provides an adequate description of the decay process.
Including a higher number of exponents does not signifi-
cantly improve the statistics of the fit. However, ther(0)
that is the limiting value of the anisotropy att ) 0, r lim, is
only 0.252( 0.012 instead of expectedro ) 0.38 ( 0.02
for MANT-ATP at the selected excitation wavelength (19).
Such low value ofr lim indicates that the observed depolar-
ization process is preceded by another very fast process with
the rotational correlation time less than∼50 ps, i.e., much
shorter than the half width of the excitation pulse (∼200
ps). Therefore, the depolarization of the emission of the
DnaC-MANT-ATP complex is characterized by two rota-
tional correlation timesτC1 < 0.05 ns andτC2 ) 21.7( 0.5
ns, with amplitudes,r1 ) 0.146( 0.005 andr2 ) 0.252(
0.012, respectively (eqs 2 and 3).

It is clear that the rotational mobility of the MANT-ATP-
DnaC protein complex, in the presence of magnesium,
encompasses two very different processes characterized by
rotational correlation times differing by at least a factor of
∼400. The first rotational correlation time,τC1 < 0. 05 ns,
is in the range of picoseconds, i.e., in the range of the
rotational correlation time of the free MANT-ATP in solution
(data not shown). This value ofτC1 strongly suggests that it
characterizes the local mobility of the nucleotide cofactor
in the binding site or very fast local mobility of the protein
surface around the nucleotide-binding site. The fast depo-
larization process reduces the anisotropy of the system by
r1 ) 0.146 ( 0.005 to r2 ) 0.252 ( 0.012, indicating a
large reorientation of the nucleotide before the second
depolarization process, characterized byτC2 ) 21.7 ( 0.5
ns, significantly affects the observed anisotropy. Contrary
to the first depolarization process, the value ofτC2 is in the
range of tens of nanoseconds indicating that it characterizes
the rotational mobility of the entire DnaC protein molecule
(39-41) (see Discussion).

The direct fluorescence anisotropy decay of the MANT-
ATP bound to the DnaC, as defined by eq 3, confirms the
deconvolution analysis of the difference function, d(t). The
time dependence of the fluorescence anisotropy of MANT-
ATP, saturated with the DnaC protein, in buffer T4 (pH 8.1,
20°C), containing 100 mM NaCl and 5 mM MgCl2, is shown
in Figure 4c. The anisotropy decay plots have clearly biphasic
character indicating the presence of depolarization processes
occurring in largely different time ranges. The initial
unresolved part of the plot is “slowed” by the discrete size
of the excitation pulse (∼200 ps); nevertheless, the data

FIGURE 3: (a) Time decay of the total emission of MANT-ATP in
the complex with the DnaC protein (λex ) 370 nm,λem ) 450 nm)
in buffer T4 (pH 8.1, 20°C), containing 100 mM NaCl and 5 mM
MgCl2. The solid smooth line in the nonlinear least-squares fit of
the experimental curve using two-exponential function defined by
eq 1, with fluorescence lifetimesτ1 ) 5.6 ns, andτ2 ) 9.9 ns, and
corresponding amplitudesA1 ) 0.16,A2 ) 0.84. (b) Time decay
of the total emission of MANT-ADP in the complex with the DnaC
protein (λex ) 370 nm,λem ) 450 nm) in buffer T4 (pH 8.1, 20
°C), containing 100 mM NaCl and 5 mM MgCl2. The solid smooth
line is the nonlinear least-squares fit of the experimental curve using
two-exponential function defined by eq 1, with fluorescence
lifetimesτ1 ) 5.6 ns, andτ2 ) 9.2 ns, and corresponding amplitudes
A1 ) 0.15, A2 ) 0.85. The lower panels are residuals of the
theoretical curves from the experimental decay traces. The dashed
lines are the normalized excitation source profile. In both sets of
experimental data, the concentration of the DnaC protein and
nucleotide cofactors are 1.2× 10-4 and 5× 10-6 M, respectively.
The zero time is the time corresponding to the center of the
excitation pulse.

Table 1: Fluorescence Parameters of MANT-ATP and MANT-ADP Nucleotides Bound to theE. coli DnaC Protein in Buffer T4 (pH 8.1, 20
°C), Containing 100 mM NaCl, in the Presence and Absence of MgCl2

nucleotide τ1 (ns) τ2 (ns) A1 A2 ro rlim τC1(ns) τC2(ns)

5 mM MgCl2
MANT-ATP + DnaC 5.6( 0.3 9.9( 0.5 0.16( 0.01 0.84( 0.01 0.38( 0.02 0.252( 0.012 <0.05 21.7( 0.5
MANT-ADP + DnaC 5.6( 0.3 9.2( 0.5 0.15( 0.01 0.85( 0.01 0.38( 0.02 0.267( 0.012 <0.05 22.8( 0.5

no MgCl2
MANT-ATP + DnaC 9.5( 0.5 13.5( 0.5 0.84( 0.01 0.16( 0.01 0.38( 0.02 0.245( 0.012 <0.05 46.5( 3
MANT-ADP + DnaC 6.8( 0.3 9.9( 0.5 0.18( 0.01 0.82( 0.01 0.38( 0.02 0.303( 0.015 <0.05 22.3( 0.5
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indicate that, in the complex, a very fast fluorescence
depolarization of the MANT-ATP fluorescence occurs within
the time range shorter than one nanosecond. In the time range
above∼1 ns, the depolarization occurs at a much slower

rate. The solid line in Figure 4c is the nonlinear least-squares
fit of the experimental curve, in range above∼2 ns, using
single-exponential function defined by eq 3. The theoretical
line provides an adequate fit for experimental curve (Figure
4c). The obtained values of the rotational correlation times
and anisotropy amplitude of the decay process areτC2 ) 21.7
( 0.5 ns andr2 ) 0.241 ( 0.01, respectively. Thus, the
correlation time and the amplitude, characterizing the time
region in which the effect of the pulse duration is negligible,
are, within the experimental accuracy, the same as deter-
mined from the deconvolution analysis of the difference
function (Figure 4b,c).

