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Abstract

Bacteriophage T4 UvsY is a recombination mediator protein that promotes assembly of the UvsX-
ssDNA presynaptic filament. UvsY helps UvsX to displace T4 gene 32 protein (gp32) from ssDNA,
a reaction necessary for proper formation of the presynaptic filament. Here we use DNA stretching
to examine UvsY interactions with single DNA molecules in the presence and absence of gp32 and
a gp32 C-terminal truncation (*1), and show that in both cases UvsY is able to destabilize gp32-
ssDNA interactions. In these experiments UvsY binds more strongly to dsDNA than ssDNA due to
its inability to wrap ssDNA at high forces. To support this hypothesis, we show that ssSDNA created
by exposure of stretched DNA to glyoxal is strongly wrapped by UvsY, but wrapping occurs only
at low forces. Our results demonstrate that UvsY interacts strongly with stretched DNA in the absence
of other proteins. In the presence of gp32 and *1, UvsY is capable of strongly destabilizing gp32-
DNA complexes in order to facilitate sSDNA wrapping, which in turn prepares the ssDNA for
presynaptic filament assembly in the presence of UvsX. Thus, UvsY mediates UvsX binding to
ssDNA by converting rigid gp32-DNA filaments into a structure that can be strongly bound by UvsX.

Introduction

Bacteriophage T4 provides an excellent model system for studying the mechanism of DNA
replication because it encodes its own replication proteins in a relatively small genome. There
are two general modes of DNA replication during T4 infection in E.coli, origin-dependent and
recombination-dependent 12 Origin dependent replication occurs at early times in infection
and is dependent upon particular DNA sequences. As the infection progresses into later times,
recombination-dependent replication (RDR) predominates. T4 RDR requires all of the major
phage—encoded DNA replication and recombination enzymes including: gp43 (DNA
polymerase), gp45 (sliding clamp), gp44/62 (clamp loader), gp32 (single stranded DNA
[ssDNA] binding protein or SSB), gp61 (primase), gp41 (DNA helicase), gp59 (helicase
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loader; replication mediator protein or RMP), UvsX (general recombinase), UvsY
(recombination mediator protein or RMP), and gp46/47 (recombination exonuclease).

gp32 binds cooperatively to sSDNA and, on a thermodynamic basis, should destabilize
secondary structure in the DNA 3. Because SSBs are found in viruses and all domains of life
4 and are essential for virtually all DNA functions S itis important to understand how SSBs
destablllze double-stranded DNA. In our previous studles we examined the mechamsm of
helix-destabilization by gp32 and its truncated forms in different salt concentrations 69 These
experiments allowed us to obtain the DNA helix-coil transition free energy in the presence of
gp32 and two of its truncated forms, *1, which lacks the C-terminal domain (residues 254—
301), and *I11 (core domain, residues 22 253), which lacks both the C-terminal domain and
the N-terminal domain (residues 1—21) as shown schematically in Figure 1. Note that *1lI
contains the ssDNA binding site, the N- terminal domain is involved in homotypic protein-
protein interactions with the core domain of an adjacent DNA-bound protein, thus bringing
about cooperativity, and the C-terminal domain has been implicated in heterotypic protein-
protein interactions and a conformational change, discussed below.

To examine gp32 binding to DNA, we have recently develo ged a new method for measuring
the thermodynamics and kinetics of DNA-protein blndlng . Todo this, we capture single
DNA molecules in an optical tweezers instrument and stretch the molecules a fixed distance
while measuring the force exerted by the optical trap. A schematic of the optical tweezers
experiment is shown in Fig. 2A. The resulting force vs. extension curve for the DNA molecule
is strongly dependent on solution conditions and is altered by the presence of proteins or other
DNA binding ligands that may stabilize DNA by binding preferentially to dSDNA or destabilize
the DNA helix by binding preferentially to sSSDNA. Specifically, as the DNA is stretched, the
measured force-extension data follows the wormlike chain model, represented by the leftmost
solid line. However, at about 65 pN, the measured data differ substantially from the expected
polymer model, representing a structural transition in DNA. The transition can be explained
as a force-induced melting transition, in which dsDNA is converted into sSDNA as the DNA
is extended 11 12 1n this process in the absence of binding ligand, melting likely occurs in
the middle of the DNA molecule, at AT-rich regions, with only minor fraying from the ends

3. This hypothesis was initially tested in a series of experiments in which the DNA
overstretching force, now referred to as the DNA meltlng force, was measured as a function
of solution conditions such as ionic strength , pH 15 and temperature 16 In each case, the
dependence of the melting force on these factors followed that expected based on thermal
melting experiments. These studies suggested a new method for measuring DNA-ligand
binding. Ligands that bind to dsDNA are expected to stabilize the DNA helix and therefore the
DNA melting free energy should increase in the presence of such ligands. In contrast, ligands
that bind preferentially to sSDNA should lower the melting force. Several examples of these
effects have been demonstrated. For example studies of DNA binding drugs have shown
behavior that parallels DNA melting studies 17-20 Similarly, studies of single-stranded DNA
binding proteins have demonstrated strong DNA helix-destabilization, as expected for such
proteins. In particular, our recent studies of T4 gene 32 protein have allowed us to use DNA
force-induced melting to quantify both ssDNA and dsDNA binding by gp32. Our quantitative
binding results agree with the available bulk measurements, and we also were able to extend
these measurements to solution conditions not achievable in previous bulk studies 6-8 In
addition to the thermodynamic evidence in support of force-induced melting, in a recent study
it was also shown that the DNA base pairs are exposed during DNA overstretchlng2 Finally,
several recent theoretical studies are also consistent with this model 22-24, Taken together,
all of these studies strongly support the DNA force-induced melting model, which we use here
to examine additional DNA-protein interactions.
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In previous single molecule studies of gp32-DNA interactions, we measured the DNA melting
force as a function of gp32 concentration. By globally fitting this dependence and using our
model for DNA force-induced melting, we were able to determine the equilibrium binding
constant of gp32 to sSDNA Kg as a function of salt concentration 89, gp32 and *1 show a
very steep dependence of binding affinity on salt above ~0.2 M NaCl. However, at lower
[NaCl], there is virtually no salt dependence of gp32 binding to ssSDNA, while *I shows a
significantly greater dlogKg/dlog[Na*] of ~-3 8 though reduced from the slope observed at
higher salt.

