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ABSTRACT: In bacteriophage T4, homologous genetic recombination events are catalyzed by a presynaptic
filament containing stoichiometric quantities of the T4 uvsX recombinase bound cooperatively to single-
stranded DNA (ssDNA). The formation of this filament requires the displacement of cooperatively bound
gp32 (the T4 ssDNA-binding protein) from the ssDNA, a thermodynamically unfavorable reaction. This
displacement is mediated by the T4 uvsY protein (15.8 kDa, 137 amino acids), which interacts with both
uvsX- and gp32-ssDNA complexes and modulates their properties. Previously, we showed that uvsY
exists as a hexamer under physiological conditions and that uvsY hexamers bind noncooperatively but
with high affinity to ssDNA. We also showed that a fusion protein containing the N-terminal 101 amino
acid residues of uvsY lacks interactions with uvsX and gp32 but retains both weak ssDNA-binding activity
and a residual ability to stimulate uvsX-catalyzed recombination functions. Here, we present quantitative
data on the oligomeric structure and ssDNA-binding properties of a closely related fusion protein designated
uvsY*. Sedimentation velocity and equilibrium results establish that uvsY*, unlike native uvsY, behaves
as a monomer in solution (Mapp ) 14.2 kDa,s20,w

0 ) 2.1). Like native uvsY, uvsY* binds noncoopera-
tively to an etheno-DNA (εDNA) lattice with a binding site size of 4 nucleotides/monomer; however at
physiological ionic strength, the association constant for uvsY*-εDNA is decreased 104-fold relative to
native uvsY. Nevertheless, the magnitude of the salt effect on the association constant (K) is essentially
unchanged between uvsY and uvsY*, indicating that disruption of the C-terminus does not disrupt the
electrostatic ssDNA-binding determinants found within each protomer of uvsY. Instead, the large difference
in ssDNA-binding affinities reflects the loss of hexamerization ability by uvsY*, suggesting that a form
of intrahexamer synergism or cooperativity between binding sites within the uvsY hexamer leads to its
high observed affinity for ssDNA.

Efficient replication of the genomic DNA of bacteriophage
T4 is accomplished through the concerted reactions of both
replication and recombination proteins. During T4 infection
in Escherichia coli, a switch from the early, origin-dependent
pathway of replication initiation to a highly prolific recom-
bination-dependent mode of DNA synthesis occurs (1). This
secondary initiation pathway requires the activities of T4
recombination proteins uvsX and uvsY, which generate the
branched recombination intermediates that serve as primer-
template junctions for replication (2-5). uvsX/uvsY-de-
pendent homologous recombination is also important for
phage survival of UV photodamage and DNA double-strand
breaks (6-8). The uvsX and uvsY proteins are therefore of
great interest in understanding the interdependent processes
of DNA recombination, repair, and replication.

The uvsX protein is an ATP-dependent DNA strand
transferase of the RecA family, catalyzing the homologous

pairing, strand invasion, and branch migration phases of
general recombination (9-11). The active form of uvsX
protein is a presynaptic filament consisting of stoichiometric
amounts of uvsX bound cooperatively to single-stranded
DNA (ssDNA).1 Quantitative analysis of uvsX-ssDNA
interactions revealed a moderately strong cooperativity
parameter ofω ) 100, a binding site size of 4 nucleotide
residues per monomer, and a relatively weak intrinsic affinity
of uvsX for ssDNA at physiological ionic strengths (12).

The assembly and activities of uvsX-ssDNA presynaptic
filaments are enhanced dramatically by the T4 uvsY protein
(5, 13, 14). Genetics studies revealed thatuVsX- anduVsY-

mutants have identical recombination-deficient phenotypes
(15-18). In vitro studies of uvsY effects on uvsX-catalyzed
DNA strand exchange, ssDNA-dependent ATPase, and
recombination-dependent DNA synthesis reactions demon-
strated that uvsY enhances the interaction between uvsX and
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ssDNA, particularly in the presence of high concentrations
of salt and of gp32, the T4-encoded ssDNA binding protein
or ssb (13, 14, 19-21), i.e., conditions that approximate the
physiological conditions encountered during T4 infection in
E. coli.uvsX protein alone lacks sufficient affinity for ssDNA
to efficiently displace tightly bound gp32 (12). However,
uvsY mediates this displacement and thus promotes the
formation of active presynaptic filaments (22, 23). In
mediating presynaptic filament assembly in the presence of
a bound ssb protein, uvsY exhibits strong functional homolo-
gies with recombination mediator proteins in other systems,
including the RecO/RecR proteins ofE. coli and the Rad52
and Rad55/Rad57 proteins ofSaccharomyces cereVisiae
(24-32; reviewed in ref33).