The analogous decays of the fluorescence intensities,IVV-
(t) andIVH(t), of the MANT-ADP bound to the DnaC protein
are shown in Figure 5a. The difference function, d(t), is
shown in Figure 5b. The solid line is the nonlinear least-
squares fit of the experimental curve (eq 2) deconvoluted
with the discrete size of the excitation pulse and with the
total fluorescence intensity decay,FTot(t) (Figure 4b). The
anisotropy decay process is described by single-exponential
function with rotational correlation timeτC2 ) 22.8 ( 0.5
ns and amplituder2 ) 0.267( 0.012, respectively (Table
1). Similar to the MANT-ATP complex, the value of the
anisotropy amplitude is significantly lower thanro ) 0.38
( 0.02 (see above). Thus, the rotational mobility of the
MANT-ADP bound to the DnaC protein encompasses the
same two processes differing at least by a factor of∼400 in
their rotational correlation times. Figure 5c shows the time
dependence of the fluorescence anisotropy of MANT-ADP-
DnaC complex. The solid line in Figure 5c is nonlinear least-
squares fit of the experimental curve, in the range above 2
ns, using single-exponential function defined by eq 3. The
obtained values of the rotational correlation times and
anisotropy amplitudes areτC2 ) 22.5( 0.5 ns andr2 ) 0.244
( 0.012, respectively (see Discussion).

Fluorescence Anisotropy Decays of the DnaC-MANT-
ATP and DnaC-MANT-ADP Complexes in the Absence of
Magnesium.As mentioned above, in the absence of Mg2+

cations, the binding of ATP analogue is characterized by a
significantly lower affinity as compared to the affinity in
the presence of magnesium, while the affinity of ADP
analogue is increased (12). Moreover, the fluorescence of
MANT-ATP in the complex with the DnaC is increased by
a factor of∼2, while the fluorescence of bound MANT-
ADP is only slightly affected by the absence of magnesium
indicating structural difference between the two complexes
(12).

In the absence of magnesium, the total fluorescence
intensity of the MANT-ATP bound to the DnaC is character-
ized by fluorescence lifetimesτ1 ) 9.5( 0.5 andτ2 ) 13.5
( 0.5 ns and relative amplitudesA1 ) 0.84( 0.01 andA2

) 0.16 ( 0.01 (data not shown) (Table 1). The decays of
the fluorescence intensities,IVV(t) andIVH(t), of the MANT-
ATP bound to the DnaC protein, in the absence of magne-
sium, are shown in Figure 6a. The difference function, d(t),
(eq 2) is shown in Figure 6b. The solid line in Figure 6b is
the nonlinear least-squares fit of the experimental curve to
eq 2, deconvoluted with the discrete size of the excitation
pulse. The single-exponential function provides an adequate
description of the decay process. However, unlike in solution
containing Mg2+, we observed slight precipitation in solution
after the prolong time required to collect both vertical and

FIGURE 4: (a) Time decays of the MANT-ATP emission in the
complex with the DnaC protein (λex ) 370 nm,λem ) 450 nm) in
buffer T4 (pH 8.1, 20°C), containing 100 mM NaCl and 5 mM
MgCl2, with the excitation polarizer oriented vertically and the
emission polarizer oriented vertically,IVV(t), and horizontally,IVH-
(t), respectively. (b) The difference function, d(t) ) IVV(t) - IVV-
(t), as defined by eq 2, obtained from the traces shown in panel a.
The solid smooth line is the nonlinear least-squares fit of the
experimental curve using the one-exponential function defined by
eq 2, deconvoluted with the discrete size of the excitation pulse,
with a rotational correlation timeτC2 ) 21.7 ns, and corresponding
anisotropy amplitudesr2 ) 0.252. (c) Time dependence of the
MANT-ATP fluorescence anisotropy in the complex with the DnaC
protein (λex ) 370 nm,λem ) 450 nm) in buffer T4 (pH 8.1, 20
°C), containing 100 mM NaCl and 5 mM MgCl2. The solid smooth
line is the nonlinear least-squares fit of the experimental curve using
eq 3 with a single rotational correlation timeτC2 ) 21.7 ns, and
corresponding anisotropy amplitudesr2 ) 0.241. The G factor at
the applied emission wavelength is 0.663. The dashed lines in all
panels are the normalized excitation source profiles. The concentra-
tion of the DnaC protein and MANT-ATP are 1.2× 10-4 and 5×
10-6 M, respectively. The zero time is the time corresponding to
the center of the excitation pulse.
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horizontal emissions. Different collection times showed no
effect on the rotational correlation time however, resulting
in a constant, nonzero baseline,b ) 0.04 (eq 2). The obtained
limiting anisotropy att ) 0, r lim, is only 0.245( 0.012,
indicating that the observed depolarization process is pre-
ceded by another very fast process with the rotational
correlation time,τC1, less than∼50 ps (see above). The

resolved rotational correlation time of the complex isτC2 )
46.5( 3 ns, much longer than observed in the presence of
magnesium (Table 1). The direct time dependence of the
fluorescence anisotropy of MANT-ATP-DnaC complex in
buffer T4 (pH 8.1, 20°C), containing 100 mM NaCl, is
shown in Figure 6c. The initial unresolved part of the plot
is affected by the discrete size of the excitation pulse;