As proposed5previously, there is a required conformational change in gp32 prior to its binding
to ssDNA. 2229 Our results are consistent with intramolecular association of the C-terminal
domain to the core domain in pre-equilibrium to the binding of gp32 to both dsSDNA and ssDNA
8. As the salt concentration is lowered, the expected increase in protein-DNA binding affinity
is counteracted by the stronger binding of the acidic fl%p to the core domain, effectively
regulating the protein’s capability to destabilize DNA 8 9; 30

In this study, we use the method of DNA force-induced melting to study the helix-
destabilization caé)abilities of gp32 in the presence of UvsY, a recombination mediator protein
(RMP) of T4 31-34 UvsY binds tightly but noncooperatively to sSSDNA 35 and shows a weaker
affinity for dsSDNA, when measured in bulk binding studies (H. Xu, H. T.H. Beernink, and S.
W. Morrical, submitted). Like other RMP proteins participating in recombination, UvsY
facilitates the assembly of the recombinase onto sSDNA and overcomes the thermodynamic
and kinetic blocks imposed by gp32 36, In addition to its SSDNA binding capability, UvsY
interacts with other proteins of the T4 recombination machinery, including recombinase and
gp32.

At physiological salt concentrations, UvsY exists predominately as a hexamer of identical 15.8
kDa subunits and binds to ssDNA in this form 37. Wrapping or other distortions of SSDNA
structure are proposed to explain the observed destabilization of gp32-ssDNA interactions
brought about by UvsY 38 The reduction of gp32-ssDNA affinity and /or cooperativity within
atripartite UvsY-gp32-ssDNA intermediate may facilitate the local displacement of gp32 from
the lattice by incoming UvsX, resulting in a UvsY-mediated nucleation event for presynaptic
filament formation 36: 38; 39, UvsY-ssDNA interactions are sufficient to destabilize gp32-
sSDNA complexes 38 Other results suggest that UvsY-gp32, UvsY-UvsX, and UvsY-UvsY
interactions are also required for efficient presynaptic filament formation and for the
recombination functions of the presynaptic filament 31; 40

We also examine two site-directed mutants of UvsY, UvsYksga and UvsY ksga reoa, Which
contain single and double missense mutations, respectively, within a conserved LKARLDY
motif 41. These mutants show severely reduced affinities for ssSDNA and dsDNA (H. Xu, H.
T.H. Beernink, and S. W. Morrical, submitted). However, they retain self- and heteroprotein
association activities similar to wild type UvsY. Both mutant proteins are partially, but not
totally defective in stimulating UvsX-catalyzed reactions, including ssDNA-dependent ATP
hydrolysis and DNA strand exchange 41

In this work, we show that UvsY binds more strongly to dsSDNA than ssDNA in high protein
and low salt concentrations, in contrast to measurements obtained in bulk solution studies 33;
35,42 e explain this discrepancy in the context of a previous model for UvsY activity, which
suggests that UvsY significantly wraps ssDNA upon binding. Our study supports this model

because wrapping of ssSDNA is expected to be much weaker in an experiment in which ssDNA
is stretched, and therefore binding to sSSDNA in our experiment should be weaker if the model
holds. Equilibrium binding to dSDNA is not expected to involve wrapping of the DNA, where
the persistence length of the double helix precludes this type of interaction (see below). To test
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this hypothesis, we directly measure UvsY wrapping of sSSDNA by DNA stretching, and find
that wrapping only initiates at very low forces. Thus, measurements of the binding of UvsY to
dsDNA in our stretching experiments agree well with bulk measurements.

We also determine the apparent equilibrium binding constants of gp32 and *I to ssDNA
(Kss™PP) in the presence of UvsY protein at different salt concentrations. Our measurements
show that UvsY destabilizes the interactions between gp32-ssDNA and gp32-dsDNA. This
effect is very strong, despite the fact that UvsY binding to ssDNA is weakened by stretching.
This may be due to the ability of UvsY to wrap gp32-ssDNA filaments created at the ends of
the DNA molecule. Our results demonstrate that UvsY interacts strongly with stretched DNA
inthe absence of gp32. In the presence of gp32 and *1, UvsY is capable of strongly destabilizing
gp32-DNA complexes in order to facilitate sSDNA wrapping, which in turn prepares the
ssDNA for presynaptic filament assembly in the presence of UvsX 43,

Force spectroscopy of single DNA molecules in the presence of UvsY and its mutants

To determine the binding activity of UvsY and its mutants, we measured the force extension
curve of double-stranded bacteriophage A-DNA (used for all subsequent data) over a range of
salt and protein concentrations. In 0.1M Na*, there is a slight increase in the DNA melting
force, ~ 1pN, over a range of UvsY concentrations (data not shown). Fig. 3 shows the results
obtained for DNA stretching in the presence of UvsY at the lower Na* concentration of 0.05
M. The constant force region of the stretching curve, which represents DNA force-induced
melting, as discussed in the Introduction, rises significantly with increasing UvsY
concentration. The observed increase in melting force begins to saturate at about 50 nM UvsY,
as shown in the inset of Fig. 3. In the presence of 50 nM UvsY, the elevation in DNA melting
force is about 8 pN, as shown in the main panel of Figure 3. These results suggest that UvsY
binds preferentialli/ to double stranded DNA (dsDNA) at low salt and high protein
concentration 18: 19, However, UvsY has been shown in bulk studies to bind both single-
stranded DNA (ssDNA) and dsDNA, with higher affinity for the former 32: 34 35,42 Detajled
solution studies showed that UvsY binds non-cooperatively to ssDNA, with a site size of four
nucleotide residues per UvsY monomer, and an intrinsic binding constant comparable to that
of gp32 at physiological ionic strength 35; 44 Fig. 3 also shows relaxation curves, in which
DNA is stretched through the force-induced melting transition (solid lines) and then returned
to lower extension at the same rate used for pulling (symbols). Here we see that the relaxation
curves do not match the stretching curves, but parallel the stretching curves at a slightly lower
force. This hysteresis represents the fact that the DNA is unable to reanneal immediately on
the timescale of the relaxation experiment, but the DNA does eventually reanneal when the
force reaches that observed for the melting plateau in the absence of protein. In the absence of
protein, very little hysteresis is observed. The fact that we see additional hysteresis in the
presence of UvsY likely indicates that some UvsY is removed as the DNA is melted by force,
providing further support for preferential binding of UvsY to dsDNA in these experiments.
However, the hysteresis is very small, and complete reannealing occurs when the B-form
contour length of 0.34 nm/bp is reached, so any fraying of the single strands from the ends,
which would be followed by wrapping of sSDNA by UvsY, is negligible in the presence of
UvsY alone.

