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ABSTRACT. The kinetic mechanism of transfer of the homotetramiésicherichia coliSSB protein between
ssDNA molecules was studied using stopped-flow experiments. Dissociation of SSB from the donor ssDNA
was monitored after addition of a large excess of unlabeled acceptor ssDNA by using either SSB tryptophan
fluorescence or the fluorescence of a ssDNA labeled with an extrinsic fluorophore [fluorescein (F) or
Cy3]. The dominant pathway for SSB dissociation occurs by a “direct transfer” mechanism in which an
intermediate composed of two DNA molecules bound to one SSB tetramer forms transiently prior to the
release of the acceptor DNA. When an initial 1:1 SSBDNA complex is formed with (d¥%y in the

fully wrapped (SSBgs mode so that all four SSB subunits are bound to {giTthe formation of the
ternary intermediate complex occurs slowly with an apparent bimolecular rate corstgptranging

from 1.2 x 1 M~1s! (0.2 M NaCl) to~5.1 x 10° M~ s71 (0.4 M NaBr), and this rate limits the
overall rate of the transfer reaction (pH 8.1, @5). These rate constants ar§ x 10P- and~7 x 10*-

fold lower, respectively, than those measured for binding of the same ssDNA to an unligated SSB tetramer
to form a singly ligated complex. However, when an initial SSBDNA complex is formed with (dE3

so that only two SSB subunits interact with the DNA in an (S8Bpmplex, the formation of the ternary
intermediate occurs much faster wittkgappranging from=>6.3 x 10’ M~* s (0.2 M NacCl) to 2.6x

10" M~1s71(0.4 M NaBr). For these experiments, the rate of dissociation of the donor ssDNA determines
the overall rate of the transfer reaction. Hence, an SSB tetramer can be transferred from one ssDNA
molecule to another without proceeding through a free protein intermediate, and the rate of transfer is
determined by the availability of free DNA binding sites within the initial SSBDNA donor complex.

Such a mechanism may be used to recycle SSB tetramers between old and newly formed ssDNA regions
during lagging strand DNA replication.

The Escherichia coli single-stranded binding protein this mode is favored at low monovalent salt concentrations
(SSBY plays essential roles in DNA replication, recombina- (<10 mM NaCl) and high protein to DNA ratios (high
tion, and repair 1, 2). E. coli SSB is a homotetrameric  binding densities). In the (SS8)binding mode, the ssDNA
nonspecific single-stranded (ss) DNA binding protein (for interacts with all four protein subunits, occluding65
reviews, see ref8—6) that can bind long ssSDNA in a number nucleotides per tetramer. This binding mode is favored at
of different binding modes depending on solution conditions, high monovalent salt concentrations@.2 M) or in the
especially the salt concentration and type, as well as proteinpresence of divalent cations or polyamin&s &, 13) and
to DNA ratios (/—10). Two of the major polynucleotide displays a much lower cooperativity of the “limited” type
binding modes are the (SSB)and (SSBy modes, which such that long protein clusters are not obsenddi) 11, 14,
differ by the number of nucleotides occluded per SSB 15). The general properties of ssDNA binding of tRecoli
tetramer. In the (SSBy binding mode, the ssDNA interacts SSB tetramer differ considerably from those of the phage
with only two of the SSB subunits on average, occluding T4 gene 32 protein, even though these are both classified as
~35 nucleotides per tetramer. In this mode, SSB binds to helix-destabilizing proteins3j. It has still not been deter-
long ssDNA with “unlimited” positive cooperativity such that mined whether both of these binding modes are functionally
it can form clusters of protein along the ssSDN20{12); important in vivo; however, on the basis of their SSDNA
binding properties, it has been proposed that the (&SB)

T This research was supported in part by the NIH (R01 GM30498). binding mode s likely to function predominantly during

* To whom correspondence should be addressed: Department of DNA replication, whereas the less cooperative, (SSB)
LBJiqcherT:istgy han? ';/llf\)/llegl_ilar Bé%%héSi%S' lBé»fA 823ét Vli/as,hin&tg” binding mode might be used during other DNA metabolic
oS Toeshone o5 s0z. Processes3). In both of these binding modes, the SSB
4393. Fax: (314) 362-7183. remains tetrameric, even when bound in the (SSEhding
_1Abbreviations: SSB, single-stranded binding protein; ssDNA, mode.
et o ane, O S eredineioes”_The equibrum binding of the. coli SSB etramer to
acetic acid. both ss polynucleotides and oligodeoxynucleotides has been
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studied extensively (early studies are reviewed in dedsd rates for this process, and is it functionally important for
6). Studies with oligodeoxynucleotides have shown that the DNA metabolism? To address these questions, we have
DNA binding sites on the SSB tetramer can be saturated performed stopped-flow kinetic studies of the dissociation
with one molecule of (dX}, two molecules of (dX) or of fluorescently labeled oligodeoxythymidylates [(g5land
(dX)ss, or four molecules of (dX). At 0.2 M NaCl, one (dT)zq] by examining the rates and mechanism by which
molecule of (dX}, interacts with all four subunits and wraps competitor sSDNA can displace ssDNA that is prebound to
around the SSB tetramet &, 17). These conclusions have the SSB tetramer under well-defined conditions that selec-
been confirmed by the X-ray crystal structure of the §SB tively favor one or the other of the different SSB binding
tetramer (where 40 amino acids have been removed frommodes so that the preformed complexes interact with SSDNA
the C-terminus of each polypeptide) bound to two molecules using only two subunits of the tetramer, or all four subunits
of (dCks (18), and a model has been proposed for how of the tetramer.

ssDNA wraps around the SSB tetramer in the (S$B)

binding mode. In this model, the path of the ssDNA follows MATERIALS AND METHODS

th%ﬁ;tggjgtcmnlg T:j a k_)aTeba;IL, k\)/wth tﬂte tIWO ?ndstrc])f a Reagents and Bufferall solutions were prepared with
SS nucieotides In fengtn brougnt close togetner. reagent grade chemicals and glass-distilled water that was

Equilibrium studies with shorter oligodeoxynucleotides [e.g., further treated with a Milli Q (Millipore, Bedford, MA) water
(dX)s5] indicate that there is a strong negative cooperativity purification system. Buffer T is 10 m’M Tris [t}is(hydroxy—
associated with binding of the second molecule of ¢gXx) methyl)aminomethane] and 0.1 mM MEDTA (ethylenedi-
and this negative coo_perz?\tivity becomes more pronouncedaminetetraacetic acid) (pH 8.1). Buffers were prepared by
as the salt concentration is decreast@ (7). adjusting the pH at 25C with 5 M HCI of 10 mM Tris
Although we have a fairly detailed understanding of the base solutions containing the indicated concentrations of
equilibrium ssDNA binding properties of the. coli SSB NaCl or NaBr.
tetramer, the kinetics and mechanisms of binding and E coli SSB and Nucleic AcidSSB was purified as
dissociation are much more poorly understood. Such kinetic gescribed previously26) with the added step of a double-
mechanistic information is needed to understand how-SSB  stranded DNA cellulose column for removal of a minor
ssDNA complexes might form and be recycled during exonuclease contaminar6). The SSB concentration was
processes such as DNA replication, recombination, and determined spectrophotometrically in buffer T and 0.2 M
repair. This kinetic information would also be useful in NacC] using an extinction coefficiembgo of 1.13 x 1P M1
understanding the role of the SSB in studies of other enzymes(tetramer) cm? (7). The SSB is a stable tetramer at all salt
in vitro, such as DNA polymerases and DNA helicases, since and protein concentrations used in this stuly 15), and
the SSB is used routinely in kinetic studies of these enzymes.concentrations are reported as the tetramer. All oligodeoxy-
Although there have been several previous kinetic studiesnucleotides, including those labeled with fluorescein (F),
of E. coli SSB binding to ssSDNA, both polynucleotiddd(- Cy3, or Cy5 [(dT)s, (dT)z0, F(dT)s, F(dT)o, Cy3(dT)o, and
22) and oligodeoxynucleotide&3, 24), the majority of these  doubly fluorescently labeled Cy5(dskCy3dT], were syn-
studies were performed before it was recognized that SSBthesized using an ABI model 391 automated DNA synthe-
tetramers can bind ssDNA in several binding modes. We sizer (Applied Biosystems, Foster City, CA) with phosphor-
recently examined the kinetic mechanism of SSB binding amidites from Glenn Research (Sterling, VA). In F(e)
to the oligodeoxythymidylates (d%)and (dT)s and showed  the fluorescein (F) was incorporated into the 21st position
that binding of (dTjo to form a 1:1 fully wrapped complex  from the 3-end of the oligodeoxynucleotide'[§dT),FdT-
occurs by a two-step proces®). Rapid initial binding with (dT)14-37; in F(dT)70 and Cy3(dTgg, the fluorescein and Cy3
a bimolecular rate constakt ., approaching 190M-* s™* were incorporated at the-8nd of the oligodeoxynucleotides
in the limit of low salt concentration is followed by a second [5'-FdT(dT)e and 3-Cy5(dT)g. For the doubly labeled
step that is too rapid to measure by stopped-flow techniques(dT)se, the fluorescent probes Cy5 and Cy3 were incorporated
in which ssDNA wraps around the tetramer. Although we at the 3 and 3-ends of the oligonucleotide, respectively
demonstrated that dissociation of these complexes is very[5'-Cy5(dT):sCy3dT-3]. All oligodeoxynucleotides were
slow under nearly all the conditions that were examined, we purified to >99% homogeneity using polyacrylamide gel
were unable to obtain much information about the rates or electrophoresis (PAGE) and electroelution as described
mechanisms of dissociation of these complexes. previously (2). Concentrations of (dEj and (dT}o were