FIGURE 5: (a) Time decays of the MANT-ADP emission in the
complex with the DnaC protein (λex ) 370 nm,λem ) 450 nm) in
buffer T4 (pH 8.1, 20°C), containing 100 mM NaCl and 5 mM
MgCl2, with the excitation polarizer oriented vertically and the
emission polarizer oriented vertically,IVV(t), and horizontally,IVH-
(t), respectively. (b) The difference function, d(t) ) IVV(t) - IVV-
(t), as defined by eq 2, obtained from the traces shown in panel a.
The solid smooth line is the nonlinear least-squares fit of the
experimental curve using one-exponential function defined by eq
2, deconvoluted with the discrete size of the excitation pulse, with
rotational correlation timeτC2 ) 22.8 ns, and corresponding
anisotropy amplitude r2 ) 0.267. (c) Time dependence of the
MANT-ADP fluorescence anisotropy in the complex with the DnaC
protein (λex ) 370 nm,λem ) 450 nm) in buffer T4 (pH 8.1, 20
°C), containing 100 mM NaCl and 5 mM MgCl2. The solid smooth
line is the nonlinear least-squares fit of the experimental curve using
eq 3 with a single rotational correlation timeτC2 ) 22.5 ns, and
corresponding anisotropy amplitudesr2 ) 0.244. The dashed lines
in all panels are the normalized excitation source profiles. The
concentration of the DnaC protein and MANT-ADP are 1.2× 10-4

M and 5 × 10-6 M, respectively. The zero time is the time
corresponding to the center of the excitation pulse.

FIGURE 6: (a) Time decays of the MANT-ATP emission in the
complex with the DnaC protein (λex ) 370 nm,λem ) 450 nm) in
buffer T4 (pH 8.1, 20°C), containing 100 mM NaCl, with the
excitation polarizer oriented vertically and the emission polarizer
oriented vertically,IVV(t), and horizontally,IVH(t), respectively. (b)
The difference function, d(t) ) IVV(t) - IVV(t), as defined by eq 2,
obtained from the traces shown in panel a. The solid smooth line
is the nonlinear least-squares fit of the experimental curve using
the one-exponential function defined by eq 2, deconvoluted with
the discrete size of the excitation pulse, with a single rotational
correlation timeτC2 ) 46.5 ns, and corresponding anisotropy
amplitudesr2 ) 0.241. (c). Time dependence of the MANT-ATP
fluorescence anisotropy in the complex with the DnaC protein (λex
) 370 nm,λem ) 450 nm) in buffer T4 (pH 8.1, 20°C), containing
100 mM NaCl and 5 mM MgCl2. The solid smooth line is the
nonlinear least-squares fit of the experimental curve using eq 3
with a single rotational correlation timeτC2 ) 42.8 ns, and
corresponding anisotropy amplitudesr2 ) 0.241. The dashed lines
in all panels are the normalized excitation source profiles. The
concentration of the DnaC protein and MANT-ATP are 1.2× 10-4

and 5 × 10-6 M, respectively. The zero time is the time
corresponding to the center of the excitation pulse.
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nevertheless, the data indicate that, in the complex, a very
fast fluorescence depolarization of the MANT-ATP fluores-
cence occurs within the time range shorter than one
nanosecond (see above). The solid line in Figure 6c is a
nonlinear least-squares fit of the experimental curve, in the
range above 2 ns, using single-exponential function defined
by eq 3. The theoretical line provides an adequate fit for
experimental curve with the baselineb ) 0.048. The obtained
values of the rotational correlation times and anisotropy
amplitude of the decay process areτC2 ) 42.8( 2.1 ns and
r2 ) 0.241 ( 0.02, respectively, in good agreement with
the deconvolution result of the difference function d(t)
(Figure 6b).

A different behavior is observed in the case of the MANT-
ADP-DnaC complex in the absence of magnesium (data
not shown). The total fluorescence intensity of the MANT-
ADP bound to the DnaC is characterized by fluorescence
lifetimesτ1 ) 6.8 ( 0.3 andτ2 ) 9.9 ( 0.5 ns and relative
amplitudesA1 ) 0.18( 0.01 andA2 ) 0.82( 0.01 (Table
1). These values are similar to the same parameters observed
in the presence of magnesium. The difference function, d(t),
and the direct anisotropy decay are described by the single-
exponential function. Unlike the MANT-ATP-DnaC com-
plex, we did not detect any precipitation of the MANT-
ADP-DnaC complex in the absence of magnesium, resulting
in the baseline valueb ) 0. The limiting anisotropyr lim )
0.303( 0.015 and is higher than observed in the absence
of Mg2+. The resolved rotational correlation time of the
complex isτC2 ) 22.3( 0.5 ns, is, within the experimental
accuracy, the same as obtained for the MANT-ADP-DnaC
complex in the presence of magnesium. However, it is much
shorter than observed for the analogous MANT-ATP-DnaC
complex (Table 1).

DISCUSSION

The Replication Factor DnaC Protein Is a Monomer in
Examined Solution Conditions in the Presence of Magnesium,
ATP, and ADP.The independence of the sedimentation
coefficient, s20,w, of the DnaC protein upon the protein
concentration shows that, in solution, the replication factor
exclusively exists as a monomer (Figures 1 and 2) (42, 43).
Thermodynamic, spectroscopic, and kinetic studies showed
that binding of magnesium, ATP, and ADP induce specific
conformational changes in the DnaC protein molecule (12-
14) (see above). The results obtained in this work indicate
that structural changes induced by binding of magnesium
and/or nucleotide cofactors do not lead to the DnaC protein
association. The fact that the protein is exclusively in a
monomeric state in the presence of both, ATP or ADP, has
important functional implications. Recall, current views are
that the biological function of the DnaC protein is strictly
related to its interactions with theE. coli primary replicative
helicase the DnaB protein (1-7). Our recent quantitative
studies of the DnaC binding to the DnaB hexamer show that
six molecules of the replication factor bind with positive
cooperativity to the helicase hexamer (15). The lack of any
oligomerization process in the presence of Mg2+, ATP, and/
or ADP indicates that the positive cooperative interactions
among bound DnaC molecules are not an intrinsic property
of the DnaC protein. Rather, it indicates that the cooperative
interactions observed in the DnaC-DnaB complex are
exclusively induced by interactions with the helicase. Notice

the fact that the binding of the DnaC protein to the helicase
is independent, whether the magnesium-binding site(s) or
nucleotide-binding site of the protein is saturated with
nucleotide cofactor, corroborates very well with this conclu-
sion (15).