The biochemical properties of uvsY protein point to a
possible mechanism for its function in mediating presynaptic
filament assembly. uvsY binds preferentially to ssDNA and
exhibits specific protein-protein interactions with both uvsX
and gp32 (20, 34-36). The primary sequence of uvsY
predicts a 137 amino acid polypeptide of 15.8 kDa mass;
however, sedimentation studies revealed that uvsY exists
predominantly as a hexamer (Mr ) 95 kDa,s20,w

0 ) 6.0) in
solution, and the hexameric structure is retained upon ssDNA
binding (37). UV-cross-linking and sedimentation equilib-
rium results demonstrate that the ssDNA makes contact with
multiple subunits of the same uvsY hexamer (H. T. H.
Beernink and S. W. Morrical, manuscript in preparation).
Binding to ssDNA results in a significant compaction of the
uvsY hexamer (37). uvsY binds noncooperatively to an
infinite ssDNA lattice, with a binding site size of 4
nucleotides/monomerand with an intrinsic affinity exceeding
those of both gp32 and uvsX at physiological ionic strengths
(12, 22). Binding of uvsY to a fluorescent, etheno-derivatized
ssDNA (εDNA) lattice leads in a salt-dependent manner to
an unusually high degree ofεDNA fluorescence enhancement
(22). Finally, uvsY stoichiometrically cooccupies ssDNA
molecules presaturated with gp32 and destabilizes the gp32-
ssDNA complex in a manner independent of uvsY-gp32
protein-protein interactions (38). Together, the data suggest
a model in which the interaction of uvsY hexamers with
ssDNA alters the ssDNA structure in a way that disrupts
the cooperative binding of gp32 to the lattice, allowing the
recruitment of uvsX, displacement of gp32, and nucleation
of presynaptic filaments (22, 33, 37, 38).

Our model suggests that it is the hexameric structure of
uvsY which plays a key role in altering ssDNA structure;
therefore, it is desirable to test this model by procuring a
form of uvsY that does not hexamerize. In this paper, we
describe the biochemical properties of uvsY*, a fusion
protein lacking the C-terminal 36 amino acid residues of
native uvsY. Previous studies of a similar uvsY fusion protein
(20) demonstrated that this truncated species (A) lacks
protein-protein interactions with uvsX and gp32; (B) retains
weak ssDNA-binding activity; and (C) retains the ability to
weakly stimulate uvsX-catalyzed ssDNA-dependent ATPase
and DNA strand exchange reactions. Here, we demonstrate
using sedimentation velocity and equilibrium methods that
uvsY* exists as a monomer in solution under a wide range
of salt conditions, indicating that disruption of the C-terminus
of uvsY abolishes hexamerization. We also present quantita-
tive data on uvsY*-ssDNA interactions obtained viaεDNA

fluorescence enhancement assays. Our results indicate that
disruption of uvsY’s C-terminus abolishes hyperenhancement
of εDNA fluorescence and greatly reduces its intrinsic
affinity for εDNA. Nevertheless, other ssDNA-binding
parameters are conserved between uvsY* and native uvsY,
including the noncooperativity of binding, the binding site
size, and the magnitude of the salt effect on the binding
constant. Our results suggest that uvsY derives much of its
binding energy for ssDNA from intrahexamer synergism or
cooperativity between multiple binding sites within a hex-
amer.

MATERIALS & METHODS:

Reagents, Buffers, Enzymes, and Affinity Columns.All
chemicals were of reagent grade; all aqueous buffers and
solutions were made with filtered, deionized, glass-distilled
water. All buffers and reagents used in fluorescence studies
were sterile filtered at 0.45µm. All chemicals and biochemi-
cals were purchased from Sigma unless otherwise noted.
ssDNA-cellulose affinity columns were prepared as de-
scribed (39), using calf thymus DNA. All restriction enzymes
were purchased from New England BioLabs, and all oligo-
nucleotides were obtained from Operon Technologies. Native
T4 uvsY protein was purified as described (22).

For the following buffer designations, the value ofx equals
the millimolar concentration of NaCl (or KOAc, as indi-
cated). Chloride-based fluorescence buffers (CFB-x) contain
20 mM Tris-HCl, pH 7.5, and 1 mM MgCl2, plus variable
[NaCl]. Acetate-based fluorescence buffers (AFB-x) contain
20 mM Tris-OAc, pH 7.5, and 1 mM Mg(OAc)2, plus
variable [KOAc]. Analytical ultracentrifugation buffers
(AnU-x) contain 20 mM Tris-HCl, pH 7.5, and 1 mM MgCl2,
plus variable [NaCl]. uvsY storage buffer (YSB) contains
20 mM Tris-HCl, pH 7.5, 1 mM MgCl2, 0.2 mM EDTA, 1
mM 2-mercaptoethanol, 100 mM NaCl, and 60% (w/v)
glycerol.

Cloning, Expression, and Purification of uVsY*.The uvsY
DNA sequences contained in uvsY* were PCR-amplified by
standard procedures (40) from unmodified (C-containing)
bacteriophage T4 genomic DNA (41) using the forward and
reverse primers shown below:

These primers introduceEcoRI andBamHI restriction sites
in the upstream and downstream sides, respectively, of the
resultant PCR product. The amplified fragment was purified
from unincorporated nucleotides and primers by centrifuga-
tion through Centri-Sep columns (Princeton Separations)
following manufacturer’s instructions and digested sequen-
tially with BamHI and EcoRI. The doubly digested insert
and a similarly digested pTRcc99A vector (Pharmacia) were
purified by LiCl precipitation following isolation from a low-
melt agarose gel (42). The fragments were ligated to form
plasmid pRAA1 and subsequently transformed into compe-
tent E. coli JM105 cells using standard procedures (40).
Transformants were selected by growth on LB plates
containing 50µg/mL ampicillin. Individual clones were

Forward (25-mer):
5′-GCGGAATTCATGAGATTAGAAGATC-3′

Reverse (26-mer):
5′-CGGGATCCCTGCAACGAGGTATCAAC-3′

16590 Biochemistry, Vol. 38, No. 50, 1999 Ando and Morrical



screened for induction of uvsY* by adding 1 mM IPTG
during log-phase growth in LB broth plus 50µg/mL
ampicillin and monitoring protein production by SDS-
PAGE.

