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Abstract 

Bacteriophage T4 gene 32 protein (gp32) is a single-stranded DNA (ssDNA) binding protein essen�al for 
DNA replica�on. gp32 forms stable protein filaments on ssDNA through coopera�ve interac�ons 
between its core and N-terminal domain. gp32’s C-terminal domain (CTD) is believed to primarily help 
coordinate DNA replica�on via direct interac�ons with cons�tuents of the replisome. However, the exact 
mechanisms of these interac�ons are not known, and it is unclear how �ghtly-bound gp32 filaments are 
readily displaced from ssDNA as required for genomic processing. Here, we u�lized truncated gp32 
variants to demonstrate a key role of the CTD in regula�ng gp32 dissocia�on. Using op�cal tweezers, we 
probed the binding and dissocia�on dynamics of CTD-truncated gp32, *I, to an 8.1 knt ssDNA molecule 
and compared these measurements with those for full-length gp32. The *I-ssDNA helical filament 
becomes progressively unwound with increased protein concentra�on but remains significantly more 
stable than that of full-length, wild-type gp32. Protein oversatura�on, concomitant with filament 
unwinding, facilitates rapid dissocia�on of full-length gp32 from across the en�re ssDNA segment. In 
contrast, *I primarily unbinds slowly from only the ends of the coopera�ve clusters, regardless of the 
protein density and degree of DNA unwinding. Our results suggest that the CTD may constrain the 
rela�ve twist angle of proteins within the ssDNA filament such that upon cri�cal unwinding the 
coopera�ve interprotein interac�ons largely vanish, facilita�ng prompt removal of gp32. We propose a 
model of CTD-mediated gp32 displacement via internal restructuring of its filament, providing a 
mechanism for rapid ssDNA clearing during genomic processing. 
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T4 bacteriophage is a useful model system for understanding DNA replica�on [1]. Its replisome closely 
resembles those of more complex organisms, comprising eight proteins that make up the three major 
subassemblies characteris�c of all higher order systems [1-5]. Gene 32 protein (gp32), the prototypical 
single-stranded DNA (ssDNA) binding protein, is a key component of the T4 replica�on, recombina�on, 
and repair machinery [6]. Its high affinity, sequence-nonspecific ssDNA binding enables efficient coa�ng 
of single-stranded regions transiently formed during DNA replica�on, offering protec�on from enzyma�c 
degrada�on. Moreover, gp32’s ability to effec�vely discriminate against duplexed double-stranded DNA 
(dsDNA) [7, 8] enhances replisome processivity by disrup�ng the forma�on of DNA secondary structures 
that would otherwise inhibit polymerase func�onality [9]. 

The gp32 monomer consists of three dis�nct domains (see Fig. 1A), each essen�al for its func�on during 
replica�on: a posi�vely-charged N-terminal domain (NTD, residues 1-21), a central ssDNA binding core 
(residues 22-253), and a nega�vely-charged C-terminal domain (CTD, residues 254-301) [10]. The gp32 
core domain binds ssDNA in a rela�vely small, posi�vely-charged cle� (groove), conferring the protein 
with (largely) sequence-independent, preferen�al ssDNA binding [7, 8, 11]. Subsequent to ini�al binding 
(nuclea�on), gp32 forms highly stable, coopera�ve protein filaments along ssDNA, mediated by 
interac�ons between the NTD of a nucleic acid-bound monomer and the core domain of an adjacently-
bound protein [12, 13]. These flexible protein filaments helically wind the DNA substrate, resul�ng in 
simultaneous rigidifica�on and compac�on of the ssDNA, characterized by its increased persistence 
length and reduced contour length, respec�vely [14-19]. 

While gp32’s highly coopera�ve nature allows it to form �ghtly-bound filaments that efficiently protect 
ssDNA from nuclease atack, such stable binding would seemingly prevent the protein from being easily 
displaced as required for genomic processing [20, 21]. However, our previous work [14] revealed a 
mechanism that allows for the rapid recycling of bound protein necessary for prompt DNA synthesis. The 
helically compac�ng gp32-ssDNA structures are highly dynamic and possess the ability to interconvert 
between different wound states as a func�on of protein density on the DNA. Increased protein density 
results in progressive unwinding of the helical protein filaments accompanied by significant 
destabiliza�on and weakening of the coopera�ve protein-protein contacts. Our results suggested a 
plausible model for rapid gp32 displacement during DNA replica�on via its overcrowding on the ssDNA 
template. However, it is unclear how, or if, the acidic CTD plays a role in this dissocia�on process. 

gp32’s C-terminal domain has been shown to modulate gp32-ssDNA interac�ons via fluctua�ons 
between an ‘open’ and ‘closed’ state [22]. At low to moderate salt (≤ 200 mM NaCl) the nega�vely-
charged CTD competes with the DNA substrate for access to the protein’s ca�onic binding groove, 
resul�ng in reduced overall affinity for ssDNA [22-24]. These compe�ng interac�ons for the gp32 core 
domain have been mapped to gp32’s atypical salt dependence as well as the ‘kine�c block’ to dsDNA 
mel�ng by full-length gp32 observed in thermal mel�ng experiments [22-27]. Removal of the CTD 
through limited tryp�c diges�on results in a gp32 truncate, *I, which binds ssDNA coopera�vely with 
increased inherent affinity and exhibits a greater capacity to disrupt and unwind duplexed DNA [24, 28]. 

In addi�on to regula�ng its ssDNA binding and helix-destabiliza�on ac�vi�es, gp32’s CTD has been 
shown to associate with several replisomal proteins, such as the DNA polymerase, helicase, and helicase 
loader. [6, 29-32]. These heterotypic protein interac�ons are believed to primarily help coordinate T4 
DNA replica�on and recombina�on by stabilizing the binding of the various replisomal proteins to the 
DNA, thereby facilita�ng proper assembly of the replica�on complex [29, 32, 33]. Conversely, T4 
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replica�on also requires the efficient removal and subsequent recycling of gp32 from the ssDNA 
template. Measurements of gp32 displacement by the UvsW and gp41 T4 helicases showed enhanced 
displacement ac�vity in the presence of the C-terminal domain, and this ac�vity was correlated with 
CTD-helicase binding, sugges�ng a role of the acidic CTD in regula�ng removal of gp32 during genomic 
processing [34]. However, the exact mechanism of interac�on is not known, and it is unclear how 
protein-protein binding can enable the fast displacement of gp32 necessary for rapid strand synthesis. 

To inves�gate the role of the CTD in regula�ng gp32 removal, we probed the binding and dissocia�on 
dynamics of C-terminal truncates, *I and *III (Fig. 1A), with a long (8.1 knt) ssDNA substrate and 
compared these measurements with the CTD-intact, full-length and *II proteins. Our most recent study 
[14] revealed dynamic gp32-ssDNA filament unwinding in response to increased protein density along 
the DNA. Moreover, a cri�cal level of unwinding gave rise to an unstable protein state, resul�ng in fast, 
noncoopera�ve gp32 dissocia�on from across the en�re ssDNA segment, sugges�ng a plausible mode of 
rapid template clearing during movement of the replica�on fork. Here, we extend this work and show 
that the CTD plays an essen�al role in facilita�ng this prompt filament reorganiza�on and dissocia�on. 
Upon removal of the CTD, the fast, noncoopera�ve gp32 dissocia�on phase vanishes and the ssDNA-
bound protein cluster remains highly stable and coopera�ve, with its protein components released 
slowly, only from the ends of the filament, regardless of the protein density and degree of DNA 
unwinding. Unlike intact gp32, the rate of ssDNA release from the protein filament is significantly slower 
than the rate of T4 DNA synthesis. 