There have been several interesting suggestions made fofletermined spectrophotometrically in buffer T (pH 8.1) and
mechanisms by which thE. coli SSB tetramer might be 0.1 M NaCl using an extinction coefficierbg, of 8.1 x
able to redistribute itself along ssDNA. On the basis of early 10> M™* (nucleotide) cm* (27). Concentrations of the
nitrocellulose filter binding studies of the kinetics of SSB  oligodeoxythymidylates labeled with fluorescent probes were
dissociation from long stretches of natural ssDNA, Schneider determined using extinction coefficients (per mole of sSDNA
and Wetmur 20) suggested that SSB tetramers can be molecule) at 260 nm calculated according to the expression
transferred from one ssDNA molecule to another without €260 = Neago+ ehgy 1 €535 + €0, WhereN is the number of
proceeding through a free SSB intermediate. Although good nucleotides andhs, = 2.096 x 10* M~ cm?, 525 = 5 x
evidence for such “direct transfer” of SSB has been found, 18 M~ cm%, and 55 = 1 x 10* M~1 cm (Glen
detailed mechanistic information about how this reaction Research). All SSB and ssDNA samples were dialyzed
occurs is lacking. In particular, does direct transfer occur extensively against buffer T at the indicated salt concentration
preferentially via one DNA binding mode, or can it occur at 4 °C for use in the stopped-flow kinetic experiments at

from any binding mode? What are the mechanisms and the25 °C.
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Fluorescence Titrations and Stopped-Flow Studiegui- Scheme 1
librium binding of F(dT}, and Cy3(dTgyto SSB was studied P P
by monitoring the quenching of SSB Trp fluorescence, using + +
an SLM 8000C spectrofluorometetef = 296 nm, 2 nm D D
excitation band-pasgem = 345 nm, 4 nm emission band-
pass) as described previously7( 24, 28). Stopped-flow ka H & ka H ki
experiments were performed in buffer T at 25 using an k r
Applied Photophysics SX.18MV stopped-flow instrument PD* + D __2._ DPD" 27 DP + D
(Applied Photophysics Ltd., Leatherhead, U.K.) supplied ks s

with a 150 W xenon arc lamp. All optical filters were from

Oriel Corp. (Stratford, CT). In experiments in which the SSB THEORETICAL BACKGROUND
Trp fluorescence was being monitored, an excitation wave-
length of 296 nm was used and fluorescence emission was,
detected either at wavelengths ®B840 nm using a long-
pass filter (Oriel catalog no. 51258) or at 350 nm using an
interference filter (Oriel catalog no. 53400) as indicated in
the text. In experiments in which the fluorescence of sSDNA
labeled with Cy3 was being monitored [Cy3(dd) an
excitation wavelength of 515 nm was used and fluorescence
emission was detected using a 570 nm long-pass filter (Oriel
catalog no. 51310). In experiments in which the fluorescence
of ssDNA labeled with fluorescein was being monitored  ¢[p]

[F(dT)7 and F(dT)d), an excitation wavelength of 496 nm ~ —;= = ~(k[D] + Ki[D*D[P] + k_4[PD] + K*,[PD*]
was used and fluorescence emission was detected using a (2a)
530 nm long-pass filter (Oriel catalog no. 51300). In the d[PD]

FRET (fluorescence resonance energy transfer) experiments _ _ * *
with Cy5(pT)sCy3dT, the Cy3 fluorescence donor was dt ky[DIIP] = (k4 + IGIDIPD] + K:,[DPD"]

Analysis of the Kinetics of DNA Binding and Direct
ansfer of SSBOur data demonstrate that the dominant
pathway for dissociation of fluorescently labeled ssDNA (D*)
from its complex with SSB (P) upon addition of a large
excess of unlabeled ssDNA (D) occurs via formation of an
intermediate in which the SSB tetramer is doubly ligated
with DNA (DPD*) as shown in Scheme 1. The differential
equations describing the time dependences of the concentra-
tions of each species in Scheme 1 are given in egsd2a

excited at 515 nm and sensitized fluorescence emission from (2b)
Cy5 was monitored using a 665 nm long-pass filter (Oriel d[PD*]
catalog no. 51330). All slit widths were =2 mm. The G K[D*][P] — (K, + k[DD)[PD*] +

reactant solutions were preformed &Cland then incubated

in the reservoir syringes of the stopped-flow instrument at
25°C for at least 5 min prior to mixing. Longer incubation d[DPD*]
times had no effect on the results. All concentrations of — o = K[D*][PD] + k,[D][PD*] —
ssDNA and SSB reported in the text and plotted in Figures

3-5, 7, and 9 are the final concentrations after mixing in (k, +K))[DPD*] (2d)
the stopped-flow instrument.

k_,[DPD*] (2c)

i o o Under pseudo-first-order conditions ([D] and [D#} [P]),
Analysis of Kinetic DataAll kinetic time courses thatare e concentrations of D and D* can be treated as constant
shown generally represent averages of-18 individual and the above set of differential equations (egqs®aeduces

traces, except for the very sl_ow time courses (e.g., for the g the first-order, linear, homogeneous system of differential
data shown in the inset of Figure 4) where an average of gquations written below in matrix form &= AP

three individual time courses was sufficient. Slow time

courses were corrected for slight photobleaching effects when|d[P]
observed. Where applicable, fluorescence time courses werg dt
fit to either one or two exponentials using the Applied @
Photophysics software or MicroMath Scientist Software d[ptD*] =
(Salt Lake City, UT) according to eq 1 at
d[DPD¥]
n | at
F(t) - Foo + I;Al exp(_kODSIt) (1) _(kl[D] + K{[D*]) k,l I(il 0
ky[D] —(k_, + KD O K, 5
whereF(t) is the fluorescence intensity at tinieF., is the KiID*] 0 —(<, + kD) K-,
fluorescence intensity at tinwe, A is the amplitude of the 0 Ks[D*] k,[D] —(kp +K)

ith relaxation procesgqs; is the observed rate characterizing

theith relaxation process, amdis the number of relaxation [P]
processes. The uncertainties reported for the observed rates [PD1 ©)
(Kobsj) represent 68% confidence limits (one standard devia- {EBD]*]

tion). Other analyses of the data, including simulations and
fitting to the appropriate kinetic or equilibrium models, were
performed using MicroMath Scientist Software or Math- whereP is the vector of concentrationB, is the vector of
ematica (Wolfram Research, Champaign, IL). time derivatives, and is the matrix of coefficients. For this
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FIGURE 1. Predicted concentration dependences of the three FIGURE 2: Predicted concentration dependences of the three
observed ratek(4,), k(4,), andk(13)] for a direct transfer reaction

observed ratek(1,), k(1,), andk(43)] for a direct transfer reaction <
(Scheme 1) at high concentrations of unlabeled (acceptor) ssDNA. (Scheme 1) at low concentrations of unlabeled (acceptor) sSDNA
The rate constants and values of [D] used in these simulations set{Compared to concentrations used in simulations shown in Figure
up the condition such that formation of the doubly ligated complex 1)- The rate constants and values of [D] used in these simulations
is fast relative to dissociation; i.ekD] > k_ and K*,. The set up the condition such that formation of the doubly ligated

simulations are based on Scheme 1 as described in Theoreticafomplex is slow relative to dissociation; i.&., andk®, > k[D].
Background using the following parameters; = 10° M1 572, The simulations are based on Scheme 1 as described in Theoretical

K=8x 1P M1s? k,=0005s. k', = 0.001 L, k, = Background using the following parameters; = 10° M~ s74,
3x 1PM 5L K=6x 1°M 15t and D=2 x 108 M. K =8 x 18 M ky =0.005 5%, Ky = 0.001 s, ko =

Curves 13 are simulated for three combinations of the dissociation 3 X 1M 1s k=6 x 1°M~*s ™!, and [D*] =2 x 108 M.
rate constants from the doubly ligated compléxz(andK’,) as Curves 1-3 are simulated for three combinations of the dissociation

follows: (1)k_» = 10 s andk*, = 100 s%, (2) k_, = 100 s rate constants from thel doubly ligated colmplkxz(and K',) a;s

andk*, = 100 s, and (3)k_, = 100 s* andK*, = 10 s, follows: (1) k-, = 10 st andk’, = 100 s%, (2) k- = 100 s
andk’, = 100 s, and (3)k_, = 100 s* andk*, = 10 s'..

system, four eigenvaluedd A1, 12, and4s) are obtained as

the roots of the polynomial equation obtained from the k_, andk®, > k_; andK’,). These rate constraints apply

condition|A — Al| = 0, wherel is the identity matrix. Since  under the conditions of the experiments reported here.

one root has the trivial solutioty = 0, the three eigenvalues Figure 1 shows the dependences of the three predicted

(A1—A3) will describe the observed rates as a function of the observed rates on [D] for conditions of high [D] such that

concentration of D (or D*) for the kinetic pathway shown k,[D] > k-, andKk",. When [D]> 0.05 M, where formation

in Scheme 1. of the doubly ligated complex is fast, the dependences of
Values of1;—13 were obtained by solving numerically  k(1;) andk(4,) on [D] are linear (Figure 1A,B) with slopes
the polynomial equation obtained fro/ — Al| = O for equal tok; andk,, respectively. The dependencekgfs) on

concentrations of unlabeled competitor sSDNA (D) from 10 [D] is hyperbolic with plateau valuel(1s) equal tok*, +
nM to 0.2 M. The corresponding predicted values of the |:[p+] (Figure 1C). Since in our simulation &[D*] of
observed rates(ds) = —71, k(42) = —1,, andk(4s) = —1s] 1.2 x 10* st is very small, the plateau values are

are plotted in Figures 1 and 2 for conditions of high and yatermined primarily bi*, (10 s'* for curve 3 and 100§
low [D], respectively. For these simulations, we fixed the ¢ . - rves 1 and 2).

concentration of labeled ssDNA* ([D*]) at 2 10°° M and Figure 2 shows the predicted dependences of the three
used rate constants that are similar to the ones that we haV‘i'Jredicted observed rates on [D] at low [D] such that

. : S o Lo
determined experimentally in this work; = 10° Mt s, kD] < k. and K, In fact, under these conditions,

