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Abstract

DNA repair proteins participate in extensive protein-protein interactions that promote the 

formation of DNA repair complexes. To understand how complex formation affects protein 

function during base excision repair, we tested SpyCatcher/SpyTag ligation to produce a covalent 

complex between human uracil DNA glycosylase (UNG2) and replication protein A (RPA). Our 

covalent “RPA-Spy-UNG2” complex could identify and excise uracil bases in duplex areas next to 

ssDNA-dsDNA junctions slightly faster than the wild-type proteins, but this was highly dependent 

on DNA structure, as the turnover of the RPA-Spy-UNG2 complex slowed at DNA junctions 

where RPA tightly engaged long ssDNA sections. Conversely, the enzymes preferred uracil sites 

in ssDNA where RPA strongly enhanced uracil excision by UNG2 regardless of ssDNA length. 

Finally, RPA was found to promote UNG2 excision of two uracil sites positioned across a ssDNA-

dsDNA junction, and dissociation of UNG2 from RPA enhanced this process. Our approach of 

ligating together RPA and UNG2 to reveal how complex formation affects enzyme function could 

be applied to examine other assemblies of DNA repair proteins.
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SpyCatcher/SpyTag ligation was used to produce a covalent complex containing DNA repair 

proteins replication protein A (RPA) and uracil DNA glycosylase (UNG2). By comparing its 

activity to the wild-type proteins, we assigned functions specific to the complex and investigated 

the mechanisms used by RPA to target UNG2 towards uracil bases in ssDNA and at ssDNA-

dsDNA junctions.
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Introduction

DNA repair processes are critical for cellular health and are involved in disease states such 

as the formation and treatment of cancers. DNA repair is also essential for programmed 

mutagenesis in adaptive immunity and targeted mutagenesis including CRISPR gene editing. 

DNA repair processes are orchestrated by hundreds of proteins with precise spatial and 

temporal regulation. To complete each process, unique sets of proteins are coordinated 

through defined pathways. Proteins in similar DNA repair pathways often interact with each 

other, or else interact with a common scaffold or hub protein that binds multiple other 

proteins. This led to the finding that proteins organize into distinct replication and repair 

complexes to enhance the efficiency of their processes.[1–5] One well-examined hub protein 

is replication protein A (RPA), which binds ssDNA with high affinity and has dozens of 

protein binding partners.[6,7] RPA recruits other proteins to specific nuclear sites including 

replication forks,[8–15] and RPA can affect the activity of enzymes and other DNA binding 

proteins.[16–19]
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In the cell, RPA facilitates various DNA repair processes in the crowded nucleus where 

its many protein binding partners exist and the potential for protein complex formation 

is high. DNA repair proteins including RPA interact with sufficient strength to remain 

intact as isolated complexes under various chromatography conditions.[1,3] On the other 

hand, the interactions of recombinant proteins with RPA in vitro typically occur with Kd 

values in the high nM to low μM range.[17,19–22] These moderate affinities suggest that RPA-

containing protein complexes may be dynamic in composition, at least in cell-free systems.
[17,21,22] Cellular factors such as macromolecular crowding, post-translational modifications, 

and changes in protein expression can promote the formation of specific protein-protein 

interactions.[7,19,22,23] It is unclear how the activity of DNA repair proteins would be 

affected by forming long-lived protein complexes with their hub proteins such as RPA as 

opposed to forming transient complexes that can assemble and disband following reversible 

binding events.

The above characteristics of protein interactions involving RPA apply to its role in uracil 

base excision repair where it interacts with the enzyme uracil DNA glycosylase (UNG2).
[24] UNG2 removes uracil bases from DNA to initiate base excision repair pathways that 

also involve the hub proteins PCNA and XRCC1, as well as AP endonuclease, DNA 

polymerases, DNA ligases, and other proteins.[24–27] Multi-protein complexes containing 

UNG2 have been purified from human cells and are capable of completing uracil base 

excision repair in vitro.[4,25] RPA is thought to bind UNG2 to regulate its localization to 

the replication fork during normal replication and during DNA damage responses,[2,15,28] 

and PTMs regulate the interaction of UNG2 with RPA and other proteins including PCNA.
[19,22,28,29] Reported Kd values for the interaction between RPA and UNG2 range from 