2. Results and Discussion 

Using op�cal tweezers, we observed the binding of the C-terminal (CTD) truncated gp32 variant, *I 
(Fig. 1A), to an 8.1 knt ssDNA molecule by measuring the extension of the protein-DNA complex held 
under constant tension (Fig. 1B-C). Addi�onally, we compared these measurements with those 
previously taken with wild-type (WT) gp32 [14] in order to quan�fy the extent to which gp32-ssDNA 
interac�ons are modulated by the protein’s CTD. Similar to WT gp32 (Fig. 1C, light blue), during 
incuba�on with *I (blue) we observe up to three sequen�al steps of DNA compac�on and elonga�on 
(Δx+

1-3) before the protein-DNA complex equilibrates to a final extension. However, the binding profile of 
*I exhibits significantly less compac�on than that of WT gp32, ataining a more elongated conforma�on 
at equilibrium. When free protein is replaced with protein-free buffer, ini�al dissocia�on results in 
similar (linear over �me) substrate recompac�on (Δx−1) for both the WT gp32 (light red) and *I (red) 
complexes. 

We previously interpreted these mul�phasic length changes in terms of winding and unwinding of the 
DNA by gp32 [14]. Our prior work suggested that gp32 filaments helically wind the ssDNA [15-19], 
resul�ng in significant substrate compac�on (Δx+

1) upon ini�al protein binding and filamenta�on. 
Following compac�on, addi�onal gp32 binding into the saturated complex resulted in elonga�on of the 
DNA (Δx+

1 → Δx+
2 and Δx+

2 → Δx+
3) to a less compact equilibrium state, likely reflec�ng par�al unwinding 

of the helical protein structures. Furthermore, upon removal of free protein (ini�al dissocia�on), the 
elonga�on was reversed (recompac�on, Δx−1) as the extension of the complex returned to its original 
compacted length, indica�ng rewinding of the released ssDNA on the remaining gp32 filaments. 

Here, we interpret our *I binding data within the same framework used to model the previously 
observed WT gp32 dynamics. Thus, differences in the binding and dissocia�on profiles of WT gp32 and *I 
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can be used to assess the impact of the CTD on gp32’s ability to dynamically wind and unwind the DNA 
in response to various solu�on condi�ons. For example, the significantly less compact *I-ssDNA 
equilibrium state (Fig. 1C) suggests that at equivalent protein concentra�ons, the *I complex is 
considerably less wound (i.e., has greater helical pitch) than WT gp32. However, the similarity in 
dissocia�on profiles indicates that under these condi�ons both proteins unbind from and rewind the 
ssDNA in a similar fashion. We analyze in detail how this behavior varies with respect to protein and salt 
(Na+) concentra�on by measuring the amplitudes and rates associated with each dis�nct step of DNA 
compac�on and elonga�on. 

2.1. Binding dynamics of noncoopera�ve *II and *III truncates 

We first probed the effect of the CTD in the absence of coopera�ve interac�ons (i.e., protein 
filamenta�on) by comparing the binding and dissocia�on profiles of the noncoopera�ve gp32 truncates, 
*II and *III, which lack the N-terminal domain (NTD) required for homotypic protein interac�ons (see Fig. 
1A). As shown previously [14], in the absence of the NTD, gp32 is unable to form coopera�ve protein 
filaments that helically wind the ssDNA, resul�ng in single-phased binding and dissocia�on profiles with 
significantly reduced compac�on. We observe nearly iden�cal substrate compac�on at protein 
satura�on (Fig. 2A-C), well fit by a single observed rate constant (kobs), for gp32 with (*II) and without 
(*III) the CTD. However, the concentra�on of protein required to saturate the ssDNA is greatly reduced 
upon removal of the CTD, and the measured rates of binding and dissocia�on are markedly different. 
Assuming the rate of equilibra�on observed during incuba�on is the sum of the concentra�on-
dependent rate of protein associa�on and the (constant) rate of protein dissocia�on (kobs = ckon + koff), we 
compute the fundamental concentra�on-independent rate of free protein binding (Fig. 2D-E). The 
calculated bimolecular on-rate of *III (0.064±0.007 nM-1s-1) is ~25-fold higher than that of *II, while the 
off-rate (0.064±0.006 s-1) is ~2-fold lower. By comparison, prior ensemble measurements of gp32 binding 
[35] showed a similar ~20-fold increase in noncoopera�ve protein associa�on (kon) upon removal of the 
CTD (50 mM NaCl). Thus, the nega�vely-charged C-terminal domain lowers gp32-ssDNA binding affinity 
by over an order of magnitude (KD

*II/KD
*III ≈ 50), consistent with previous studies [22, 25-27] showing that 

at moderate and low salt (≤ 200 mM NaCl) the acidic CTD can compete with the DNA substrate, adop�ng 
a ‘closed’ conforma�on in which it par�ally (or totally) occludes the protein’s ssDNA binding site. Our 
results imply that these compe�ng interac�ons of the C-terminal domain with the gp32 core domain 
dras�cally reduce the rate of protein associa�on with the DNA substrate (Fig. 2F), while moderately 
facilita�ng ssDNA release (dissocia�on) from the protein’s ca�onic binding groove (Fig. 2G), resul�ng in 
an overall ~50-fold reduc�on in gp32 binding affinity at 15 pN. 

We also compared the force response of the noncoopera�ve protein complexes by slowly stretching the 
DNA in the presence of satura�ng (1 µM) concentra�ons of *II and *III. The DNA was extended at a rate 
of ~10 nm/s, such that the tension along the substrate increased from 0 to 70 pN over the course of ~5 
min, to ensure equilibra�on of the gp32-ssDNA complexes during stretching. The resul�ng force-
extension curves (FECs) show similar behavior between the two proteins (Fig. S1A-B); the DNA is 
measurably shortened at high force (> 10 pN) and extended at low force (< 10 pN) due to changes in its 
contour and persistence lengths, respec�vely. We fit the FEC of the *III-saturated DNA with the freely 
jointed chain (FJC, see Materials and Methods) polymer model [36] up to 10 pN to compute an average 
contour length of 0.52±0.01 nm/nt and a persistence length of 2.2±0.2 nm, comparable to the values 
measured previously for *II (Fig. S1C-D). Consistent with the binding at 15 pN (Fig. 2), these results 
indicate that, while the CTD modulates the rates of gp32 binding and dissocia�on, in the absence of 
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coopera�vity it does not significantly alter the equilibrium conforma�on of the saturated protein-DNA 
complex. 

2.2. Concentra�on dependence of *I binding 

We probed the concentra�on dependence of *I binding to ssDNA held at 15 pN tension by measuring 
the extension change of the DNA as a func�on of various satura�ng protein concentra�ons. In contrast 
to the single-phased binding profiles of the noncoopera�ve gp32 truncates, *I exhibits mul�phasic 
binding (Fig. 3A-C) associated with winding (compac�on) and unwinding (elonga�on) of the DNA by the 
coopera�ve protein filaments as previously observed with WT gp32. Both the transient compac�on 
(Δx+

1) and equilibrium compac�on (Δx+
3) of the DNA decrease with *I concentra�on, indica�ve of 

increased DNA unwinding. Rapid elonga�on (Δx+
1 → Δx+

2) subsequent to the ini�al compac�on step is 
only observed at [*I] ≥ 10 nM but con�nues to grow in amplitude as protein concentra�on is increased. 
Addi�onally, the slow, secondary elonga�on step (Δx+

2 → Δx+
3) vanishes when [*I] is reduced to 0.5 nM 

as the binding profile becomes single-phased and the protein-DNA complex equilibrates to a highly 
compact (wound) state. Overall, this behavior qualita�vely mimics that observed previously with WT 
gp32 [14], sugges�ng similar modes of protein binding (i.e., rapid DNA winding followed by par�al 
unwinding, concomitant with addi�onal binding into the saturated complex). In general, however, the *I 
complex is considerably more elongated at equilibrium rela�ve to WT gp32, indica�ng that removal of 
gp32’s C-terminal domain facilitates transi�on to a less-wound protein-DNA conforma�on. 