K =8 x 100 M™* s k1 = 0.005 s, k%; = 0.001 s*, Scheme 1 can be simplified to Scheme 2 (see below). As
ky=3x 1M~ *s™ andk; =6 x 10°M™*s™*. Therate  he concentration of D decreases, the step describing forma-
constants for dissociation of one DNA from the doubly ton of the doubly ligated complex becomes rate-limiting and
ligated complex K-> andk”,) were varied from 10 to 100  the behavior ok(4;) andk(1s) changes dramatically, whereas
s L. The values of these rate constants are such that bindingk(1,) is still linearly dependent on [D] with a slope equal to
of the first ssDNA molecule, either labeled or unlabeled (D ;. The value ok(1,) is constant over a wide range of sSSDNA
or D¥), to form a singly ligated complex (PD or PD*) is  concentrations (down to-24 x 10~7 M; see Figure 2B) and
fast, relative to dissociatiork{{D] and Ki[D*] > k_; and is equal to the sum of the dissociation rate constants for
K',), and the rate of formation of the doubly ligated dissociation of D and D* from the doubly ligated complex
complex (DPD¥) is slow compared to the rate of formation [k(4,) ~ k_, + K*,]. Below a [D] value of 0.24M (or 0.4

of the singly ligated complexe&fandk; < k; andkj, and uM), the magnitude ok(1,) decreases linearly with [D], with
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Scheme 2 d[PD
P P % = ky[D][P] — (k_; + K; on{D*DIPD] +
* T K apdDI[PD*] (4b)
D’ D
d[PD*
k|| ke k. H k [dt I Ki[D*][P] + K 2pD*I[PD] —
Kranp .
Py 4 b op 4D (K, + ko apdDDIPD*] (4c)
k2 whereks, app= koK' /(K-> + K*,)] and 0= KiTk 2/(k 2 +

. K*,)]. On the basis of this, the analytic expressions in eqs
a slope also equal t&. The value ofk(4s) (Figure 2C) 54 for the two eigenvalues.(; andAs) can be found by
decreases linearly with decreasing [D] down+0.4uM.  5plying the quadratic equation obtained as before from the
When [D] < 0.4uM, k(4s) starts to increase with decreasing condition|A — Al| = 0, wherel is the identity matrix and

[D], reaching a value 0#0.005 s* at [D] = 0, which A is the matrix of coefficients corresponding to eqs-¢a
corresponds td&k-;. The hyperbolic increase ik(13) with

decreasing [D] at low [D] is diagnostic of the competitive I

binding of D and D* to P, and will always be observed even g = w (5a)
in the absence of a direct transfer reaction (i.e., if there were

no DPD* species possible) as indicated by the dashed line S

in Figure 2C. The linear increase kis) at high [D] (solid Ay = W (5b)

lines 1-3 in Figure 2C) reflects the formation of the doubly
ligated intermediate, DPD* (i.e., the direct transfer interme-
diate). An important point which is clear from the simulations

in Figure 2C is that the slope of the linear dependence of _ *
k(43) on [D] at high [D] is a sensitive function of the ratio b= (ky + Ko 2pd[D] + (Ki + K5 0pd[D] + kg K2,

where

ko/K',. If ko < K, the slope is close to the value kf, (5¢)
whereas i'ts vglue decreases with increakiqultho_ugh it c=ky, [[D](kl[D] + KDY +k_ ) +

appears in Figure 2C that the intercept obtained upon ap

extrapolation of the linear parts of the curves to [P is K2, apdD*1(Kq[D] + K{[D*] +KZ;) + K 1k[D] +
equal to & ; of 0.001 s?, a more careful inspection of the k_,Ki[D*] + k_,K*, (5d)

simulated dependences indicates that both the intercept and
the value ok(4s) at [D] = O are functions of [D*]. Thiscan  We note that for the simplified pathway in Scheme 2, the
be readily shown (see below) in analytic form using the two eigenvalues.; and/, describing Scheme 1 “collapse”
simplified Scheme 2. into one eigenvalug, 7 (eq 5a), whereas the second “slow”
The stopped-flow experiments reported here monitor the eigenvalueds' (eq 5b), corresponds to eigenvaligebtained
fluorescence changes resulting from dissociation of a fluo- for Scheme 1. These two eigenvalues are related to two
rescently labeled ssDNA (D*) from its complex with SSB  theoretical observed rates defined as follok@ 7) = —412
upon addition of an excess of unlabeled ssDNA (D). When @ndk(4s) = —13'. As discussed above, since we are able to
the fluorescent ssDNA is (d%) the time courses of these detect only the slowest phase in our experiments, we need
fluorescence changes all follow single-exponential functions t0 consider only eq 5b. Applying the square-root approxima-
and the dependence of the observed rate on {gidisplays ~ ton (\/bz_ — 4c~ b —2dbfor 2¢c < b?) (29) to this equation,
the behavior shown fok(4s) in Figure 2C. This suggests We obtainls’ = —c/b. Under conditions wherk; andk; >
that under the conditions of our experimenks|D] and K2,app aNd K 5o, and k[D] and Ki[D*] > k-y andK®,, this
K;[D*] < k_,andk",, and thus, we observe only one of the educes to the expression in eq 6.
three possible rates correspondind(ds). This also means
that under our experimental conditions, the concentration of N K®;ky[D] + k_;Kj[D*] *
th H ; R H * i (3)_ +k;a;{D]+k2a[{D]
e doubly ligated intermediate species, DPD*, is very small (k,[D] + K[D*]) ap ap
and thus the kinetic pathway of Scheme 1 can be simplified 6)
to that of Scheme 2. Use of the simpler Scheme 2 results in
a reduction from three to two in the number of eigenvalues When [D] = 0, eq 6 reduces to eq 7, which provides an
needed to describe the pathway and also allows us to obtairexpression for the intercept with the ordinate of the nonlinear
analytic expressions for these two eigenvalues. Applying the region ofk(1s").
condition d[PDP*)/d = 0, we can express [PDP*] explicitly

using eq 2d and introduce this expression into eqs 2b and k1) =k, + I(;YapF[D*] (7
2c to reduce the number of differential equations from four
to three as shown in eqgs 4a This intercept, in the limit of [D*]= 0, yields k-,, the
dissociation rate constant for the PD complex.
d[P] In the limit of high [D], eq 6 reduces to eq 8

~(k[D] + K[D*N[P] + k_,[PD] + k,[PD*]

d
: 4a) Kig) =K'y + K oD + oDl (8)
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describing the linear dependencektts'’) on [D] with a slope
equal tokyapp and intercept equal tok{; + k;,,ID*]).
Therefore, in the limit of [D*]= 0, the intercept yield&" ;,
the dissociation rate constant for the PD* complex.

We note that in the absence of a direct transfer pathway
such that only a simple competition between D and D* exists
for a single site on the protein (P) (i.e., no doubly ligated
species, DPD*, can form) then only a simple hyperbolic
dependence df(13") on [D] will be observed and the values
of k- andk®; are given by the values &f43') in the limits
of [D] = 0 and [D] — o, respectively. A simulated curve
for this case is shown as a dashed line in Figure 2C using
the following parametersk; = 1°® M1 s% Kl = 8 x 10°
M-1s1 k,=0.005s? K, =0.001s? and [D*] = 2 x
108 M.

RESULTS

Equilibrium fluorescence titration studied? 28) and
isothermal titration calorimetric (ITC) studie8@ have
demonstrated that one molecule of (gThinds stoichio-
metrically to one molecule of SSB tetramer over a broad
range of solution conditions. In the equilibrium complex,
which is favored at monovalent salt concentrations 6f2
M, (dT)z0 wraps around the SSB tetramer interacting with
all four SSB subunits. However, the affinity is too high to
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FicUrRe 3: Stopped-flow time courses for dissociation of fluorescein-
labeled ssDNA [F(dTy)] from a 1:1 SSB complex upon addition
of an excess of unlabeled (d/) Time courses were obtained by
monitoring the fluorescein fluorescence under pseudo-first-order
conditions after mixing a preformed 1:1 SSB(dT);o complex (20

nM each) with increasing amounts of (d§ Ybuffer T, pH 8.1, 1

M NaCl, 25 °C). The final concentrations (after mixing) of
unlabeled (dT) used in each experiment are indicated. Each time
course was fit to a single-exponential function using eq 1 with

1 to obtaink,,sfor each concentration of (d7) The fits are shown

as red lines.

obtained upon mixing a preformed complex (1:1) of SSB
and F(dT)o (20 nM) with an excess of unlabeled (dd{from

measure accurately by these techniques except at very higi.2 to 15x4M) in 1 M NacCl (buffer T, pH 8.1, 25°C). In

NaBr concentrations>1 M). Stopped-flow kinetic studies
have shown that the initial binding step is very rapid with

each case, an enhancement of fluorescein fluorescence is
observed, reflecting a net dissociation of F(@Tfyom the

an apparent bimolecular association rate constant that is clos&SB. Each time course is described well by a single-

to diffusion-controlled (1.£1.5 x 10° M~* s7%) at low salt
concentrations24). Furthermore, the kinetics of forming the
fully wrapped structure are very fast, relative to the time
scale for binding. Our previous stopped-flow studigg) (

exponential decay. Values &f,s obtained by fitting these
traces to eq In(= 1), increase linearly with increasing (dd)
concentrations as shown in Figure 4A. The slope and
intercept determined from a linear least-squares analysis of

also indicated that the rate constants for dissociation of thesethe data in Figure 4A are (1.2 0.01) x 10* M~*s* and

complexes are very small{l s') and could not be
determined accurately from direct mixing experiments.
Therefore, to study the dissociation mechanism of SSB
ssDNA complexes in detail, including the possibility of direct
transfer of SSB between two ssDNA molecul@§)( we

(2.54+ 0.2) x 103 s%, respectively.

For the competition of two ligands (D and D*) for the
same site on a macromolecule P, a hyperbolic dependence
of kops ON competitor concentration [D] of the type shown
in Figure 2C (dashed line) is expected with limiting values

designed a series of stopped-flow competition experiments of kopsat [D] = 0 and [D]— o corresponding to dissociation

in which an oligo(dT) labeled with fluorescein (F) or Cy3 is
prebound to the SSB tetramer and then mixed with a large
excess of unlabeled (d7%) Upon formation of a complex of
SSB with F(dT} or Cy3(dT)e, a fluorescence quenching

rate constant& ; andk’;, respectively. In contrast to that
behavior k.psincreases linearly with increasing [(dd]) Such
behavior is indicative of direct binding of the competitor (D)
to the SSB-F(dT);o complex (PD*) in formation of a doubly

or enhancement is observed, respectively. Therefore, dis-ligated intermediate (DPD*). Therefore, we have analyzed

sociation of these oligonucleotides from SSB is accompanied
by the corresponding fluorescence change.

In the following studies, we have performed two types of
experiments in which the preformed SS8DNA complex
is either in the fully wrapped (SSB)binding mode such
that all four subunits are in contact with the ssDNA or in
the (SSBJs binding mode in which only two subunits of the
SSB tetramer are in contact with the sSDNA. The (S5B)
binding mode is formed from a 1:1 molar ratio of SSB to
(dT)7. The (SSBys complex is formed in one of two ways,
either a 1:1 molar ratio of SSB to (ds)or a 2-fold molar
excess of SSB bound to (dip)at low NaCl concentrations
for formation of a complex in which two SSB tetramers are
bound cooperatively to (d¥9in the (SSB)s binding mode.