pRAA1 DNA from an overexpressing clone, selected as
described above, was isolated and the sequence verified using
a Dye-Deoxy DNA Sequencing Kit (Perkin-Elmer) and an
ABI DNA sequencer. This construct encodes a predicted
fusion protein (uvsY*) 121 residues in length and 13 915
Da in mass, in which the first 101 residues of uvsY are fused
to three vector-encoded residues at the N-terminal end and
17 vector-encoded residues at the C-terminal end. The
sequence of uvsY* is shown below, with uvsY-encoded
sequences in boldface:

For large-scale induction of uvsY*, the JM105/pRAA1
cells were grown to OD600 ) 0.7 in 6 L of LB plus 50µg/
mL ampicillin while shaking vigorously at 37°C. Cells were
induced with 1 mM IPTG and harvested by low-speed
centrifugation 4 h postinduction. The pellet (typically 25 g
wet weight/6 L of media) was quick-frozen in liquid N2, and
stored at-80 °C. Cell lysis and preparation of a cleared
lysate by high-speed centrifugation was performed as
described (13, 22). Subsequent steps in the purification of
uvsY* followed the same scheme as native uvsY (22),
differing only in the chromatographic elution profiles,
performed in the following sequence: uvsY* eluted from
phosphocellulose at 500-550 mM NaCl in a 100f 900
mM gradient, from ssDNA-cellulose in a 200 mM NaCl
step, and from hydroxyapatite (HAP) at 600 mM potassium
phosphate in a 100f 900 mM gradient. During some uvsY*
preparations a second ssDNA-cellulose chromatographic
step was included as a final step to concentrate the final
product. The final product was dialyzed into YSB and stored
at -20 °C. uvsY* stock solutions were quantitated both by
Bradford assay (using a wild-type uvsY stock as control)
and by the absorbance at 280 nm using an extinction
coefficient ofεM,280 ) 12 210 M-1 cm-1 calculated from the
amino acid sequence (43). All uvsY* stocks used in this
study were judged>98% pure by SDS-PAGE and Coo-
massie Blue staining. uvsY* preps typically yielded 0.1 mg
of purified protein/gram (wet weight) of induced cells. All
uvsY* preps used in these studies were nuclease free
according to previously described criteria (22).

Nucleic Acids.Circular single-stranded DNA from bac-
teriophage M13mp19 was isolated from purified phage
particles as described (44, 45). This ssDNA was used to
make the fluorescent etheno-DNA (εDNA) derivative as
described previously (22, 48). The concentrations of both
etheno-modified and -unmodified ssDNA species were
determined by the phosphate-ash method (47, 48). All εDNA
and ssDNA concentrations are expressed in terms of nucle-
otide residues.

εDNA Fluorescence Enhancement Assays.Fluorescence
experiments (forward stoichiometric, forward nonstoichio-

metric, salt-back, and competition titrations) were carried out
in an SLM8000 fluorimeter essentially as described (22, 48).
Data in each titration were corrected for the effects of sample
dilution, intrinsic protein fluorescence, inner filter effects,
and/or baseline fluorescence ofεDNA depending on the type
of experiment (22, 48, 49). Protein-only titrations were
performed to identify fluorescence change due to protein
addition; this signal change was a linear function of protein
concentration in all experiments. Data were not corrected
for photobleaching of theεDNA, since photobleaching was
found to be negligible over the time period of all experiments.
Nevertheless, as a general precaution against photobleaching,
samples were shielded from the light source at all times
excepting the 10-15 s data acquisition interval following
each addition and equilibration of titrant.

Salt-back-titration experiments (preformed uvsY*-εDNA
complexes titrated with NaCl or KOAc) were carried out in
CFB and AFB buffer systems as described (22, 48). Starting
concentrations of protein andεDNA are given in the figure
legend. Forward titrations ofεDNA with protein were carried
out as described (22, 48). Starting concentrations ofεDNA
are given in the figure legends. Buffer conditions included
either CFB plus 10-70 mM NaCl or AFB plus 10-160 mM
KOAc as indicated. Titrations at higher salt concentrations
(nonstoichiometric binding conditions) were used to deter-
mine the affinity (K) and cooperativity (ω) parameters of
uvsY*-εDNA interactions. Data were corrected,Fmax values
determined, and data reduced to terms of fractional saturation
of the lattice (θ) as described previously for native uvsY
protein (22). Data plotted asθ vs [uvsY*] were superimposed
with theoretical binding isotherms generated from the equa-
tions of McGhee and von Hippel as described by Kowalc-
zykowski et al. (50) for the noncooperative case. The
goodness-of-fit of each theoretical isotherm to the data was
estimated by inspection and adjusted if necessary by
incrementally changing theFmax parameter for the data set
(12, 22, 46).

Analytical Ultracentrifugation.Sedimentation velocity and
equilibrium experiments were performed in a Beckman
Optima XL-I analytical ultracentrifuge essentially as de-
scribed (37). Sedimentation equilibrium studies were per-
formed using the method of Yphantis (51). Initial loading
concentrations of uvsY* ranged 0.8-1.5 mg/mL, and rotor
speeds (An50-Ti rotor) ranged from 20 000 to 40 000 rpm.
Concentration profiles were measured by the absorbance at
280 nm. Data editing and analyses of concentration profiles
were performed as previously described (37, 52-54), as-
suming molar mass (M) and partial specific volume (νj)
values of 13 915 g/mol and 0.74 cm3/g, respectively, for
uvsY*, calculated from the amino acid sequence. SDS-
PAGE was performed on samples before and after each
equilibrium run and revealed no discernible degradation of
the sample throughout the course of the experiment.