The binding kine�cs were evaluated by measuring the transi�on rates associated with each dis�nct step 
of DNA compac�on and elonga�on (Fig. 3D-G). Similar to WT gp32, the rate of DNA compac�on (k+

1) 
ini�ally increases linearly with *I concentra�on before reaching an asymptote at high protein 
concentra�ons. However, this rate is shi�ed to (~20-fold) lower concentra�ons rela�ve to WT, consistent 
with an increase in ssDNA binding affinity (i.e., faster protein associa�on) upon removal of the CTD, as 
observed with *III (Fig. 2). Forma�on of the compac�ng gp32-ssDNA filaments (Δx0 → Δx+

1) is a mul�step 
process involving: (i) protein nuclea�on events (i.e., ini�al binding and forma�on of noncoopera�vely-
bound gp32), followed by (ii) ini�al cluster forma�on and filament growth along the DNA [14, 37]. At low 
bulk gp32 concentra�ons, k+

1 is linear in [gp32], indica�ng rate-limi�ng by the bimolecular associa�on of 
free protein with the DNA substrate (i.e., slow binding regime). However, at very high concentra�ons 
(i.e., fast binding regime), the rate of compac�on becomes dominated by the kine�cs of filament 
forma�on and subsequent DNA winding. We, therefore, fit k+

1 with a two-step reac�on model allowing 
us to decouple the protein’s bimolecular binding, kb, from the rate of subsequent compac�on, kc, due to 
ini�al cluster forma�on (oligomeriza�on), as described previously [14]. We measure a *I on-rate (defined 
by the slope of the linear k+

1 vs [gp32] region, Fig. 3D-E) of 0.056±0.006 nM-1s-1, ~20-fold higher than that 
of WT gp32, in good agreement with the calculated on-rate of *III (Fig. 2D), and consistent with 
previously reported measurements of gp32 binding from stopped-flow experiments [35]. In contrast, the 
asymptote of k+

1, which defines the rate of *I oligomeriza�on (kc = 1.3±0.2 s-1, Fig. 3D, F), is comparable 
to that of the full-length protein. Taken together, these results suggest that, while the CTD presents a 
barrier to ini�al gp32-DNA associa�on (i.e., competes with the ssDNA for access to the protein’s binding 
site), it does not significantly alter the �mescale of subsequent filament forma�on along the DNA 
substrate.  

The rapid elonga�on phase occurring at [*I] ≥ 10 nM (k+
2, Fig. 3D) is marginally slower than the ini�al 

DNA compac�on step but exhibits a comparable rate increase with protein concentra�on, sugges�ng 
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that this phase of elonga�on may reflect a similar process of protein binding. In contrast, the slow 
secondary elonga�on phase (k+

3) is independent of free protein concentra�on, indica�ng an addi�onal 
rate-limi�ng step to the restructuring of the protein-DNA complex, consistent with the behavior 
observed previously for WT gp32. Notably, however, this transi�on is ~2-fold slower than that of the full-
length protein (Fig. 3G). As this phase of DNA elonga�on is likely driven by addi�onal binding into the 
saturated complex [14], we previously hypothesized that its transi�on rate may reflect a �mescale of 
breaking gp32-gp32 contacts in order to accommodate addi�onal protein into the exis�ng coopera�ve 
filament. However, this process must also involve par�al unwinding of the DNA, concomitant with its 
peeling (par�al release) from the protein’s binding groove in pre-equilibrium to the binding of addi�onal 
gp32 into the saturated filament. As seen with the noncoopera�ve truncates, *II and *III, ssDNA release 
from the gp32 core domain is facilitated by compe�ng interac�ons of the CTD with the protein’s binding 
site (Fig. 2G). Thus, while this phase of slow (~100 s) filament restructuring may be dominated by the 
rate of protein-protein uncoupling (i.e., depolymeriza�on), the moderate increase in k+

3 observed for WT 
gp32 could primarily be a consequence of CTD-mediated changes in the protein’s core-ssDNA 
interac�on, allowing the protein-DNA filament to reorganize on shorter �mescales. 

2.3. Polymer and helical parameters of the *I-ssDNA complex 

To further probe the effects of the CTD on the structural details of the gp32-ssDNA complex, we slowly 
stretched the DNA (~10 nm/s to maintain equilibrium) in the presence of different concentra�ons of *I 
and compared these measurements with those previously taken with WT gp32. In contrast to the 
noncoopera�ve truncates, *II and *III, the strong interprotein interac�ons of *I and WT gp32 allow the 
protein to form long, con�nuous filaments that helically wind the DNA, resul�ng in addi�onal substrate 
compac�on at high force (≥ 10 pN) and elonga�on at low force (≤ 10 pN) due to changes in the DNA 
contour and persistence lengths, respec�vely. Similar to WT gp32, the ssDNA becomes significantly more 
extended with increased *I concentra�on (Fig. 4A), consistent with the elonga�on observed during 
constant force measurements (Fig. 3A-B). We fit the *I force-extension curves with the worm-like chain 
(WLC, see Materials and Methods) model [38, 39] up to 5 pN (inset) to compute the average contour and 
persistence lengths of the *I-ssDNA complex as func�ons of free protein concentra�on (Fig. 4B-C). The *I 
complexes exhibit significantly (~10-fold) greater persistence lengths than the noncoopera�ve protein-
DNA complexes, reflec�ng rigidifica�on of the ssDNA upon protein filamenta�on. Addi�onally, the 
*I-ssDNA persistence length remains constant across the range of satura�ng concentra�ons studied and 
corresponds with that of the WT gp32 complex (~20 nm) at high concentra�on (≥ 25 nM), in reasonable 
agreement with previous light scatering experiments [40]. In contrast, the ssDNA contour length 
gradually increases with *I concentra�on rela�ve to its compacted state. Thus, similar to full-length 
gp32, increased elonga�on of the *I complex with concentra�on is primarily driven by an increase in the 
contour length of the DNA, associated with filament unwinding. However, at similar bulk protein 
concentra�ons, *I exhibits a significantly smaller contour length reduc�on (i.e., is more extended) than 
WT gp32, indica�ng greater unwinding of the *I-ssDNA filament at equilibrium. 

We modeled the *I complex as an ideal protein-DNA helix in which the DNA is con�nuously wrapped 
around the gp32 filament, allowing us to map the measured contour length changes (Fig. 4C) to different 
wound states of the protein complex [14]. The geometrical parameters of an ideal protein-DNA helical 
filament are related as follows: 
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1 221
-1

2

R L

Lρ π

  
  =
  ′  

                                                                   (1) 

where R is the helix radius, ρ is the helical pitch (length per turn), L is the contour length of bare ssDNA 
per nt (0.56 nm/nt), and L′ is the effective contour length of the protein-DNA complex per nt (length 
along the translational axis, see Fig. 4D). Assuming an ideal helical structure with a constant filament 
radius of ~2 nm, as measured previously for WT gp32 [14, 15], we calculate a *I-ssDNA helical pitch of 
14.2±0.7 nm (or ρ/L′ = 35±2 nt of wound ssDNA per turn) at the lowest saturating bulk protein 
concentration of 0.5 nM, corresponding to its most compact, wound state (L′ = 0.41±0.01 nm/nt, see Fig. 
3A). Assuming that in this most relaxed and optimally wound filament state the gp32 binding site size on 
ssDNA is 7 nt, as measured previously [10], we estimate the length of ssDNA per protein along the 
helical axis, h = 0.41 nm/nt · 7 nt = 2.9±0.1 nm, as well as the number of proteins per helical turn, N = 35 
nt/7 nt = 5±0.3, consistent with the values found previously for WT gp32 [14]. 

As we titrated in additional *I, the equilibrium complex extension became more elongated (Fig. 4A), 
corresponding to a continual increase in the helical pitch of the gp32 filament according to Eq. (1) (Fig. 
4E). Assuming the length, h, of each *I protein along the filament axis remains constant, the observed 
filament lengthening implies that more proteins join the filament and the protein binding site size (bss) 
on ssDNA shrinks according to the expression bss = h/L′ (Fig. 4G). Furthermore, as additional gp32 bind 
into the complex, the number of proteins bound per turn, N = ρ/h grows (Fig. S2), while the twist angle 
between neighboring proteins, α = 360°/N decreases (Fig. 4F). Both protein filaments reveal highly 
dynamic structures, with the ability to adopt multiple wound states, in good agreement with the 
multiphasic binding observed during constant force measurements (Fig. 3A-C). However, the changes in 
the helical parameters are significantly greater for the *I complex, consistent with greater unwinding of 
the DNA substrate with concentration. 