To quantify these results, we utilize the theory of force-induced melting of single DNA
molecules to measure the equilibrium binding constant of UvsY to dsDNA. The equilibrium

melting force of DNA, Fy,, chanfes from its value in the absence of the protein, £, as the
protein is added. In this model 15 12, the melting free energy variations due to either force or

temperature are considered to be equivalent, such that
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0G=6T - AS=6F - Ax, 1

where 8T and 8F are the temperature and the force variations, and AS and Ax are the entropy
and elongation per base pair upon DNA melting, respectively. According to equation 1, the
change in the DNA melting force in the presence of DNA binding proteins should be related
to the corresponding change in the melting temperature as

Fn—F)=(Ty - T3)- AS/Ax.

Thus, measurements of the shift in the equilibrium DNA melting force are equivalent to
measurements of the shiftin DNA melting temperature, WhICh can be used to determine binding
constants to dsSDNA and ssDNA. As shown by McGhee 4

1 1k i { (1+deC)1/”d<} _ kC (de 21<SS)

ﬁ - T_m E (1+K55C)2/”55 - AST,

ngs Ngg

3

where Kgs and Ky are equilibrium association constants to ssSDNA and dsDNA, respectively,

72 and Ty, are the melting temperatures of DNA in the absence and presence of protein, nes
and nys are the occluded binding site sizes of the protein on single and double strands, i.e. the
number of nucleotides or base pairs covered by each protein monomer, C is the protein
concentration, and AH and AS are the enthalpy and entropy of DNA melting. The
approximation is valid for low protein concentration, under conditions Kys:C<1 and
KssC<«K 1. Unless Ky is equal to Kgg to within an order of magnitude, the contribution of the
lower binding constant will be small. Thus, at low protein concentration, preferential binding
to dsDNA will cause the melting temperature to increase linearly with protein concentration,
while preferential binding to ssDNA will cause the melting temperature to decrease linearly.
According to equation 2, the melting force will change linearly at low protein concentration,
such that

Fu=F

0, kTC.(KdS 2K55)

m -
Ax ngs Ngg

4
Based on the large increase in Fp, with protein concentration in this experiment, and therefore
assuming Kgs > K, We find Ky is about 107 M1 in 0.05M Na* and 106 M~1in 0.1 M Na*.
These order of magnitude estimates are in agreement with recent quantitative DNA-cellulose
chromatography measurements of dsDNA binding by UvsY in 0.05 M and 0.1M Na*. (H. Xu,
H. T.H. Beernink, and S. W. Morrical, submitted). Note that here we have made the
approximation that the melting forces measured in the presence of UvsY are equilibrium, but
there is some hysteresis. However, the amount of hysteresis is quite small and would likely
only affect the measured forces by a few pN, which is within the measurement error.

Since UvsY has high affinity for dsDNA in 0.05 M Na*, we measured the overstretching force
of DNA in the presence of different concentrations of two site-directed UvsY mutant proteins,
UvsYksga and UVSYksga Re0A 41 These mutants of UvsY do not have any measurable effect
on the overstretching force of DNA in 0.05M Na™*, even at protein concentrations as high as
200nM. Thus, the association constant for these proteins to bind to dsSDNA or ssDNA in 50
mM Na* must be less than 108 ML, This is in agreement with quantitative DNA
chromatography data (H. Xu, H. T.H. Beernink, and S. W. Morrical, submitted).

The increase in the DNA melting force observed in these studies suggests that under these salt
conditions UvsY binds more strongly to dsSDNA than to ssDNA. This is in contrast to previous
ensemble solution studies, which showed preferential binding to ssSDNA 32,34, 35,42 |
addition, quantitative DNA-cellulose chromatography measurements of sSDNA binding by
UvsY (H. Xu, H. T.H. Beernink, and S. W. Morrical, submitted) show an affinity of UvsY for
ssSDNA that is at least three orders of magnitude greater than its binding to dsDNA at NaCl
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concentration < 200 mM. These ensemble studies 38 suggest that the interaction involves
sSDNA Wrﬁaping around hexameric UvsY. ssSDNA, which has a persistence length of less than
1 nm 46: 47 should be capable of wrapping around the protein in order to maximize cationic
binding to the highly positively-charged UvsY hexamer. However, this is not expected to occur
onshort time scales in our single molecule experiment, where the ssDNA segments which form
upon stretching are formed at AT-rich regions in the middle of the DNA molecule. An
alternative model would suggest that wrapping could occur from the ends of the DNA molecule
(as will occur in the presence of cooperatively binding gp32). However, such wrapping would
not allow rapid reannealing of ssDNA to form dsDNA, as is observed in Fig. 3. Thus, binding
due to wrapping of ssSDNA around the protein is not observed in this experiment. In contrast,
wrapping of dsDNA around UvsY would not be likely to occur in either an ensemble or single-
molecule experiment since dsDNA, with a persistence length of 50 nm 14 js rigid on the length
scale of the size of a UvsY hexamer. The reduced binding to ssDNA in single molecule as
compared to bulk studies, and the reversal of the preference for ss vs. dSDNA in the single
molecule experiments supports a model in which binding of UvsY to ssDNA is strongly
enhanced (a factor of 103) by the wrapping of ssSDNA around the hexameric UvsY protein.
The wrapping model is further supported by the observation that a truncated, monomeric form
of UvsY binds to ssDNA with 104-fold lower affinity than wild-type 48,