Sedimentation velocity data were analyzed using theg(s*)
method of Stafford (55, 56). Velocity runs were carried out
in an An60-Ti rotor with cells containing 12 mm double-
sector charcoal-filled Epon centerpieces and sapphire win-
dows. Experiments were conducted at a rotor speed of 60 000
rpm and at protein concentrations of 0.8-1.5 mg/mL.
Boundaries were measured by Rayleigh interference as
described (37).

Solution Properties of an Altered Recombination Protein Biochemistry, Vol. 38, No. 50, 199916591



RESULTS:

uVsY*Vs uVsYNT. uvsY* contains the same uvsY sequences
found in the previously described fusion protein uvsYNT (20)
and differs from the latter only in the sequence of the
C-terminal fusion peptide and in the presence of three
additional residues at the N-terminus. uvsYNT was shown to
(A) retain weak ssDNA-binding activity, (B) retain the ability
to weakly stimulate uvsX-catalyzed ssDNA-dependent AT-
Pase and DNA strand exchange reactions, and (C) lack
protein-protein interactions with uvsX and gp32. Neverthe-
less, this histidine-tagged fusion protein exhibited poor
solubility in solution and was unsuitable for quantitative
studies of ssDNA-binding activity or aggregation state. The
uvsY* species exhibits ssDNA-binding activity, stimulation
of uvsX and lack of protein-protein interactions similar to
uvsYNT but is significantly more soluble than uvsYNT (Y.
Ma, W. Cooper, and S. W. Morrical, unpublished results).
Hence, the uvsY* species is used for all of the solution
studies reported here.

Sedimentation Velocity and Equilibrium Analyses of uVsY*.
The native uvsY protein exists predominantly as a 6.0 S
hexamer in AnU buffers containing NaCl concentrations
greater than 200 mM, with larger oligomers of uvsY
predominating below 200 mM NaCl (37). Sedimentation
velocity and equilibrium methods were used to determine
whether the uvsY* species is also capable of oligomerization.
Sedimentation velocity results indicate that uvsY* comprises
a single, monodisperse sedimenting species, with an esti-
mated sedimentation coefficient of approximately 2.0 S at
all salt concentrations tested (Figure 1a, Table 1). These
results differ dramatically from those obtained previously
with native uvsY protein. Conversely, thes20,w

0 value for
denatured, monomeric uvsY protein obtained in the presence

of 6 M guanidinium-HCl was estimated to be<2.0 (37).
Thus, our sedimentation velocity results suggest that, given
the similar protomer masses of uvsY* and native uvsY (13.9
vs 15.8 kDa, respectively), uvsY* may behave as a monomer
in solution under a wide range of salt conditions.

The monomeric state of uvsY* was confirmed by sedi-
mentation equilibrium. Scans obtained at multiple loading
concentrations and rotor speeds were globally fit to an ideal
single-component model. A representative scan is shown with
best-fit exponential in Figure 1b, which yielded an apparent
mass of 14.6( 0.9 kDa for uvsY*. Similar values were
obtained at higher salt concentrations (Table 1), for an

FIGURE 1: Sedimentation velocity and equilibrium studies of the uvsY* protein. (a) Sedimentation velocity of uvsY* protein in AnU-100
buffer at 22°C. The time derivative of the concentration profile,g(s*), was obtained as described in Materials and Methods. Results of this
and similar runs at different salt concentrations are summarized in Table 1. (b) Sedimentation equilibrium of uvsY* protein in AnU-500
buffer at 22°C. Equilibrium runs were performed and data analyzed as described in Materials and Methods. Data were fit to an ideal, single
component model. Results of this and similar runs at different salt concentrations are summarized in Table 1.

Table 1: Summary of Sedimentation Velocity and Equilibrium
Results for uvsY*

(A) Sedimentation Velocitya

[NaCl] s20,w
0

100 mM 2.143
500 mM 1.934

(B) Sedimentation Equilibriumb

[NaCl] Mr (Da)

100 mM 14 605( 866
300 mM 14 485( 1584
500 mM 13 628( 658
average 14 239( 1036

a Conditions for sedimentation velocity experiments are described
in Materials and Methods. Sedimentation coefficients are corrected to
zero concentration and 20°C in water. Rayleigh interferometry was
used in data collection.b Absorbance optics were used to collect
sedimentation equilibrium data as described in Materials and Methods.
For each salt concentration, global average molecular masses were
determined from runs at three different protein concentrations. The net
average from experiments at all three salt concentrations is indicated
on the bottom line.
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overall, salt-independent average ofMapp) 14.2( 1.0 kDa.
The calculated mass of uvsY* (from amino acid sequence)
is approximately 13.9 kDa. Therefore, we conclude that this
altered and truncated form of uvsY protein is unable to self-
associate and exists as a monomer under all salt conditions
tested. The equilibrium sedimentation behavior of uvsY*
differs dramatically from that of native uvsY, which exists
exclusively as a 95 kDa hexamer at NaCl concentrations of
>300 mM and as equilibria of hexamers and higher-order
oligomers at NaCl concentrations< 300 mM (37).