DnaC Protein in Solution Has an Elongated Structure with
the Axial Ratio of 4:1 When Modeled as a Prolate Ellipsoid,
Little Affected by the Binding of the Nucleotide Cofactors.
The sedimentation velocity studies provide the first informa-
tion about the shape of the DnaC molecule in solution. Using
the estimated degree of hydration of the protein,h ) 0.273
gH2O/gprotein, the value ofs°20,w ) 2.45( 0.07 indicates that,
when modeled as prolate ellipsoid of revolution, the molecule
has axial ratio ofp ) 4.0( 0.6 (31-33). Thus, sedimentation
velocity data clearly indicate that the DnaC molecule is not
spherical, but it has a considerably elongated structure. Even
with the estimated maximum degree of hydration,h ) 0.39
gH2O/gprotein, the axial ratio,p ) 3.4( 0.5. This value is within
the determined range ofp and indicates an elongated shape
of the molecule. Usingp ) 4 together with the model-
independent hydrated volume of the molecule,Vh ) M(νj +
hνjS)NA, and the expression for the volume of the prolate
ellipsoid V ) 4πab2, one obtained dimensions of the axes
of the hydrated protein molecule as 2a ) 112 Å and 2b )
28 Å, as depicted in Figure 7A.

The same values of the sedimentation coefficient in the
presence of magnesium, ATP, or ADP indicate that binding
of Mg2+ cations and nucleotide cofactors does not signifi-
cantly affect the global conformation of the DnaC protein
as sensed by sedimentation velocity. i.e., the translational
movement (Figure 1) (31-33). As mentioned above, these
results may be surprising in the light of binding and kinetic
studies indicating that both magnesium and nucleotide
cofactors affect the protein conformation (12-14). However,
the hydrodynamic data indicate that the observed confor-
mational changes must predominantly have a local character
(see below). Notice, in the complex with the DnaB helicase,
the DnaC protein binds to the 33-kDa large domain of the
enzyme, at a significant distance from the small 12-kDa
domain (15, 44). It is interesting to compare the estimated
dimensions of the DnaC molecule with the size of the large
domain of the DnaB helicase. Electron microscopy studies
indicate that part of the large domain, separated from the
small 12-kDa domain, extends over a distance of 60-80 Å

FIGURE 7: (A) Model of the DnaC protein represented as prolate
ellipsoid of revolution, based on the hydrodynamic results obtained
in this work. The long axis of the molecule isa ) 112 Å and the
short axisb ) 28 Å. (B) Two rotational movements of the molecule
represented by a prolate ellipsoid (arrows), around the short and
long axis of the molecule, described by the rotational diffusion
coefficients,D1 andD2, that define the rotational correlation times
(see text for details).
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(44-46). Moreover, this part of the large domain is easily
accessible to the solvent (46). Such a large and accessible
structural element of the helicase provides enough surface
area to accommodate the elongated DnaC molecule in the
way that is consistent with the hydrodynamic properties of
the DnaC-DnaB complex (15).

In general, the fluorescence anisotropy decay of a mac-
romolecule, modeled as a prolate ellipsoid of revolution, is
described by a three-exponential function (25, 47-49). Thus,
the presence of only a single rotational correlation time in
the time region corresponding to the rotation of the entire
DnaC-nucleotide cofactor complex, would suggest that the
protein has a spherical structure, contrary to the results
obtained from sedimentation velocity analysis discussed
above (Figures 4 and 5). However, for the spherical protein
with the hydrated volume corresponding to the DnaC protein,
the expected rotational correlation time in the examined
solution conditions, isτC ) 14.9 ns, while, in the presence
of magnesium, the experimentally observed values ofτC2

are 21.7( 0.5 and 22.8( 0.5 ns for the complexes with
ATP or ADP, respectively (Figures 4 and 5, Table 1). The
large difference between the expected and measuredτC

clearly indicates a significantly nonspherical structure of the
protein molecule (47-49). Therefore, the presence of only
a single rotational correlation time must result from specific
characteristics of the DnaC-nucleotide cofactor system. We
examine the most plausible scenarios below.

The excitation anisotropy spectra of the MANT-ATP and
MANT-ADP complexes with the DnaC protein indicate that
the maximum value of the anisotropy is reached at the
excitation wavelength above 360 nm (Galletto et al., to be
published). Because the excitation wavelength in our experi-
ments is at 370 nm, far in the red side of the absorption
spectrum, the absorption and emission dipoles can be treated
as parallel (47-49). Separation of two depolarization pro-
cesses by at least a factor of an∼400 on the time scale of
the experiment indicates that they are effectively decoupled.
In such case, if the emission dipole is at a fixed angleΘ
with respect to the major axis of the ellipsoid the part of the
observed anisotropy decay of the protein-nucleotide com-
plex, modeled as a prolate ellipsoid of revolution, is described
by a three-exponential function (47-50).

The value of the limiting anisotropy,r lim, corresponds to the
observed anisotropy amplitude of the slow depolarization
process. In the case of the DnaC-MANT-ATP complex,r lim

≈ 0.241-0.252 (see above). The three rotational correlation
times are defined as

whereD1 andD2 are the rotational diffusion coefficients of
the ellipsoid along its major and short axes, respectively
(Figure 7B) (47-49). The rotational diffusion coefficients
are related to the axial ratio of the ellipsoid,p, and the

hydrated volume of the corresponding sphere by the expres-
sions

where

Thus, for a givenνj andh, the rotational correlation times of
the anisotropy decay depend only on the axial ratio of the
ellipsoid,p, while the amplitudes are exclusively the func-
tions of the angle,Θ.