2.4. Concentration dependence of *I dissociation 

To measure the effects of the CTD on gp32 dissociation, we first initialized the complex in different 
wound states by incubating the DNA with various concentrations of *I. Upon removal of free protein, 
initial dissociation of *I results in substrate recompaction (Δx−1), associated with rewinding of the 
released ssDNA on the remaining gp32 filament (Fig. 5A). Recompaction of the protein-DNA complex is 
linear in time (rather than exponential), indicating dissociation of *I primarily from the ends of the 
cooperative protein filaments [20, 21, 41]. Notably, recompaction of the *I complex remains linear 
across all incubation concentrations studied. That is, regardless of the protein density (Fig. 4G) and 
degree of DNA unwinding, *I unbinds from only the ends of the cooperative clusters. This dissociation 
profile is comparable to the dissociation of WT gp32 at lower complex saturation [14]. However, at high 
concentrations of full-length gp32 (≥ 300 nM) we observed the appearance of an initial rapid 
recompaction step, occurring exponentially over time (Fig. 5B). These previous data suggested a critical 
level of filament unwinding (dashed line in Fig. 4G), above which the cooperative interactions largely 
vanish, resulting in rapid gp32 dissociation from across the entire ssDNA segment. This fast (exponential) 
dissociation continues until the torsional stress of the excess proteins is relieved below its critical value, 
at which point the protein filament becomes stable, leading to slower (linear) gp32 unbinding only from 
its ends. This concentration-dependent response is not observed with *I, however, suggesting that the 
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protein-DNA filament remains stable and cooperative even under conditions in which it is highly 
oversaturated and unwound. Thus, in the absence of the CTD the gp32-gp32 contacts may be 
significantly more flexible, allowing the DNA substrate to extend and unwind without dramatically 
weakening their interprotein stacking interaction. 

In order to compare directly the rates of WT and *I dissociation, we calculated a DNA recompaction rate 
by isolating the portion of each curve spanning the onset of compaction to the completion of half the 
total extension change exhibited over the entire experiment. This half-compaction data fully includes 
the fast exponential component of the curve when present, and we define the average rate of 
compaction over this timescale as k1/2. At incubation concentrations ≤ 100 nM, DNA recompaction is 
linear for both WT gp32 and *I, and the estimated dissociation rate is comparable for the two proteins 
(Fig. 5C), suggesting that at lower complex saturation both proteins unbind and rewind the DNA in a 
similar manner. At higher concentrations (≥ 300 nM), however, the rate of WT recompaction increases 
significantly as dissociation becomes noncooperative, sharply diverging from that of the *I complex, 
which remains relatively slow and linear. Thus, unlike full-length gp32, upon substrate overcrowding and 
filament unwinding, dissociation of protein from the *I-DNA complex continues to result solely from 
slow unbinding at the ends of the protein clusters. 

2.5. Salt dependence of *I and WT gp32 binding and dissociation 

In lower salt buffers (e.g., 50 mM Na+) the negatively-charged CTD lowers gp32-ssDNA affinity by 
associating with the positively-charged surface at or near the protein’s cationic binding site, thus 
competing with ssDNA and resulting in faster protein dissociation as observed with the noncooperative 
gp32 truncates (Fig. 2G). However, high salt (≥ 200 mM Na+) effectively screens this interaction, 
inhibiting formation of the CTD-closed protein state, as modeled previously [22]. Thus, to test if the 
differences in the WT and *I dissociation profiles are due to competing interactions of the CTD, we 
measured gp32 binding and dissociation, with and without the CTD, as a function of salt (Na+) 
concentration. Both the *I and WT gp32 complexes exhibit increased substrate compaction with 
increased Na+ concentration during binding (Fig. 6A), indicating reduced unwinding of the protein-DNA 
filaments at equilibrium (i.e., lower ssDNA oversaturation). However, the binding profile of *I shows a 
greater sensitivity to salt, converging with that of WT gp32 at 300 mM Na+, despite exhibiting greatly 
reduced compaction (unwinding) at lower [Na+]. 

Prior kinetic measurements reported an increase in the bimolecular association rate of gp32 with 
increased [NaCl], consistent with the highly salt-dependent opening of the acidic CTD near the protein’s 
binding site [35, 37]. However, above ~200 mM NaCl, the rate of protein association decreased, implying 
weaker electrostatic interactions between ssDNA and the gp32 core domain. By comparison, our binding 
measurements reveal monotonically decreasing rates of initial compaction (k+

1) and subsequent fast 
elongation (k+

2) of the DNA with increased salt (Fig. 6B), which become more pronounced in the absence 
of the negatively-charged CTD. At such high bulk protein concentrations (1 μM), these binding phases 
are presumably rate-dominated by the timescale of gp32 filament formation and ssDNA 
winding/unwinding rather than the rapid bimolecular association of free protein with the DNA substrate 
(Fig. 3D). Thus, salt-dependent changes in the bimolecular binding rate, as observed in previous studies, 
may not contribute significantly to the measured rates of DNA compaction and elongation seen here. 
Taken together, these results suggest that increases in salt concentration may (slightly) lower the rate of 
gp32-ssDNA filament formation along the DNA, resulting in moderately reduced rates of DNA winding. 
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Furthermore, the kinetics of the corresponding *I and WT gp32 binding phases (k+
1 and k+

2) converge at 
high salt, indicating similar rates of filament formation and ssDNA association for both proteins, in 
reasonable agreement with stopped-flow measurements [35]. This behavior also implies nearly 
complete screening of the CTD from the protein’s binding groove, consistent with the calculated 
probability of CTD opening, Pop ≈ 0.85 at 300 mM Na+, as modeled previously [22]. In contrast, the rate 
of the slow secondary elongation phase (k+

3) increases ~3 to 4-fold with [Na+] for both proteins (Fig. 6C). 
As salt lowers gp32 binding affinity (i.e., increases the rate of protein dissociation, see Fig. S3), the 
observed increase in k+

3 is consistent with the hypothesis that slow (~10-100 s) reorganization of the 
protein-DNA complex is rate-limited by protein unbinding events. That is, salt-induced gp32 
destabilization may facilitate partial release of the ssDNA from the protein’s core as well as breaking of 
the cooperative gp32-gp32 contacts in order to accommodate additional protein into the saturated 
complex, allowing the filament to reorganize on shorter timescales. Notably, this elongation phase 
remains slightly slower for *I at high salt, suggesting that even a relatively low probability of CTD closing 
(Pcl ≈ 0.15) may have a measurable impact on the rate of gp32 unbinding and subsequent filament 
restructuring. 

Upon removal of free protein, the dissociation profile of *I remains linear with increased salt, while WT 
gp32 exhibits biphasic recompaction characteristic of critical filament unwinding (Fig. 6D). The linearity 
of *I recompaction, preserved across salt conditions, implies that protein binding remains moderately 
cooperative, such that dissociation occurs primarily from the filament ends. In contrast, the WT gp32 
complex exhibits rapid, noncooperative recompaction that persists even at high [Na+]. As the CTD 
predominately exists in an ‘open’ conformation (i.e., does not occlude the ssDNA binding groove) at high 
salt, this behavior suggests that fast, exponential gp32 dissociation is not primarily due to competing 
interactions of the CTD with the protein’s binding site. Rather, the CTD may interfere with the gp32-gp32 
contacts such that cri�cal filament unwinding disrupts the coopera�ve interprotein interac�ons, 
facilita�ng prompt removal of gp32 from anywhere along the overcrowded ssDNA. 