Dissociation Kinetics of a Fully Wrapped SSB(dT);o
Complex.Figure 3 shows a series of stopped-flow traces

these kinetic data according to Scheme 1 (see also Scheme
3). The apparent bimolecular rate constant for forming the
DPD* complex is (1.214 0.01) x 10* M~ s, This rate
constant is much lower than the apparent bimolecular rate
constant k; app= (2.76 &+ 0.02) x 10° M~ s71] determined

for direct binding of (dT), to a free SSB tetramer under the
same conditions24).

In principle, three eigenvalues describe the kinetic pathway
presented in Scheme 1 (or Scheme 3), and thus, the time
courses should display three exponential phases with three
observed rates and amplitudes. The fact that only a single
exponential phase is observed in our time courses suggests
that the two other phases are too fast to be detected under
our conditions. For example, the simulations shown in Figure
2 (curves 2) indicate that theoretically predicted values of
the first and second observed rakés;) andk(4,), respec-
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Scheme 3

0.4 concentrations (in contrast to the simulations in Figure 2C)
I 20 MM NaCl 0.8M NaCl e/- indicates either that the value kf; is very low or that the
L A increase inkyps With decreasing [(dT)] occurs below the
0.31% 1 lowest [(dT)o] used in our experiments.
— "n -— 4 In Theoretical Background, we show that under condi-
) 0.2 C e, i tions such thaky[D] and k;[D*] < k-, andk®, Scheme 1
2 ® & can be simplified to Scheme 2, and the observed linear
x° 1 1M NaCl // 1 dependence df,ps 0N [D] should follow eq 8 with a slope
e 0.2M NaCl (kz,app €Qual toky[K* ,/(k—» + K ,)] and an intercept equal to
| & .-— Ky + K 4pdD*], which is dependent on the concentration
2 =——0.02M NaCl of IabeIersDNA (D*). To check whether this is the case,
O-Qﬂi T —=5 —25 we performed a series of competition experiments in 1 M
0 10 20 30 40 NaCl, as described above, but varied the concentration of
1.2 — T T T 1 T ] labeled ssDNA* (D*). When the concentration of F(¢d)
B (D*) in the mixture with SSB is increased from 20 nM to
/ ] 50 nM to 100 nM, a<6% change is observed in the slope
P 2M NaBr i (see Table 1), whereas the value of the intercept increases
2 At approximately 4-fold. This result indicates that the reaction
8 1M NaBr ) pathway follows Scheme 1 (or Scheme 2), rather than simple
competitive binding to a single site. Since the intercept is
equal tok"; + k; ,,ID*] (see eq 8), approximate values of
Kiy (6 x 10% s71) and K; ., (9 x 10* M~* s71) can be
estimated from the data obtained at the three different
T 1 T T T concentrations of [F(dTF)] (20, 50, and 100 nM). This
0 5 10 15 20 25 indicates that the bimolecular rate constakf,() for
[(dT)7o] (uM) binding of F(dT)o to a preformed SSB(dT);o complex is
Ficure 4: Effects of monovalent salt concentration on the approximately 9-fold higher than the corresponding value
dependence on [(dT] of the observed ratekg,q for dissociation ~ Of Kz.app[(1.20+ 0.01) x 10* M~* s7%] for the binding of an
of F(dT), from its 1:1 SSB complex. Stopped-flow experiments unlabeled (dT} to a preformed SSBF(dT) ;o complex.
of the type described in the legend of Figure 3 were performed, Figure 4 shows the effects of [NaCl] and [NaBr] on the

and dissociation was induced by the addition of an excess of :
unlabeled (dT) (buffer T, pH 8.1, 25°C). Values ofkq,s were dependence Okobs 0N [(dT)r] for experiments performed

determined from single-exponential fits of individual time courses DY starting with a 1:1 SSB_F(dT)m complex (20 nM each)
as described in the legend of Figure 3: (A) NaCl and (B) NaBr. (buffer T, pH 8.1, 25°C). Linear dependences are observed

0.4M NaBr |

The inset shows the dependencégton [(dT).] in 20 mM NacCl. at most of the salt concentrations, with the exception of the
_ data obtainedn 2 M NaBr and 20 mM NaCl (see the inset
tively, are much larger than the valuekgfi;) at 0.2uM D, in Figure 4A). The slopes and intercepts for the linear parts

which is the lowest DNA competitor concentration used in of each curve (at high D concentrations) are listed in Table
our experiments. Therefore, it is not surprising that only the 1 (columns 4 and 5). The slopkf,) decreases-10-fold
slowest observed rate, correspondingk{@s), would be  with decreasing NaCl concentrations from 1 to 0.2 M. This
observed. Furthermore, since we observe only the linear partis accompanied by a correspondird0-fold decrease in the

of this dependence in our experiments, this indicates thatintercept. Therefore, the rate of direct transfer decreases with
ko[D] and K3[D*] < k_, andK’, under these conditions. The decreasing salt concentrations. Sieegy, reflects the rate
absence of any observable curvature at very low dT) of formation of the doubly ligated intermediate, this suggests
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Table 1: Kinetic Parameters for Binding of SSB to F(g&@nd (dT)o and for Binding of (dT) to a Preformed (1:1) SSBF(dT);0 Comple®

[NaCl] (M) ke (M~157%) K (M*sY Keapsl (M~1579) Ky + K oD% (57
0.02 (1.13+ 0.03) x 10° — — ~5 x 1074
0.2 (9.47+ 0.30) x 10° (8.0+ 0.08) x 10° (1.20+ 0.01) x 10° (4.3+0.3)x 104
0.2 (1.244 0.01) x 10° (2.6+0.4)x 10*
0.8 - - (9.59+ 0.01) x 10° (2.2+0.4)x 10°3
1.0 (2.764 0.02) x 108 - (1.214 0.01) x 10* (25+0.2) x 10°3
1.0 (1.17+ 0.01) x 10°¢ (4.4+0.1) x 10°3¢
1.0 (1.144 0.01) x 10 (9.2+ 0.4) x 1073

[NaBr] (M) ke (M~2570) K (M1sY) Ke.app(M 2 579) Ky + K pfD (57
0.4 (3.714 0.03) x 10° — (5.084 0.03) x 10° (1.354 0.25)x 1073
1.0 (1.18+ 0.01) x 108 (1.40+ 0.01) x 10P (1.91+ 0.01) x 10* (3.75+ 0.21) x 10°3
2.0 (4.24+ 0.01) x 107 (5.28+ 0.05) x 107 (4.114 0.10) x 10°9 (5.724 0.06) x 10719

a Conditions: buffer T, pH 8.1, 25C. ® Binding experiments were performed under pseudo-first-order conditions: excess gfdddr) SSB
(from ref24). ¢ Binding experiments were performed under pseudo-first-order conditions: excess of SSB over(B(@M™ NaCl and 1 M NaBr)
or excess of F(dT) over SSB (2.0 M NaBr)? Direct transfer experiments were performed under pseudo-first-order conditions: excess@f (dT)
over the 1:1 F(dT)—SSB complex [20 nM F(dT) and 20 nM SSB]¢ With 50 nM F(dT), and 20 nM SSBf With 100 nM F(dT), and 20 nM
SSB.9With 120 nM F(dT), and 20 nM SSB. Rate constants are defined as in Schemes 1 and 2.

that it becomes more difficult to bind the second molecule T, pH 8.1, 25°C). When Cy3(dTg binds to SSB, its Cy3
of (dT);o to the 1:1 complex at low salt concentrations. fluorescence is enhance@4j, and thus, we observe a

Interestingly, we observe no evidence for direct transfer decrease in the Cy3 fluorescence upon dissociation of
at the lowest NaCl concentration (20 mM) (see the inset of Cy3(dT)o from SSB. A series of time courses from one set
Figure 4). Instead, after the initial hyperbolic decrease in Of experiments is shown in Figure 5A. All of the resulting
kobs @ plateau value fokops0f 5 x 1074 571 is observed at ~ time courses are described well by single-exponential
>15uM (dT)7o. This is the expected behavior for a simple decreases in Cy3 fluorescence, with no evidence for multi-
competitive binding between a lower-affinity ligand [(df]) ~ €Xponential behavior. The resulting plots kfs versus
and a higher-affinity fluorescent ligand [F(dd)for the same  [(dT)z] for the three concentrations of Cy3(ddare shown
site on the SSB. Therefore, under these low-NaCl concentra-in Figure 5B. Each data set shows a dependence on/[{dT)
tion conditions, we see no evidence for formation of a doubly (D) that is similar in shape to that obtained with the F@T)
ligated SSB intermediate. DNA in 2 M NaBr (see Figure 4B) and to the behavior

The behavior okossin 2 M NaBr (see Figure 4B) displays predicted for Scheme 1 (see Figure 2C). The slopes at high
both the hyperbolic and linear behavior and corresponds well (dT)7o concentrations are the same for each 1seiof data with
to the behavior predicted in the simulations in Figure 2C. In 2" 8veragé apvalue of (3.53k 0.28)x 10'M™*s™, which
the nonlinear regiod[(dT):] < 2 uM}, the magnitude of 1S €l0se t0 thegappvalue of (4.11+ 0.10) x 10° M~ s
kops decreases from-1.2 to ~0.65 s and then increases obta!ned with thg F(dT) DNA. Thg corresponding intercepts
linearly up to~1 s at 104M (dT)7o, with a slope Kaap) optalned upon linear gxtrapolatlon of the_data obtalrjed at
of (4.11+ 0.02) x 10° M~* 5% and an interceptk( , + hlgh (dT);o concentrationsa 0 M (dT) 1mcrease .Wlth
K;ap;{D*]) of 057 + 0.01 s These values are ap- increasing [Cy3(dTgy] from 0.32 to 0.41 st, as predicted

proximately 8- and 420-fold higher, respectively, than the 2Y €d *8' From these data and eq 8 l(intercepkil *
corresponding values determined in 0.4 M NaBr, which is 2.apdP]); We_lcal_ciu_late ak’; of 0.30 s™ and ak; 4y of
the lowest concentration of NaBr used in the experiments 10-8 x 10° M~ s™*in 2 M NaBr, which are 500- and 12-