The expected signature of DNA wrapping is a strong decrease in the observed contour length
on a DNA force-extension curve. Fig. 4a shows that even after waiting for 15 minutes at an
extension of 0.25 nm/bp, UvsY does not alter the contour length of dSDNA measured in
subsequent force-extension curves, and it is therefore unable to wrap dsDNA. To further test
the hypothesis that UvsY preferentially wraps ssDNA, but is unable to wrap stretched ssDNA
in the above experiments, we have performed DNA stretching experiments on ssDNA in the
presence of UvsY. To obtain ssDNA, dsDNA is first stretched to an extension of 0.45 nm/bp,
or about halfway through the DNA melting transition. To stabilize the partially melted DNA
into the configuration that appears upon force-induced melting, we add the chemical glyoxal,
a chemical that forms a stable DNA adduct with exposed guanine residues. It introduces an
additional ring to the G base, sterically preventing GC base pair reannealing 49 This method
has previously been used to demonstrate the creation of melted ssDNA upon DNA
overstretching 21 \We then wait 30 minutes at 0.45 nm/bp to allow all of the force-melted DNA
to become essentially permanently melted. Subsequent stretching and relaxation curves
illustrate that the DNA contour length has increased by the amount expected for a molecule
that is about half ssDNA and half dsDNA, as shown in Fig. 4b (brown curve). The resulting
ssDNA will not base pair but will have the same short persistence length required for wrapping
by UvsY. Totest the effect of UvsY on the newly created ssSDNA, we then exchange the solution
surrounding the molecule to replace the glyoxal solution with a solution containing 200 nM
UvsY. After waiting at an extension of 0.25 nm/bp for 15 minutes, subsequent force-extension
curves show an immediate decrease in the DNA contour length to less than the dSDNA contour
length (Fig. 4b, red, green, and blue curves). Regardless of the pulling rate used, the force
immediately rises, showing that the DNA has become shorter due to ssDNA wrapping. After
the DNA extension reaches 0.45 nm/bp, the overstretching transition reappears. The relaxation
curve in each case follows the relaxation curve of the partially sSDNA in the absence of UvsY.
Therefore, at these high forces, UvsY is unable to initiate wrapping of ssDNA. However,
subsequent stretching curves after waiting at 0.25 nm/bp always show wrapping. The jumps
in the UvsY stretching curves of Fig. 4b likely represent the release of wrapped ssDNA-UvsY
complexes. These curves very much resemble the type of force-extension curves obtained upon
stretching chromatin fibers, which also contain DNA wrapped by protein 50; 51 pnA
stretching studies of chromatin fibers also observed that nucleosome assembly by DNA
wrapping was strongly inhibited by forces above 10 pN 52 As a further control, we performed
the same experiment in the presence of gp32. To do this, we first create stabilized ssDNA using
glyoxal, demonstrated by the brown stretching and relaxation curves in Fig. 4c. We then
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exchange the solution surrounding the DNA molecule for a solution containing 200 nM gp32.
While the presence of gp32 slightly alters the shape of the sSDNA, very little reduction in
contour length is observed and the jagged stretching curves characteristic of the release of
wrapped sSDNA are not observed. Taken together, these results show that wrapping of sSSDNA
does not occur in the presence of gp32, but strong wrapping of sSSDNA does occur in the
presence of UvsY. One might argue that we have only shown that UvsY wraps ssDNA that
has been altered by glyoxal. However, while it is possible for the presence of the small glyoxal
adduct to hinder wrapping by UvsY, it is highly unlikely that the adduct could facilitate DNA
wrapping by the protein. Therefore, our results clearly demonstrate that UvsY wraps ssSDNA
for the first time.

While it is likely that in its final state UvsY binds ssSDNA in the proposed wrapped state, this
may not always be possible in vivo. In the T4-infected cell, much of the available ssSDNA will
be bound by gp32. Such gp32-ssDNA filaments are most likely unable to wrap ssDNA, since
gp32 has a strong tendency to stretch ssDNA. This is a property previously demonstrated by
both electron microscopic 53 and linear dichroism measurements °4, and is comparable in its
effect on DNA to the mechanical stretching that occurs in the present experiments. If UvsY
were unable to bind stretched ssDNA, gp32-ssDNA filaments would not be bound by UvsY.
However, if UvsY is capable of initially binding stretched ssDNA and then later wrapping
ssDNA, then UvsY can be viewed as a protein that mediates the conversion of ssSDNA from a
stretched filament to a compact state. In the next section, we will test the capability of UvsY
to destabilize gp32-ssDNA complexes.

Helix-destabilization capabilities of gp32 in the presence of UvsY

To determine the helix-destabilization capabilities of gp32 and its proteolytic fragment *|
(which lacks the C-terminal domain) in the presence of UvsY, we measured the force-extension
curve of A-DNA over a range of salt and protein concentrations. In 0.1 M Na*, the presence of
200nM gp32 with or without 100nM UvsY has essentially no effect on the non-equilibrium
DNA melting force (Fig. 4). However, in an analogous experiment with *I in place of gp32,
the non-equilibrium DNA melting force is decreased by about 22 pN with *I alone, but this
change is reduced to only about 3pN with the addition of UvsY (Fig. 5). When the salt is
reduced to 0.05 M Na*, where 200 nM gp32 significantly reduced the non-equilibrium DNA
melting force in the absence of UvsY, this gp32-induced reduction in the non-equilibrium DNA
melting force is removed in the presence of UvsY, and the non-equilibrium melting force even
increases at high UvsY concentrations (Fig. 6). The reduction in the helix-destabilizin
capabilities of gp32 in the presence of UvsY agrees with previous bulk experiments 38 The
analogous result with *I, which lacks the C-terminal domain but does not interact with UvsY
29;4 , indicates that the negative effect of UvsY on the helix-destabilizing activity of gp32 is
not a function of specific protein—protein interactions between the two proteins. This result is
in agreement with the experimental results of Sweezy and Morrical 38, but it contradicts Jiang
etal.40, who reported that protein-protein interactions between UvsY and the C-terminal
domain of gp32 are necessary for loading UvsY onto gp32-covered DNA. The fact that UvsY
reduces gp32’s helix-destabilizing capabilities in this experiment demonstrates that UvsY
strongly alters gp32-DNA interactions.