The DNA recompac�on rate, k1/2 (Fig. 6E), increases with [Na+] for both *I and WT gp32, indica�ng faster 
protein unbinding and weaker electrosta�cs. The es�mated rate of *I recompac�on remains ~3-fold 
slower than that of the full-length protein, primarily due to its lack of exponen�al (noncoopera�ve) 
dissocia�on upon filament unwinding (Fig. 6D, S3). However, the linear recompac�on rate is comparable 
for the two proteins (Fig. S3A), sugges�ng that the salt dependence of this dissocia�on phase (i.e., 
unbinding from the filament ends) is dominated by the salt dependence of gp32-gp32 interac�ons that 
are largely insensi�ve to the presence of the CTD at lower satura�on levels. 

We also probed the final dissocia�on phase of *I and WT gp32 at 300 mM Na+ (Fig. 6F). Once the 
maximum ssDNA winding within the filament is achieved (Δx−1), subsequent (final) gp32 dissocia�on 
leads to ssDNA release from the filament followed by an increase in the extension of the complex. While 
both proteins dissociate fully, returning the complex to its original extension prior to incuba�on (Δx = 0), 
final dissocia�on of WT gp32 is slightly faster than *I (Fig. 6F inset), sugges�ng minor destabiliza�on of 
the gp32 core-ssDNA interac�on in the presence of the CTD in high salt. In contrast to the dras�cally 
different rates of WT and *I recompac�on (ini�al dissocia�on, k1/2), these data imply that, upon op�mal 
winding (i.e., maximum compac�on) of the protein-DNA filament, the *I complex is only moderately 
more stable than full-length gp32. However, the differences in protein stability become considerably 
more pronounced, with *I remaining stable and WT gp32 becoming increasingly labile, under condi�ons 
in which the structures are highly unwound and elongated. This suggests that the interprotein contacts 
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of gp32 are significantly more flexible (i.e., proteins can twist freely around the filament axis with 
minimal disrup�on) upon removal of the CTD, enabling progressive filament unwinding without 
significant loss of protein coopera�vity. 

Rapid WT dissocia�on, concomitant with cri�cal filament unwinding, occurs over a wide range of NaCl 
concentra�ons. However, it is important to note that Cl− is not the major monovalent anion in the cell, 
and thus the solu�on condi�ons used here are not perfectly representa�ve of those found in vivo. 
Potassium glutamate (KGlu), the primary monovalent salt in bacteria [42, 43], was shown to enhance 
non-nearest-neighbor coopera�vity of the E. coli ssDNA binding protein (EcSSB), a property inhibited by 
KCl [44, 45]. Similar to EcSSB, gp32 binding is sensi�ve to the type of anion as well as its concentra�on 
[22, 46], sugges�ng possible salt type effects on gp32-ssDNA and gp32-gp32 interac�ons that are not 
captured by our binding measurements. Thus, addi�onal studies are required to fully understand the 
effects of salt type on the filament dynamics seen here. 

2.6. Role of gp32’s CTD during DNA replica�on and recombina�on 

In addi�on to regula�ng the protein’s ssDNA binding and DNA helix-destabiliza�on ac�vi�es, gp32’s 
C-terminal domain is believed to primarily help coordinate T4 DNA replica�on and recombina�on via 
structural and/or func�onal interac�ons with cons�tuents of the replisome machinery. gp32 has been 
shown to associate with several replisomal proteins, such as the polymerase (gp43), helicase loader 
(gp59), and the primase (gp61), and these interac�ons are all abolished by removal of the acidic CTD [47, 
48]. Measurements of primase synthesis and processivity showed dras�cally reduced primer synthesis 
and faster primase dissocia�on (resul�ng in abnormally long and broadly distributed Okazaki fragments) 
in the absence of the CTD, sugges�ng a role in stabilizing primase binding to the helicase within the 
replisome [32]. Similarly, CTD-meditated species-specific interac�ons between gp32 and T4 DNA 
polymerase are thought to stabilize binding of the polymerase at the replica�on fork, thereby s�mula�ng 
in vitro DNA synthesis rates and replisome processivity [47, 49]. 

On the other hand, rapid displacement of gp32 from transient stretches of ssDNA is also cri�cal for 
replisome func�onality. gp32 must be quickly removed during genomic processing to ensure fast protein 
recycling, and to clear the way for proper assembly and func�oning of various replica�on and 
recombina�on proteins, such as the polymerase, helicase (gp41), and recombinase (UvsX). 
Measurements of gp32 displacement by the UvsW and gp41 helicases showed increased protein 
displacement ac�vity in the presence of the CTD, and these data were correlated with CTD-helicase 
binding [34]. Addi�onally, direct interac�ons of gp32 with the helicase loader, gp59, are thought to 
destabilize or displace gp32 from the ssDNA, exposing a binding site for the helicase [50-52]. The 
nega�vely-charged C-terminal domain is clearly essen�al in regula�ng the removal of gp32 from ssDNA. 
However, the molecular mechanism that drives gp32 displacement and prompt ssDNA clearing via direct 
interac�ons with its CTD is not understood. How the CTD facilitates rapid removal and recycling of 
�ghtly-bound gp32 filaments from long stretches of ssDNA during movement of the replica�on fork 
remains an important, open ques�on. 

2.6.1 Lagging strand synthesis 

Here, we offer an alterna�ve role of the CTD in media�ng gp32 removal from ssDNA. Specifically, our 
experiments show a mode of rapid, noncoopera�ve dissocia�on of excess gp32 from ssDNA that is not 
observed in the absence of the CTD. gp32 forms highly coopera�ve, compac�ng filaments on the ssDNA 
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template by stacking into a helix, with each subsequent protein twisted around the filament axis by a 
definite angle with respect to the previous one [15-19]. The ssDNA binding groove on the gp32 core 
domain is likely located on the outside of the protein filament, allowing the complex to form a 
con�nuous helical path for the ssDNA. Therefore, the twist angle between con�guously-bound gp32 
proteins defines the helical pitch of the filament, the overall DNA shortening (i.e., contour length 
reduc�on), and the protein density on the ssDNA template. Interes�ngly, all of the above parameters of 
the gp32-ssDNA filament can vary widely, leading, in par�cular, to the occluded binding site size of each 
protein shrinking from ~7 to ~5 nt with the growing protein density (Fig. 4G), accompanied by an 
increase in the helical pitch from ~15 to ~30 nm (Fig. 4E), and a net complex elonga�on of ~1.5-fold (Fig. 
S2A) with respect to a ~1000-fold increase in bulk protein concentra�on. The observed varia�on in 
helical structure is based on concentra�on-dependent shi�s in the protein-DNA contour length, 
associated with filament unwinding. These data were extracted from fits to DNA stretching curves up to 
5 pN (Fig. 4A, C) in order to reduce the effect of tension on the structure of the protein-DNA filament. 
Moreover, increased complex elonga�on (i.e., transi�on to a less wound conforma�on) was significant 
down to ~1 pN tension (Fig. 4A inset), and the force-extension curves were well fit by the worm-like 
chain in this region. This suggests that unwinding of the gp32-ssDNA complex is not merely a high force 
phenomenon (Fig. 3) but that cri�cal filament rearrangements also occur at low forces (≤ 5 pN), typical 
of intracellular processes [53]. This impressive ability of the gp32-ssDNA complex to adjust its helical 
structure to the bulk solu�on condi�ons may reflect the necessity of the ssDNA to be gp32-protected 
from degrada�on (e.g., nuclease atack) in the wide range of protein levels in the nucleus. 