(see Table 1). fold higher, respectively, than the corresponding valuesin 1
Dissociation Kinetics of a 1:1 SSECy3(dT)e Complex M NaCl. o .
in 2 M NaBr. The dependences &y on [(dT)q observed Lower uncertainties in the estimates of all of the rate

for dissociation of F(dT;), from a 1:1 complex with SSB  constants in Scheme 2 were obtained upon performing a
follow the behavior predicted by Scheme 1. As noted above, 9lobal nonlinear least-squares fitting of all three sets of data
data obtainedn 2 M NaBr display behavior that is similar  in Figure 5B using eq 5b. This was done in two ways, either
to the behavior shown in the simulations in Figure 2C over by constraining the values dfy and Kk to their values
the entire range of competitor DNA concentrations ([D]) that obtained in independent experimenis € 4.2 x 10’ M~*
were used (compare Figures 4B and 2C). To further probes™ andk; = 8.2 x 10° M~ s71) or by letting all six rate
this mechanism, we performed additional experiments at 2 constants float independently. The resulting rate constants
M NaBr by varying the concentration of the fluorescently are given in Table 2 (columns 3 and 4, respectively) and
labeled DNA (D*) used to preform the complex with SSB, indicate that constraining the values &f and ki had
since Scheme 1 predicts that this should affect the depen-no effect on the values of the other rate constants within
dence ofksps 0N [D]. our uncertainties. From this analysis, we obtaik*a of
These direct transfer experiments were performed using0.029 + 0.01 s* and ak-; of 1.9 + 0.3 s? as the rate
ssDNA labeled with a different fluorophore, Cy3. The constants for dissociation of Cy3(d§and (dT}o, respec-
Cy3(dT)ks (20, 50, or 100 nM) was pre-equilibrated with tively, from their 1:1 complexes with SSB. The latter value
SSB (20 nM) before mixing in the stopped-flow instrument agrees well with thé, of 1.60+ 0.03 s obtained from
with a large excess of unlabeled (ddin 2 M NaBr (buffer our previous direct mixing experiment24).
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Table 2: Kinetic Parameters for Direct Association of SSB with Cy3{gand (dT}, and for Binding of (dTjo to a Prebound SSBCy3(dT)y
Complex n 2 M NaB@

direct mixing experiments competition experiments
kk(M~ts™) (4.2+0.1) x 107 4.2 x 10 (fixed) (2.5+£0.9) x 10°
ko1 (s 1.60+ 0.03 1.92+0.04 1.94+0.31
Ki(M~ts™) (8.2+0.1) x 10/ 8.2 x 10 (fixed) (5.44+ 1.5) x 10/
(8.4+0.4) x 10/
K (s - 0.29+ 0.01 0.29+ 0.01
koapp(M~ts7Y) - (3.6+0.1) x 10* 3.7+ 0.2) x 10*
Ko app(M~ts7) - (8.1+1.3)x 1® 6.7+ 1.7)x 10°

aConditions: buffer T, pH 8.1, 25C. ? Binding experiments were performed under pseudo-first-order conditions [data fas fidh) ref 24].
¢ Competition experiments performed under pseudo-first-order conditions: excessgfofedr)the Cy3(dTgy—SSB complex (see Figure 5). Data
were fitted simultaneously to eq 5b wilh andk; fixed according to values obtained in direct mixing experiments (column 3) or by floating all
parameters (column 4). Rate constants are defined as in Schemes 1 and 2.

Cy3(dT)ye complex and for the binding of Cy3(dg)to an

[2]

§ AR DRSO ERS R, SSB—(dT)7 complex, respectively (see Scheme 2). Although
= 0 $SB:Cy3(dT),,(10:50 M) ) these differ significantlyk; ,,/kz.app> 22), recall that both

PR of these apparent rate constants are actually defined as
5 . lam, =03 v follows: Kpapp = ke[K' /(K2 + K*»)] and K uoo = Ki[k-/

by oM (k-2 + K°,)] (see Theoretical Background). In fact, we
e 01 ST could resolve the actual values kif andk; if estimates of

8 ™ ' k-, and kK*, (see Scheme 1) were available. However,
§ values of these dissociation rate constants could not be
a A ' I— determined directly from our studies since the reactions are
§ 0.2 N iloprise s too fast. Nevertheless, if we assume that the ratio-gk” ,

T o 2 4 6 8 10 is the same as the ratio &f/K*; (1.9 s%/0.29 s* ~ 6)

(see Table 2), we predict thkt = 2.5 x 1° M1 s tand

K; = 9.5 x 10° M~ s7L. Thus, these two bimolecular rate
constants may differ by a factor of as little as 4, which is
quite similar to that observed for the ratio kif'k;, which

is 2.

Comparison of Kinetic and Equilibrium Studies of the
Binding of Cy3(dTgy and F(dT), to the SSB Tetrametn
our previous stopped-flow studies, we have shown that in
1.0 M NaCl (buffer T, pH 8.1, 25.0C), the kinetics of
formation of a fully wrapped 1:1 complex of SSB are
identical regardless of whether we used unlabeled-{dr)

[Cy3(dT)g,]=20 nM B the doubly labeled Cy5(d§)Cy3dT 24). This suggests that
; T T there is little influence of the fluorescent probes attached to
0 5 10 15 the ssDNA under these conditions. However, in the study
[(dT),,] (uM) presented here, we find that the apparent bimolecular rate
FiIGURe 5: Kinetics of dissociation of Cy(dFg from a 1:1 complex cons_tgnts obtained at high NaBr Cor_wcentratlons are more
with SSB upon addition of an excess of (4)(A) Cy3(dT)s sensitive to whether the ssSDNA contains a fluorescent label.

fluorescence time courses were obtained by mixing a preformed Stopped-flow experiments monitoring either the SSB Trp

SSB-Cy3(dT)s complex (20 and 50 nM, respectively) with varying  fluorescence or the F/Cy3 fluorescence of the ssDNA*
concentrations of (dT%) in the stopped-flow apparatus (2 M NaBr,

buffer T, pH 8.1, 25°C). The final concentrations of (d%)are indicate f[hat the apparent bimolec_ular rate constekﬁxt;a,re
indicated above each trace. Solid lines are the best fits of the time Slightly higher than the corresponding valuesodetermined
courses to single-exponential functions using eq 1 (wits 1) for unlabeled (dT) (see Tables 1 and 2). The largest

fromfwhic_h Valfu[((achi,f](ObsweEje obtaineg.f(B) Values tkf,bspbtteg_ o difference is observeadi2 M NaBr wherek; = (4.2 £ 0.1)

as a function of [(dT)] were determined from experiments in whic 7 N1 o1 _ 7 N1 1

the concentration of Cy3(ddgin the preincubated complex with x 10"M™ s7% for (dTro, Wl (53 0'1)7X 191 Mﬂ S

SSB was varied: 4) 20 nM SSB and 20 nM Cy3(dgy m) 20  for F(dT)o and ki = (8.2 £ 0.1) x 10 M~* s* for

nM SSB and 50 nM Cy3(dEy, and @) 20 nM SSB and 100 nM  Cy3(dT)e. The negative intercepts observed in each of these
Cy3(dTke Solid curves are simulations based on the best fit experiments indicate that[ssDNA*] > K*,, making it

arameters resulting from a global fit of all three data setsto eq 5b ... . . .
E)Scheme 2): Kku |_go 29 4 801 gl' K, = 1.92+ 0.04 st 9> difficult to obtain a reliable estimate & , based solely on
R = . . y —1 — . . y

Koapp= (3.6 0.1) x 10°M 153, andki = (814 1.3)x 15 NESE EXperiment24).

M1slif ky=4.2x 10 Mt st andk' = 8.2 x 10* M1 5L, As opposed to titrations performed in NaCl, those per-
formed in buffers containing high NaBr concentrations can
This global analysis also yieldska app 0f (3.6 + 0.1) x be used to obtain accurate estimates of equilibrium binding

10 Mt st and ak; ,,,0f (8.1+ 1.3) x 1° M~ s7%, the constants Kqn9 for the SSB-(dT);o interaction. Binding
apparent rate constants for the binding of (19 an SSB- isotherms obtained by titrating SSB (QuM) with (dT)7o,
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Table 3: Kinetic and Equilibrium Data for (d%) F(dT), and Cy3(dTds Binding to SSB in the Presencé ® M NaBr To Form a Fully
Wrapped (SSB} Complex

Kobs(M_l)
ssDNA equilibrium titration ki/k-1 (M™1) ki (M~ts™) ko1 (s7h)
dT7e (2.7+£0.1) x 107 (2.6+£0.1) x 107 (4.2+£0.1) x 107 1.60+ 0.03
FdT7o (8.6+0.7) x 107 >(9.24+0.1) x 10 (5.3+0.1) x 107 <0.57+0.01
Cy3dTee (2.1+£0.2) x 10 (2.8+£0.1) x 10° (8.2+£0.1) x 10 0.29+ 0.01

aConditions: buffer T, pH 8.1, 25C. ? Data from ref24.

o . . , molecule. As was observed with F(d§,)the time courses
'{E. 084 C;»(’j%% for dissociation of F(dTgs from SSB upon addition of excess
g (dT)mm (dT)ss (see Figure 7) are described well by Scheme 1 (see
% 064 i also Scheme 4). However, as we discuss below, for the
e F(dT)s experiments, we now observe that the rate-limiting
§ step in the direct transfer process is the rate of dissociation
s 041 | of F(dT)s from the doubly ligated SSB tetramer, indicating
T that K*, < kg[D]. This behavior is clearly different from
f:“ 02 | that which was observed for the (d§kinetics, where we
@ found that the direct transfer rate was limited by the binding
» 0= 107 100 of the second molecule of (d%)(k[D] and k}[D*] < k-,
[ssDNA] (M) andk’,).
FIGURE 6: Equilibrium isotherms for the SSB tetramer (Qu) Figure 7A shows kinetic time courses for dissociation of

binding to (dT)o (a), F(dT), (M), and Cy3(dT), (®) performed F(dT)s from a 1:1 complex with SSB (20 and 20 nM) upon
by monitoring the quenching of SSB Trp fluorescence (buffer T, addition of an excess of unlabeled (gn 0.4 M NaBr
pH 8.1, 2 M NaBr, 25°C). The solid lines are the best fits to a  ffer T, pH 8.1, 25°C). In contrast to what was observed
single-site binding model with the fitting parameters listed in ith th ,I 'dT the i hibit t