114 nM to 3 μM.[17,19,22] Finally, RPA interacts with ssDNA and is capable of enhancing 

UNG2’s uracil excision activity by targeting the enzyme to nearby DNA regions that contain 

uracil bases.[16,17,19]

To learn more about the functional effects of protein complex formation in uracil base 

excision repair, we examined the feasibility of using the SpyCatcher/SpyTag system[30–32] 

to ligate UNG2 and RPA to form a small covalent protein complex that resembles the 

architecture of the two proteins that normally bind reversibly. This allowed us to compare 

the uracil excision activity of an obligate RPA-UNG2 complex to the activity of the wild-

type proteins acting together on defined DNA substrates in vitro (our covalent RPA-UNG2 

complex is referred to here as “RPA-Spy-UNG2”). Consistent with previous reports,[16,17,19] 

we found that RPA enhanced UNG2 activity when the individual proteins acted together 

to remove uracil bases from model ssDNA-dsDNA junction substrates. The activity of the 

covalent RPA-Spy-UNG2 complex that we designed slightly exceeded the uracil excision 

rate of the individual proteins, but the ability of the complex to search bulk DNA for uracil 

was dependent on the structure of the DNA substrate. This was because the turnover of 

the RPA-Spy-UNG2 complex was slowed at ssDNA-dsDNA junctions where RPA engaged 

long ssDNA sections and dsDNA was available for UNG2 to bind. In contrast, RPA could 

efficiently handoff long ssDNA substrates to UNG2 in the absence of a DNA junction 

whether or not the two proteins were joined as a complex. This resulted in RPA significantly 

enhancing uracil excision by UNG2 in ssDNA. Finally, RPA also enhanced the ability of 

UNG2 to remove multiple uracils located across a ssDNA-dsDNA junction, and dissociation 
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of RPA and UNG2 further facilitated this process. In summary, the covalent RPA-Spy-

UNG2 complex exhibited substrate-dependent behavior that provided only small kinetic 

advantages for UNG2 in specific contexts, and the reversible binding of wild-type RPA 

and UNG2 improved the enzyme’s performance on many DNA substrates. This knowledge 

of UNG2 activity is important for understanding its role during antibody diversification 

processes that involve genomic uracilation,[33–35] and additionally, for understanding how 

UNG2 affects the efficacy of thymidylate synthase inhibitors that elevate genomic uracil 

levels.[36–39] While we used SpyCatcher/SpyTag ligation to explore how RPA and UNG2 

function in an obligate complex, we anticipate that larger assemblies of DNA repair proteins 

could be produced for functional studies with orthogonal genetically-encoded ligation tools.
[40,41]

Results and Discussion

Design and Production of a Covalent RPA-Spy-UNG2 Protein Complex

To understand how RPA influences UNG2 activity as part of a protein complex, we aimed 

to produce an irreversible RPA-UNG2 complex that resembled the complex that forms when 

the native proteins interact. RPA is an obligate heterotrimer with a DNA binding core and 

two satellite domains that are connected to the core by long flexible linkers (Figure 1A). 

The satellite “winged-helix” domain of RPA2 (RPA2-WH) interacts with a small section 

of the N-terminal domain of UNG2 adjacent to the UNG2 catalytic domain (Figure 1A).
[22,24,42] We initially attempted to express recombinant fusion proteins with UNG2 fused to 

the C-terminus of the RPA2 subunit, but this approach was unsuccessful (see Experimental 

Section). Instead, we designed recombinant RPA and UNG2 variants for ligation using the 

SpyCatcher/SpyTag system that relies on a high affinity interaction between the globular 

SpyCatcher domain and the 13 residue SpyTag; after binding, SpyCatcher and SpyTag 

rapidly form a covalent isopeptide bond.[30–32] For this approach, we genetically deleted the 

winged-helix domain from RPA2 on a heterotrimeric RPA expression plasmid and replaced 

it with the SpyTag sequence (Figure 1B). The winged-helix domain of RPA is not a DNA 

binding domain and does not affect RPA’s ability to bind ssDNA.[17] Recombinant “RPA-

SpyTag” containing RPA1, RPA2-SpyTag, and RPA3 was expressed and purified similar 

to wild-type RPA (Figure 1C, lane 3).[16,17] Separately, we purified a recombinant UNG2 

protein called “SpyCatcher-UNG2” (SpyC-UNG2) that contained an N-terminal SpyCatcher 

domain followed by a small flexible linker and the UNG2 catalytic domain (residues 92–

313) (Figure 1B and Figure 1C, lane 2).