In the examined solution conditions (buffer T4), the
rotational correlation times for the protein with the axial ratio
p ) 4, as described by eqs 8-9, areτCP1 ) 31.3, τCP2 )
14.6, and τCP3 ) 50.9 ns. Figure 8a shows computer
simulations of the anisotropy decay, using eq 7, for three
different values of the angleΘ, 90°, 45 °, and 0° from the
possible range of theΘ values i.e., from 0° to 90°. For these
simulations, the value ofr lim has been taken as 0.241. For
comparison, the decay of the anisotropy with a single
rotational correlation timeτC ) 21.7 ns as experimentally
observed is also included. The value ofΘ ) 90° gives a
curve that decays in a shorter time range than the experi-
mental obtained correlation time. It is dominated byτCP2 )
14.6 ns, with some contribution from the decay mode
characterized byτC3 ) 50.9 ns, i.e., it cannot be described
by a single-exponential function. On the other hand, the
curves withΘ ) 45° andΘ ) 0° decay in the time range
significantly longer than observed for the DnaC-MANT-
ATP complex. ForΘ ) 0°, amplitudes associated withτCP1

and τCP2 are zero (eq 7) and the overall decay is a single-
exponential function characterized by theτCP3 ) 50.9 ns.
This value is much longer than the experimentally observed
correlation time of 21.7 ns. In fact, there is not a fixed value
of Θ that, when introduced to eq 7, would provide a decay
curve indistinguishable from the curve with an experimen-
tally observed single rotational correlation time of 21.7 ns.

With a fixed value ofΘ, another possibility is that the
observed single rotational correlation time in the experimental
anisotropy decay is an average of the three correlation times
in eq 7, τCav, weighted by the appropriate values of three
amplitudes. The anisotropy decay is then described by a
single-exponential function

and the average rotational correlation time,τCav, is

r(t) )

r lim{[34sin2 2Θ]exp(- t
τCP1

) + 3
4
[sin4 Θ]exp(- t

τCP2
) +

1
4
[(3 cos2 Θ - 1)2] exp(- t

τCP3
)} (7)

τCP1) 1
D1 + 5D2

τCP2) 1
4D1 + 2D2

τCP3) 1
6D2

(8)

D1 ) [3p(p - Q)

2(p2 - 1) ] kT
6ηM(vj + hνjS)

D2 ) [3p(2p2 - 1)Q - p

2(p4 - 1) ] kT
6ηM(νj + hνjS)

(9a)

Q )
ln[p + xp2 - 1]

xp2 - 1
(9b)

r(t) ) r lim[exp(- t
τCav

)] (10a)

τCav )
∫0

∞
r(t)dt

ro
) [34sin2 2Θ]τC1 + 3

4
[sin4 Θ]τC2 +

1
4
[(3 cos2 Θ - 1)2]τC3 (10b)
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wherer(t) in eq 10b is defined by eq 7. Figure 8b shows the
computer simulations of the anisotropy decay, using eqs 10a
and 10b, for three different values ofΘ, 90°, 45°, and 0°
together with the decay of the anisotropy with a single
rotational correlation timeτC ) 21.7 ns. Even withΘ )
90° the decay is characterized byτCav larger than experi-
mentally observed. In fact, for most ofΘ values the average
rotational correlation time of the macromolecule withp ) 4
and molecular weight corresponding to the DnaC protein,
the average rotational correlation time is in the range of∼30
ns (Figure 8b). Thus, similar to the general fixed angle case
considered above, there is not a fixed value ofΘ, which
would provide a decay curve with a single average rotational
correlation time,τCav, as defined by eq 10a, that is super-
imposable on the experimentally observed decay withτC )
21.7 ns.

Notice that the analyses discussed so far (Figure 8a,b)
assume that the fluorescence lifetime of the fluorophore is
very similar to the rotational correlation time of the protein-
nucleotide complex. However, in the case of the DnaC-

MANT-ATP-Mg2+ complex only∼80% of the fluorescence
intensity decay is characterized by a fluorescence lifetimeτ
∼ 9 ns, which is still by a factor of∼2 shorter than predicted
τCav for the DnaC protein withp ) 4 (see above). Such
property of the system suggests that the observed anisotropy
decay may be approximated by a single rotational correlation
time,τCH, that is a harmonic average of the three correlation
times in eq 7, as (48)