In the presence of gp32 and *I, there is always strong hysteresis observed. This hysteresis is
due to the inability of the ssDNA created by force-induced melting to reanneal in the presence
of these ssDNA binding proteins. The strong hysteresis observed in the stretching and
relaxation curves of DNA in the presence of 200 nM gp32 in 0.05M Na* decreases in the
presence of 50 nM UvsY, as shown in Fig. 6. Increased concentration of UvsY has very little
effect on the observed hysteresis and melting force of DNA (Fig. 6). The decrease in hysteresis
and increase in the relaxation force in the presence of UvsY suggests that this protein promotes
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dissociation of gp32 from ssDNA and reannealing of the sSDNA. It is known that the UvsY
protein itself possesses significant annealing activity 55 as does gp32 in high salt or in the
presence of Mg2* 25,56 However, whether UvsY can stimulate the annealing of gp32-coated
sSDNA is unclear since the rate of annealing of gp32-ssDNA complexes is more rapid than
annealing by UvsY protein 55 The results described here show that under some conditions
UvsY strongly facilitates annealing of sSSDNA in the presence of gp32. In the absence of UvsY,
we do not see any annealing of sSDNA in the presence of gp32 on the time scale of our single
molecule experiments. This annealing capability of UvsY is likely a result of strong
electrostatic interactions with DNA, which enhances removal of gp32 from ssDNA in favor
of the formation of dSDNA.

Taken together, our results demonstrating destabilization of gp32-ssDNA complexes by UvsY
as well as this protein’s ability to facilitate DNA annealing in the presence of gp32 suggest
that it is capable of competing with gp32 for binding to sSDNA. The binding that results from
these experiments may be binding to stretched sSDNA or ssDNA that is peeling from the ends
and therefore not under tension. Itis likely that both types of binding occur in these experiments.
After the gp32-DNA interaction is destabilized, UvsY can then wrap ssDNA and prepare it for
interaction with UvsX. This suggests a role for UvsY in mediating between the stretched and
wrapped forms of sSDNA.

In 0.05 M Na*, 200nM of UvsY ksga and UVsY ksga reoa, Mutants of UvsY, do not affect the
non-equilibrium melting force of DNA in the presence of 4 nM of *I (data not shown). At this
concentration of wt UvsY and *I, the non-equilibrium DNA melting force is significantly
increased relative to the force in the presence of *I alone. Our results suggest that these mutants
of UvsY are unable to destabilize gp32-ssDNA interactions, which is consistent with the
observation that they have a partial defect in mediated presynaptic filament assembly 41 The
observed effect may be due simply to an overall reduction in binding of the mutants to DNA
relative to the binding of wild type UvsY.

Equilibrium binding of gp32 to single stranded DNA in the presence of UvsY

To determine the apparent equilibrium binding constant to single stranded DNA (ssDNA)

(Kﬁpp) for gp32 and its proteolytic fragment *1 in the presence of UvsY, we measured the force-
extension curve of A-DNA over a range of salt and protein concentrations. The melting
transition force is decreased in the presence of gp32 and its fragment *I, while the transition
appears as cooperative as it is in the absence of protein 6-8 In contrast to the equilibrium
nature of the transition force in the absence of protein, the transition force depends on the rate
of pulling in the presence of *I and gp32. The non-equilibrium nature of the force is supported
by the strong hysteresis observed in the released part of the DNA stretching cycle in the
presence of gp32 and its fragment *I 6,7 and in the presence of a mixture of gp32 proteins and
UvsY (this work).The equilibrium DNA melting force (Fr,) in the presence of protein was
measured over a range of salt concentrations by monitoring the change in force as a function
of time. In these experiments, single dsSDNA molecules were each brought to a fixed position
relative to the center of the optical trap (~0.42 nm/bp, where approximately one third of the
DNA is melted during the initial stretch), and the force was measured in the presence of each
protein as function of time 6

To determine the effect of UvsY on the DNA equilibrium melting force and the kinetics of
secondary structure rearrangement by gp32, we measured the time dependence of the DNA
melting force at constant position. Previously, we found that the DNA melting force decreases
exponentially with time and reaches an equilibrium melting force in the presence of gp32 or
*1in 0.1 M and 0.05 M Na* 6: 8, We calculated the time constant of the exponential force
decay for 200 nM of gp32 or *1 in 0.1 M Na*6. The measured long time constants for both
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gp32 (~ 118 s) and *I ( ~ 38 s) reflect the time required to rearrange cooperatively bound
sections of gp32 as DNA is melted by the protein. In 0.1 M Na*, the presence of 100 nM UvsY
significantly increases the time constant of exponential decay for 200nM *1 which is 80.0 £
4.0 s. However, the presence of 100 nM UvsY has no significant effect on the time constant
of DNA melting for 200nM of gp32 (data not shown). In 0.05 M Na*, the time constants for
100nM gp32 are 87+8 sand 230+37 s in the absence and presence of 50nM UvsY, respectively.
This shows that 50nM UvsY is able to slow down the helix-destabilizing capabilities of 100
nM gp32 by a factor of 3. Increasing levels of UvsY (100nM, 200nM and 400nM) significantly
increase the time constant of exponential decay for DNA melting in the presence of 50nM
gp32. Similarly, in 0.05M Na* and 4nM *I, the time constant (t) for DNA melting by *I
increases with increasing concentration of UvsY, as shown in Figure 7 and Table 1. These
results suggest that UvsY slows down the rearrangement of cooperatively bound clusters of
gp32 and *I.