Table 3. wi e longer (dTy,, the time courses exhibit two expo-

nential phases, indicating that at least two steps are needed

F(dT)o, or Cy3(dT)e and monitoring SSB Trp fluorescence 0 describe the dissociation of F(dd)These time courses
are shown in Figure 6 (buffer T, pH 8.1, 2 M NaBr, 25). were f|F to a double-exponential function (gq 1 with= 2)
These titrations indicate that SSB binds with highest affinity {0 0btain the observed ratdgs 1andkosz which are plotted
to Cy3(dT)s and lowest affinity to (dTp. The values of @S @ function of [(dTy] in panels B and C of Figure 7,
Kobs Obtained by fitting these isotherms to a 1:1 binding reSpectively. The observed rate for the fast phasg §
model are listed in Table 3. It is interesting to compare these iNcreases linearly with [(dEj], with a slope of (2.56¢ 0.07)

equilibrium constants with the values ki’k ; determined X 10’M™*s™and anintercept of 8.5% 0.39 s**. However,
from our stopped-flow kinetic experiments with (d3) the rate for the slower phasks ) increases hyperbolically

F(dT)o, and Cy3(dTye under the same conditions (see Tables with increasing (dTg concentrations, reachmg_ a plateau
1 and 2). The ratiosk/k_1, are also presented in Table 3 Vvalue of~1.5-1.6 s*at>2uM (dT)ss. The behavior shown
and agree well with the values s Both of these results 1" Paneéls B and C of Figure 7 is qualitatively similar to the
indicate that i 2 M NaBr the affinity of SSB for (dT) S|mulat_ed behavior of the th_eoretlcal ratdg,) and k(1s) _
increases approximately 3- and 10-fold, respectively, upon shown in panels B and C of Figure 1. Therefpre, on the basis
incorporation of fluorescein and Cy3 at theehd of the  Of Scheme 1 (see also Scheme 3), we ascribe the fast phase
ssDNA, indicating that these dyes are involved in direct t© the formation of the doubly ligated D*PD intermediate,
interactions with the protein. characterized by_ the bimolecular rate constengiven by
Dissociation Kinetics of 1:1 Complexes of F(gslBound the slope of the linear dependencekgk..on [(dT)]. Then
to an SSB TetrameiTo determine whether the availability thf hyperbollci dependence ki, ; reflects dissociation of
of free DNA binding sites on the SSB tetramer influences D* from the D*PD complex,_ and the plateau \_/alu_e IS given
the kinetics of dissociation of a prebound ssDNA, we DY K2+ K[D*]. A rough estimate of the contribution from
performed experiments with a shorter oligonucleotide, 44T)  thek;[D*] term can be obtained by assuming that~ k, =
An SSB tetramer can bind two molecules of (¢Tpt 3 x 10" M™* s™% Then at 20 nM F(dT}, we estimate
saturation, and on average, each (gTteracts with only ~ K[F(dT)s| = 0.6 %, from which we estimaté& , ~ 1 s™.
two SSB subunits. Furthermore, the first (gsTinolecule Similar experiments examining the kinetics of transfer of
binds with much higher affinity than the second, reflecting SSB from F(dT3s to (dT)ss were also performed at 20 mM
significant negative cooperativity, which is also dependent and 0.2 M NacCl, and the results are summarized in Table 4.
on salt concentration and typ&7 30, 31). Therefore, a  As was observed in 0.4 M NaBr, the time courses can be
second ssDNA binding site will be unoccupied in a pre- described by two exponential phases, although in 20 mM
formed 1:1 complex of SSB bound to (df) To better and 0.2 M NaCl there was an indication that a third low-
compare these experiments with those performed with amplitude phase (contributing up te15% to the total
F(dT),o—SSB complexes, we used (d7)labeled with amplitude) is also present. We ascribe the third phase to the
fluorescein [F(dTy]. In a 1:1 complex with SSB, the F(d3) fact that at these NaCl concentrations a small population of
is bound stoichiometrically, thus leaving two unoccupied complexes can form in which one SSB tetramer has two
subunits available for the binding of a second (@dT) molecules of F(dTg bound (D*PD* complex), in addition
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Ficure 7: Kinetics of F(dT)s release from a 1:1 complex with SSB (0.4 M NaBr, buffer T, pH 8.1,°€%. (A) Time courses were

obtained by monitoring fluorescein (F) fluorescence enhancement upon mixing a preformed £E@$Bs (20 and 20 nM, respectively)

with the following final concentrations of (dJgafter mixing: (1) 0.19, (2) 0.49, (3) 0.98, (4) 1.96, and (5) 342 Each time course is

biphasic with a fast phase that is distinguishable when plotted on a 200 ms time scale (see the inset). (B and C) Obséxyedarades
kobs,a respectively, obtained from fitting each time course to a double-exponential function using eq h ¢wif) plotted as a function

of [(dT)zg]. The parameters obtained from a linear least-squares fit of the data in panel B ate 8.3% s* (intercept) and (2.56 0.07)

x 10" M~t s71 (slope).

Scheme 4

(dT)*ss

PD* D PD D*

to the PD* complex which is the major species formed. Table 4: Kinetics of (dT3 Binding to a Preformed 1:1
Hence, we also observe dissociation of FgTjom the SSB-F(dT)ss Complex

D*PD* complex as a third phase. This third phase may also first phase second phase
be present in the time courses performed at 0.4 M NaBr; (linear) (hyperbolic)
however, its amplitude is sufficiently low that it is undetect- salt ke(Mts?) intercept(sl) K,+ K[D¥ (s
able._We do not be_Iiev_e that this third phase is relevant t0 502 M Nach (33+09)x 1 42402 03
the direct transfer kinetics, and thus, we have not considered (22+0.1)x 10F  4.840.2 ~0.3
it further. 0.2 M NaCl >6.3x 100 21405 ~0.1
YV ~

For the data obtained in 20 mM NaCl, the observed rates >4 MNaBr_ (26£0.1)x 10" 86+04 ~1.6

for the fast phase increase linearly with [(g5] with a slope aConditions: buffer T, pH 8.1, 28C. Binding experiments were

1 e . erformed under pseudo-first-order conditions: excess of:{@ler
kflof 22-3.3x 10° M7 s and an mtercem of 4:24.8 . tphe SSB-F(dT)s cgmplex (20 and 20 nM, respectivel;P)Thesﬁestﬁts

s The rate constant for the slower phase is a hyperbolic of 1o sets of experiments are listed. Rate constants are defined as in
function of [(dT)s] with a plateau value 0f0.3 s'. Analysis Scheme 1.

of the data in 0.2 M NaCl gives a correspondiagalue of
(6.3+ 0.1) x 10° Mt st and an intercept of2.1 + 0.5 of 0.2—-0.8uM]. The observed rate for the slower phase does

s ! for the fast phase [over the (diF)concentration range  not exceed~0.1 s'*. On the basis of these data and the data
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obtained in 0.4 M NaBr, we conclude that the formation of 0.4
the D*PD complex with (dTg is fast = 2.2 x 1 to K
6.3 x 10/ Mt s1) and that the rate-limiting step is 11 4 %g 1
dissociation of D* [F(dT)s from the D*PD complex, [\
occurring with a rate constant ranging from 0.1 to 1.6 s :@"
(see Schemes 1 and 3). This indicates that although the ©
overall rate of direct transfer is faster for SSB bound to the =
shorter (dT}s, the rate-limiting step for direct transfer is not L 0.24 3 T— .
the rate of formation of the doubly ligated complex, as is m — 5
the case with (dT), but rather the rate of dissociation of = ] T
the fluorescently labeled ssDNA* from this complex. This O 014 2 0.5 M NaCl W
presumably reflects the fact that there is an available SSDNA '
binding site on the 1:1 SSB(dT)ss complex to which a ] ]
second ssDNA molecule can rapidly bind. 1 0.02 M NaCl —

We note that as opposed to the experiments performed in -+
0.4 M NaBr and 20 mM NacCl, the dependencekgf ; on 0 20 40 60 80 100
[(dT)zg] in 0.2 M NaCl (data not shown) is not linear over Time (s)
the entire range of competitor concentrations and starts to ) )
deviate toward lower values abovel uM (dT)ss. The fit FIGURE 8: CyE_> FRET I_evels for Cy5(dE3Cy3dT and its various

. . complexes with SSB: curve 1 (green), Cy5 FRET for free

of this dependence d§ps 10n [(dT)sg] to a hyperbola predicts  cy5(gT),Cy3dT (10 nM) in 20 mM NaCl; curve 2 (red), Cy5
a plateau value at approximately 280.sThis behavior may ~ FRET for free Cy5(dTeCy3dT (10 nM) in 0.5 M NaCl; curve 3
provide evidence for an additional step in Scheme 1 (magenta), Cy5 FRET for Cy5(ddgfCy3dT (10 nM) in an (SSB}
following formation of the doubly ligated complex (DPD*), gorg(%:%(a (‘é‘”g‘ ; _I%S(?ursdéo4r}'g/:&e[)tv‘{[?mgigugngg‘gﬁn b(?[ﬁgdrapﬂ
prior to the rgleafe of D*, I_n.r_:my case, the slope [(&,3 tre){nsition5 (i):mrea’se in Cy5 FRéT within 100 ms) frgm the g:l
0.1) x 10" M~* s¥] of the initial part of the hyperbolic  (SsB). complex (40 nM SSB and 10 nM DNA) in 20 mM NaCl
dependence still provides a lower limit for the bimolecular to the (SSBYs complex induced by the addition of NaCl to a final
rate constant for the binding of D to the PD* complex. In concentration of 0.5 M; and curve 5 (orange), time course showing
fact, in previous stopped-flow studies of (@7 pinding to the rapid transition (increase in Cy5 FRET within 100 ms) from

s the 2:1 (SSBy complex (40 nM SSB and 10 nM DNA) in 20 mM
SSB performed under the same conditioé)(we deter- NaCl to the (SSB) complex followed by the much slower decrease

mined a bimolecular rate constant for binding of the second in cy5 FRET reflecting dissociation of Cy5(ckECy3dT from its
(dT)ss molecule to the SSB tetramer of (1.830.04) x 10° (SSB)s complex into solution upon addition of an excess of (gT)
M~1 s~ by monitoring quenching of the SSB Trp fluores- (final concentration of %M) along with an increase in the NaCl
cence. This is within a factor of 2 of the value we obtain concentration. All experiments were performed in buffer T at pH