and

The computer simulations of the anisotropy decay for a

FIGURE 8: (a) Computer simulations of the fluorescence anisotropy decay,r(t), of the prolate ellipsoid of revolution (Figure 7), as defined
by eq 7, for three different values of the angleΘ between the emission dipole and the major axis of the ellipsoid, a; (- - -) 90°,
(- - -) 45°, (- - - - -) 0°. The dotted line (...) is the fluorescence anisotropy decay with the single rotational correlation time,τC ) 21.7
ns, corresponding to the DnaC protein-MANT-ATP complex. The solid line (;) is the computer best fit of the fluorescence anisotropy
decay, with experimentally obtained single rotational correlation timeτC ) 21.7 ns, withΘ ) 68°. (b) Computer simulations of the fluorescence
anisotropy decay,r(t), of the prolate ellipsoid of revolution, using a single, average rotational correlation time,τCav, as defined by eqs 10a
and 10b, for three different values of the angleΘ between the emission dipole and the major axis of the ellipsoid, a; (- - -) 90°,
(- - -) 45°, (- - - - -) 0°. The dotted line (...) is the fluorescence anisotropy decay with the single rotational correlation time,τC ) 21.7
ns, corresponding to the DnaC protein-MANT-ATP complex. (c) Computer simulations of the fluorescence anisotropy decay,r(t), of the
prolate ellipsoid of revolution, using a single, harmonic average rotational correlation time,τCH, as defined by eq 11a and 11b, for three
different values of the angleΘ between the emission dipole and the major axis of the ellipsoid, a; (- - -) 90°, (- - -) 45°, (- - - - -)
0°. The dotted line (...) is the fluorescence anisotropy decay with the single rotational correlation time,τC ) 21.7 ns, corresponding to the
DnaC protein-MANT-ATP complex. The solid line (;) is the computer best fit of the fluorescence anisotropy decay, with experimentally
obtained single rotational correlation timeτC ) 21.7 ns, withΘ ) 58°. (d) Computer simulations of the fluorescence anisotropy decay,r(t),
for the prolate ellipsoid of revolution, using a single, harmonic average rotational correlation time,τCH, for the random orientation of the
emission dipole with respect to the major axis of the ellipsoid, as defined by eqs 12a and 12b, for three different values of the ellipsoid axial
ratio, p; (- - -) p ) 3, (- - -) p ) 3.6, (- - - - -) p ) 5 (see text for details). The dotted line (...) is the fluorescence anisotropy decay
with the single rotational correlation time,τC ) 21.7 ns, corresponding to the experimental value obtained for the DnaC protein-MANT-
ATP complex. In all panels, the selectedr lim ) 0.241.
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prolate ellipsoid corresponding to the DnaC-MANT-ATP-
Mg2+ complex with an axial ratiop ) 4, using harmonic
average rotational correlation time defined by eqs 11a and
11b, for Θ equal 90°, 45°, and 0° are shown in Figure 8c.
The decay of the anisotropy with the experimentally ob-
served, single rotational correlation timeτC ) 21.7 ns falls
betweenΘ ) 90° and 45°, respectively. However, whenΘ
) 58°, the theoretical decay (dashed line) is virtually
indistinguishable from the curve described byτC ) 21.7 ns.
Thus, the approximation of the experimental decay of the
DnaC-MANT-ATP-Mg2+ complex using the harmonic
average of the rotational correlation time provides an
excellent description of the experimental data for the prolate
ellipsoid, corresponding to the macromolecule with the axial
ratio p ) 4 and the fixed angle between the emission dipole
and the major axis of the ellipsoidΘ ) 58°.

The analyses above use the axial ratio of the DnaC protein
molecule determined from the sedimentation velocity studies
(see above). The fact that harmonic average rotational
correlation time is the most plausible in describing the
experimentally obtained fluorescence anisotropy decay of the
DnaC-MANT-ATP-Mg2+ complex allows us to utilize
another characteristic behavior of the DnaC-nucleotide
complex to obtain the approximate value of the axial ratio,
p, independently from the sedimentation velocity data. Recall,
the fast depolarization process in the experimental anisotropy
decay is∼400 faster than the slow depolarization resulting
from the rotation of the entire complex. The fast process
reduces the initial anisotropy and may introduce randomiza-
tion of the location of the emission dipole with respect to
the major axis of the ellipsoid. In other words, one can
assume that the bound nucleotide undergoes a fast isotropic
rotation before the protein rotation affects the depolarization
to any detectable degree. As a result, the sample would
contain a population of protein-nucleotide cofactor com-
plexes with emission dipoles randomly oriented with respect
to the major axis of the ellipsoid and not located at a fixed
angleΘ. In such case, the fluorescence anisotropy decay of
the prolate ellipsoid is described by an expression (47, 48)

The harmonic average correlation time,τCH, is then defined
as

Notice, with the assumption of random orientation of the
emission dipole, both anisotropy decay and the harmonic
average rotational correlation time are independent ofΘ.
They are sole functions of the axial ratio,p, of the ellipsoid.

Figure 8d shows computer simulations of fluorescence
anisotropy decays, using eqs 12a-12b for a prolate ellipsoid
corresponding to the DnaC-MANT-ATP-Mg2+ complex,
for different values of the axial ratio,p. The anisotropy decay
for a single correlation timeτC ) 21.7 ns, corresponding to
the experimentally determined value, is also included. It is
evident that the ellipsoid model with an axial ratio neitherp

) 3 norp ) 5 represents the experimentally obtained decay.
However, the ellipsoid model with the axial ratiop ) 3.6 is
indistinguishable from the experimental data. This value of
p is in good agreement with the axial ratio ofp ) 4 ( 0.6
determined in independent sedimentation studies (see above).
Nevertheless, the smaller value of the axial ratio suggests
that either the nucleotide binding site experiences some
segmental motion with respect the rest of the DnaC molecule
on the nanosecond time scale to the extent that is not sensed
by the translational motion examined in the sedimentation
velocity studies, or the protein assumes a slightly less
elongated shape, when associated with ATP.

Analogous analyses have been performed for the DnaC-
MANT-ADP complex. The experimentally determined single
rotational correlation time,τC ) 22.8 ( 0.5 ns is slightly
longer than observed in the presence of the ATP analogue.
Neither a general nor the average correlation time model with
a fixed Θ angle (eqs 7 and 10a-10b) provides the decay
curve superimposable on the experimentally obtained decay
with τC ) 22.8 ns (data not shown). However, when using
the harmonic average rotational correlation time and the
assumption of random orientation of the emission dipole (eqs
12a-12b), the value ofτC ) 22.8( 0.5 ns corresponds to
the prolate ellipsoid of revolution with the axial ratiop )
4.1. This value of the axial ratio is in excellent agreement
within the sedimentation velocity results. Nevertheless, the
longer rotational correlation time, and larger corresponding
axial ratio, as compared to the complex with the ATP
analogue, suggest that in the complex with the ADP analogue
the DnaC protein has slightly more elongated global structure
than in the complex with ATP.