The equilibrium DNA melting force in the presence of protein can be expressed as 8

2
F,, zFﬂ,—A”;x-n—-ln(HK“wC), 5
SS

where ® is the cooperativity parameter. In previous work, we determined Kgq for gp32 and *I
in the range 0.05 M-0.2 M Na* by fitting data to Eq. 58, The number of fitting parameters was
minimized by taking into account all of the available information on gp32 and *I binding to

sSDNA. We used the salt-independent parameters ng=7 and ©v=1000 for both gp32 57 and *|

26 and the salt-dependent parameter F, from the work of Wenner et al. 14

We now use this method to calculate Kgs PP for gp32 and *1 in the presence of UvsY. We
again assume that the site size (ngs) does not change in the presence of UvsY. The values of
Ksso™PP for gp32 and *1 are calculated using Eq.5 in the presence of UvsY. The concentrations
of gp32 and *I used in this study are different because of their different helix-destablizing
capabilities. In 0.1M Na™, it is found that 100 nM of UvsY has no significant effect on
Kgso™PP for 200nM gp32 and *I (data not shown). In 0.05M Na*, it is found that Kgsw”PP for
100nM of gp32 does not change in the presence of 50nM of UvsY (data not shown). However,
Ksw™PP calculated for 4nM of *| decreases with increasing levels of UvsY (Table 1), and
begins to saturate, as shown in Fig. 8. This result further supports the notion that protein-protein
interactions between gp32 and UvsY are not necessary for destabilizing gp32-ssDNA
interactions 38 Therefore, by quantifying equilibrium binding of *I in the presence of UvsY,
we show that UvsY significantly reduces the affinity of *I for ssDNA under many conditions.

Discussion

This study significantly enhances our understanding of the interactions of UvsY with DNA in
the presence of gene 32 protein. We have examined the effect of UvsY on the dsDNA helix-
destabilizing activity of gp32. We have shown that UvsY binds strongly to dsDNA and reduces
the capability of both gp32 and *1 to destabilize dsDNA. We also show that UvsY can strongly
facilitate DNA annealing, even in the presence of gp32. Finally, we demonstrate that UvsY
slows down the rate at which gp32 binds to sSDNA and decreases the overall binding of gp32
to ssDNA.

In order to properly interpret the results of these experiments, we must consider the possible
effect of force on the binding of each ligand to each form of DNA. For example, does DNA
stretching affect the binding of gp32 and *I to dsDNA or ssDNA? This possibility has been
examined in our previous work, in which we determined the salt-dependent binding of gp32
and *I to both dSDNA and ssDNA as a function of salt concentration. With the available bulk
experimental data, we found excellent agreement with our single molecule binding studies of
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gp32 and *I to stretched dSDNA and ssDNA 8,9 This is not surprising since gp32 neither
wraps sSDNA nor kinks dsDNA upon binding. Thus, stretching forces would not be expected
to alter binding. In contrast, UvsY is believed to wrap ssDNA but cannot do this to dsSDNA,
in concert with the observed weaker binding to ssDNA in our single molecule experiments
relative to bulk studies and the results of Fig. 4. Finally, the application of force may alter the
ability of UvsY to compete with the gp32 that is bound to ssSDNA. However, we find that the
equilibrium binding of *1 to ssDNA is strongly reduced in the presence of UvsY (Fig. 8) and
the rate at which clusters of *I cooperatively rearrange is also reduced, as shown in Fig. 7.
Given that stretching can only reduce UvsY’s effectiveness at removing gp32, our results
clearly show that UvsY can effectively compete with gp32 for ssDNA binding.

Similarly, and in contrast to previous bulk studies, we show in these DNA stretching
experiments that UvsY binds more strongly to dsDNA than ssDNA. This apparent discrepancy
is due to the absence of the UvsY-wrapped ssDNA binding mode under the conditions of the
stretching experiment. We directly demonstrate that wrapping cannot occur with double-
stranded DNA, where the persistence length is much higher than that of ssSDNA 47 (see Fig.
4). Because only ssDNA can be wrapped by UvsY, as demonstrated in Fig. 4, affinities obtained
from single molecule measurements of binding to ssDNA should be much lower than those
observed in bulk experiments, while dsDNA binding for bulk and single molecule experiments
should agree, as is observed here.

Bulk solution studies demonstrate that at moderate salt concentrations (e.g. 90-200 mM NaCl
or KOAC), UvsY and gp32 form a “co-filament” structure in which both proteins co-occupy
ssDNA without competing for binding sites 38; 40; 58 The co-filament appears to be a direct
intermediate in UvsX recombinase assembly on ssDNA, and therefore in DNA strand
exchange. Results of the current study indicate that at lower salt concentrations (e.g. 50 mM
NaCl), UvsY is able to compete with and displace gp32 from DNA. The salt dependencies of
UvsY-DNA and gp32-DNA interactions are markedly different. Below ~200 mM NaCl,
KAPP for gp32-DNA interactions do not change significantly with decreasing salt, while
KAPP for UvsY-DNA interactions increase by several orders of magnitude over the same range.
Therefore, given that gp32 and UvsY are present in the cell in micromolar concentrations 9
60, itis possible that over the range of ionic conditions likely to be encountered in a T4-infected
E. coli cell, salt-induced shifts in the relative DNA binding affinities of UvsY and gp32 could
lead to different mechanisms of presynaptic filament assembly (Fig. 9). Conditions in which
the ssDNA binding affinities of UvsY and gp32 are approximately balanced (Kgs yysy =~
Kss,gp32) Would favor a mechanism wherein UvsY and gp32 bind to ssDNA non-competitively,
forming a co-filament (Fig. 9a). In this pathway, full wrapping of ssDNA by UvsY and
displacement of gp32 may not occur until UvsX + ATP is recruited by UvsY, so this may be
considered a concerted mechanism. In contrast, when Kgs uvsy > Kss gp32 @ step-wise
mechanism may prevail in which UvsY binding directly displaces gp32 from ssDNA, leading
to wrapping and subsequently to UvsX + ATP recruitment (Fig. 9b). Conceivably, formation
of the presynaptic filament could proceed via a combination of the two mechanisms. Initially
a “co-filament” intermediate forms with gp32 and UvsY simultaneously occupying unwrapped
DNA (Fig. 9a). This intermediate could then be converted to a wrapped intermediate, where
the two proteins no longer simultaneously bind, and several formerly-bound gp32 molecules
are released (Fig. 9b; the crossover between the two mechanisms is shown as a diagonal dotted
arrow, and other potential crossover points are shown as horizontal dotted arrows). Note that
even when gp32 remains bound to the wrapped DNA, this may necessarily occur in a non-
cooperative mode. The geometry of the wrapped DNA may be inconsistent with what is
required for the gp32-gp32 association that is responsible for cooperative binding.