. 8.1 and 25°C.
from the slope of the linear part of the plot kf,s 1 versus
[(dT)sg]. Therefore, in Table 3 the value &fin 0.2 M NaCl For our kinetics experiments, we prebound two SSB
is listed as>6.3 x 10’ M1 s2, tetramers to Cy5(dFCy3dT, which is labeled with the Cy3/

Kinetics of Direct Transfer of SSB Tetramers Bound Cy5 FRET pair such that Cy5 is at theénd and Cy3 is at
Cooperatiely in the (SSBy Binding Mode All of the the 3-end. We used this DNA since the Cy5 FRET signal
experiments discussed above start with complexes in whichobtained by exciting the Cy3 donor and monitoring the Cy5
a single SSB tetramer is prebound to an oligodeoxynucleotideacceptor fluorescence differs significantly when the SSB is
in a 1:1 complex. However, at low salt concentrations, SSB bound in the fully wrapped (SSB)mode (1:1 complex)
tetramers can bind with positive “unlimited” cooperativity versus when two SSB tetramers are bound in a 2:1 complex
to long ssDNA & 70 nucleotides) in the so-called (SSB)  in the (SSB)s mode versus when the ssDNA is free as shown
binding mode 8, 10, 11). On the basis of studies of SSB in Figure 8. Line 1 in Figure 8 shows the Cy5 (acceptor)
binding to (dA)o, a nearest neighbor unlimited cooperativity FRET signal of the free DNA (10 nM) in 20 mM NacCl.
parametere, has been estimated to bel(®® (buffer T, pH Upon addition of 40 nM SSB to the 10 nM DNA, a 2:1
8.1, 125 mM NacCl, 25.0C) (12). We therefore sought to  (SSB)}s complex is formed with an approximately 4-fold
determine if the kinetics of SSB transfer were influenced if increase in the magnitude of the Cy5 FRET signal (line 3),
two SSB tetramers were bound cooperatively to the samesuggesting that the two ends of the DNA within this complex

molecule of (dT), in the preformed complex. are closer together on average than in the free DNA. When
In the (SSBys binding mode, ssDNA interacts with an  [NaCl] is increased from 20 mM to 0.5 M, the SSBSDNA
average of two subunits of the tetramér 8, 31). Equilib- complex undergoes a transition to the fully wrapped 1:1

rium ITC and analytical ultracentrifugation experiments (SSB)}scomplex, which has an even higher-magnitude Cy5
performed with (dT) at <20 mM NacCl (A. G. Kozlov and FRET signal (line 4) due to the fact that the two ends of the
T. M. Lohman, unpublished results) indicate that binding of Cy5(dT)%sCy3dT DNA are closer together in this complex
(dT)z0 to SSB is much stronger than to (dé)and at high (18, 24). As shown in Figure 8, this transition from the 2:1
binding densities, the only complexes observed are those in(SSB}s complex to the 1:1 (SSB) complex occurs within
which two SSB tetramers are bound to a single molecule of ~100 ms. It is interesting to note that the FRET signal of
(dT)70. However, upon titration with additional (d7) dis- the free ssDNA [Cy5(dTgxCy3dT] is also sensitive to the
sociation of the cooperative complex occurs, accompaniedsalt concentration, increasing approximately 2-fold as [NacCl]
by the formation of fully wrapped 1:1 SSEdT);o com- increases from 20 mM to 0.5 M (lines 1 and 2 in Figure 8,
plexes. respectively). This reflects the fact that the average distance
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Ficure 9: Kinetics of the transition from an (SSBxomplex [2:1 SSB-Cy5(dT)%sCy3dT complex] to a 1:1 (SSB)complex upon addition

of excess (dTp by monitoring Cy5 FRET. (A) Cy5 FRET fluorescence time courses obtained upon mixing the SSRIT):Cy3dT

complex (40 and 10 nM, respectively) with increasing concentrations of{@@p2 M NaCl, buffer T, pH 8.1, 28C). The concentration

of (dT);o was varied from 0.2 to @M (final concentrations). Each time course was fit to a single-exponential decay using eq b fwith

1) to obtaink,ps The fits are indistinguishable from the traces shown, but are not shown in the figure. The increase in the magnitude of the
Cy5 FRET signal corresponds to the transition from a 2:1 ($Sf#®mplex in which two SSB tetramers are bound to Cy5{dy3dT to

the (SSBys complex in which one Cy5(dE3Cy3dT molecule is bound to one SSB tetramer. (B) Dependence ong{@T kops Obtained

from the single-exponential fits of the Cy5 FRET time courses shown in pan@)Autd dependence on [(d/f) of kops Obtained from

similar experiments as in panel A, but by monitoring the changes in SSB Trp fluorescence quefghing (

Scheme 5
(SSB)3s (SSB)ss (SSB)es

(dT)70 (dT)70 Cy5(dT)esCy3dT

between the ends of the highly flexible ssDNA decreases Cy5(dTysCy3dT is fully wrapped around a single SSB
with increasing salt concentration, due to an electrostatic tetramer in the (SSBJ binding mode. Therefore, it appears
screening of the phosphate charges in the DNA. that after the unlabeled (d7&)binds to the SSB tetramers in
To examine the kinetics of SSB transfer from coopera- complex with the Cy5(dTCy3dT DNA, further fast
tively bound (SSB) complexes, we premixed 10 nM reorganization of the complexes occurs, resulting in the
Cy5(dT)xsCy3dT with 40 nM SSB tetramer in 20 mM NaCl formation of 1:1 fully wrapped complexes at equilibrium.
(buffer T, pH 8.1, 25'C) so that the initial complex consists  This is indicated in the kinetic pathway shown in Scheme
of two tetramers bound to the ssDNA in the (S&jinding 5, where the binding of the second ssDNA molecule induces
mode. The resulting changes in the Cy5 FRET signal were a very fast (probably irreversible) disproportionation reaction
then monitored in a stopped-flow experiment upon addition to form two (SSBgs complexes. The rate of dissociation of
of an excess of unlabeled (df)Figure 9A shows stopped- (dT)z from these (SSBy complexes is very slow~5 x
flow traces obtained after mixing the SSBsDNA complex 104 s%) under these low-salt conditions (20 mM NacCl),
with varying concentrations of (d7g (from 0.2 to 6uM). based on the data obtained with F(gT({see the inset of
Each time course shows a single exponential increage ( Figure 4A). This would explain why we do not see any
fold) in the magnitude of the Cy5 FRET signal. The observed appreciable dissociation of Cy5(¢igy3dT from the 1:1
rates Kon9 increase linearly with increasing (d:gxoncentra- (SSB)s complexes at longer times even upon introducing a
tions as shown in Figure 9B, indicating that dissociation of very large excess of competitor (d¢}i.e., there is no slow
SSB from the 2:1 (SSBy complex occurs via the transient  decrease in the magnitude of the Cy5 FRET signal after the
formation of an intermediate in which two sSDNA molecules plateau value is reached in the time courses in Figure 9A).
are bound to at least one SSB tetramer (possibly both). TheHowever, the rate of dissociation of Cy5(¢dgy3dT from
slope of the line in Figure 9B [(1.98 0.02) x 10° M1 a 1:1 (SSBy complex is expected to increase with increasing
s 1] is the apparent bimolecular rate constant for the binding salt concentrations. Therefore, if upon addition of the excess
of unlabeled (dTy to the (SSB)s complex. Similar experi-  unlabeled (dT) to the (SSB)s complex in 20 mM NacCl
ments monitoring the additional SSB Trp fluorescence we also increase [NaCl], then we might observe dissociation
(~35—40%) quenching that accompanies the transition from of Cy5(dT)sCy3dT following the rapid formation of the
the (SSBjs to the (SSB)s complex {7) show the same  (SSB)s complexes. Curve 5 in Figure 8 shows the time
dependence df,pson [(dT),] with a nearly identical slope  course from such a stopped-flow experiment in which a
of (1.784 0.02) x 10° Mt s (see Figure 9B). preformed (SSB} complex (10 nM Cy5(dTgsCy3dT and
The final plateau value in the time courses shown in Fig- 40 nM SSB final concentrations) in 20 mM NaCl was mixed
ure 9A corresponds to the expected FRET signal when with a large excess of (d%)(10«M) in 1.0 M NaCl, yielding
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final concentrations of &M (dT)s, and 0.5 M NaCl. Within binding of the first ssSDNA molecule to an SSB tetramer
100 ms, the magnitude of the Cy5 FRET signal increases, occurs with a very rapid, nearly diffusion controlled red)(
indicating formation of a 1:1 (SSB) complex with the Since each SSB tetramer has four potential binding sites for
Cy5(dTxsCy3dT DNA, but this is followed by a much ssDNA, binding of a second ssDNA molecule is possible
slower decrease in the magnitude of the Cy5 FRET signal, (although with a lower rate) if some of the SSB subunits
reflecting dissociation of Cy5(dgCy3dT from the complex  are not involved in direct binding interactions with the first
with an observed dissociation rate of 0.023 €\s expected, = ssDNA molecule. Once the doubly ligated (DPD*) complex
this rate falls between the values of 0.051 and 0.007 s is formed, both ssDNA molecules have the potential to
measured in 0.8 and 0.2 M NacCl, respectively, for the dissociate from the complex with equal probability if the
dissociation of F(dT) from a 1:1 fully wrapped SSB  DNA molecules are identical. If dissociation of the first

complex induced by the addition of an excess al\b (dT)7o ssDNA molecule occurs, then the SSB remains bound to the
(see Figure 4A). second DNA molecule and the direct transfer reaction is

completed. In general, the ssDNA that is present in larger
DISCUSSION excess will determine the net direction of the process. In

our case, the reaction is set up to proceed in the direction of
net formation of the complex with unlabeled ssDNA which
will be accompanied by the release of labeled ssSDNA* into
solution.