Stoichiometry of uVsY*-ssDNA Interactions.The binding
site size of uvsY* on a single-stranded DNA lattice was
measured by means of theεDNA fluorescence enhancement
assay. This assay was previously employed in quantitative
studies of native uvsY-ssDNA interactions (22). Results are
shown in Figure 2. Forward titrations ofεDNA with uvsY*
were performed under low-salt, stoichiometric binding
conditions in both chloride (CFB-10) and acetate (AFB-10)
buffer systems. These salt conditions allowed the strongest
binding seen in salt-back-titrations performed to examine
uvsY*-εDNA salt stability (see Figure 4). Figure 2 shows
titrations of two different concentrations ofεDNA with
uvsY* at 10 mM NaCl. At both lattice concentrations,
fluorescence increases approximately linearly with uvsY*
concentration until a plateau is reached representing the
saturation of lattice with protein. The intersection of lines
(not shown) drawn through the linear ascending and plateau
regions gives the apparent break point of the titration curve,
which at both lattice concentrations yielded a binding site
size of n ) 4 nucleotide residues per uvsY* monomer.
Identical results were obtained in 10 mM KOAc (data not
shown), indicating that the NaCl and KOAc salts do not
differentially affect the binding site size of uvsY* onεDNA.
Separate preparations of both uvsY* and theεDNA lattice
were tested with identical results. The binding site size of
uvsY* is identical to that of native uvsY (22).

An important difference between uvsY* and native uvsY
was noted in the raw data for Figure 2 (not shown). uvsY*

produces a 2.2-fold enhancement ofεDNA fluorescence at
saturation in these titrations performed at low salt, a degree
of enhancement similar to several other protein species (46,
57, 58). Data presented in later sections (see Figures 4 and
5) indicates that the degree of uvsY* fluorescence enhance-
ment is independent of salt concentration. In contrast, native
uvsY produces a markedly larger enhancement ofεDNA
fluorescence at low salt (3.5-6-fold), but the degree of
enhancement decreases with increasing salt concentration
(22). The molecular nature of native uvsY's hyperenhance-
ment ofεDNA fluorescence is currently unknown.

uVsY* Has Approximately Equal Affinities for Etheno-
modifiedVs Unmodified ssDNA.Studies employingεDNA
as a model lattice established that the affinity preference for

FIGURE 2: Forward titrations ofεDNA with uvsY* protein under
stoichiometric (low-salt) binding conditions. Titrations were carried
out at 25°C in a quartz cuvette containing a 2.0 mL starting volume
of CFB-10 buffer with either 2.1µM (0) or 4.2 µM ()) εDNA.
The increase inεDNA fluorescence due to binding of uvsY* was
monitored at 405 nm while exciting at 300 nm as described (22).
Data were corrected for intrinsic protein fluorescence, for the
fluorescence of freeεDNA, and for dilution and inner filter effects.
See Materials and Methods.

FIGURE 3: Competition titration of εDNA and unmodified
ssM13mp19 lattices with uvsY* protein. An estimate of the relative
affinities of uvsY* for etheno-modified vs native M13mp19 ssDNA
was made by comparing forward titrations of uvsY* onto 2.1µM
εDNA alone (0) or 2.1 µM εDNA plus 2.1 µM unmodified
M13mp19 ssDNA ()), both in CFB-10 buffer. See text.

FIGURE 4: Salt-back-titrations of preformed uvsY*-εDNA com-
plexes. The salt-dependent dissociation of a saturated 1:1 complex
of uvsY* (0.52µM) and εDNA (2.1 µM) is shown upon titration
of the preformed complex with either concentrated NaCl (0) or
KOAc ()) as described in Materials and Methods. Data were
corrected for dilution and for protein fluorescence. The parameter
θ represents fractional saturation of theεDNA lattice with protein.
The initial relative fluorescence signal was assigned a value ofθ
) 1, and the baseline signal following complete dissociation was
assigned a value ofθ ) 0. All intermediate points were normalized
against the upper limit ofθ ) 1.
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the etheno-modified vs unmodified ssDNA may vary sig-
nificantly between protein species (12, 22, 46, 48, 57, 58).
Wild-type uvsY protein shows an approximately 2-6-fold

higher affinity forεDNA than for unmodified ssDNA (22).
Is the same true for uvsY*? Figure 3 shows a competition
titration (open diamonds) in which an equimolar mixture of