While ssDNA wrapping clearly enhances UvsY binding to sSDNA, and therefore increases its
ability to alter gp32-DNA binding, simple electrostatic binding by UvsY to both ssDNA and
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dsDNA has biological significance. Invivo, the wrapping of sSSDNA by UvsY may be precluded
by steric hindrance, kinetic factors, or even the Eresence of DNA stretching forces exerted by
proteins or multimeric protein complexes These or other factors may influence the
mechanistic path used by UvsY to remodel relatlvely rigid gp32-coated sSDNA molecules into
the highly stable, wrapped UvsY-ssDNA complex that favors UvsX-ssDNA interactions 43

Materials and Methods

The dual-beam optical tweezers instrument used in this study consists of two counter-
propagating diode lasers focused to a small spot inside a liquid flow cell. One 5 um diameter
streptavidin-coated polystyrene bead (Bangs Labs, Fisher, IN) was held in the optical trap
formed by the laser beams. Another streptavidin-coated bead was held on the end of a glass
micropipette. To obtain force-extension measurements, a single double-stranded DNA
molecule that had been Iabelled on the 3’ end of opposite strands with biotin was captured
between the two beads 1°. The DNA molecule was then stretched by moving the plpette and
measurmg the resulting calibrated force on the bead in the trap, as previously described 15;
16 Unless otherwise noted, the pulling rate for the DNA stretching curves was 100 nm/s. The
buffer used in this study for capturing DNA was 10 mM HEPES (pH 7.5) with 45 mM NaCl
and 5 mM NaOH (50 mM [Na*]) or 10 mM HEPES (pH 7.5) with 95 mM NaCl and 5mM
NaOH (100 mM [Na*]).

The absolute extension of the DNA molecule was estimated by measuring the distance between
the centers of the two beads using an image captured with a CCD camera. The change in
position of the pipette was measured using a feedback-compensated piezoelectric translation
stage that is accurate to 5 nm (Melles Griot, Irvine, CA). The position measurement was
converted to a measurement of the molecular extension by correcting for the trap stiffness,
which was 42 + 3 pN/um. To obtain the time dependence of the DNA overstretching force,
the DNA molecule was stretched in 100 nm steps and then held at a constant position while
the force as a function of time was measured.

T4 gene 32 proteln and truncated forms *I and *111 used in these experiments were prepared

as described 2°. UvsY and its two site directed mutants were prepared as described in S and
41 respectively. After capturing a single DNA molecule in the tethering buffer, the molecule
was stretched to verify that the usual force-extension curve was obtained. To measure the effect
of the protein on this transition, 4-5 cell volumes of a buffer solution containing a fixed amount
of protein was added to the experimental cell until the buffer surrounding the captured DNA
molecule was completely exchanged.
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gp32, T4 Gene 32 protein; UvsY, T4 recombination mediator protein; ssDNA, single-stranded
DNA,; dsDNA, double-stranded DNA; SSB, single-stranded binding protein; RMP,
recombination mediator protein.
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N-1 —21 253 —— 301-c

Fig. 1.

Proteolytic fragments of gene 32 protein. *I is obtained by trypsin cleavage of full length g6p32
at residue 253, while *111 results from cleavage at residues 21 and 253. A MOLSCRIPT 3
representation of a *I11-oligonucleotide complex is shown at its location within the protein
sequence. The protein is pictured in ribbon mode, with the major lobe green, the minor (Zn-
containing) lobe blue, and the residue 198-239 flap red. The bound oligonucleotide, in sticks
mode, is red, and the coordinated Zn%*, in space-filling mode, is yellow. The position of the
oligodeoxynucleotide, pTTAT, is approximate; it was modeled by Shamoo et al. to maximally
overlap excess electron density in the trough 64 The Protein Data Bank entry for core domain
(without the oligonucleotide) is 1gpc.pdb.
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Fig. 2.

a) In a dual beam optical tweezers instrument, two laser beams are focused to a small spot,
creating an optical trap that attracts polystyrene beads. Single DNA molecules are attached at
one end to a bead in the trap, while the other end is attached to another bead held by a glass
micropipette. Asthe DNA molecule is stretched by moving the micropipette, the resulting force
on the bead in the trap is measured. b) Typical force extension curves for double stranded DNA
are shown as dotted lines. As the stretching force is increased, dSDNA reveals an entropic
elastic response, followed by the overstretching region. The data in purple shows typical data
for a full cycle of extension and relaxation, including some hysteresis upon reannealing. The
data in blue and cyan show the response of the resulting single strands to yet higher forces, as
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the strands finally separate near 150 pN (thus there are no relaxation curves). The solid lines
are DNA models for ssDNA and dsDNA, as described previously 65,

J Mol Biol. Author manuscript; available in PMC 2009 July 25.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Pant et al.