Allosteric Interactions Between Magnesium and Nucle-
otide-Binding Site Affect Dramatically the Dynamics of the
Bound ATP Analogue.Equilibrium studies provided the first
indication of strong allosteric interactions between the
magnesium and the nucleotide-binding site of the DnaC
protein as reflected by striking differences between the ATP
and ADP analogue binding in the absence of Mg2+ (12). The
ATP affinity is diminished by a factor of∼6 and the
fluorescence intensity, at saturation, is increased by a factor
of ∼2, while ADP affinity is increased 2-fold and the
fluorescence of the complex is similar to the one observed
in the presence of magnesium. Saturation of the magnesium
effect occurs at [Mg2+] ∼ 10-4 M, indicating that the
involved magnesium-binding sites have affinity characterized
by the binding constant>105 M-1 (12). Such a large value
of the binding constant effectively excludes the possibility
that the binding of Mg2+ to the nucleotide is predominantly
responsible for the observed effect in the examined solution
conditions (100 mM NaCl) (12).

Sedimentation velocity data indicate that, in the absence
of Mg2+, both ATP and ADP complexes with the DnaC
protein have the same sedimentation coefficients as observed
in the presence of magnesium, i.e., their global structures
are unaffected by the magnesium cation binding (Figure
1b,c). Yet, their rotational correlation times,τC2, are remark-
ably different. While the complex with the ADP analogue
is characterized by the value ofτC2 ) 22.3 ( 0.5 ns, the
same, within experimental accuracy, as observed in the
presence of Mg2+, the complex with the MANT-ATP has
τC2 ) 46.5 ( 3 ns as compared to 21.7( 0.5 ns in the
presence of magnesium (Figure 6c, Table 1).

r(t) ) ro[0.4 exp(- t
τCP1

) + 0.4 exp(- t
τCP2

) +

0.2 exp(- t
τCP3

)] (12a)

τCH ) 0.4
τCP1

+ 0.4
τCP2

+ 0.2
τCP3

(12b)
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Figure 9a shows computer simulations of the anisotropy
decay, for a prolate ellipsoid corresponding to the DnaC-
MANT-ATP-complex with an axial ratiop ) 4, using eq
7, for four different values of the angleΘ, 90°, 45°, 13.5°,
0°. The decay of the anisotropy with a single rotational
correlation timeτC ) 46.5 ns, as experimentally observed,
is also included. Only the curves withΘ ) 0° decays with
rotational correlation time, longer (50.9 ns) than observed
for the DnaC-MANT-ATP complex in the absence of
magnesium. However, with a fixed value ofΘ ) 13.5° the
theoretical line is indistinguishable from the curve with the
experimentally observed rotational correlation time. Figure
9b shows the computer simulations of the anisotropy decay
for the average rotational correlation time,τCav, as described
by eqs 10a and 10b, for four different values ofΘ, 90°, 45°,
15°, and 0° together with the decay of the anisotropy with a
single rotational correlation timeτC ) 46.5 ns. Thus, similar
to the general fixed angle case (Figure 9a), a fixed value of

Θ ) 15° provides a decay curve with a single average
rotational correlation time,τCav, that is superimposable on
the experimentally observed decay withτC ) 46.5 ns. The
final fixed angle case is an approximation of the anisotropy
decay by a single harmonic average correlation time,τCH,
as defined by eqs 11. The computer simulations of the
anisotropy decay using harmonic average rotational correla-
tion time for Θ equal 90°, 45°, 13°, and 0° are shown in
Figure 9c. The decay of the anisotropy with the experimen-
tally observed, single rotational correlation timeτC ) 46.5
ns is superimposable on the theoretical line withΘ ) 13°.
Thus, the experimental anisotropy decay of the DnaC-
MANT-ATP complex in the absence of magnesium can be
described by all three cases using the fixed angle between
the emission dipole of the MANT chromophore and the long
axis of the ellipsoid,Θ ) 13-15°.

However, a very different behavior is observed if the
random orientation of the emission dipole is assumed as

FIGURE 9: (a) Computer simulations of the fluorescence anisotropy decay,r(t), of the prolate ellipsoid of revolution (Figure 7), as defined
by eq 7, for different values of the angleΘ between the emission dipole and the major axis of the ellipsoid, a; (- - -) 90°, (- - -) 45°,
(- - - - -) 0°. The value ofr(0) ) 0.245 is taken as experimentally obtained for the DnaC protein-MANTATP complex in buffer T4 (pH
8.1, 20°C), containing 100 mM NaCl (Table 2). The dotted line (...) is the fluorescence anisotropy decay with the single rotational correlation
time, τC ) 46.5 ns, corresponding to the DnaC protein-MANT-ATP complex. The solid line (;) is the computer simulation of the
fluorescence anisotropy decay, with experimentally obtained single rotational correlation timeτC ) 46.5 ns, withΘ ) 13.5°. (b) Computer
simulations of the fluorescence anisotropy decay,r(t), of the prolate ellipsoid of revolution, using a single, average rotational correlation
time, τCav, as defined by eqs 10a and 10b, for different values of the angleΘ between the emission dipole and the major axis of the
ellipsoid, a; (- - -) 90°, (- - -) 45°, (- - - - -) 0°. The dotted line (...) is the fluorescence anisotropy decay with the single rotational
correlation time,τC ) 46.5 ns, corresponding to the DnaC protein-MANT-ATP complex. The solid line (;) is the computer simulation
of the fluorescence anisotropy decay, with experimentally obtained single rotational correlation timeτC ) 46.5 ns, withΘ ) 15°. (c)
Computer simulations of the fluorescence anisotropy decay,r(t), of the prolate ellipsoid of revolution, using a single, harmonic average
rotational correlation time,τCH, as defined by eqs 11a and 11b, for different values of the angleΘ between the emission dipole and the
major axis of the ellipsoid, a; (- - -) 90°, (- - -) 45 °, (- - - - -) 0°. The dotted line (...) is the fluorescence anisotropy decay with the
single rotational correlation time,τC ) 46.5 ns, corresponding to the DnaC protein-MANT-ATP complex. The solid line (;) is the
computer best fit of the fluorescence anisotropy decay, with experimentally obtained single rotational correlation timeτC ) 46.5 ns, with
Θ ) 13°. (d) Computer simulations of the fluorescence anisotropy decay,r(t), for the prolate ellipsoid of revolution, using a single, harmonic
average rotational correlation time,τCH, for the random orientation of the emission dipole with respect to the major axis of the ellipsoid,
as defined by eqs 12a and 12b, for three different values of the ellipsoid axial ratio,p; (•••) p ) 3, (••••••) p ) 5, (•••••••)
p ) 15 (see text for details). The dotted line (...) is the fluorescence anisotropy decay with the single rotational correlation time,τC ) 46.5
ns, corresponding to the experimental value obtained for the DnaC protein-MANT-ATP complex. In all panels, the value ofr lim ) 0.245.
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suggested by low value of the limiting anisotropyrlim ) 0.245
( 0.012 (Table 1) (see above). Figure 9d shows computer
simulations of fluorescence anisotropy decays, using eqs
12a-12b for a prolate ellipsoid corresponding to the DnaC-
MANT-ATP complex, for different values of the axial ratio,
p, together with the anisotropy decay for a single correlation
time τC ) 46.5 ns, corresponding to the experimentally
determined value. As indicated by the plots, even withp )
15, the theoretical decay curve does represent the experi-
mentally obtained rotational correlation time. In fact, there
is not a physically realistic value ofp that could represent
the experimentally observed harmonic average rotational
correlation time with the assumption of the random orienta-
tion of the emission dipole (Figure 9d).