To test production of the covalent RPA-Spy-UNG2 complex, we mixed different ratios of 

SpyC-UNG2 and RPA-SpyTag at room temperature for 4 hours. When the proteins were 

mixed with 1:1 stoichiometry at 15 μM each, >95% of RPA-SpyTag ligated to SpyC-UNG2 

(Figure 1C, lane 6). The covalent product of the ligation reaction was visible on SDS-PAGE 

by the appearance of an appropriately-sized RPA2-SpyTag/SpyC-UNG2 polypeptide (Figure 

1C). Analysis of the reactions with size exclusion chromatography (SEC) indicated that 

the multi-protein complex eluted at a volume that was appropriate compared to wild-type 

RPA (Figure 1D). Both proteins eluted at slightly higher molecular weights than predicted 

(Figure 1D), which was likely due to the extended modular architectures of RPA and the 
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covalent RPA-Spy-UNG2 complex that differs from the tight, globular proteins used as SEC 

standards. We subsequently reacted RPA-SpyTag and SpyC-UNG2 on a preparative scale 

and used SEC to produce the RPA-Spy-UNG2 complex with high purity (Figure 1E).

Activity of the RPA-Spy-UNG2 Complex at ssDNA-dsDNA Junctions with Long ssDNA 
Sections

Prior to its use in ligation reactions, the enzymatic activity of SpyC-UNG2 was measured 

using a ssDNA-dsDNA junction substrate that contained a 32 nt ssDNA section adjacent to 

a 55 bp duplex, and a single uracil base was positioned 21 bp from the junction (Figure 

2A). This junction substrate contained a fluorescein end-label on the uracilated strand that 

allowed for in-gel quantification of DNA fragments that resulted from uracil base excision 

by SpyC-UNG2 followed by chemical cleavage of abasic sites.[16,17] SpyC-UNG2’s kinetic 

parameters (Km = 3.9 ± 0.7 μM and kcat = 81 ± 8 min−1) were within experimental error 

of previously reported values for the UNG2 catalytic domain (Km = 3.2 ± 0.4 μM and 

kcat = 68 ± 4 min−1) under identical experimental conditions[17] (Figure 2A). Note that 

the disordered N-terminal domain of UNG2 (residues 1–91) was omitted during the design 

of SpyC-UNG2 (Figure 1B), and the absence of the N-terminal domain may affect the 

uracil excision kinetics of free SpyC-UNG2 compared to UNG2.[16,17,43,44] Nonetheless, its 

kinetic parameters demonstrated that SpyC-UNG2 was folded correctly and functional, and 

its inclusion in assays below served to ensure that the SpyCatcher domain had no adverse 

effects on the ability of the enzyme to react on different DNA substrates.

Using the same DNA junction substrate, we compared the uracil excision activity of our 

proteins of interest (UNG2, UNG2 in the presence of wild-type RPA, SpyC-UNG2, and 

the covalent RPA-Spy-UNG2 complex). As expected from previous work,[16,17] RPA binds 

tightly to the 32 nt ssDNA section and significantly enhanced UNG2 excision of the uracil 

positioned 21 bp from the junction (Figure 2B, middle lane). Although SpyC-UNG2 had 

~2-fold higher activity than wild-type UNG2 in this assay, we could barely detect any 

uracil excision by the RPA-Spy-UNG2 complex when we used equivalent levels of enzyme 

(Figure 2B). The percent of substrate processed by RPA-Spy-UNG2 suggested that each 

molecule of covalent complex averaged one turnover or less in the three minute assay 

(0.5 turnovers/molecule were measured for RPA-Spy-UNG2 compared to 3.9 for UNG2) 

(see Experimental Section). The activity of the RPA-Spy-UNG2 complex was similarly 

weak when the uracil base was positioned 9 bp or 33 bp from the junction (Figure S1), 

and additionally, the activity remained weak when the polarity of the DNA strands on the 

junction substrate were changed (explored in detail below). Our previous work demonstrated 

that RPA binds tightly to long ssDNA sections adjacent to DNA junctions and enhances 

UNG2 activity in the duplex area near the junction regardless of DNA strand polarity or the 

placement of uracil in either strand,[16,17] and thus the weak activity we measured here was 

specific to the RPA-Spy-UNG2 complex.

