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ABSTRACT. Kinetics of theEscherichia coliPriA helicase interactions with the ssDNA has been studied,

using the fluorescence stopped-flow technique.

Experiments have been performed with a series of

fluorescent etheno derivatives of ssDNA adenosine oligomers, differing in the number of nucleotide residues.
The PriA helicase binds the ssDNA in the sequential process defined by

. kl kz k3
PriA + ssDNA< = (P), <= (P), < (P

In the first step, the enzyme associates fast with the ssDNA without inducing conformational changes in
the DNA. The dependence of the partial equilibrium constant, characterizing the first step, upon the length
of the ssDNA strictly reflects the statistical relationship between the size of the DNA-binding site and the
number of potential binding sites on the ssDNA. Only the DNA-binding site that encompass£sl6.3
residues is directly involved in interactions. The site is located on a structural domain allowing the enzyme
to efficiently search and recognize small patches of the ssDNA. Intramolecular steps are independent of

the ssDNA length and accompanied by changes
studied kinetics indicate a very different nature

in the DNA structure. Salt and glycerol effects on the
of the intermediates. While the bimolecular step is

characterized by net ion release and water uptake, net ion uptake and water release accompany
intramolecular transitions. Specific ion binding stabilizes the helicas®NA complex in (B)and (P}
intermediates. However, magnesium and AMENP do not affect the mechanism of enzynssDNA
interactions. The sequential character of the mechanism indicates that the enzyme does not exist in a

preequilibrium conformational transitigorior to the

The PriA helicase is a DNA replication enzyme in
Escherichia colthat plays a fundamental role in the ordered
assembly of the primosome, a multiple-prote[DNA com-
plex formed in the process of priming a DNA strarid-Q).
The primosome can translocate along the DNA while
synthesizing short oligoribonucleotide primers, used to
initiate synthesis of the complementary stratet8). Both
PriA and DnaB helicase activities are involved in the
primosome functioning. Originally, the PriA helicase was

DNA binding.

In vivo functions of the PriA helicase are related to the
ability of the enzyme to interact with both single-stranded
(ss) and double-stranded DNAs (dsDNAS). In these capaci-
ties, the enzyme is involved in interactions with specific
DNA fragments, the primosome assembly site (PAS) and
stalled replication forks 3, 7—10, 15—18). Equilibrium
thermodynamic studies showed that the PriA helicase binds
the ssDNA as a monomer, independent of the type of the
nucleic acid base, type of salt, and salt concentrations, as

discovered as an essential factor during the synthesis of theyell as the presence of nucleotide cofactof®, (20).

complementary DNA strand of phageX174 DNA (4, 5).

Moreover, the affinity of the PriA monomer for the sSDNA

Recent data indicate that the enzyme is involved not only in js unaffected by the presence of nucleotide cofactors.

DNA replication but also in recombination and repair
processes in the. coli cell (2, 6—16). The gene encoding

Analyses of the helicase interactions with different sSDNA
oligomers, over a large range of nucleic acid concentrations,

the PriA protein has been cloned and sequenced, and that ofndicate that the enzyme has a single ssDNA-binding site.

the encoded protein has been determirkf] {4).
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The total site-size of the PriAssDNA complex, i.e., the
maximum number of nucleotide residues occluded by the
enzyme in the complex with the ssDNA, g = 20 £+ 3
residues per protein monomefd9 20). However, the
determined maximum number of nucleotides directly en-
gaged in interactions with the ssDNA-binding site of the
helicase is onlyn = 8 & 1, i.e., it is much smaller than the
total site-size of the complex. Analysis of stoichiometries
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of the PriA complexes with different sSDNA oligomers tion of the protein was spectrophotometrically determined,

indicates that the ssDNA-binding site is located in the central with extinction coefficiente,go = 1.06 x 1° cm™t M1

part of the helicase molecule with the protein matrix (monomer) determined using a method based on the Edel-

extending over a distance o6 nucleotide residues on both  hoch’s approachl®, 20, 26, 27).

sides of the ssDNA-binding sitd 9, 20). Stopped-Flow KineticsAll fluorescence stopped-flow
Although the importance of understanding the PriA protein kinetics experiments were performed using the SX.18MV

interactions with the nucleic acid has been recognized, still stopped-flow instrument (Applied Photophysics, Leatherhead,

little is known about the molecular details of these inter- UK) as described before28-33). The reactions were

actions, including quantitative aspects of the mechanism of monitored following the fluorescence emission of the etheno

the enzyme binding to different DNA conformational states, derivative of ssSDNA oligomers, withex = 325 nm, and the

replication fork and the PAS structures, effect of solution emission was monitored through the GG400 cutoff filter

conditions on the dynamics of interactions, and the structure (Schott, PA). The excitation monochromator slits were at

of the complexes. Knowledge of the mechanism of binding 1.5 mm (band-pass: 7 nm). Four to twelve traces were

and structure of the helicas@ucleic acid complex is a  collected and averaged for each sample. The relaxation times

prerequisite to understand the enzyme functioning in DNA and amplitudes for each kinetic trace were determined using

replication and recombinatioi{3, 15—18). Such knowl- the nonlinear, least-squares software provide by the manu-

edge is of fundamental importance for formulating any model facturer, with the exponential function defined as

of the enzyme translocation on the DNA, catalysis of DNA

unwinding, as well as the functioning of the PriA helicase n

in the formation and translocation of the primosome. F(t) = F(0) + » Alexp(-4it) 1)

In this paper, we report quantitative analyses of the kinetics N
of the PriA helicase interactions with a series of ssSDNA
oligomers using the fluorescence stopped-flow technique. To
our knowledge, this is the first analysis of the dynamics of
the PriA helicase ssDNA interactions. The PriA helicase
binds the ssDNA in a minimum three-step sequential
reaction. The bimolecular step is very fast, without inducing
significant conformational changes in the nucleic acid. Only
the DNA-binding site that encompasses &3 residues is
directly involved in interactions with the DNA. The following
intramolecular steps are independent of the length of the
ssDNA and are accompanied by large changes in the DNA
structure. Examination of the effect of solution conditions
on the dynamics of the enzymssDNA interactions indi-
cates a very different nature of the formed intermediates an
specific ion binding to the protein that stabilizes the
helicase-nucleic acid complex. The sequential mechanism RESULTS
of the PriA binding to the ssDNA provides a very strong
indication that the enzyme does not exist in a preequilibrium  Kinetics of PriA Helicase Binding to the ssDNA Substrate

conformational transition prior to the nucleic acid binding. Within the Total PriA-ssDNA Binding Site. Dynamics of
PriA—ssDNA 20-mer InteractionsBinding of the PriA

MATERIALS AND METHODS helicase to etheno derivatives of the ssDNA is accompanied
) by a strong nucleic acid fluorescence incred$: 20). Such
Reagents and Bufferall chemicals were reagent grade. 5 |arge emission change provides an excellent signal to
All solutions were made with distilled and deionized 18M  monitor the PriA~-ssDNA kinetics and to perform high-
(Milli-Q) water. The standard buffer, C, is 10 mM sodium = resolution measurements of the mechanism of the helicase
cacodylate adjusted to pH 7.0 with HCI, 25% glycerol, 0.1 sspNA complex formation. Quantitative thermodynamic
mM EDTA, and 1 mM DTT. The salt concentration in the  analyses showed that the total site-size of the PESDNA
buffer is indicated in the text. complex, i.e., the maximum number of nucleotide residues
Nucleic Acids.Oligomers dA(pA), dA(pA)s, dA(PA)1s, occluded by the PriA helicase in the complex, is 203
dA(pA)1s, dA(PA)1s, dA(PA)23 Were purchased from Midland  residues per protein monomer, although the ssDNA binding
Certified Reagents (Midland, Texas). Oligomers were at leastsjte occludes, at most-8 nucleotide residuesl, 20).
>95% pure as judged by autoradiography 3&®-labeled Therefore, in the first set of experiments, we addressed the
oligomers on polyacrylamide gels. The etheno derivatives dynamics of the helicase interactions with the sSDNA within
of the oligomers were obtained by modification with chlo- the total site-size of the formed complex, by examining the
roacetaldehyde2(l—25). This modification goes to comple-  kinetics of the enzyme binding to the ssDNA 20-mesAd
tion and provides a fluorescent derivative of the nucleic acid. (peA) ..
The concentration of the etheno derivative of nucleic acids  The fluorescence stopped-flow kinetic trace of the sSDNA
was determined using extinction coefficient 3700 &l —* 20-mer, ¢A(peA)1q, after mixing 3x 10~ M nucleic acid
(nucleotide) at 257 nm2(—25). with 7.3 x 10 M PriA (final concentrations) in buffer C
PriA Protein. The E. coli PriA protein has been isolated (pH 7.0, 10°C), containing 100 mM NacCl, is shown in
and purified as we described befod®(20). The concentra-  Figure 1a. To increase the resolution, the plot is shown in

whereF(t) is the fluorescence intensity at tinteF(c) is

the fluorescence intensity at tinbe= o, A; is the amplitude
corresponding to théh relaxation process); is the time
constant (reciprocal relaxation time) characterizing ithe
relaxation process, and is the number of relaxation
processes. All further analyses of the data were performed
using Mathematica (Wolfram, Urbana, IL) and KaleidaGraph
(Synergy Software, PA).