Direct transfer of proteins between DNA sites, or inter-
segment transfer, has been reported for a number of proteins
including E. coli lac repressor 2), E. coli SSB @0), E.

coli recA protein 83), and histonesdd), as well as the DNA The major evidence for this type of direct transfer process
intercalating (_jye ethidium 30). Dlrec.t transfe_r of t_he is that the observed rate of dissociatidt,s Of a fluores-
homotetrameridac repressor, along with one-dimensional .o japeled donor sSDNA (D*) from the SSB tetramer
sliding of th? protein, hgs be‘?” postulated to play a r.ole N increases with increasing concentrations of an unlabeled
the mechanisms by which this gene regulatory protein can ,.centor sSDNA. This increase kgysis linearly dependent
!o_cate its specmq D_NA binding site, tHac operator, When_ _on [D] when [D] > [D*]. This type of reaction pathway

it is embedded within a large region of otherwise nonspecific requires a DNA binding protein to possess multiple (at least

DNA (36, 37). two) DNA binding sites. In fact, early studies by Schneider

On the basis of nitrocellulose filter binding studies of the and Wetmur 20) with E. coli SSB bound to ssDNA (375
kinetics of dissociation oF. coli SSB from natural ssSDNA,  nucleotides) much longer than those used in our experiments
Schneider and WetmugQ) concluded that clusters of SSB  jndicated that SSB could undergo such a direct transfer
could be transferred from one ssDNA molecule to another reaction. In the experiments reported here, we have studied
without proceeding through a free SSB intermediate. Thesethe direct transfer of individual SSB tetramers starting with
conclusions were based on analyses of the magnitude of theyell-defined SSB complexes formed with much shorter
dissociation rate constant and its dependence on solutiongligodeoxythymidylates [(dE} and (dT)]. In this way, we
viscosity, temperature, and the length of the acceptor ssDNAcould examine the effect on the rate of the transfer reaction
molecules. Although the evidence for such a direct transfer of the availability of free SSB subunits in the preformed
reaction is good, one major test of such a mechanism notSSB-ssDNA complex. The use of these well-defined
performed by Schneider and Wetma0) is that the rate of ~ complexes enabled us to obtain quantitative information
ssDNA dissociation should increase with acceptor DNA aphout the rate constants for many of the steps along the
concentration. Furthermore, since the ability of tecoli reaction pathway, to determine the rate-limiting steps, and
SSB tetramer to form different binding modes on long to understand how these rates are influenced by the type of
sSDNA had not been recognized at the time of these first complex formed and the solution conditions under which
experiments, the influence that the different SSB binding the reaction occurs.

modes might have on such transfer reactions had not been pjrect Transfer Requires the:Ailability of Free ssSDNA
assessed. For these reasons as well as to obtain detaileglinding Sites on the SSB Tetram@ur results clearly
kinetic information about the rates, intermediates, and rate- jndicate that a direct transfer reaction requires that the-SSB
limiting steps involved in such a direct transfer reaction, we p= complex have unoccupied DNA binding sites available
have performed detailed stopped-flow studies of the kinetics for the binding of the acceptor ssDNA. This conclusion is
of transfer of SSB between two DNA molecules. These evident by the large differences in the rates of SSB transfer
studies were designed to examine the kinetic mechanism ofwhen the SSB complex was initially formed with donor
transfer of individual SSB tetramers from well-defined strands of (dT& versus (dT}0 Table 5 compares the rate
complexes of SSB formed in its different binding modes constants for the direct transfer reaction for these-S&ihor
using ss oligodeoxythymidylates while monitoring intrinsic  pNA complexes. Under all salt conditions in which a 1:1
fluorescent signals from the SSB (Trp residues) as well as SSB-donor DNA complex is preformed, the observed rate
extrinsic fluorescence probes attached to the ssDNA. of binding the acceptor DNA is much slower when the donor
The kinetic competition experiments reported here provide strand is (dTj.. At 200 mM NaCl and 0.4 M NaBr, the rates
clear evidence that tHe. coli SSB tetramer can be transferred are >5 x 10* and ~5 x 10°*-fold slower, respectively
directly from one ssDNA molecule to another without (compare columns 2 and 5 of Table 5). At 20 mM NacCl,
proceeding through a free protein intermediate. This direct direct transfer is so slow from a 1:1 SSBEIT);o complex
transfer reaction proceeds through a doubly ligated SSBthat it is undetectable, whereas the apparent rate constant
intermediate (DPD* in Schemes 1, 3, and 4) in which the for binding an acceptor ssDNA to a 1:1 SS@IT)ss complex
SSB tetramer is transiently bound to the two ssDNA mole- is 3.3x 10° M~ st under the same conditions. These large
cules simultaneously. We have shown previously that the differences appear to reflect the fact that the rate of binding
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Table 5: Binding and Dissociation Rates for Direct Transfer of SSB from Preformed {S8R) (SSBgs Complexed

Preformed (SSB)ss (SSB)ss (SSB)3s
complexes
SSB-F(dT)3s SSB-F(dT)7 SSB-Cy5(dT)ssCy3dT
SALT (dT)3s Binding Dissociation (dT)7 Binding Dissociation (dT)7 SSB
Binding Dissociation
k2
k2 kZ[D]max k*-z kz,app kz,app[D]max k*-2
RATE RATE
LIMITING LIMITING
or's™h () () o's™h () (€] oM's™)
0.02M
NaCl (3.310.9)x10° ~23 ~0.3 - - - (1.8-1.9)x10° Very fast
(k" 1=5x10"")
02M
NaCl >6.3x107 >250 ~0.1 (1.240.1)x10° ~0.012 >>0.012 -
04 M
NaBr (2.620.1)x10’ ~100 ~1.6 (5.140.3)x10° ~0.10 >>0.10 - -

a Conditions: buffer T, pH 8.1, 28C. Rate constants are defined as in Schemes 1 and 2.

ssDNA to a preformed 1:1 SSRdT)7, complex is limited to 200 mM (see Table 5), and for the SSB(dT),, complex,
by access of the acceptor strand to unoccupied SSB subunitsthe apparent rate constark f,) increases 10-fold when
The much slower rates of binding reflect the fact that only [NaCl] increases from 0.2t1 M or [NaBr] from 0.4 to 2.0
~0.02% (at 0.4 M NaBr) and-0.002% (at 0.2 M NaCl) of = M (see Table 1). The molecular basis for these qualitatively
the population of the SSB(dT),, complexes have unligated different effects of salt concentration &@app and Ko, app is
subunits available for binding of a second ssDNA molecule. likely the same as the basis for the strong negative cooper-
In Table 5, we also compare the observed second-orderativity that is observed for the equilibrium binding of a
rate constant for an acceptor ssDNA binding to a complex second ssDNA to an SSB tetramer. It has been shown that
of two SSB tetramers bound cooperatively to a (gT) the equilibrium binding of two molecules of (ciF)to the
molecule in the (SSB} binding mode. The observed second- SSB tetramer occurs with negative cooperativity and that
order rate constant is2 x 10° M~1s%, which is very close this negative cooperativity decreases with increasing salt
to the observed second-order rate constant for ssDNA bindingconcentrations16, 17, 30, 31).
to a single tetramer in the (SSB)mode [i.e., a 1:1 SSB Rate-Limiting Steps in the Direct Transfer Reactidhe
(dT)ss complex]. These two rate constants are presumably transfer of SSB from one DNA molecule to another always
comparable since both SS#lonor DNA complexes have  occurs through a doubly ligated SSB intermediate (see
half of their SSB subunits free and thus available for acceptor Schemes 1, 3, and 4). However, the rate-limiting step
sSDNA binding. governing the overall transfer process differs depending on
It is also of interest to compare the apparent bimolecular whether the starting SSB complex has any unoccupied DNA
rate constants for binding of a second molecule of DNA to binding sites. For example, when the starting complex is a
an SSB tetramer with that for binding of the first molecule 1:1 SSB-(dT)o fully wrapped complex [(SSBy mode], then
of DNA. We have previously measured the apparent bimo- the rate of transfer is limited by the rate of binding of the

lecular rate constank; app for binding (dT)o and (dT}s to second DNA molecule, which is in turn limited by the access
a free SSB tetramer over a range of salt concentrat@®f)s (  to an unoccupied DNA binding site on the SSB tetramer.
In 0.2 M NaCl (buffer T, pH 8.1, 25C) we find ky app = This is illustrated in Table 5, where we see that the maximum

(9.54+0.30)x 10°and (9.2+ 0.3) x 1@ M1 s 1 for (dT)so observed rate of formation of a doubly ligated SSB complex
and (dT)s, respectively. Under the same conditions, the for (dT);o binding to the SSBF(dT);o complex &z[D]may)
apparent bimolecular rate constant for binding a seconddoes not exceed 0.1 5(see column 6 of Table 5) even at
molecule of (dT)sto a 1:1 SSB-(dT)ss complex is slightly the maximum concentration of (d/p)used in these experi-
lower, with akpapp of (1.03 £ 0.04) x 10° M~ sL. The ments &20uM), which indicates that dissociation of F(d4d)
latter rate constant is consistent with those estimated forfrom the doubly ligated complex occurs with a ratesed.1
(dT)ss binding to the open site on a 1:1 SSRIT)ss complex s 1. On the other hand, when the starting complex is a 1:1
from the direct transfer experiments reported here (seeSSB-(dT)ss complex or a 2:1 SSB(dT),, complex, both
column 2 of Table 5). It is also notable that the bimolecular of which have half of the subunits on the SSB tetramer
rate constant for formation of a singly ligated SS@T)o unoccupied, then the acceptor ssDNA can bind rapidly to
complex decreases with increasing monovalent salt concenform the doubly ligated (DPD*) intermediate; however, the
trations @4). In contrast, increasing monovalent salt con- rate of transfer is now limited by the rate of dissociation of
centrations facilitate the rate of formation of a doubly ligated the donor sSDNA molecule (see Table 5). For example, when
intermediate. For the SSB-(dT)ss complex, this ratek;) one starts with SSBF(dT)s complexes formed in NacCl,
increases more than 20-fold when [NaCl] increases from 20 the formation of a doubly ligated intermediate occurs with
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—r- Of course, this would require that the SSB tetramer be bound
3 Leading strand » 5 on the ssDNA in its cooperative (SSBpinding mode with
LTTTTTITTITITIT] two of its subunits unoccupied. If the SSB tetramer were
5 3 bound in the fully wrapped (SSB)mode, then as we have
shown here, the rate of direct transfer would be limited by
5 5 the need to partially dissociate sSSDNA from the SSB tetramer
g to expose a ssDNA binding site. In fact, this scenario
- 3¢ suggests that direct transfer would be most likely if the mode

of SSB binding on the lagging strand were the cooperative
(SSB)s binding mode.
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