To further examine the activity of the RPA-Spy-UNG2 complex, we prepared a similar DNA 

junction substrate with a 32 nt ssDNA section that terminated with a 3′ end, and the uracil 

base was again positioned 21 bp from the junction. In time point assays, the activity of the 

RPA-Spy-UNG2 complex remained weak compared to SpyC-UNG2, which was used as a 
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control (Figure 2C). The RPA-Spy-UNG2 complex appeared to exhibit a burst of activity at 

the onset of reactions followed by a much slower rate of activity that was linear throughout 

the measured time course, but the linear rate was 20-fold slower than the linear rate of 

SpyC-UNG2 at equivalent enzyme levels (Figure 2C and Figure S2). The linear fit for RPA-

Spy-UNG2 activity in Figure 2C intersected the y-axis at 3.8% substrate processed, which 

was similar to the molar ratio of enzyme to DNA used in the assay (15 nM/300 nM or 5%). 

The burst of activity at the onset of reactions indicated a ~stoichiometric amount of rapid 

uracil excision and product formation by the covalent complex, while subsequent turnover 

was likely slowed because of rate-limiting post-cleavage steps including product release and 

product inhibition, which is commonly observed among DNA glycosylases.[45,46]

To further understand how RPA influences UNG2 activity at the onset of enzyme reactions, 

we used a stopped-flow device and modified our DNA junction substrate for detecting 

continuous uracil base excision. We prepared a junction substrate with a 32 nt ssDNA 

section and a 55 bp duplex with a uracil positioned 21 bp from the junction, but in this 

case, we incorporated a 2-aminopurine base in the duplex opposite the uracil (Figure 2D). 

When the uracil is removed by UNG2, the 2-aminopurine becomes unstacked from the helix 

and its fluorescence increases in a proportional manner.[47] Reaction of 400 nM DNA with 

200 nM UNG2 in the stopped-flow assays resulted in a monophasic exponential curve that 

determined a single rate of uracil excision activity for UNG2 (k = 0.15 s−1) (Figure 2D, 

Table 1, and Figure S3). Analysis of SpyC-UNG2 in this assay determined a similar rate of 

uracil excision (k = 0.10 s−1) (Figure 2E and Table 1). Although the assay conditions did not 

satisfy steady-state or single turnover criteria (see Experimental Section), we reasoned that 

the relative uracil excision rates for our proteins of interest may still reveal effects of RPA on 

UNG2 alone and as part of the RPA-Spy-UNG2 complex.

In contrast to the monophasic activity of UNG2 and SpyC-UNG2 that we observed in 

stopped-flow assays, the uracil excision activity of UNG2 was biphasic in the presence of 

RPA. This biphasic behavior occurred under conditions where UNG2 was introduced into 

the stopped-flow cuvette with RPA pre-bound to the junction substrate (Figure 2F), and 

also under conditions where RPA was introduced to the DNA simultaneously with UNG2 

(RPA/UNG2 co-injection) (Figure 2G and Table 1). The biphasic reactions had two rates of 

activity (kfastandkslow) and an additional parameter that estimated the amount of uracil excision 

that occurred with the faster rate (%fast). The effects of RPA on UNG2 were similar 

regardless of how the proteins were introduced to the DNA substrate (Figure 2F, Figure 2G, 

and Table 1). The stimulatory effect of RPA on UNG2 was observed in these assays, as the 

kfast was ~15-fold higher than the rate of uracil excision by UNG2 alone (Figure 2D, Figure 

2F and Figure 2G). The kslow in experiments containing RPA also matched the activity of 

UNG2 alone, capturing the RPA-independent rate of uracil excision (Figure 2D, Figure 2F 

and Figure 2G). Finally, it was estimated that 22–26% of UNG2 activity in the presence of 

RPA occurred with the faster rate (Figure 2F, Figure 2G, and Table 1).