Analysis of Kinetic DataAnalyses of the stopped-flow
kinetic data have been performed using the matrix projection
operator technique28—33). This approach is particularly
useful in the analyzing the amplitudes of the studied reactions
dand has been extensively described by us bef?8e 83).
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24 . . , . - two-exponential fit provides an excellent description of the
# observed kinetic process, yielding the sum of amplitudes that
is the same as the observed total amplitude of the overall,
relaxation process. Because this behavior is observed at all
studied enzyme concentrations, i.e., no signal change is lost
in the instrumental dead time, the simplest interpretation
would be that the enzyme binding to the ssDNA is a two-
step process2g, 29, 34, 35). However, the behavior of the
relaxation times and amplitudes shows that the binding is
characterized by a more complex mechani&® 31).

The dependence of the reciprocal relaxation times, 1/
and 1£,, upon the total concentration of PriA is shown in
Figure 2a,b. The functional dependence af Lpon [PriA]
shows a typical nonlinear, hyperbolic dependence upon
Log [Time] (sec) 5 - [PriA], in the examined enzyme concentration range. Thus,
it is evident that the shortest observed relaxation time does
not describe the bimolecular reaction, where a strictly linear
dependence upon the enzyme concentration is expezed (
29, 34, 35). The nonlinear character of the plot in Figure 2a
indicates that; characterizes an intramolecular transition.
The values of I, are independent of the helicase concentra-
tion, clearly indicating that this relaxation time characterizes
another intramolecular transition of the protessDNA
complex. Therefore, the simplest mechanism that can
‘ : : ‘ , describe the observed dependence of the relaxation times
3.5 -3 2.5 2 1.5 -1 upon the PriA concentration is a sequential reaction in which
the PriA helicase binds the ssDNA in a very fast bimolecular

F ) - step, followed by two first-order transitions of the formed
IGURE 1: (&) The fluorescence stopped-flow kinetic trace, after . .

mixing PriA helicase with the SSDNA 20-mercA(peA) 10 in buffer protein-ssDNA complex, as described by Scheme 1.

C (pH 7.0, 10°C), containing 100 mM NaCW(= 325 nm,Aenm > Figure 2c shows the dependence of the normalized,
400 nm). The final concentrations of the helicase and the 20-mer individual amplitudes,A; and A, of the two observed
are 7.3x 10°and 3x 10°" M, respectively. The solid line is the  ya|axation steps upon the logarithm of PriA concentration.

two-exponential, nonlinear least-squares fit of the experimental : . : ;
curve, using eq 1. The dashed line is the nonlinear least-squares fitThe amplitude of the first relaxation stef, dominates the

using the single-exponential function. The horizontal, initial part relaxation process over the entire examined range of [PriA].
of the trace is the steady-state value of the fluorescence of theAlso, its values slightly increase with increasing concentra-
sample recorded 2 ms before the flow stopped. Lower panel showstions of the helicase. Values of the amplituds, are

the residuals for the fits using single-exponential and two- significantly lower thanA; and slightly decrease with the
exponential functions. (b) The same fluorescence stopped-flow . . f th A fi d ab th

trace, as in panel a, together with the zero line trace (lower trace), mcregsmg o € . [enzyme]. As men oned a OV?' 'e
which is obtained after mixing the nucleic acid, at the same amplitude of the bimolecular step is undetectable, i.e., its

concentration as used with the protein, but only with the buffer. values must be below~1% of the total signal, in the
The solid line is the same two-exponential, nonlinear least-squaresexamined protein concentration range. The observed behavior
fit of the experimental curve as shown in panel a. of the resolved individual amplitudes as functions of the PriA
concentration is in excellent agreement with the proposed
logarithmic scale with respect to time. The initial horizontal mechanism defined by Scheme 1 (see below).
part of the trace corresponds to the steady-state fluorescence The analysis of the relaxation data in Figure 2a,b,c is
intensity of the sample, recorded fo2 ms, before the flow initiated by numerical nonlinear, least-squares fitting of the
stops B83). The solid line in Figure 1a is a nonlinear, least- individual relaxation times. Because the rate of the bi-
squares fit of the experimental curve using a two-exponential molecular step is very fast, the relaxation time characterizing
fit as defined by eq 1. The included single-exponential the first normal mode of the reaction is beyond the resolution
function does not provide an adequate description of the of the stopped-flow technique. On the other hand, because
observed kinetics (dashed line). Using larger number of of the fast rate, the step equilibrates before the transition to
exponents in the fitting function (eq 1) does not improve the next intermediate takes place, allowing us to use the
the statistics of the fit (data not shown). overall partial equilibrium constank;, = k/k-;, as a fitting
The stopped-flow kinetic trace, together with the trace parameter (Scheme 1). Notice, the overall rate condtant
corresponding to the ssDNA oligomer alone, at the same differs from k; by a statistical factor resulting from the
concentration of the nucleic acid as used with the protein, presence of potential binding sites on the DNA (see below).
but only mixed with the background buffer (zero line), is The analyses are facilitated by the fact that we also know
shown in Figure 1b. As we pointed out before, comparison the value of the overall macroscopic binding const#nt,
between the determined relaxation amplitudes and the totalfor the enzyme binding to the ssDNA 20-mer. The value of
amplitude of the kinetic trace, at several enzyme concentra-Ky is (4.9+ 0.6) x 10° M~* and has been independently
tions, is crucial in establishing that the resolved relaxation obtained in the same solution conditions by the equilibrium
processes account for the total observed sig3@I31). The fluorescence titration methodl9, 20). The macroscopic

N
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Scheme 1

500| ] k1 k2 k3

PriA+ssDNA < (P), < (P), & (P),
k . kﬁ2 k73

300 .. . .
constants characterizing the intramolecular transitions by

1/, (s

Koo = Ki(1 + K, + KKy) (2)
100|

whereK; = k/k-, andK3; = ks/k_3 (see below). The above
. relationship reduces the number of independent parameters
[PAA ] . in fitting the relaxation times to four. Subsequently, the

; obtained rate constants are used as starting values in the
fitting of the individual amplitudes and extract relative molar
fluorescence parameters, i.e., to assess the conformational
| state of the helicasenucleic acid complex in each interme-
%] diate. This is accomplished using the matrix projection

operator technique2@—33). This part of the analysis uses

the value of the maximum relative increase of the ssDNA
fluorescence accompanying the complex formatithRynax
= 2.2+ 0.1, that is known from independent equilibrium
fluorescence titrations19, 20). The AFnax parameter can
be analytically expressed a38-33)

0 310°° 610°° 910°°

80 |

117, (s

40 |

HH
HH
HH

=+~

Oy

—HH
O

==

0 310°° 610°¢ 910
[ PriA ]

Total

AI:max =

08| ] 2 + L2 (3)
T+ K+ KKy 14K+ KKy | 1+ K, + KK,

whereAF, = (F, — F1)/F1, AF; = (F3 — F1)/F1, andAF,
0.4 1 1 = (F4 — F1)/F; are fractional fluorescence intensities of each
intermediate in the formation of the complex, relative to the
i . molar fluorescence intensity of the free DNA oligomEy,
I Contrary to theAF;'s, the fluorescence parametefs, Fs,
6 5.5 5 and F4, are relative molar fluorescence intensities, but not
Log [ PriA ] fractional intensities, _vvith respect to the f_r_ee nuclei<_: aciq
Total fluorescence. Expression 3 provides an additional relationship
FiGURe 2. (a) The dependence of the reciprocal relaxation time, among the fitted parameters, thus decreasing the number of
1/z,, for the binding of the PriA helicase to the SSDNA 20-mer, independent variables. The refinement of the values of rate

deA(peA)1q, in buffer C (pH 7.0, 10C), containing 100 mM NacCl, . .
upon the total concentration of the enzyme. The solid line is the constants and molar fluorescence parameters is accomplished

nonlinear least-squares fit according to the three-step sequentialy global fitting of all relaxation times and amplitudes. The
mechanism, defined by Scheme 1, with the overall partial equilib- solid lines in Figure 2a,b,c are nonlinear least-squares fits
rium constanK; = 2 x 10° M~ and the rate constants, = 230 of the relaxation times and amplitudes, according to the

shk2=140s" k=151 andks =32 s (details in text).  \achanism defined by Scheme 1, using a single set of rate
The error bars are standard deviations obtained from 3 to 4 d t . t The obtained rat tant
independent experiments. (b) The dependence of the reciprocal2C SPECIOSCOPIC parameters. 1he oblained rate constants

relaxation time, I, for the binding of the PriA helicase to the —and relative molar fluorescence intensities are included in
ssDNA 20-mer, dA(peA) 1, in buffer C (pH 7.0, 10C), containing Table 1.
100 mM NaCl, upon the total concentration of the enzyme. The  Comparison between the value of the overall partial

solid lines is the nonlinear least-squares fit according to the three- equilibrium constanti, = (2 + 0.5) x 10° M™%, with the
step sequential mechanism, defined by Scheme 1, with the same I ilibri : o 494106 ’ 106 M1
overall partial equilibrium constank;, and the rate constants,, overall equilibrium constankzo = (4.9 &+ 0.6) x