The helical protein-DNA filament remains highly coopera�ve and stable in a broad range of protein 
concentra�ons, as reported by slow (linear) gp32 dissocia�on from the few filament ends (Fig. 5). 
However, at very high levels of ssDNA satura�on, leading to a reduc�on in the protein binding site size to 
~6 nt, the WT gp32 filament becomes unstable, as observed by the appearance of a rapid exponen�al 
dissocia�on phase not seen at lower complex satura�on. For WT gp32, this occurs at bulk protein 
concentra�ons ≥ 300 nM (in 50 mM Na+), resul�ng in a reduc�on in the twist angle between neighboring 
proteins to ~50° [14]. At these high WT gp32 concentra�ons, untwis�ng of the filament upon addi�onal 
protein binding becomes energe�cally unfavorable, leading to weakening of the protein-protein contacts 
and a loss of binding coopera�vity. Bringing such complexes into protein-free solu�on results in prompt, 
noncoopera�ve dissocia�on from across the en�re ssDNA template on a ~10 s �mescale (Fig. 5B), 
comparable to the rate of ssDNA dissocia�on from the noncoopera�ve gp32 variants, *II and *III (Fig. 2). 
Fast, exponen�al gp32 dissocia�on con�nues un�l enough protein is released from the filament to 
return the gp32-ssDNA complex to its stable, moderately unwound state. At this point, the filament 
becomes highly coopera�ve again, and protein dissocia�on occurs over a much longer �mescale only 
from the filament ends (Fig. 6D). In our previous work [14], we hypothesized that this fast, 
noncoopera�ve gp32 dissocia�on from its oversaturated complex with ssDNA can provide a mechanism 
for rapid protein removal from the template that can keep pace with DNA synthesis by the fast moving 
[54] polymerase (Fig. 7). This local gp32-ssDNA complex overcrowding could be produced by rapid 
polymerase movement itself, thereby providing a plausible mechanism for autoregula�on of the rate of 
gp32 filament dissocia�on during DNA replica�on. 

The main finding of the present work is our demonstra�on that, rela�ve to WT gp32, the CTD-dele�on 
variant, *I, can bind and unwind the ssDNA helical filament to a much greater extent without inducing 
filament destabiliza�on. This heavily oversaturated (and unwound) complex remains coopera�ve and 
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stable, as reported by satura�on level-independent slow protein dissocia�on from the filament ends 
only, similar to the dissocia�on of WT gp32 at much lower satura�on levels (Fig. 5C). We hypothesize 
that the presence of the CTD in the full-length protein leads to limita�ons in gp32-ssDNA filament 
unwinding, which manifest under condi�ons of high protein density (i.e., overcrowding). Indeed, a 
decrease in the stacking angle (untwis�ng) between adjacently-bound gp32 proteins should lead to a 
reduc�on in the distance between the C-terminal domains at the periphery of the protein helix. This, in 
turn, could induce either steric or electrosta�c repulsion between the neighboring CTDs, leading to 
destabiliza�on of the protein-protein interac�ons, facilita�ng rapid gp32 dissocia�on that increases 
exponen�ally with the level of complex oversatura�on (Fig. 5C). Alterna�vely, a cri�cal change in the 
rela�ve twist angle between adjacently-bound proteins could place the CTD in an orienta�on such that it 
sterically blocks (or interferes with) and directly disrupts the (presumably) CTD-adjacent [23] NTD-core 
interac�on required for protein coopera�vity, resul�ng in gp32-gp32 destabiliza�on across the en�re 
filament. 

Irrespec�ve of the detailed nature of this destabilizing CTD clash, it appears to be eliminated upon CTD 
removal in the *I gp32 variant, leading to a significantly more stable oversaturated ssDNA complex. This 
result offers a new interpreta�on of the role of the CTD in media�ng prompt displacement of gp32 from 
the ssDNA template during T4 DNA replica�on. We propose that the CTD-constrained internal dynamics 
of the gp32-ssDNA filament (alone) can promote rapid removal of gp32 during genomic processing 
events, even in the absence of heterotypic protein interac�ons that are generally thought to be required 
for efficient turnover (Fig. 7). On the other hand, it is en�rely possible that this mode of destabiliza�on is 
also coupled to direct interac�ons with the replisomal proteins (e.g., polymerase, helicase, etc.) via the 
acidic CTD to coordinate yet faster gp32 displacement. However, how these interac�ons could facilitate 
stronger gp32 destabiliza�on remains unclear. 

During T4 DNA replica�on, the length of a typical Okazaki fragment is 1000-2000 nt [55]. Our proposed 
mechanism of s�mulated gp32 displacement through overcrowding on ssDNA becomes more efficient 
on these longer templates. This is because such destabilized filaments are noncoopera�ve, resul�ng in 
exponen�al dissocia�on from across the en�re DNA segment, and the number of proteins dissocia�ng 
per unit �me is propor�onal to the filament length. As a ~2000 nt Okazaki fragment binds ~300 gp32 at 
satura�on, our highest measured exponen�al WT recompac�on rate of ~0.1 s-1 (Fig. S3B) implies that 
~30 proteins dissociate from the oversaturated filament per second. Assuming that in its maximally 
unwound and elongated conforma�on each protein occupies ~6 nt of ssDNA (Fig. 4G), we es�mate a 
nucleo�de release rate of ~200 nt/s, in good agreement with in vitro DNA synthesis rates (~250 nt/s) 
[54]. Note, the calculated release rate is based on protein dissocia�on measurements taken at 15 pN 
tension, a force not o�en associated with typical intracellular mechanisms. However, previous single 
molecule DNA stretching experiments have shown that polymerases can generate forces on ssNA 
templates as high as ~15 to 35 pN during synthesis of the complementary strand [56-60], sugges�ng that 
the behavior observed here is likely to be applicable to DNA replica�on processes in vivo. Thus, prompt 
gp32 displacement via filament restructuring may be able to keep pace with the rapidly moving 
replica�on fork without requiring the assistance of other replica�on proteins. 

In contrast to WT gp32, dissocia�on of *I occurs primarily from the ends of the coopera�ve filaments, 
resul�ng in much slower linear recompac�on that is independent of the length of the substrate. 
Assuming the length of ssDNA per protein along the helical axis, h ≈ 3 nm [14], remains constant, we 
es�mate that release of a single *I molecule (followed by filament rewinding) reduces the extension of 
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the complex by ~3 nm. Assuming prompt re-equilibra�on of ssDNA rewinding on the remaining filament, 
our highest measured *I recompac�on rate ν = 1 × 10-4 nm nt-1s-1 · 8.1 knt ≈ 1 nm/s (Fig. 6E, S3A) implies 
that on average, one protein dissociates from the unwound filament every three seconds. Given a 
binding site size of ~6 nt in the unwound conforma�on, dissocia�on of *I from the filament ends yields a 
nucleo�de release rate of ~2 nt/s. Alterna�vely, we can es�mate the rate of ssDNA release from our 
recompac�on curves directly. Transi�on of the maximally unwound *I-ssDNA filament to its op�mally 
wound state results in an ssDNA extension reduc�on of Δx ≈ 0.05 nm/nt. Thus, the fastest measured *I 
recompac�on rate (1 × 10-4 nm nt-1s-1) yields a dissocia�on �mescale, τ ≈ 500 s. Rela�ve to its op�mally 
wound (~7 nt per protein) state, our protein density measurements indicated a ~1.25-fold increase of 
bound protein in the unwound complex (Fig. 4G), implying that ~300 excess proteins must dissociate 
from the substrate during this transi�on. A binding site size of ~6 nt suggests that ~2000 nt of ssDNA are 
released during this process, yielding a nucleo�de release rate of ~4 nt/s, in reasonable agreement with 
our original es�mate. Thus, ssDNA release from the overcrowded template is enhanced significantly (~50 
to 100-fold) in the presence of the C-terminal domain, indica�ng its overall importance in ensuring rapid 
template clearing during DNA synthesis (Fig. 7). Furthermore, removal of the CTD also increases the 
dsDNA helix-destabilizing ac�vity of the protein, sugges�ng that *I might have the ability to bring about 
the mel�ng of the dsDNA region adjacent to the Okazaki fragment, poten�ally leading to destabiliza�on 
and premature dissocia�on of T4 polymerase [47]. Thus, the absence of the CTD from gp32 likely has 
mul�ple deleterious consequences for its role in DNA replica�on, recombina�on, and repair. 