Next, we measured the uracil excision activity of the RPA-Spy-UNG2 complex in stopped-

flow assays, which also had biphasic behavior (Figure 2H). Remarkably, the kfast for the 

RPA-Spy-UNG2 complex was 185-fold higher than its kslow (Figure 2H and Table 1). The kfast

Greenwood et al. Page 6

Chembiochem. Author manuscript; available in PMC 2024 May 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



for RPA-Spy-UNG2 was 2-fold higher than the kfast for wild-type RPA stimulating UNG2, 

but the kslow for the RPA-Spy-UNG2 complex was reduced 5-fold compared to UNG2 alone. 

Even though its kfast exceeded the rates of activity for all other protein/enzyme combinations, 

the RPA-Spy-UNG2 complex became less efficient than the individual proteins over time 

because the majority of its activity was attributed to its kslow (see t50% in Table 1). The fast 

initial activity followed by slow turnover and low overall activity was consistent with the 

initial endpoint assays using RPA-Spy-UNG2 (Figures 2B and 2C).

Interestingly, the kfast measured in stopped-flow experiments appeared to originate from 

RPA being present to interact with ssDNA, and because RPA binds tightly to the 32 nt 

ssDNA section, the fraction of substrate processed with the faster rate should not exceed 

the molar ratio of RPA to DNA. Stopped-flow assays used a ~two-fold molar excess of 

substrate compared to protein, and the junction substrates were prepared with a slight excess 

of unlabeled oligo that contributed non-productive RPA binding sites (see Experimental 

Section); thus, we estimated a maximum %fast parameter of 43% if each RPA protein 

interacted tightly with a ssDNA section and stimulated UNG2 for exactly one turnover. 

However, the %fast was consistently 22% to 26% across all samples containing RPA 

including the RPA-Spy-UNG2 complex (Figure 2 and Table 1), suggesting some inefficiency 

in RPA’s ability to target UNG2 near a junction. Accordingly, the %fast parameter was also 

reduced by half in RPA/UNG2 co-injection assays when the protein concentrations were 

reduced by half (Figure S4).

Activity of the RPA-Spy-UNG2 Complex at ssDNA-dsDNA Junctions with Short ssDNA 
Sections and on dsDNA

In our experiments using ssDNA-dsDNA junction substrates containing a 32 nt ssDNA 

section, we found that the RPA-Spy-UNG2 complex was able to identify and excise uracil 

bases faster than UNG2 or SpyC-UNG2 at the onset of reactions, but that the subsequent 

turnover of RPA-Spy-UNG2 was significantly slower. We hypothesized that the slower 

phase of uracil excision by the covalent complex was caused by RPA’s high affinity for 

ssDNA, which could hold the covalently tethered UNG2 near a single junction, thereby 

limiting the enzyme’s ability to unbind product DNA and search for additional uracil sites. 

Likewise, the significantly slower rate of activity would not occur after wild-type RPA 

stimulated UNG2 near a junction because the enzyme was able to unbind both RPA and 

product DNA, quickly freeing the enzyme from a single junction. For perspective, DNA 

binding rates (kon) for RPA and UNG2 are both fast and diffusion-limited,[48,49] but RPA 

unbinding from 32 nt ssDNA (koff) is ~100-fold slower than UNG2’s off-rate from DNA.
[49–51] UNG2 has relatively weak interactions with both ssDNA and dsDNA to facilitate its 

search for rare uracil bases that may be present among large amounts of DNA.[48,52]

We hypothesized that the kslow for the RPA-Spy-UNG2 complex would accelerate by 

shortening the ssDNA section next to the DNA junction because RPA affinity would 

reduce, and the covalent complex would not interact so strongly at a single DNA junction. 

Shortening the ssDNA from 32 nt to 10 nt reduces the affinity of RPA by ~200-fold which 

is primarily caused by a faster off-rate.[49,53] As measured with our stopped-flow assay, the 

activity of the RPA-Spy-UNG2 complex remained biphasic on a junction substrate with a 
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10 nt ssDNA section and 55 bp duplex (Table 1 and Figure S5). Its kslow quickened and 

was comparable to free UNG2, which was not significantly affected by ssDNA length 

(Table 1 and Figure S5). Shortening the ssDNA had only a minor effect on the kfast for 

the RPA-Spy-UNG2 complex, which remained higher than the rates for other combinations 

of RPA and UNG2, and the %fast parameter for the complex increased to 37% (Table 1 

and Figure S5). The RPA-Spy-UNG2 complex was in fact more efficient over time in this 

assay compared to UNG2 with or without wild-type RPA, suggesting a substrate-dependent 

advantage for the protein complex (Table 1 and Figure S5). Interestingly, the activity of 

UNG2 remained biphasic when co-injected with RPA, but was monophasic when RPA was 

pre-equilibrated with the DNA substrate (Table 1). The distinct fast and slow rates were 

apparently eliminated by allowing RPA to reach a dynamic equilibrium with the shorter 

ssDNA section prior to the introduction of UNG2.