It is evident that the assumption of random orientation of
the emission dipole does not apply to the MANT-ATP-
DnaC complex in the absence of magnesium. The computer
simulations strongly suggest that the nature of the fast
anisotropy decay process, that results in the limiting aniso-
tropy r lim ) 0.245( 0.012, is different in the absence of
Mg2+ (Table 1). The fact that fixed angle models can
represent the experimental decay strongly suggests that the
fast decay is not a random isotropic rotation of the bound
nucleotide, as observed in the presence of magnesium, but
rather a fast reorientation to a specific location. This specific
location is characterized by a fixed angle between the
emission dipole and the major axis of the ellipsoid,Θ ≈
13-16° (Figure 9). In other words, in the absence of
magnesium, the observed rotation of MANT-ATP-DnaC
complex occurs close to around the long axis of the ellipsoid,
resulting in the long rotational correlation time of the DnaC-
nucleotide complex, without any change in the global
conformation of the complex, as indicated by the unaffected
sedimentation coefficient (Figure 1c).

Results of the combined application of the sedimentation
velocity and fluorescence anisotropy methods, reported in
this work, have a significant importance for our understand-
ing of the DnaC protein structure and the structure of its
complexes with the nucleotide cofactors. Both methods
indicate that the protein has an elongated shape with the axial
ratio p ∼ 4 when modeled as prolate ellipsoid of revolution.
Recall, the DnaC protein exists in equilibrium between two
structural states prior to the nucleotide binding (12-14). The
nucleotide cofactors bind exclusively to one conformation,
i.e., at saturation, the protein-nucleotide cofactor complex
is exclusively in one conformational state (12-14). Similar
axial ratios observed for the free protein and the complexes
with nucleotide cofactors indicate that the two conformations
of the DnaC protein prior to the ATP or ADP binding have
similar global structure, suggesting that the difference
between the two conformations is limited to the protein’s
surface. Thus, the data strongly suggest that the protein has
a rigid global structure on the nanosecond time scale, not
affected by the nucleotide cofactors. Nevertheless, there are
differences between the complexes with ATP and ADP. The
anisotropy data indicate that, in the presence of Mg2+, a
complex with ATP has a more flexible structure around the
nucleotide-binding site, while the complex with ADP seems
to be more rigid with the protein assuming also a slightly
more elongated global shape. Magnesium exerts control
predominantly on the complex with the ATP analogue. In
the absence of magnesium, the ATP analogue is firmly held

in the binding site. In the presence of Mg2+, this fixed
location is released. The bound ATP analogue is allowed to
assume a flexible conformational state. Such transition from
a fixed location to a flexible complex may play an important
role in fast responses of the DnaC protein conformation, with
bound ATP, to the changing environment in the replication
fork machinery.

Notice the energetics of the binding of the DnaC protein
to the large domain of the DnaB helicase is indistinguishable
in the presence of ATP or ADP analogues (12). However,
the structures of both complexes differ with the DnaC protein
located at a further distance from the small domain of the
helicase in the presence of ADP. Such behavior would occur
if the DnaC protein has a more elongated shape in the
presence of ADP, as suggested by the anisotropy data (see
above). The fact that the nucleotide analogues can bind with
unchanged affinity to the DnaC protein bound to the DnaB
helicase indicates that the DnaC nucleotide-binding site is
located on the outside surface of the protein, i.e., not engaged
in interactions with the DnaB helicase (12). These data
indicate that the surface interacting with the helicase is not
affected by the cofactors. On the other hand, the outside
surface that is exposed to interactions with the remaining
ingredients of the replication fork, responds differently to
ATP than to ADP in a process controlled by magnesium.
Altogether, the obtained results strongly suggest that the
DnaC protein is a rigid link between the DnaB helicase and
the remaining parts of the replication fork apparatus. If the
nucleotide binding to the DnaC protein controls the DnaC-
helicase complex interactions within the replication fork
machine then the obtained data indicate that it predominantly
occurs through the conformational changes of the DnaC
protein surface, differently induced by ATP and ADP, rather
than the global conformational changes of the entire protein.
Our laboratory is currently examining this possibility.
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