2.6.2 Presynap�c filament forma�on 

In addi�on to addressing the role of the gp32 CTD in media�ng ssDNA template clearing during DNA 
synthesis, our proposed model may be applicable to other genomic processes, such as forma�on of the 
presynap�c filament, a crucial early step in gene�c recombina�on. With respect to T4 bacteriophage, 
this reac�on involves at least three T4-coded proteins: the recombinase (UvsX), the recombina�on 
mediator (UvsY), and gp32. In its final state, the presynap�c filament is composed of UvsX polymerized 
along the ssDNA. However, intermediate complexes involving both UvsY and gp32 are required for 
proper loading of the UvsX recombinase. In this regard, UvsY func�ons as an accessory factor to facilitate 
displacement of gp32 by UvsX [61, 62]. 

Early studies on presynap�c filament assembly concluded that direct interac�ons between UvsY and the 
gp32 CTD are required for loading of UvsY onto the gp32-saturated ssDNA, and that efficient binding of 
UvsY is necessary for prompt gp32 removal and subsequent polymeriza�on of UvsX along the DNA [63]. 
These findings were based on correlated measurements of gp32-UvsY binding (via direct crosslinking) 
and UvsX polymeriza�on (inferred through rates of ATP hydrolysis), both of which were reduced in the 
absence of the acidic CTD. However, more recent studies indicated that UvsY and gp32 co-occupy the 
ssDNA in a noncompe��ve fashion, and that heterotypic protein interac�ons between gp32 and UvsY: (i) 
are not required for filament forma�on and (ii) do not affect the affinity of UvsY for the ssDNA substrate 
[64, 65]. These studies suggested that UvsY destabilizes gp32 binding and remodels the gp32-ssDNA 
complex through UvsY-ssDNA interac�ons rather than direct gp32-UvsY interac�ons. 

To explain how the C-terminal domain facilitates gp32 displacement from the presynap�c filament 
without direct interac�ons between UvsY or UvsX, we propose a dissocia�on scheme wherein the 
binding of addi�onal protein (e.g., UvsY) to the gp32-coated ssDNA molecule induces substrate 
overcrowding, similar to that observed at high concentra�ons of free gp32, thereby s�mula�ng CTD-
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mediated gp32 destabiliza�on via internal rearrangement of its helical structure (i.e., cri�cal filament 
unwinding). This model provides a simple, plausible mechanism for gp32 removal that could poten�ally 
be the primary mode of rapid ssDNA clearing during T4 DNA replica�on and recombina�on, 
demonstra�ng its u�lity in understanding the dynamics of gp32 filament reorganiza�on. 

3. Materials and Methods 

3.1. Purifica�on of gp32 

Full-length gp32 and its truncated forms (*I, *II, and *III) were prepared as previously described [11, 24]. 
Protein concentra�ons were determined spectrophotometrically using ε280

M = 3.7 × 104 M-1cm-1 [66]. 

3.2. Op�cal tweezers system for measuring ssDNA conforma�on at constant force 

An 8.1 knt ssDNA molecule, tethered between two 1.76 µm diameter streptavidin-coated microbeads, 
was generated in situ as described previously [67] and held at fixed tension. Extension of the ssDNA was 
con�nuously adjusted to maintain the given force applied by the trapping laser. Unless otherwise stated, 
experiments were performed in a binding buffer containing 50 mM Na+ (45 mM NaCl and 5 mM NaOH) 
and 10 mM HEPES at pH 7.5. The extension of the ssDNA was controlled by a piezoelectric transla�onal 
stage with 1 nm precision, and the tension along the substrate was measured by the laser deflec�on of 
the sta�onary op�cal trap. Constant force experiments were performed at 15 pN tension in order to 
maximize the ssDNA extension reduc�on (shortening) during gp32 binding while minimizing the force 
along the DNA molecule. This tension is sufficient to ensure that the forma�on of ssDNA secondary 
structures due to sequence heterogeneity is negligible across all salt condi�ons used. The distance 
between the beads was measured using simultaneously recorded bright-field images to calculate the 
absolute extension of the ssDNA and correct for long-term thermal dri� in the system. Following 
incuba�on, free protein was removed by exchanging with protein-free buffer. Data were analyzed using 
custom scripts in MATLAB (MathWorks). All experiments were performed in replicate (N ≥ 3) with 
uncertainty calculated as standard error of the mean (SEM).  

3.3. ssDNA stretching and polymer length measurements 

In the presence of various, fixed gp32 concentra�ons, the ssDNA was slowly stretched at a rate of ~10 
nm/s to ensure equilibra�on at every force. The force-extension curves (FECs) of ssDNA saturated with 
the noncoopera�ve *II (gp32 lacking its N-terminal domain) and *III (gp32 lacking both its N-terminal 
and C-terminal domains) truncates were fit with the freely jointed chain (FJC) polymer model [36] 
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up to 10 pN to compute the contour and persistence lengths of the complexes, where L is the 
protein-DNA contour length (end-to-end distance), p is the persistence length, and S is the elas�c 
modulus. FECs of the full-length and *I (gp32 lacking its C-terminal domain) gp32 complexes were fit 
with the worm-like chain (WLC) model [38, 39] 
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up to 5 pN to compute the contour and persistence lengths as func�ons of free protein concentra�on. 
Uncertainty was calculated as the SEM for best fit parameters derived from three or more replicate 
curves. 
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Figure 1: Measuring gp32 binding and ssDNA conforma�on. (A) Wild-type (WT) gp32 comprises three 
domains: the N-terminal domain (NTD, red), ssDNA binding core (yellow), and the C-terminal domain 
(CTD, blue). In addi�on to full-length (301 aa) gp32, three truncates, missing the CTD (*I), NTD (*II), or 
both (*III), were used. (B) An 8.1 knt ssDNA molecule was tethered between two func�onalized 
microbeads and held at a fixed tension as measured by beam deflec�on in the op�cal trap (1). The DNA 
extension was con�nuously adjusted to maintain constant tension during incuba�on with free protein (2, 
3) and its subsequent removal (4) to measure gp32 binding and dissocia�on. (C) In the presence of 100 
nM WT gp32 (light blue), the DNA exhibits mul�phasic length changes consistent with its winding (2) and 
unwinding (3) by the coopera�ve protein filaments: an ini�al fast compac�on (Δx+

1) followed by two 
dis�nct elonga�on events with different kine�c rates (Δx+

1 → Δx+
2 and Δx+

2 → Δx+
3). Incuba�on with 100 

nM *I (blue) results in a similar, albeit significantly less compact, binding profile. Upon removal of free 
protein, ini�al dissocia�on results in linear substrate recompac�on (Δx−1) for both the WT gp32 (light 
red) and *I (red) complexes.  
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Figure 2: Binding dynamics of noncoopera�ve NTD truncates. The *III (A, without CTD) and *II (B, with 
CTD) gp32 truncates exhibit single-phased binding (blue) with significantly reduced compac�on rela�ve 
to their coopera�ve counterparts. When free protein is removed (red), the ssDNA exponen�ally 
elongates back to its original length on a ~10 s �mescale, consistent with full dissocia�on of protein. (C) 
The average equilibrium compac�on of the ssDNA at satura�on is approximately equivalent for both 
proteins. (D) The measured rates of protein binding (ckon) are directly propor�onal to protein 
concentra�on and linearly fit to compute the concentra�on-independent bimolecular on-rate and KD of 
*III (D) and *II (E) at 15 pN. (F) The bimolecular binding rate (kon) of *III is ~25-fold higher than *II. (G) 
The *III off-rate (koff) is ~2-fold lower than that of *II.  
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Figure 3: Concentra�on dependence of *I binding. (A) Representa�ve curves (le�) and average extension 
changes (right) associated with the binding of *I as a func�on of free protein concentra�on at 15 pN. 
Both the maximum ini�al (Δx+

1) and equilibrium (Δx+
3) compac�on of the ssDNA decrease with protein 

concentra�on. Rapid elonga�on (Δx+
1 → Δx+

2) subsequent to ini�al compac�on, but prior to slow 
elonga�on, is only observed at [*I] ≥ 10 nM. The slow, secondary elonga�on step (Δx+