Lastly, we examined the uracil excision activity of the enzymes using stopped-flow with 

a 55 bp duplex substrate without a ssDNA section. As expected, the rates for UNG2 and 

SpyC-UNG2 were comparable to those measured on the other substrates that contained a 

ssDNA section (Table 1 and Figure S6). UNG2 activity was also monophasic in the presence 

of RPA, but was slightly reduced compared to free UNG2 (Table 1 and Figure S6). The 

activity of the RPA-Spy-UNG2 complex was the weakest on the duplex substrate, and its 

rate matched the kslow that we measured for the complex on the junction substrate with a 

32 nt ssDNA section (Table 1 and Figure S6). These results were not surprising and were 

consistent with RPA’s role of facilitating repair processes that involve ssDNA.

Following the results from the stopped-flow assays, we returned to our endpoint assay 

using fluorescein end-labeled DNA substrates to confirm the preference of the covalent 

RPA-Spy-UNG2 complex for DNA junctions with short ssDNA sections. We prepared a 

DNA junction substrate with a 10 nt ssDNA section and 55 bp duplex to examine the uracil 

excision activity of our enzymes 21 bp from the junction. The RPA-Spy-UNG2 complex 

had markedly improved activity on this junction substrate compared to the substrate with 

a 32 nt ssDNA section (Figure 3A, for comparison to Figure 2B). A key difference in this 

experiment compared to stopped-flow assays was that the concentration of the RPA-Spy-

UNG2 complex was two orders of magnitude lower than the substrate. The percent of uracil 

removed by the RPA-Spy-UNG2 complex during the three minute endpoint assay indicated 

that each molecule of the covalent complex averaged 3.2 turnovers, and its ability to identify 

and excise uracil bases was similar to UNG2 with or without RPA (Figure 3A). Interestingly, 

RPA had little effect on UNG2 activity on the junction substrate with the short ssDNA 

section (Figure 3A). This finding was consistent with the stopped-flow assays where RPA 

conferred no advantage for UNG2 when pre-equilibrated with the DNA junction substrate 

containing a 10 nt ssDNA section (Table 1 and Figure S5). This was in stark contrast to 

RPA’s stimulatory effects on UNG2 when RPA was bound to long ssDNA sections next to 

ssDNA-dsDNA junctions (Figure 2B).[16,17] The high rate of activity for SpyC-UNG2 in 

Figure 3A also revealed important effects of enzyme and substrate concentration on relative 

enzyme activities because SpyC-UNG2 and UNG2 were much more similar in the stopped-

flow assays (Table 1 and Figure S5). Likewise, the overall activity of the RPA-Spy-UNG2 
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complex exceeded UNG2 at lower concentrations of DNA substrate (≤ 400 nM), but not 

higher concentrations (Table 1, Figure 3B, and Figure S5).

Activity of RPA, UNG2, and the RPA-Spy-UNG2 Complex on ssDNA

The activity of RPA, UNG2, and the RPA-Spy-UNG2 complex were examined on 

fluorescein end-labeled ssDNA substrates of 11 nt, 21 nt, or 31 nt where a uracil base 

was positioned in the center of the oligonucleotide. UNG2 alone at a concentration of 1 nM 

had similar uracil excision activity on all of the ssDNA substrates, removing 15–17% of the 

uracil bases in three minutes (Figure 4). The activity of SpyC-UNG2 was within 2-fold of 

UNG2 (Figure 4). RPA significantly enhanced UNG2 and allowed nearly complete excision 

of uracil from ssDNA when RPA was present at a concentration that was molar equivalent to 

the DNA (0.5 μM) (Figure 4). These stimulatory effects of RPA were somewhat dampened 

but remained significant when the DNA was in molar excess compared to RPA (Figure S7). 