K_», ks, andk_s, as in panel a. (c) The dependence of the individual indicates that the fast, bimolecular step provides the major
relaxation amplitudesA;, and A,, for the binding of the PriA part of the free energy of bindindhG®, of the enzyme to
helicase to the 20-mereA(peA)1o, in buffer C (pH 7.0, 10°C), the ssDNA. Nevertheless, very low, if any, fluorescence

containing 100 mM NacCl, upon the total concentration of the ; e :
enzyme. The solid lines are nonlinear least-squares fits accordingChange of the nucleic acid in this step strongly suggests the

to the three-step sequential mechanism, defined by Scheme 1, witHack of any significant conformational changes of the nucleic
the relative fluorescence intensities = 1.02,F3 = 2.75, andF, acid structure accompanying the formation of the;(P)
= 7. The maximum fluorescence increase of the nucleic acid is intermediate (see below). The transition to the second
taken from the equilibrium fluorescence titration in the same intermediate, (R) is also a fast process with the forward
solution condmon_s afdFmnax = 2.2 (Table 1). The rate constants rate constank, = 230+ 40 s (Table 1). However, contrary
are the same as in panel/. (W), A; (O). . -

to the (P), there is a large molar fluorescence incredsge (

= 2.75 £ 0.15) accompanying the formation of {Pan
binding constantKy, is related to the overall bimolecular indication of a large conformational change of the DNA, as
partial equilibrium constanK,, and partial equilibrium compared to the free nucleic acid, occurring in the complex

Relative Amplitudes
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Table 1: Kinetic, Thermodynamic, and Spectroscopic Parameters for the PriA Helicase Binding to ssDNA Oligomers, Differing in the Number
of Nucleotide Residuesy, in Buffer C (pH 7.0, 10°C), Containing 100 mM NacCl

SsDNA
oligomer ko k® k3
N Kn(M™)  AFma®d Ki(M) k(sd) () (Y (s) Ko Ks Kov (M™Y) Fo° F3¢ F4C
8 (8.5+ (:)l‘? 1.5+0.2 (3.4 848) 240+ 40 160+30 1 37+8 1.504+0.5 0.027+0.01 (8.61(2)4.5) 1.02+ 0.08 2+ 0.1 4.5+0.3
x 1 x 1 x 1
12 3.2+ (())54) 1.71+ 0.1 (1.0+ 852) 230440 145+30 1 35+8 1.64+0.6 0.028+0.01 (2.6:i:(())é8) 1.02+0.08 2.1+0.1 440.3
x 1 x 1 x 1
16 3.3+ 854) 1.7+ 0.1 (1.4+ 853) 2304+40 165+40 1 30+7 1.44+0.5 0.033t0.015 (3.4i(])€l) 1.02+0.08 2.1+0.1 4.3+0.3
x 1 x 1 x 1
20 (4.9+0.6) 2.2+0.3 (2.0+0.5) 230+40 140+30 1 32+7 1.6+0.6 0.031+0.015 (5.4+ 1.6) 1.02+0.08 2.75+0.15 7+0.8
x 1P x 10° x 1P
24 1 45+8

(3.7£0.5) 2.5+ 0.3 (2.6+0.7) 220+ 40 160+ 40
x 10° x 10P

1.4+ 0.5 0.044+ 0.02 (6.3i§6.l) 1.02+0.08 3.3+0.2 7.7+0.8
x 1

aDetermined in independent fluorescence titratiob® @0). ® Maximum estimated valué.Values relative to the fluorescende, = 1 of the
free tA(peA)n (details in text).

500

(see Discussion). Nevertheless, the valu&kof= 140 +

30 s'! indicates that the enzyme can quickly return to the
(P) intermediate. On the other hand, the transition tq i$)
much slower, with the forward rate constakt, being
approximately more than 2 orders of magnitude lower than
k.. Also, the (P) < (P) transition is accompanied by a
dramatically large increase of the nucleic acid fluorescence
(Table 1). The obtained rate constants for the second and
third step provide partial equilibrium constamts = 1.6 +

0.6, andK3 ~ 0.031. Thus, only the second step contributes
additional favorable contribution to th&®G°, while the (P)

< (P); transition is energetically unfavorable.

Dependence of the Kinetics of PHASDNA Interactions
Upon the Length of the ssDNA Substraibermodynamic
studies of PriA interactions with the ssDNA showed that,
although the total site-size of the Pri&ssDNA complex is
20 + 3 nucleotide residues, the DNA-binding site of the
enzyme occludes only & 1 nucleotidesX9, 20). To obtain
further insight into the dynamics of the helicassDNA
interactions, we performed analogous stopped-flow kinetic
studies, as described above, with a series of ssDNA oligomers
of different lengths. The shortest oligomersAdpeA)-,
contains eight residues, i.e., it corresponds to the determined
maximum size of the ssDNA-binding site. The longest
oligomer, dA(peA)2s, is three times longer than the sSDNA- ssDNA Oligomer Length (Nucleotides)
binding site but can still accept only one PriA molecule. The g5 e 3: (a) The dependence of the reciprocal relaxation time,
experiments have been performed in the same solutioni/r, for the binding of the PriA helicase to the ssDNA oligomers,

conditions, i.e., buffer C (pH 7.0, 18C), containing 100 differing in the number of nuclectide residues, in buffer C (pH
mM NacCl. 7.0, 10°C), containing 100 mM NacCl, upon the total concentration

. . A of the enzyme. The concentration of the nucleic acids s B’
For all examined ssDNAs, the experimental kinetic traces , (oligomer). The solid lines are nonlinear least-squares fits

required a two-exponential fit and the amplitudes of the two according to the three-step sequential mechanism, defined by
resolved relaxation processes account for the total amplitudeScheme 1, with partial equilibrium constars, and rate constants
of the kinetic traces (data not shown). The reciprocal included in Table 1;4) 8-mer, &A(peA)7, (O) 12-mer, @A(peA)1,
relaxation time, I, for the association of PriA with various ~ (®) 16-mer, d@A(peA)ss, () 20-mer, dA(peA) 1o, () 24-mer, dA-

. . . (peA)2s, The error bars are standard deviations obtained from 3 to
S_SDNA Ollgomer§ asa function of the total PriA concentra- 4 independent experiments. (b) The dependence of the overall
tion, are shown in Figure 3a. There are two key aspects of equilibrium constant,Ky (M), and overall partial equilibrium
these data. First, the kinetic mechanism is independent ofconstantK; (0), characterizing the bimolecular step (Scheme 1),
the length of the ssDNA. Therefore, the association of PriA for PriA binding to ssDNA oligomers with different number of

; ; ; ; ; nucleotide residues, upon the length of the ssDNA oligomer
with all examined ssDNA oligomers is described by the same (nucleotides). The solid lines are the linear least-squares fits of the

mechanism as depicted by Scheme 1. With the increasingpots according to egs 4c and 5b. The dashed lines are extrapolations
length of the ssDNA oligomer, the values ofrilshow a of the plots to zero value of the corresponding equilibrium constant.
more and more pronounced hyperbolic dependence upon

[PriA] and higher plateau at saturating concentrations of the Contrary to 174, the values of I exhibit little dependence
helicase (Figure 3a). Second, the plots intercept the reciprocalupon the length of ssDNA oligomers, i.e., the AP} (P)
relaxation time axis at a very similar point, indicating that transition is only slightly affected by the length of the sSSDNA
the values ok_, are very close for all oligomers34, 35). (data not shown) (Table 1).