FIGURE 5: Forward titrations ofεDNA with uvsY* at increasing salt concentrations; estimation of affinity constant (K) and cooperativity
(ω) parameters from nonstoichiometric binding isotherms. Titrations were performed in CFB (panels a, c, and e) and AFB (panels b, d, and
f) buffer systems with NaCl and KOAc concentrations as indicated below. For experiments with NaCl, concentrations were as follows: 10
mM (9), 20 mM ((), 30 mM (3), 40 mM (4), 50 mM ()), 60 mM (O), 70 mM (0) NaCl. For experiments with KOAc, concentrations
were as follows: 50 mM (0), 100 mM ()), 120 mM (1), 130 mM (2), 140 mM ((), 150 mM (b) and 160 mM (9) KOAc. Data symbols
are consistent between NaCl experiments (panels a, c, and e) and between KOAc experiments (panels b, d, and f). Panels a and b show
titrations as relative fluorescence values corrected for the fluorescence of protein and freeεDNA, dilution, and inner filter effects. Panels
c and d show double reciprocal plots derived from the final 10 data points of each titration shown in panels a and b, which were used to
estimate maximum fluorescence signals (Fmax values) for each titration as described in the text. Panels e and f show titration data expressed
as fractional saturation of theεDNA lattice with protein (θ), with best-fit theoretical binding isotherms overlaid for each of four selected
titrations. The theoretical isotherms were generated by the McGhee-von Hippel equation for noncooperatively binding proteins as described
(50, 59, 62). Affinity ( K) parameters derived from these isotherms are listed in Table 2.
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unmodified M13mp19 ssDNA and M13mp19-derivedεDNA
is titrated with uvsY*. A similar titration containing the
εDNA lattice alone is shown in Figure 3 (open squares) for
direct comparison. In both cases, we are specifically detecting
uvsY*-εDNA binding by monitoring the increase inεDNA
fluorescence. In the presence of equimolar unmodified
ssDNA, the ascending portion of the titration curve remains
approximately linear, but its slope is decreased 2-fold with
regard to the titration withεDNA alone (Figure 3). Likewise,
the apparent endpoint of the titration is increased by a factor
of 2 when equimolar unmodified ssDNA is present (Figure
3). If uvsY* had a strong preference forεDNA, then the
addition of unmodified ssDNA would have little or no effect
on the titration curve. Alternatively, if uvsY* had a strong
preference for unmodified ssDNA, then its addition would
cause a lag or sigmoidicity to appear in the titration curve.
Neither of these being the case, the results in Figure 3
indicate that uvsY* has very similar affinities for unmodified
vs etheno-modified DNA and probably binds distributively
between the two lattices. Thus, uvsY* varies significantly
in this regard from native uvsY, which shows a moderate
preference forεDNA (22).

Salt Stability of the uVsY*-εDNA Complex.Salt-back-
titrations of the uvsY*-εDNA complex with NaCl and
KOAc are shown in Figure 4. Titrations of this nature are
used to determine the ranges of salt concentrations that allow
stoichiometric vs nonstoichiometric binding, as well as to
identify specific ion effects on binding. The data indicate
that the uvsY*-εDNA complex is very sensitive to disrup-
tion by salt. In fact, stepwise dissociation of uvsY*-εDNA
is observed with each salt addition beginning at either 10
mM NaCl or KOAc, the lowest salt concentrations tested,
resulting in the complete absence of a plateau or range of
stability at low salt concentrations (Figure 4). Nevertheless,
the relatively sharp titration endpoints seen in Figure 2
indicate that binding of uvsY* toεDNA is stoichiometric
or nearly so at 10 mM salt. The dissociation midpoints for
the uvsY*-εDNA complex occur at NaCl and KOAc
concentrations of 65 and 145 mM, respectively, values much
lower than the corresponding midpoints for the native uvsY-
εDNA complex [440 and 720 mM, respectively (22)]. The
uvsY*-εDNA complex appears to be completely dissociated
at concentrations of 120 mM NaCl and 220 mM KOAc,
respectively (Figure 4). Note that the uvsY*-εDNA complex
is significantly more stable in the presence of acetate
counterion than in the presence of chloride. This result is
consistent with anion displacement during complex formation
and parallels results obtained with native uvsY (22). The
anion displacement phenomenon is explored further in a later
section. Note also that titrations with KCl produced identical
results to the NaCl titrations (data not shown), indicating
the absence of a specific monovalent cation effect on the
stability of the uvsY*-εDNA complex.

EValuation of Affinity(K) and CooperatiVity (ω) Param-
eters for uVsY*-εDNA Interactions.To determine the values
of the affinity and cooperativity parameters for uvsY*-
εDNA binding required the analysis of binding isotherms
generated under nonstoichiometric binding conditions, i.e.,
at intermediate salt concentrations yielding partial dissocia-
tion of uvsY*-εDNA as measured in Figure 4. Figure 5a
shows corrected fluorescence data for a series of titrations
performed in CFB buffer containing 10-70 mM NaCl.

Figure 5b shows a similar series of titrations performed in
AFB buffer containing 50-160 mM KOAc. The chosen
NaCl and KOAc concentrations bracket the midpoints of the
salt-back-titrations shown in Figure 4. Qualitative analysis
of the titration data in Figure 5, panels a and b, reveals some
important features: (A) the titration curves are completely
lacking in sigmoidicity, suggesting the absence of cooper-
ativity (i.e., ω ) 1) in uvsY*-εDNA binding under all salt
conditions examined; (B) binding to theεDNA lattice appears
nonstoichiometric at salt concentrations above 30 mM NaCl
and 120 mM KOAc, respectively; (C) the maximum fluo-
rescence signal (Fmax) of each titration appears to converge
upon a common value; and (D) salt ranges where nonsto-
ichiometric binding is best observed appear to fall around
the midpoints of salt-back-titrations (Figure 4), as expected.