80

70

60

50

40

Force (pN)

30

20

10

0

Page 19

0 nM UvsY
16 nM UvsY
50 nM UvsY
100 nM UvsY
200 nM UvsY
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Fig. 3.

DNA extension per base-pair (nm)

0.6

Stretching (solid line) and relaxation curves (symbols) for .-DNA and UvsY in 10mM Hepes,
50 mM Na* (45 mM NaCl and 5 mM NaOH) and pH 7.5. Main panel : Absence of protein
(black), 16nM UvsY (pink), 50nM UvsY (red) 100 nM UvsY (blue) and 200nM (green,
stretching curve only). Inset: Overstretching force of DNA (Foy) as a function of UvsY
concentration in 50mM Na*. While each curve shown on the main panel represents one
stretching experiment, the error bars on the insert show the standard deviation of measured
forces for at least three stretches, demonstrating that the stretching results are reproducible
within an error of approximately + 1.5 pN.
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Fig. 4.

DNA extension per base pair (nm)

a) Stretching (solid line) and relaxation (dash line) curves for A-DNA in the absence of protein
(black) at a pulling rate of 250nm/s, 200nM UvsY (red and blue) at a pulling rate of 100nm/s.
b) Stretching (solid line) and relaxation (dash line) curves for A-DNA in the absence of protein
(black) at a pulling rate of 250nm/s, 0.5mM Glyoxal (brown) at a pulling rate of 200nm/s,
obtained after exposing DNA held at 0.45 nm/bp to Glyoxal for 30 minutes, 200nM UvsY
(red) at a pulling rate of 100nm/s, 200nM UvsY (blue, green) at a pulling rate of 25nm/s. c)
Stretching (solid line) and relaxation (dash line) curves for A-DNA in the absence of protein
(black) at a pulling rate of 250nm/s, 0.5mM Glyoxal (brown), obtained after exposing DNA
held at 0.45 nm/bp for 30 minutes, 200nM gp32 (red, blue, green) at a pulling rate of 200nm/
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s. All data in the figure was obtained in 10mM Hepes, 100 mM Na* (95 mM NaCl and 5 mM

NaOH) and pH 7.5 and is representative data from a single DNA molecule chosen from a set
of similar curves obtained on at least 3 different DNA molecules.
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Stretching and relaxation curves for A-DNA and various combinations of UvsY, gp32 and *I
in 10 mM Hepes,100 mM Na* (95mM NaCl and 5mM NaOH) and pH 7.5. Data are shown in
the absence of protein (dark blue), 200 nM gp32 (red), 200 nM gp32 and 100nM UvsY (pink
open diamonds), 200nM *I (blue), and 200 nM of *I and 100 nM UvsY (green solid diamonds).
The time for stretching and relaxation is approximately two minutes. The reproducibility of
these measurements for individual stretching curves is similar to that obtained for the data in
Fig. 3.
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Stretching (solid line) and relaxation curves (symbols) for A-DNA in 10 mM Hepes, pH 7.5,
50mM [Na*] (45 mM NaCl and 5 mM NaOH) in the absence of protein (dark blue) and in
presence of 200 nM gp32 (red), 200 nM gp32 and 50nM UvsY (light blue), 200nM gp32 and
100nM UvsY ( orange) and 200nM gp32 and 200nM UvsY (blue). The reproducibility of these
measurements for individual stretching curves is similar to that obtained for the data in Fig. 3.
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Fig. 7.

Dependence of DNA melting force (F) as a function of time. Data was obtained in the presence
of 4nM *I (black), 4 nM *I and 32 nM UvsY (red), 4 nM *I and 50 nM UvsY (blue), and 4
nM *I and 150nM UvsY (green) in 50 mM Na*, 10 mM Hepes, pH 7.5.
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Fig. 8.

UvsY concentration dependence of the apparent cooperative equilibrium binding constant to
ssDNA (Kssw”PP) of *1. The error bars are determined from the standard error of at least 3
measurements.
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a. Concerted Mechanism
(Kss,Ust = Kss,Gp32)
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b. Step-wise Mechanism
(Kss,Ust >> Kss,Gp32)
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Fig. 9.

Schematic diagram showing two mechanisms for the role of UvsY in synaptic filament
formation, which are valid under different solution conditions. a) In the concerted mechanism,
which is likely valid in high salt when Kgs uysy = Kss gp32, UvsY initially binds to gp32-coated
ssDNA and wraps the ssDNA, forming a cofilament structure to which gp32 remains bound.
UvsX and ATP are subsequently required for removal of gp32 from the filament. b) In the step-
wise mechanism, which is likely valid in low salt when Kgs uvsy > Kssgps2 » UvsY competes
directly with gp32 for ssDNA binding, therefore removing gp32 from ssDNA. UvsY
subsequently wraps the ssDNA tightly, forming patches of UvsY lacking gp32 completely.
UvsX and ATP are then required to form the final synaptic filament. Pre-synaptic filament
formation might occur via a combination of both mechanisms, denoted via dotted arrows (see
Discussion for details).
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Table 1
Equilibrium parameters of *1 in the presence of UvsY in 0.05 M Na*

Protein Concentration Kgo (M7 7(s)

[*1]=4 nM 7.9 +1.2x10° 116.1+21.0
[*1]=4 nM + [UvsY]=16 nM 14 +0.2x108 128.7 £ 8.0
[*11=4 nM + [UvsY]=32 nM 5.9 + 0.9x108 165.0 + 10.0}
[*1]=4 nM + [UvsY]=50 nM 1.8 +0.3x10°8 210.2 +21.0
[*1]1=4 nM + [UvsY]=80 nM 8.8 + 0.1x10’ 278.8 = 15.0
[*1]=4 nM + [UvsY]=150 nM 4.3+ 0.7x107 363.0 + 90.0

All measurements were performed in 10 mM Hepes pH 7.5, 50 mM [Na*]. Data are reported as mean + standard error for n>4.

Apparent binding constants
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