100 : : :
0 310°° 610°° 910°°
[ PriA ]Total

610°}

(D)

5 10 15 20 25
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Table 2: Kinetic and Thermodynamic Parameters Characterizing the Binding of the PriA Helicase to the ssSDNA Oligfy(mek)ds, in
Buffer C (pH 7.0, 10°C), Containing Different Concentrations of NaCl

[NaCl] Kie? ko ko ko ks
mMm (MY  AFma? Ki(MY) (579 (shH (Y (9 K, Ks

75 (7.5+£0.8) 22+0.1 (4.2:!:(])25) 250+ 40 250+40 1
x 10P)

Kie (M _1) F2*° F2*° F4©
60+ 15 1+ 0.3 0.017+ 0.008 (8.5:1:35.8) 1.02+£0.03 3.4+ 0.2 12+1
x 1

x 10P

88 (4.7+ 83.5) 1.9+ 0.1 (2.2+ (%5) 260+ 40 230+40 1 45+8 1.1+0.3 0.022+0.01 (4.7+ (ZI).6.3) 1.024+0.03 2.8+ 0.2 7+0.8
x 1 x 1 x 1

100 (3.3+ 85.4) 1.7+£0.1 (1.4+ 833) 280+50 210+35 1 40+£8 1.3+0.4 0.025+0.012 (3.3+ 35.1) 1.02+0.03 2.2+ 0.2 45+05
x 1 x 1 x 1

112 (2.4+ 85.3) 14+0.1 (7.0+ (ZI).4.5) 400+80 160+£30 1 40+8 25+1 0.025+0.012 (2.5 85.8) 1.02+0.03 1.7£0.2 3.6+0.3
x 1 x 1 x 1

125 (1.8+0.2) 1.2+0.1 (4.5:&(]# 430+80 150+30 1 50+8 29+1 0.020+£0.01 (1.8+£0.6) 1.02+0.03 1.4+ 0.15 3.2+ 0.3
x 10° x 1 x 10°

150 (1.l:|:8_;15) 1.1+0.1 (2.6i86.5) 500+ 80 140430 1 30+7 3.6+1.1 0.033+0.015 (1.&85.4) 1.02+0.03 1.3+ 0.15 2+0.2
x 1 x 1 x 1

aDetermined in independent fluorescence titratiob® @0). ® Maximum estimated valué.Values relative to the fluorescende, = 1 of the
free dcA(peAis) (details in text).

The analyses of relaxation times and amplitudes have beemucleotides andK; is the partial equilibrium constant,
performed, using the same strategy as described above. Theharacterizing the bimolecular step, i, = ki/k-1. Thus,
obtained values of all kinetic and spectroscopic parametersit is evident thatKy must be a linear function dfl with the
are included in Table 1. It is evident that the increasing slopedKy/oN = K; (1 + K; + K K3) (Figure 3b). Moreover,
hyperbolic dependence ofd/results from the increasing Ky is equal to 0 forN = n — 1, i.e., no binding will be
values of the overall partial equilibrium constar, observed for the ssSDNA oligomer shorter by one residue than
characterizing the bimolecular step in the enzyme binding the size of the DNA-binding site. Thus, the plotkf as a
to the longer ssDNA oligomers, and not from the increased function of the nucleic acid length will intercept tiNeaxis
values of the rate constari. In fact, bothk, andk_ are, at the value oN = n — 1. Analogously, the overall partial
within the experimental accuracy, unaffected by the length equilibrium constantl,, characterizing the bimolecular step
of the nucleic acid (Table 1). The same is true kgrand is defined in terms of potential binding sites and partial
k_s. Thus, the entire effect of the different length of the equilibrium constantK,, as
ssDNA oligomers on the dynamics of the enzyme interactions

with the ssDNA is confined to the bimolecular step of the Ki=(N—-n+ 1)K, (5a)
reaction (see Discussion).
Figure 3b shows the overall equilibrium constéit and and
the overall partial equilibrium constal (Table 1), for PriA .
binding to ssDNA oligomers with a different number of Ki=NK; = (n = 1)K, (5b)

nucleotide residues, as functions of the ssDNA oligomer
length. A very characteristic feature of these plots is that
they are strictly linear, although their slopes are different.
Moreover, extrapolations of the plots to zero value of the
corresponding equilibrium constant, intercept the DNA length
axis at very similar points (Figure 3b). Such strictly linear
behavior of bothKy and K, as a function of the length of
ssDNA oligomers can quantitatively be understood in terms
of the existence of several potential binding sites on the
ssDNA oligomers, resulting from the fact that the size of
the DNA-binding site of the PriA helicasa, is significantly
smaller than the total site-size of the enzynssDNA
complex,n, = 20 + 3 (19, 20).

In terms of the potential binding sites and partial equilib-
rium constants, the overall binding constaHly, for the
helicase binding to the ssDNA oligomer containimy
nucleotide residues, is analytically defined as

Thus, the plot oK, as a function oN is linear with respect
to N, with the slopedK,/oN = K;. The value ofdK,/oN is
lower thandKy/oN by a factor, (1+ K; + K;K3). The plot
intercepts the nucleic acid axisMt= n — 1. Extrapolations
of both plots in Figure 3b provide = 6.3+ 1 as compared
to the maximum value af = 8 &+ 1, obtained in independent
thermodynamic analysedq, 20; see Discussion).

Salt Dependence of the Kinetics of Pri8sDNA Interac-
tions. Equilibrium binding studies indicate that the binding
of PriA to the ssDNA is significantly affected by the salt
concentration in solution2Q). As the salt concentration
increases, the overall affinity of the enzyme for the nucleic
acid decreases. Further insight into the nature of the observed
intermediates can be obtained by examining the salt effect
on the kinetics of the binding of the helicase to the ssDNA.
The salt effect on the kinetics of PriA helicasegsDNA
interactions has been addressed using the ssDNA 16-mer,

Ky = K1+ K, + KKy) (4a)
Ky=(N—n+ 1)K;(1+ K, + K)Kj) (4b)
and

Ky = NKy(1+ K, + KKg) — (0 — DK, (1 + K, + KKy
(4c)

where N is the total length of the ssDNA oligomer in

deA(peA)1s. The selection of the oligomer was dictated by
the fact that it encompasses most of the total site-size of the
enzyme-ssDNA complex and allows us to perform experi-
ments over a large protein concentration range, in various
solution conditions, avoiding the precipitation of the sample
(19, 20). The stopped-flow experiments have been performed
in buffer C (pH 7.0, 10°C) containing different NacCl
concentrations. Analyses of relaxation curves have been
performed as described above, and the obtained kinetic and
thermodynamic parameters are included in Table 2.
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FiGUre 4: (a) The dependence of the reciprocal relaxation time, 1dr the binding of the PriA helicase to the sSDNA 16-mesAd

(peA)1s, in buffer C (pH 7.0, 10C), containing different NaCl concentrations, upon the total concentration of the enzyme. The concentration
of the 16-mer is 3x 107 M (oligomer). The solid lines are nonlinear least-squares fits according to the three-step sequential mechanism,
defined by Scheme 1, with partial equilibrium constaifts,and rate constants included in Table 2. The concentration of Na@)igg

mM, (O) 88 mM, @) 100 mM, ©) 112 mM, @) 125 mM, and £) 150 mM. (b) The dependence of the logarithm of the overall partial
equilibrium constantK,c (W) and overall partial equilibrium constark; (O), characterizing the bimolecular step for the PriA helicase
binding to the ssDNA 16-mer.eé\(peA)1s, (Scheme 1) upon the log[NaCl] (ledog plots). The plots are characterized by the slaplegy

K1¢/d log[NaCl] = —2.8 + 0.3, andd log K//a log[NaCl] = —4.2 + 0.3, respectively. (c) The dependence of the logarithm of the partial
equilibrium constants{, (M) and rate constantg, (®) andk_, (O), (Scheme 1) characterizing the first intramolecular step {P)YP),,

in the binding of the PriA helicase to the ssDNA 16-mefA(peA)1s, upon the log[NaCl]. The plots are characterized by the slégeg

K2/d log[NaCl] = 2.1+ 0.3,3 log k»/d log[NaCl] = 1.1+ 0.25,9 log k-,/d log[NaCl] = — 0.9+ 0.25. (d) The dependence of the logarithm

of the partial equilibrium constantk; (M) and rate constantk; (®) andk_3 (O), (Scheme 1) characterizing the second intramolecular step
(P) <= (P)s, in the binding of the PriA helicase to the ssDNA 16-metA\(beA)1s, upon the log[NacCl]. The plots are characterized by the
slopesa log K3/d log[NaCl] = 0.7 £+ 0.2, 3 log ks/d log[NaCl] ~ 0, d log k_3/d log[NaCl] = — 0.7 £+ 0.25.