Assuming values ofn ) 4 andω ) 1, respectively, for
the binding site size and cooperativity parameters of uvsY*
allows us to determine the value ofK at each salt concentra-
tion by fitting theoretical, noncooperative binding isotherms
generated from the equations of McGhee and von Hippel
(59) to the experimental data. To do so requires accurate
knowledge of the titration half-saturation point,LT,0.5, which
in turn requires an accurate estimate of the maximum
fluorescence signal,Fmax. To obtain good estimates forFmax,
we plotted the final 10 points of each titration in double-
reciprocal form, as shown in Figure 5, panels c and d. A
least-squares line fitted to the data in this form gives, for
each data set, a value ofFmax equal to the reciprocal of the
vertical intercept. A similar approach was used to estimate
Fmax values for native uvsY (22). Treatment of the NaCl data
sets in this fashion resulted in lines that appeared to intercept
the vertical axis at a common point (Figure 5c), indicating
a commonFmax value for titrations in 10-70 mM NaCl. An
Fmax value representing the average value for all titrations
was used in all subsequent calculations with the NaCl data
sets. Similar behavior was noted for the KOAc data sets
(Figure 5d); only the data at the highest KOAc concentration
(160 mM) yielded anFmax value significantly lower than
those obtained at other KOAc concentrations. Thus, for all
KOAc concentrations except 160 mM, the averageFmax value
was used in subsequent calculations, while the 160 mM
KOAc data was processed using its own independentFmax

value.
By normalizing against theFmax values obtained from

Figure 5, panels c and d, the data were converted into terms
of fractional saturation of the lattice,θ. At the four highest
NaCl and KOAc concentrations shown in Figure 5, panels a
and b (where nonstoichiometric binding occurs), the half-
saturation point,LT,0.5, was determined from the uvsY*
concentration at which the data appeared to cross theθ )
0.5 threshold. Values ofLT,0.5 were used to calculateK, and
these correspondingK values were used to generate theoreti-
cal isotherms at each salt concentration ofg40 mM NaCl
or 130 mM KOAc as described (50), assumingn and ω
parameter values of 4 and 1, respectively. TheK-values
obtained are listed in Table 2, and the theoretical isotherms
generated are shown in comparison to experimental data in
Figure 5, panels e and f. Visual inspection showed that the
theoretical isotherms appeared to fit the experimental data
quite reasonably. Clearly, uvsY* binds noncooperatively to
εDNA as indicated by the ability of this theoretical model
to adequately represent the experimental data in all cases.
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The noncooperative binding behavior of uvsY* parallels that
of native uvsY (22). Of further interest is the relatively large
salt effect on theK parameter (Table 2), which we explore
quantitatively in the following section.

Salt Effects on the K Parameter.The number of monova-
lent ions displaced during protein-nucleic acid binding may
be estimated from the slope of a log-log plot of KMg-corr,
the K parameter corrected for the effects of Mg2+ ions, vs
[salt] according to the formula

wherem′ equals the number of ionic contacts formed between
the protein and DNA phosphate residues,ψ equals the
fraction of ions thermodynamically bound to the DNA (a
value of 0.71 for ssDNA), anda equals the number of anions
displaced through binding (60).

TheK values obtained for uvsY* were corrected for Mg2+

effects as described (60); the corrected values are listed in
Table 2 and plotted in Figure 6. Linear least-squares fits of
the data yielded slopes of-6.5 and-8.9 for the NaCl and
KOAc data, respectively (Figure 6). If we assume a

maximum value of 4 for them′ parameter, given a binding
site size ofn ) 4, then thea parameter has a minimum value
of 3.66 (from the slope of the NaCl data), indicating that at
least three to four anions are displaced from each uvsY*
monomer upon binding to the single-stranded lattice. The
displacement of anions during uvsY*-εDNA binding ac-
counts for the large enhancement in the relative stability of
the complex in the presence of acetate vs chloride ions, as
predicted by the Hoffmeister series (61).

Extrapolation of the NaCl data in Figure 6 to a concentra-
tion of 200 mM (approximating physiological ionic strength)
yields an estimatedK value of 2.3× 103 M-1 for uvsY*-
ssDNA interactions, which is roughly 4 orders of magnitude
lower than the estimate of∼1 × 107 M-1 for native uvsY
(22). However, the slope obtained from the uvsY*/NaCl data
(-6.5; Figure 6) is nearly identical to that obtained for native
uvsY [-6.8 (22)], whereas the slope obtained from the
uvsY*/KOAc data (-8.9; Figure 6) is greater than that
obtained for native uvsY [-6.1 (22)]. It is not clear whether
the latter represents a real difference between uvsY* and
native uvsY or merely an artifact due to the much smaller
range of KOAc concentrations used in this study. Neverthe-
less, the similarity in d logKMg-corr/d log[NaCl] values
between the two uvsY species is significant since it indicates
that the ionic component of polynucleotide binding is
unchanged upon removal of the C-terminal 36 amino acid
residues of uvsY. This comparison suggests that it is the loss
of hexamer-forming ability by uvsY*, not loss of ssDNA-
binding site determinants within the uvsY* monomer, that
accounts for the large difference in ssDNA-binding affinities
between the two uvsY species. This possibility is explored
further below.

DISCUSSION

The 101 N-terminal amino acid residues of the bacte-
riophage T4 uvsY protein were cloned and expressed in an
IPTG inducible fusion protein, uvsY*. The biophysical
properties of uvsY* exhibit dramatic differences from, as
well as some striking similarities to, the properties of native
uvsY protein, which we outline below:

The modifications of the native uvsY sequence found in
uvsY*, which include a 36 residue truncation of the
C-terminus, disrupt the hexameric quaternary structure of
uvsY as demonstrated by changes in sedimentation properties
[Figure 1, Table 1 (37)]. These results suggest that sequence
determinants required for uvsY hexamerization may reside
within the previously defined C-terminal domain of this
protein (20), although this cannot be stated with certainty
due to the presence of fusion sequences at the N- and
C-termini of uvsY*, which could conceivably interfere with
hexamerization in other ways. The modifications present in
uvsY* also severely attenuate the ssDNA-binding affinity
of this species compared to native uvsY, and cause other
changes in polynucleotide-binding properties [Table 2,
Figures 2-5 (22)]. Nevertheless, key parameters of the
uvsY-ssDNA interaction are conserved within uvsY*,
including the binding site size, the noncooperativity of
binding, and the magnitude of the salt effect on the binding
constant [Figures 2, 5, and 6 (22)]. Conservation of these
key parameters indicates that truncation of the C-terminus
of uvsY does not disrupt the electrostatic ssDNA-binding

Table 2: Values of the Intrinsic Affinity Constant (K) for
uvsY*-εDNA Interactions as a Function of Salt Concentration

salt concentrated (mM) K (M-1)a KMg-corr (M-1)b

NaCl 40 2.17× 107 9.22× 107

NaCl 50 5.28× 106 1.61× 107

NaCl 60 2.30× 106 5.55× 106

NaCl 70 1.14× 106 2.34× 106

KOAc 130 1.03× 107 1.37× 107

KOAc 140 6.30× 106 8.12× 106

KOAc 150 3.10× 106 3.89× 106

KOAc 160 1.83× 106 2.24× 106

a uvsY*-εDNA association constants calculated from the best-fit
theoretical curve overlaid upon experimental data (Figure 5, panels e
and f) using the McGhee-von Hippel equation (50, 59, 62) for a
noncooperatively binding ligand on an infinite lattice, as described in
Materials and Methods.b Association constants corrected for Mg2+

effects as described (60).

FIGURE 6: Salt effects on the affinity (KMg-corr) parameter for
uvsY*-εDNA interactions. Mg2+-corrected intrinsic affinity data
(Table 2) are plotted in log-log format vs NaCl (O) or KOAc (2)
concentration. The magnitudes of the individual salt effects on
KMg-corr are determined from the slopes of these plots (e.g., d log
KMg-corr/d log[salt]), which had values of-6.5 and-8.9 for the
NaCl and KOAc data, respectively.

d logKMg-corr/d log[salt]) -m′ψ - a (1)
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determinants found within each uvsY protomer. Therefore,
a more likely explanation for the decrease in ssDNA-binding
affinity observed in uvsY* vs uvsY is the loss of hexamer-
forming ability in the former, indicating that synergism or
cooperativity of binding between multiple protomers within
a uvsY hexamer leads to the large intrinsic ssDNA-binding
affinity observed with the native protein (22).

Yassa et al. (20) demonstrated that partial chymotrypsi-
nolysis of uvsY protein yields as its major product an 11.5
kDa fragment consistent with the N-terminal 101 amino acid
residues of uvsY. Expression of these residues coupled to a
C-terminal histidine affinity tag produced the species des-
ignated uvsYNT, a protein identical to uvsY* save for a
different C-terminal fusion sequence and an unmodified
N-terminus. Both fusion proteins exhibit a qualitatively
similar ssDNA-binding activity and a similar lack of
protein-protein interactions with T4 recombination proteins
uvsX and gp32 (ref20; Y. Ma, W. Cooper, and S. W.
Morrical, unpublished results). The results of the current
study, demonstrating conservation of electrostatic ssDNA-
binding determinants between uvsY* and native uvsY,
support our earlier conclusion (20) that the N-terminal 101
residues of uvsY contain the ssDNA-binding site and
constitute the ssDNA-binding domain of the protein. While
the work of Yassa et al. (20) suggested that sequence
determinants residing in the C-terminal 36 residues of uvsY
are essential for protein-protein interactions with uvsX and
gp32, the current study raises another interesting possibilitys
that the latter two proteins only interact with the hexameric
form of uvsY. This issue may only be resolvable through
further work on the structure of uvsY protein and the
stoichiometries of its heteroassociations.

The current model for uvsY-dependent assembly of the
T4 presynaptic filament (33, 37, 38) holds that uvsY
hexamers interact with and destabilize gp32-ssDNA com-
plexes by wrapping or kinking the ssDNA in such a way
that the high cooperativity of gp32-ssDNA interactions is
reduced. This creates “weak spots” in the gp32-ssDNA
complex wherein the uvsX recombinase may be recruited
to the ssDNA, nucleating uvsX-ssDNA filament formation
while displacing gp32. This model is supported by a number
of observations including (A) that uvsY hexamers bind to
ssDNA as intact units with multiple subunits contacting the
ssDNA (ref 37; H. T. H. Beernink and S. W. Morrical,
manuscript in preparation); (B) that uvsY binds stoichio-
metrically to gp32-ssDNA complexes without displacing
gp32 from the ssDNA directly (38); and (C) that uvsY
destabilizes gp32-ssDNA complexes in a manner indepen-
dent of uvsY-gp32 protein-protein interactions (38).
The model predicts that the hexameric structure of uvsY is
critical for creating the distortions in ssDNA structure that
destabilize gp32-ssDNA interactions and that conceivably
form optimal assembly sites for the uvsX recombinase.
Seen in this light, the inability to form hexamers may be the
most important molecular defect of uvsY species with
disrupted C-termini such as uvsY* and uvsYNT, overshadow-
ing their loss of heteroprotein associations, and may explain
the dramatically weakened abilities of these species to
stimulate uvsX-catalyzed DNA strand exchange and ssDNA-
dependent ATPase reactions in vitro (ref20, and unpublished
results).
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