2 → Δx+
3) is absent 

at [*I] < 1 nM as the protein-DNA complex equilibrates to a highly compact state. Under condi�ons in 
which we observe biphasic elonga�on, the curves are fit with a two-rate decaying exponen�al to extract 
the rates and amplitudes of those phases. (B) Average extension changes (reploted from panel A) 
associated with each binding phase are ploted as a func�on of *I concentra�on. (C) Cartoon illustra�ng 
the dis�nct steps (compac�on, fast elonga�on, and slow elonga�on) of ssDNA compac�on and 
elonga�on observed during *I binding. (D) The rate of each binding phase is calculated as a func�on of *I 
concentra�on (filled circles) and compared with WT gp32 (empty circles). The rate of compac�on (k+

1, 
orange) ini�ally increases linearly with concentra�on for both proteins before reaching an asymptote at 
high concentra�on (fits for *I and WT gp32 are shown as dashed and doted lines, respec�vely). The rate 
of rapid elonga�on (k+

2, green) is slightly slower than the ini�al compac�on rate but exhibits a similar 
increase with protein concentra�on. While both proteins exhibit qualita�vely comparable concentra�on-
dependent kine�cs that asymptote to similar values, the rates associated with *I binding are shi�ed to 
lower concentra�ons rela�ve to WT gp32. The slower, secondary elonga�on phase of *I (k+

3, purple) is 
independent of free protein concentra�on. (E) The *I on-rate, kb (defined by the slope of k+

1 vs [gp32] at 
low concentra�on), is ~20-fold higher than that of WT gp32. (F) The rate of subsequent compac�on due 
to ini�al gp32 oligomeriza�on, kc (defined by the asymptote of k+

1 at high concentra�on), is 
approximately equivalent for both proteins. (G) The average *I k+

3 value (calculated by fi�ng k+
3 vs 

[gp32] to a straight line) is ~2-fold lower than that of the full-length protein.  
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Figure 4:  Polymer and helical parameters of gp32-ssDNA complexes. (A) Representa�ve DNA stretching 
curves in the presence of different concentra�ons of *I. The gp32-ssDNA complexes are more elongated 
than bare ssDNA (purple) at low force due to increased persistence length, but shorter (more compact) 
than ssDNA at high force due to decreased contour length. The force-extension curves are fit with the 
worm-like chain (WLC, black lines) model up to 5 pN (inset) to compute the contour and persistence 
lengths of the *I-ssDNA complex, with higher [*I] increasing the extension of the DNA. (B) Persistence 
lengths of bare ssDNA (purple square) and ssDNA saturated with WT gp32 (blue empty circles), *I (red 
filled circles), *II (green diamond), and *III (yellow triangle). The WT and *I complexes exhibit 
significantly greater (longer) persistence lengths than the noncoopera�ve *II and *III gp32 truncates. The 
persistence length of *I remains constant across the range of concentra�ons studied and agrees with the 
persistence length of WT (~20 nm) at high concentra�on (≥ 25 nM). (C) The contour length reduc�ons 
(rela�ve to bare ssDNA) of the coopera�ve gp32 complexes (WT and *I) are greater (more compact) than 
those of their noncoopera�ve counterparts (*II and *III), but decrease with protein concentra�on. At 
similar concentra�ons, the *I complex exhibits a smaller contour length reduc�on (less compact) than 
WT gp32. (D) Geometrical model of an ideal protein-DNA helix rela�ng the ssDNA contour length (L), 
helix length (length along transla�onal axis, Lʹ), radius (R) and pitch (ρ). The *I-ssDNA helix parameters 
(red) are calculated as func�ons of protein concentra�on and compared with those previously calculated 
for WT gp32 (blue). (E) Under similar concentra�ons, the *I helical pitch (ρ) is greater than that of WT, 
increasing with protein concentra�on. (F) The twist angle between neighboring *I proteins (α) is 
generally smaller than that of WT and decreases with concentra�on. (G) The protein density increases 
while the binding site size (bss, secondary axis) decreases with concentra�on. The protein density at 
which we begin to observe rapid, exponen�al WT dissocia�on (see Fig. 5B) is indicated by a dashed line 
in panel G.   
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Figure 5: Concentra�on dependence of *I dissocia�on. (A) Representa�ve curves showing the ini�al 
dissocia�on phase (recompac�on) of *I as a func�on of incuba�on concentra�on. Across all protein 
concentra�ons, recompac�on of the *I-ssDNA complex is strictly linear in �me and fit with a straight line 
to compute the rate of ini�al dissocia�on. (B) At high concentra�ons (1000 nM), DNA recompac�on 
remains linear for *I, while WT gp32 exhibits two dis�nct dissocia�on phases: an ini�al rapid exponen�al 
recompac�on followed by a slower linear recompac�on step. (C) At concentra�ons ≤ 100 nM, the 
es�mated rate of recompac�on (k1/2) is similar for both proteins. However, at higher concentra�ons, the 
WT recompac�on rate increases significantly, sharply diverging from that of the *I complex. 
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Figure 6: Salt dependence of *I and WT gp32 binding and dissocia�on. (A) Representa�ve curves (le�) 
and average extension changes (right) associated with the binding of 1 µM *I (red) and WT gp32 (blue) 
as a func�on of Na+ concentra�on (45, 145, and 295 mM NaCl + 5 mM NaOH) at 15 pN. Both protein 
complexes exhibit an increase in ini�al transient compac�on (Δx+

1) and equilibrium compac�on (Δx+
3) 

with Na+ concentra�on. However, the binding profile of *I shows a greater response with salt, converging 
with that of WT gp32 at high [Na+]. (B) The rates of both ini�al compac�on (k+

1, circles) and rapid 
elonga�on (k+

2, squares) decrease with [Na+]. The kine�cs of the corresponding *I (red) and WT (blue) 
binding phases converge at high salt. Note, data points are offset for clarity. (C) In contrast, the slow, 
secondary elonga�on rate (k+

3) increases with [Na+] for both proteins but remains moderately slower for 
the *I complex. (D) Representa�ve curves associated with the ini�al dissocia�on phase (recompac�on) 
of *I (red) and WT gp32 (blue) as a func�on of Na+ concentra�on (same as in panel A). The dissocia�on 
profile of *I remains linear in �me with increased salt, while WT gp32 exhibits biphasic dissocia�on: an 
ini�al exponen�al recompac�on followed by a slower linear recompac�on step. The WT gp32 curves are 
fit with the sum of a linear and single decaying exponen�al func�on to extract the rates of both 
compac�on phases (see Fig. S3A-B). (E) The es�mated recompac�on rate (k1/2) increases with [Na+] for 
both proteins but remains ~3-fold slower for the *I complex. (F) Representa�ve curves and average rates 
(inset) associated with the final dissocia�on phase of *I and WT gp32 at 300 mM Na+. Under high salt 
condi�ons, the final dissocia�on rate of *I is slightly slower than that of the full-length protein. 
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Figure 7: Role of CTD during DNA replica�on. Diagram illustra�ng a model for the func�on of gp32’s 
C-terminal domain in s�mula�ng protein displacement during DNA replica�on. During lagging strand 
synthesis, Okazaki fragments are rapidly coated with stable, �ghtly-bound gp32 filaments (1). This 
process requires release of the CTD (opening) near the protein’s binding site followed by nuclea�on and 
protein-protein binding. Polymeriza�on along the DNA template drives an increase in protein density as 
the ssDNA segment shortens (2). Increased protein density forces the WT gp32 filament (le�) into a less 
stable conforma�on as the proteins untwist, modula�ng the orienta�on of their C-terminal domains. 
CTD-meditated filament destabiliza�on via protein overcrowding results in fast (~200 nt/s), 
noncoopera�ve WT dissocia�on from across the en�re ssDNA template (3), thereby clearing the way for 
rapid strand synthesis (4). This mechanism enables a self-regula�ng process of protein displacement in 
which gp32 is readily removed from the template via polymerase-induced overcrowding while also 
ensuring maximal coverage of the ssDNA at all �mes. In contrast, upon removal of the CTD, gp32 
remains stable and coopera�ve, regardless of increases in protein density (right), resul�ng in slow 
unbinding (~2 nt/s) from the ends of the filament only, inhibi�ng prompt polymeriza�on. 