The dependence of the reciprocal relaxation time;, 1/  slope isd log Ki¢/d log[NaCl] = —2.8 + 0.3. Thus, the
upon [PriA], at different NaCl concentrations, is shown in  number of ions released in the bimolecular step is larger than
Figure 4a. The hyperbolic character of the plot decreases aithe net number of ions released in the overall binding process.
higher salt concentrations, indicating that the overall partial However, unlike the ssDNA length dependence discussed
equilibrium constantK;, decreases with the increasing of above, the value dk,, characterizing the formation of the
[NaCl]. Moreover, the intercept at [PriAdas = O decreases,  second intermediate in PriA binding to the ssDNA, »(P)
i.e., the values ok_; is lower at higher salt concentrations. shows a significant dependence upon salt concentration. The
A much less pronounced effect of the increasing [NaCl] is log—log plot for the partial equilibrium constan;, is shown
observed in the case of the reciprocal relaxation time 1/ in Figure 4c. Contrary to dependence Kfupon [NaCl],
(data not shown). In the case of the bimolecular step, only the plot is characterized by the positive slédeg Ka/d log-
the overall partial equilibrium constark;,, is available from [NaCl] = 2.1+ 0.3, indicating that instead of release, a net
stopped-flow experiments (see above). The dependence ofiptake of~2 ions accompanies the formation of the ;(P)
the logarithm ofK; upon the logarithm of [NaCl] (loglog intermediate. The dependences of the logarithm of the rate
plot) is shown in Figure 4b3g, 37). The plot is linear in constantsk, and k-, upon the logarithm of [NaCl] are also
the examined salt concentration range and the slope of theincluded in Figure 4c. The slopes ardog ki/d log[NaCl]
plot 9 log K//3 log[NaCIl] = —4.2 £+ 0.3 indicates that the = 1.1 4 0.25 andd log k-»/d log[NaCl] = — 0.95+ 0.25.
release of-4 ions accompanies the initial association of the Thus, the net uptake 6f2 ions in the formation of the (R)
protein with the nucleic acid3@, 37). The dependence of intermediate results from the net uptake ofahion in both,
the logarithm of the overall equilibrium constait,s upon the formation of the transition state and its transformation
the logarithm of [NaCl] is also included in Figure 4b. The from (P).
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Notice, the formation of the (R)ntermediate becomes the PriA helicase slightly differ in the observetiFnay
significantly energetically favorable at elevated salt concen- although the values of the binding constants are unaffected
trations due to the increasing values of kh@nd decreasing  (19). Therefore, all comparative studies, as described in this
values ofk_, (see Discussion). The dependences of loga- work, have always been performed with a single preparation
rithms ofK3 and the rate constantg,and ks, characterizing of the protein. The solid lines in Figure 5a are computer fits
the transition (P)< (P); transition, upon the logarithm of  to the single-site binding model with two fitting parameters,
[NaCl] are shown in Figure 4d. The slopes of the-tdgg binding constant{,s and the maximum relative fluorescence
plots ared log K3/d log[NaCl] = 0.7 & 0.2, 3 log ks/d log- increase AFmax as defined by
[NaCl] ~ 0, andd log k-3/d log[NaCl] = — 0.7 £+ 0.25.
Therefore, similar to the (R)~ (P), transition, formation
of the (P} intermediate is accompanied by net ion uptake
occurring in the formation of the corresponding transition
state from the final (BR)complex. Comparison of the relative  whereKg; is the overall binding constant for PriA helicase
molar fluorescence intensities foeA(peA) 15 binding to the for the ssDNA 16-mer, anBr is the free PriA concentration.
PriA helicase, obtained at different salt concentrations, The obtained binding parameters are included in Table 3.
indicates that the value of;Rhat characterizes the (P) Glycerol is a neutral compound and its concentrations used
intermediate is not affected by the increasing salt concentra-in titrations shown in Figure 5a are comparable to the water
tion in solution (Table 2). However, there is a clear effect concentration in the sample. The simplest interpretation of
of the increasing salt concentration Bgpand, particularly, the observed glycerol effect on the PriA binding to the
on F4. In the examined salt concentration range, the value ssDNA is that it reflects the preferential hydration of the

K16PF

AF = AFmax(H—KlepF) (7)

of F, decreases from 3.4 0.2 to 1.3+ 0.15 while F4
decreases from 12 1 to 24+ 0.2. It is evident that increased

protein and the nucleic acid versus their complex, i.e., it is
a minimum number of water molecules involved in the

salt concentration dramatically affects conformational changesreaction 88, 39). Using this assumption, Figure 5b shows

in the ssDNA induced by the PriA helicase.

Very different values of the net ion release accompanying
individual reaction steps clearly indicate that the overall net
ion releasem = 9 log K;¢/d log[NaCl] = —2.8+ 0.3, is not
a simple sum of the ion release in partial reacti®G; 81).

For the considered mechanism of PriA binding to the ssDNA,
defined by Scheme 1, the value of the overall equilibrium
constantKy, is analytically related to the partial equilibrium
constants, in terms of the potential binding sites, by eq 4b.
The derivative of the logarithm dfy, with respect to the
logarithm of [NaCl], is then

dlog K
m ="— =
d log[NaCl]
L[ Kt KK KoKy ]
MK, K™ TR, + Kok e ©

wherem = d log K,/d log[NaCl], m, = d log K4/a log[NaCl],
and mz = 9 log K3/d log[NaCl] are the numbers of ions
released in the partial reaction for the formation of the,(P)
(P), and (P} intermediates. Taking the experimental values
of m = —42, m, = 2.1, andmg = 0.7, and partial

the dependence of the logarithm of the overall binding
constantKe, of the PriA helicase ssSDNA 16-mer complex,
upon the logarithm of the water concentration. The plot is
linear and characterized by the slopel®g Ki¢/0 log[H-0]

= 1.7+ 0.3. Thus, the value of the slope indicates that there
is @ minimum net uptake of2 water molecules in the overall
binding process.

The effect of glycerol on the kinetics of the PriA
interactions with the ssDNA has been addressed in stopped-
flow experiments, performed in the way analogous to the
studies of the ssDNA length and salt effect described above.
The obtained values of all kinetic and spectroscopic param-
eters are included in Table 3. The dependence of the
logarithm of the overall partial equilibrium constari;,
characterizing the bimolecular step, upon the logarithm of
[H20] is included in Figure 5b. The plot is linear in the
examined glycerol concentration range and the positive slope
of the plot isd log K,/d log[H20] = 3.7+ 0.5. This value is
significantly larger than the one obtained for the overall
binding process and indicates that the uptake of a minimum
of ~4 water molecules accompanies the initial association
of the protein with the ssDNA. The legog plots for the
equilibrium constantk,, and the rate constants, andk-,,

equilibrium constants determined at a reference salt concen-are shown in Figure 5c. Contrary kg, the log-log plot for

tration of 100 mM NaCl, one obtains = 9 log K43 log-

[NaCl] = — 2.95 which is similar to the experimentally
obtained net number of ions releasatd= —2.8 + 0.3 (see
above).

Glycerol Effect on the Kinetics of PriAssDNA Interac-
tions. The PriA helicase requires an elevated glycerol
concentration in solution to preserve prolonged protein
stability (19, 20). Fluorescence titrations of the ssDNA 16-
mer, &A(peA)1s, with the PriA helicase, in buffer C (pH
7.0, 10°C), containing 100 mM NaCl and different glycerol

K is characterized by the negative slopelog K,/d log-
[H20] = —3 £ 0.5, indicating a net release of a minimum
of ~3 H,O molecules in the formation of the ¢Rintermedi-

ate. The slopes for the corresponding rate constants are
log ko/d log[H20] = — 0.4+ 0.1 andd log k-»/d log[H20]

= 2.7+ 0.5. Thus, although some water is released in the
formation of the transition state, the majority of theCH
molecules, released in the formation of the,(Rlermediate,
seems to occur in the transformation from the transition state
to the intermediate (see Discussion). The dependences of

concentrations, are shown in Figure 5a. There is a decreasdogarithms ofK; and rate constantks andk_3, characterizing

of the maximum fluorescence increase at saturathdfi;ay
from 1.9+ 0.1 at 20% glycerol to 1.4 0.1 at 35% glycerol.
These values ofAF,.x are ~30% lower than observed
previously @9, 20). We found that different preparations of

the transition (P)< (P); transition, upon the logarithm of
[H20] are shown in Figure 5d. The slopes of the1dgg
plots ared log K3/d log[H,0] = —1.3+ 0.5, 9 log ks/d log-
[H20] ~ 0, andd log k-3/d log[H,O] = 1.3+ 0.5. Thus, the
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FiGurRe 5: (a) Fluorescence titrations of the 16-metAfpeA) 15, with the PriA protein fex = 325 nm,Aem = 410 nm) in buffer C (pH 7.0,
10 °C), containing 100 mM NacCl and different glycerol concentrations (%, w/m) 20%, ) 25%, @) 30%, ©) 35%. The solid lines
are computer fits of the titration curves, using a single-site binding isotherm (eq 7). The obtained binding parameters are included in Table
3. (b) The dependence of the logarithm of the overall equilibrium conskagt(l) and overall partial equilibrium constari; (O),
characterizing the bimolecular step for the PriA helicase binding to the ssDNA 16-eddped\) 15, (Scheme 1) upon the logp®] (log—
log plots). The plots are characterized by the slopkgy K;¢/d log[H,O] = 1.7 £+ 0.3, andd log K,/d log[H,O] = 3.7 £ 0.5, respectively.
(c) The dependence of the logarithm of the partial equilibrium condtari) and rate constantk; (®) andk_, (O), (Scheme 1) characterizing
the first intramolecular step (P¥> (P), in the binding of the PriA helicase to the ssSDNA 16-mesA(peA)1s, upon the log[NacCl]. The
plots are characterized by the slogel®g K»/d log[H,0] = — 3 & 0.5, 3 log ky/d log[H,0] = —0.4 + 0.1, 3 log k—»/3 log[H,0] = 2.7 +
0.5. (d) The dependence of the logarithm of the partial equilibrium condtagr(l) and rate constant&; (®) andk_3 (O), (Scheme 1)
characterizing the second intramolecular step €°)P);, in the binding of the PriA helicase to the sSSDNA 16-mes\(beA)1s upon the

log[H20]. The plots are characterized by the slopdsg K3/d log[H,O] = —1.3+ 0.5, 9 log ks/d log[H20] = 0, 4 log k-3/3 log[NaCl] =
1.3+ 0.5.

Table 3: Kinetic, Thermodynamic, and Spectroscopic Parameters Characterizing the Binding of the PriA Helicase to the ssDNA Oligomer,
deA(peA)1s, in Buffer C (100 mM NaCl, 10°C), Containing Different Concentrations of Glycerol

[glyc-
eroI] Ke(ﬁ K1 kz kfz K’gb k73b Kig
(%) (M7 AFmad (M7 (s (sh) (9 (9 Kz Ks (M7 Fa° Fs° Fa
15 (2.0 (())55) 230+40 210+ 30 1 42+8 1.1+0.4 0.024+0.01 (4.24:!:051.3) 1.02+0.03 2.6+0.1 6+ 0.3
x 1 x 1

20 (3.7 (%4) 1.87+0.11 (1.7 86.5) 230+40 200+ 30 1 42+8 1.2+0.4 0.024+0.01 (3.7 (]).6.2) 1.024+0.03 25+0.1 6.5+0.3
x 1 x 1 x 1

25 (3.3 86.4) 1.7+ 0.11 (1.4+ (%4) 230+40 165+30 1 30+7 1.44+0.4 0.033+0.011 (3.42!:051.1) 1.02+0.03 2.1+0.1 4.3+0.3
x 1 x 1 x 1

30 (3.0 83.4) 1.54+0.11 (1.0+ 85.3) 250+ 40 130+ 25 1 25+7 1.9+ 0.7 0.040+ 0.012 (3.0+ (J)gl) 1.024+0.03 1.8+0.1 2.8+0.2
x 1 x 1 x 1

35 (2.61:&060.3) 1.34+0.11 (7.5 c2)6.5) 2504+40 105+25 1 35+£8 2.3+1 0.029+0.012 (2.6:1:85.9) 1.02+ 0.03 1.45+ 0.08 2.6+ 0.2
x 1 x 1 x 1

2 Determined in independent fluorescence titratidridaximum estimated valué.Values relative to the fluorescenég,= 1 of the free dA(peA)s
(details in text).

formation of (P} is accompanied by the net water molecule the observed intermediates parallels the effect observed for
release occurring predominantly in the transformation from the salt (see above). However, the effect is much less
the transition state to the final (Phtermediate. The effect  pronounced. In the examined [glycerol], the fluorescence

of the increased glycerol concentration on the amplitudes of intensity of the (P), F3, is decreased from 246 0.1 to 1.45
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Ficure 6: (a) The dependence of the reciprocal relaxation times,(l) and 1t, (®) for the binding of the PriA helicase to the ssSDNA
16-mer, @A(peA)ss, in buffer C (pH 7.0, 10°C), containing 100 mM NaCl and 2 10~* M MgCl,, upon the total concentration of the
enzyme. The analogous plot for the relaxation timgpbtained in the presence of<L10~* M EDTA and in the absence of Mg&lis also

included (1t (O), 1/, (O)). The solid line is the nonlinear least-squares fit according to the three-step sequential mechanism, defined by
Scheme 1, for the data obtained in the absence of magnesium, with the overall partial equilibrium ¢qrstdnd x 1P M~1 and the

rate constantsk, = 230 s'1, k., = 165 s1, ks= 1 s7%, and k3 = 30 s’ (Table 1). (b) The dependence of the overall equilibrium constant

Ky, (l) and overall partial equilibrium constaii, (®) characterizing the bimolecular step (Scheme 1), for PriA binding to ssSDNA oligomers
with different number of nucleotide residues, in buffer C (pH 7.0,°C), containing 100 mM NaCl and & 104 M MgCl,, upon the

length of the ssDNA oligomer (Nucleotides), superimposed on the analogou¥gldEl), K|, (O)) obtained in the absence of magnesium
(Figure 3b). (c) The dependence of the reciprocal relaxation times(l) and 1t, (®) for the binding of the PriA helicase to the sSDNA
16-mer, d@A(peA)1s, in buffer C (pH 7.0, 10C), containing 100 mM NacCl, 5 mM Mggland 1 mM AMP-PNP, upon the total concentration

of the enzyme. Analogous plots for the reciprocal relaxation timg, () and 1#, (O), obtained in the absence of AMPNP, are also
included. The solid line is the nonlinear least-squares fit according to the three-step sequential mechanism, defined by Scheme 1, with the
overall partial equilibrium constart; = 6.5 x 10° M~1 and the rate constants; = 230 s, k-, =160 s, ks=1s1, andk3=45s1,

+ 0.08 while the fluorescence intensity of theyPermedi- observed in the presence of EDTA and in the absence of
ate,F,, decreases from & 0.3 to 2.6+ 0.2 (Table 3) (see  magnesium cations. In other words, the presence oftMg
Discussion). does not affect the mechanism and values of the rate
Mechanism of PriA Binding to the ssDNA in the Presence constants characterizing the particular steps of the reaction.
of Mg?* Cations and AMP-PNP. The effect of the magne- To address the problem of whether the magnesium affects

sium cations on the kinetic mechanism of the PriA helicase the site-size of the ssDNA-binding site of the PriA helicase,
binding to the ssDNA has been examined using the ssDNA we performed stopped-flow experiments with a series of the
16-mer, @A(peA)1s, in analogous way as described above, sSDNA oligomers, éA(peA)s, deA(PeA) 11, deA(PeA) 13, OeA-
however, in buffer C (pH 7.0, 108C), containing 100 mM (peA)1s, and dA(peA)2s, in the same way as described above
NaCl, 2x 1074 M MgCl,, and no EDTA. The concentration for experiments performed in the absence of?M¢Figure

of MgCl, was selected to saturate the cation-binding site on 3a,b). Figure 6b shows the overall equilibrium constkg,

the protein, without affecting the ionic strength of the solution and the overall partial equilibrium constar,, for PriA

(29). The two-exponential fit provides an excellent repre- binding to sSDNA oligomers, 9-, 12-, 14-, 16-, and 24-mer,
sentation of the observed kinetic traces, indicating that the as functions of the ssDNA oligomer length, obtained in buffer
overall relaxation process is described by the kinetic mech- C (pH 7.0, 10°C), containing 100 mM NaCl, % 104 M
anism defined by Scheme 1 (data not shown). The depen-MgCl,, and no EDTA. For comparison, the same binding
dence of the reciprocal relaxation timesg;ldnd 1¢, upon parameters, determined in the absence of magnesium, are
the total concentration of PriA, is shown in Figure 6a. For included (Figure 3b). Similar to the behavior of the rate
comparison, the dependence of the same relaxation timesparameters (Figure 6a), botky and K, show, within
obtained in the presence of EDTA (Figure 3a), upon the total experimental accuracy, the same dependence upon the length
[PriA] is also included in Figure 6a. Within experimental of the ssDNA oligomer as observed in the absence of'Mg
accuracy, both relaxation times have the same values and Thermodynamic studies indicated that the presence of ATP
functional dependence upon the protein concentration asnonhydrolyzable analogue, AMHPNP, has little effect on
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the PriA binding to the ssDNA2Q). In the final set of contrary to the (R)intermediate, the formation of (P)s
experiments, we examined the kinetics of the PriA binding accompanied by a strong nucleic acid fluorescence increase,
to the ssDNA 16-mer, @h(peA)1s, in the absence and indicating large changes in the DNA structure in the complex.
presence of AMP-PNP. The stopped-flow studies were These data indicate that in the second step, the adjustment
performed in buffer C (pH 7.0, 18C), containing 100 mM of the ssDNA conformation to the structure of the binding
NaCl and 5 mM MgCJ. As in all examined conditions, the  site occurs, i.e., it is the recognition step in the binding
observed kinetic traces were adequately represented by twoprocess (see above). Although the subsequent transition to
exponential function, indicating that the overall relaxation the (P} intermediate is also accompanied by a strong
process is described by the kinetic mechanism defined by conformational change of the nucleic acid, it is energetically
Scheme 1 (data not shown). The dependence of the reciprocalery unfavorable and, as a result, contributes very little to
relaxation times, ¥4 and 1t,, upon the total concentration the total population of the helicas®NA complexes (Table

of PriA, in the absence and presence of AMENP is shown 1). Kinetics of the nucleotide hydrolysis or the dsDNA
in Figure 6¢. Both plots are superimposable and provide very unwinding by the PriA helicase are unknown. However, the
similar values of rate constants and spectroscopic parameter$éavorable free energy change of the (P} (P), transition,
characterizing intermediates. These data clearly show thatadjustment of the DNA structure to the structure of the DNA-
the nucleotide cofactor does not affect the mechanism of thebinding site, and the lifetime of the complex in the range of
PriA binding and the internal dynamics of the helicase  milliseconds suggest that the §R)nd not the (R)intermedi-

ssDNA complex. ate may play an important role in the catalysis.
Dependence of the Dynamics of the PrgsDNA Complex
DISCUSSION Formation Upon the Length of the ssDNA Indicates That

the Strong DNA-Binding Site of the Enzyme, Encompassing

Multiple-Step Kinetic Mechanism of PriA Helicase Binding ~6 Nucleotide Residues, Is Exclusly Involved in Interac-

to the ssDNAThe results obtained in this work indicate that tions with the Nucleic AcidAs mentioned above, thermo-

the mechanism of the PriA binding to the SSDNA is & gynamic studies showed that the total site-size of the PriA
minimum three-step, sequential process described by SChem%sDNA complex is 20+ 3 nucleotide residuesl®, 20).

1. The resolved relaxaltlon times hav_e a dependence UPOTHowever, the DNA-binding site, located in the central part
the enzyme concentration typical for intramolecular transi- of the helicase molecule, occludes only-8L residues19
tions 34, 35). Thus, the enzymessDNA complex undergoes 54, |y other words, the protein matrix extends ove6

at least two conformational transitions following the initial residues on both sides of the binding site, without engaging

bimc?le%u_lar step. deTe bimolecular step Ids too dfastl to fbﬁ in interactions with the DNA. Therefore, if the protein matrix
resolved in stopped-flow measurements, independently of the,, e the strong binding site does not engage in interactions

length of the ssDNA oligomer. This behavior indicates that with the DNA, for any ssDNA oligomer longer thar8
the fast initial binding of the PriA helicase is an intrinsic nucleotide res’idues the overall binding constéatnd the
property of the PriA-sSDNA system. The amplitude analyses e a1 partial equilibrium constank, characterizing the
show that there is very little, if any, change of the nucleic g ecyiar step, must contain a factér— n + 1 resulting
acid fluorescence accompanying the formation of the (P) from the existence dl — n + 1 potential binding sites (eqs

intermediate (Scheme 1). 4a, 4b, and 4c)43, 44). On the other hand, the partial
Interpretation of the fluorescence changes of etheno- equilibrium constant&, andKs should be independent of
ssDNA oligomers is facilitated by the fact that dramatic the length of the ssDNA oligomers. Both thermodynamic
quenching of the nucleic acid fluorescence is well understood gnd kinetic analyses clearly show that the dependenkg of
in terms of intramolecular collisions due to the motion of andK, upon the |ength of ssDNA 0|igomers Stricﬂy follows
€A separated by a close distance in the DNe8,(40). Thus,  the predicted linear dependence upb(Figures 3b and 6b),
the extent of the fluorescence increase in the preteircleic  while partial equilibrium constants characterizing intra-
acid complexes reflects the conformational changes of the molecular steps are, within experimental accuracy, indepen-
nucleic acid (immobilization and separation of bases) that dent ofN (Table 1). Such behavior could only be observed
limits these quenching processe23(40). The lack of  if the strong DNA-binding site of the PriA helicase is
detectable fluorescence change ini(R)dicates that the  exclusively involved in interactions with the sSDNA.
ssDNA conformation is very similar to the conformation of The plot ofKy andK; intercept the oligomer length axis
the free DNA, i.e., unaffected by the protein binding. This atn = 6.3 + 1 indicating that the ssDNA-binding site of
is an expected behavior for a collision completd,(42). the helicase encompasse nucleotide residues less than
However, very fast protein/nucleic acid conformational determined in thermodynamic analysd$,(20). This dif-
change, occurring in the formation of gP)cannot be  ference should not be surprising. The shortest length of the
completely excluded on the basis of stopped-flow measure-sspNA oligomer that can be accessed in direct thermody-
ments alone. namic studies corresponds to the shortest oligomer whose
The step following the bimolecular association (Scheme binding can still be detected, i.e., eight nucleotide residues.
1) is also fast and characterized by the forward rate constant,Combined application of the thermodynamic and kinetic
ko ~ 250 st at 100 mM NaCl (Table 1). The backward rate studies provides a much more accurate estimate of the size
constant,k_,, is ~150 s'; thus, the step provides very of the strong ssDNA binding site. The linear dependence of
modest additional stabilization of the proteissDNA com- only Ky uponN, does not establish the existence of a purely
plex. Nevertheless, the valueslofandk_ indicate that the  statistical effect in the observed increase of the overall
lifetime of the (P) intermediate is in the range of several binding constant. On the other hand, the linear dependence
milliseconds. Moreover, amplitude analyses show that, of both Ky and K, and the common interception point on
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the ssDNA oligomer length axis (Figure 3b) constitute a very

strong evidence that the observed increase of both equilib-

rium binding constants with the length of the ssDNA
oligomer results from the statistical effect of the potential
binding sites. It also indicates that a sSDNA patch~df
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rebuild their hydration layers after the release from the
protein.
Contrary to the bimolecular step, the {P¥ (P) and (P}

< (P); transitions are accompanied by a net uptake-af

and~1 ion, respectively (Figure 4). In the case of the;(P)

nucleotide residues in length is absolutely necessary for the< (P), step, ion binding affects the formation of the activated

enzyme to form a stable complex with the ssDNA and
confirms the lack of any “end effect” in the PriA binding to
the ssDNA, previously determined in thermodynamic studies
(29, 20).

In this context, it is not surprising that dynamics of the
enzyme binding to various ssDNA oligomers in subsequent
steps, (P)< (P) and (P} < (P), are independent of the
length of the oligomers. It simply means that, as long as the

complex and its transition to the (Rtermediate, indicating
that the ion-binding sites of a different nature are involved
(see below). In both (R)> (P), and (P) < (P)s; steps, the
protein—ssDNA complex undergoes significant conforma-
tional changes as reflected in large fluorescence changes of
the nucleic acid (Table 2). The observed uptake of ions
provides an additional stabilization of both intermediates,
most probably, to stabilize interactions with the induced

stretch of~6 nucleotide residues of the ssDNA is available, nucleic acid conformation. Notice that the intramolecular
and a stable (Rjntermediate is formed, it undergoes similar steps are accompanied by water release characterized by the
transitions, little dependent on the surrounding nucleic acid. slopesy log K4/d log[H,0] = —3 & 0.5 andd log K4/d log-
This is because the protein matrix, outside the ssDNA- [H20] = ~13+ 05, respe_ctlvely (Flg_ure 5). Thus, this
binding site, does not engage in interactions with the sSDNA. pehawor s exactly opposite to the ion effect on bOth.
However, amplitude analyses indicate that molecular fluo- intramolecular steps. Moreover, the water release occurs in
rescence intensities characterizing intermediates, Rl the same trans@ons Whero Fhe ion binding oceurs, however,
(P)s, are different among different ssDNA oligomers (Table predommantl)_/, in j[he transitions fro_m the activated complex
2). Recall that the molecular fluorescence intensities char- to the_ following intermediates (F|g_ures 4 and 5). Such
acterize the relative fluorescence change of the entire ssDNAbEhaVIor sug_gosts that, at least part|allly, the released yvater
oligomer with respect to the same free DNA (see above). molecules or|g|nate from th? dehydration of the bound lons
Because the enzyme associates with the ssDNA using only!n the traosmon from the actlvoted CO”?P'eX to the following
its ssDNA-binding site, these data indicate that the confor- intermediate. This result provides additional support for the
mational transitions of the nucleic acid, generated at the conclusion that the observed ion binding involves ion binding

ssDNA-binding site-ssDNA interface, extend to the rest of sites on the helicase. In this context, it should be noticed

the bound nucleic acid molecule. althouah part of the SSONA that the salt concentration has a strong effect on the molar
. X o , ’ I9n p . fluorescence properties of the intramolecular intermediates,
is not involved in direct interactions with the helicas®,(

20) (P) and (P}, but not on the bimolecular complex (Tables 3

. o and 3). BothF; and F, strongly decrease, particularly, at
Salt and Glycerol Effects on the Pri/ssDNA Kinetics  elevated [NaCl]. These data indicate that the transmission
Indicate that lon Binding Stabilize the HelicasssDNA

of structural changes, induced by the enzyme at the ssDNA-
Complex in (Pyand (P} IntermediatesClear indication of  pinding site, to the rest of the bound DNA molecule, not
the very different nature of the formed intermediates comes engaged in direct interactions with the helicase, is hindered
from the examination of the salt and glycerol effects on the by the ion binding. The effect is not linear and saturates at
kinetics of PriA-ssDNA interactions. The bimolecular step  a [NaCl]~ 100 mM (Table 2), indicating that an ion binding
is accompanied by a net releaseddbg Ki/d log[NaCl] = process, characterized by the binding constaBs0 M1, is
—4.2+ 0.3 ions, significantly larger than the net ion release, observed.
m = 9 log K1¢/d log[NaCl] = —2.8 + 0.3, observed in the Sequential Mechanism Indicates that the PriA Helicase
overall binding process. Recall that thermodynamic studies Does Not Exist in a Preequilibrium Conformational Transi-
showed that the overall net ion release accompanying-PriA tion prior to the ssDNA BindingKinetic analyses of the
ssDNA interactions is not dependent upon the type of anion ligand binding are a very sensitive method to detect any
in solution, indicating that only cations participate in the ion preequilibrium conformational transitions of the macromol-
exchange proces86, 37). Moreover, the bimolecular step  ecule 84, 35). In the case of PriAssDNA interactions, both
is close to a collision process, and there is very little nucleic relaxation times and amplitudes show behavior typical for a
acid conformational change accompanying the formation of sequential mechanism of binding, i.e., without any preequi-
the (P) intermediate (see above). These data would suggestibrium conformational transition. Moreover, the number of
that ions released in the formation of the first intermediate relaxation times is independent of whether the experiments
between the helicase and the ssDNA are territorially bound are performed in pseudo-first-order conditions with respect
cations, exclusively released from the nucleic a&@él 7). to the protein or DNA concentratiol@, 31). Therefore, the
However, the effect of glycerol on the bimolecular step of sequential mechanism of the PriA binding to the ssDNA
the PriA—ssDNA complex formation strongly suggests an provides a very strong indication that the enzyme does not
uptake of~4 water molecules in the process (Figure 5). The exist in a preequilibrium conformational transition prior to
uptake of water in the bimolecular step is surprising. Rather, the DNA binding. In other words, conformational changes
the release of water would be expected to be a part of theof the PriA helicase in the complex with the ssDNA are
entropic contribution to the free energy of associatidf, ( induced by interactions with the nucleic acid.
46). The simplest explanation of the observed water uptake ATP Analogue, AMPPNP, Does Not Affect the Ther-
is that some of the released cations are partially dehydratedmodynamics or Dynamics of the PriA Helicase Interactions
in the bound state, i.e., they originated from the protein, and with the ssDNAA puzzling aspect of the PriA helicase
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In chromosomal DNA replication, the role of the PriA
helicase seems to be predominantly related to the initiation
of the restarting of DNA replication after the replication fork
stalls, at the damaged DNA site§7( 18). The helicase
activity of the protein would allow the unwinding of the
duplex conformation of the lagging strand of the fork,
FIGURE 7: Schematic model of the PriA helicase ssDNA preparing it for the binding of the DnaB helicase and
complex. The proper DNA-binding site of the enzyme engages in assembling the preprimosome complex. Recent analyses of

interactions onlyn = 6 + 1 nucleotide residues. The site is located o enzyme activity on different synthetic DNA substrates
on a separated structural domain of the enzyme, most probably the

helicase domain, which protrudes from the remaining protein matrix. S“_Or,‘g'y S.ugges't that the.e.nzyme requires short SSDNA gaps
Only the DNA-binding site engages in strong interactions the O initiate its helicase activityl@). In other words, the PriA
nucleic acid. The domain containing the DNA-binding site is placed helicase is able to efficiently search and recognize very short
in the central part of the helicase molecule. The protein matrix ssDNA gaps in the presence of an overwhelmingly large
protrudes symmetrically on both sides of the strong ssDNA-binding excess of the dsDNA conformation. In fact, the optimal

site without engaging in interactions with the nucleic acid. As a | h of th ized DNA . leotid
result, the total site-size of the PriA helicasssDNA complex ~ |€ngth of the recognized ss gap i85 nucleotide
occludes igy = 20 + 3 nucleotide residued 9, 20). residues 18). It is clear that the data obtained in this work,
indicating that the ssDNA-binding site occlude$ nucle-
interactions with the ssDNA is the lack of any effect of otide residues, corroborate very well with these findings.
nucleotide cofactors on the enzyme binding to the ssDNA Thus, the helicase active site is built to efficiently search
(20). Experiments described in this work indicate that the small sSDNA patches, i.e., it protrudes from the rest of the
ATP analogue, AMP-PNP, does not affect to any detectable Pprotein molecule. Such structure of the active site would be
extent either the dynamics of the interactions or the distribu- an evolutionary adaptation of the PriA helicase to perform
tion of the formed intermediates. This behavior is very Specific, sSSDNA gap searching and recognition. Nevertheless,
different from other well-studied helicases in which ATP is although the DNA-binding capability of the protein matrix,
indispensable for the enzyme to bind to the sSDNRA)( that occludes the remaining nucleotide residues of the total
The ATP binding/hydrolysis processes, allosterically control- Site-size, is not detectable, it may play an important role in
ling the enzyme affinity for the sSDNA, are thought to play Orienting the enzyme within the specific DNA substrate
a decisive role in the enzyme functioning. In this aspect, the Structures, e.g., arrested repl|cat|0n_ fork structures. In such
PriA helicase seems to be very different from the, so far Situations, when the local concentration of the DNA becomes
accepted, canonical model. However, it is possible that while V€ry high, even low affinity binding sites may begin to play

interactions with the ssDNA are not affected, the nucleotide @ "0le in the binding. As we noted above, these inherently
cofactors may play a role in the PriA binding to more weak interactions with more complex DNA structures may

complex DNA structures formed at the restarting replication P& under ATP/ADP binding/hydrolysis control. Our labora-
fork (17, 18). tory is currently examining these possibilities.

The very fast bimolecular step and the fast following
y ) recognition step make PriA binding to the ssDNA similar
of a Helicase.It is remarkable that, although the DNA 14 qther well-known, fast proteianucleic acid recognition
binding site encompasses only &31 nucleotide residues  rgactions, including aminoacyl-tRNA synthetases, ribosomal
within ~20 nucleotide residues of the total site-size of the proteins, and mammalian DNA repair polymergs@2, 33,
PriA—ssDNA complex, the 'surrounding.prqtein matrix does 47—49). A common feature of these systems is that the
not enter in thermodynamically and kinetically detectable enzyme/protein recognizes a specific nucleic acid substrate
|nteract|on§ with the ssDNA in the examined nucleic acid (sequence, specific nucleic acid structure, or both) among
and protein concentration ranged9( 20). The length  many substrates or within the context of several nonfunc-
dependence of the dynamics of the PriA binding to the tional binding sites. Fast association and dissociation reaction
ssDNA indicates that, even in the first intermediate: (P) in the first binding step and fast recognition step provide
between the protein and the DNA, only the DNA-binding the protein with a means to quickly examine the structure
site, but not the surrounding protein matrix, makes the first of the encountered nucleic acid. As mentioned above, the
and only contact with the nucleic acid (Figure 3b). Moreover, PriA helicase is involved in restarting the DNA replication
the lack of any length effect on following intermediates;(P) when the replication fork encounters the damaged DINA (
and (P} clearly indicates that the subsequent conformational 18). Thus, very fast binding and recognition steps would
transitions of the helicaseDNA complex do not engage the  allow the enzyme to efficiently recognize the specific SSDNA
protein matrix, outside the DNA-binding site. This behavior gap on the lagging strand and initiate the assembling of the
can be understood in the context of the structural model of preprimosome complex.
the PriA helicase, as schematically depicted in Figure 7. To
achieve the experimentally observed independence from theACKNOWLEDGMENT
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