Finally, the covalent RPA-Spy-UNG2 complex had similar rates of activity on the ssDNA 

substrates of different lengths, removing 6–9% of the uracil bases (Figure 4). In these cases, 

each molecule of RPA-Spy-UNG2 complex turned over 29–44 times over the three minute 

reaction compared to 75–87 turnovers for UNG2 alone.

An interesting question is why tight binding of RPA to 31 nt ssDNA enhanced the ability of 

UNG2 to remove uracils in ssDNA as opposed to sterically preventing access to the uracil 

sites.[19,54] A plausible mechanism that has been extended to other proteins involves the 

dynamic nature of RPA’s four DNA binding domains which allow the protein to handoff 

ssDNA to other proteins.[55] Even though its DNA binding domains together facilitate strong 

binding of RPA to ssDNA, the four domains individually undergo rapid dissociation and 

re-binding events.[51,56–58] The small ssDNA sections that become available when individual 

DNA binding domains of RPA locally dissociate may be accessed by other proteins such 

as UNG2.[55] Consistent with this idea, the catalytic domain of UNG2 binds small ssDNA 

sections that are similar in size to sites occupied by individual DNA binding domains of 

RPA (4–6 nt) and with similar association rates.[48,49,55,59,60] We speculate that the relatively 

high turnover by the covalent complex on 31 nt ssDNA indicated that RPA-Spy-UNG2 could 

participate in a handoff of ssDNA from the RPA portion of the complex to its UNG2 portion. 

This would imply that the two proteins do not need to physically dissociate for the handoff 

to occur, and that the winged-helix domain of RPA2 is not strictly required for the handoff 

other than to serve as a means for RPA to spatially recruit UNG2 to the ssDNA substrate.

Dissociation of RPA and UNG2 Facilitates UNG2 Excision of Multiple Uracil Sites Across 
ssDNA-dsDNA Junctions

Complex formation and dissociation with RPA could be important for the ability of UNG2 

to remove multiple uracil bases located at different places in the same DNA molecule. After 

UNG2 binds DNA and removes a uracil base, it could translocate down the same DNA 

strand to remove a different uracil base, or else it could unbind from the DNA substrate 

and diffuse away to randomly find another.[43,61] It would also be possible that uracil at one 

site—or the product that arises from its excision—would affect the ability of the enzyme 

to excise uracil at a different site. This is relevant because multiple uracils can be found 

clustered in DNA during somatic hypermutation and class-switch recombination, and also 
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during treatments with thymidylate synthase inhibitors.[43,48,61,62] Excision of uracil sites 

across a ssDNA-dsDNA junction could be measured with a junction substrate containing 

uracil in both the ssDNA and dsDNA sections (Figure 5). Excision of the uracil bases 

produces a pattern of DNA fragments visible by fluorescein end-labels, and their relative 

intensities reflect the fraction of DNA molecules that had either one or two uracils removed 

in the presence and absence of RPA (Figure 5).[63–65] This substrate also measured the 

selectivity of UNG2 for the two uracil sites in a single assay. Regarding the experiment in 

Figure 5, selectivity for the ssDNA site would result in an abundance of fragments AB and C 

relative to BC and A, and the opposite would be observed if the dsDNA site was preferred. 

Concurrently, excision of both uracil sites in the junction DNA would result in an abundance 

of smaller fragments A and C relative to fragments AB and BC, the latter resulting from 

single excision. For comparative purposes, we calculated the fraction of product that resulted 

from double uracil excision events (Fdouble excision) in our endpoint assays (Figure 5).

As expected from previous assays, the enzymes had a strong preference for uracil bases in 

the ssDNA section compared to the dsDNA section (Figure 5 and Figure S8). UNG2 alone 

produced a low fraction of DNA with both uracils removed (Fdouble excision = 0.02) which 

was not surprising considering its strong preference for ssDNA and the spacing between 

the uracil sites (37 nt), and it is well characterized that shorter distances between uracils 

would favor double excision events.[43,61] However, RPA enhanced the likelihood of UNG2 

producing double uracil excision across the ssDNA-dsDNA junction (Fdouble excision = 0.41) 

(Figure 5). The activity of 4 nM UNG2 at the ssDNA site was within two-fold of 1 nM 

UNG2 with 0.5 μM RPA, yet the appearance of fragment A in the presence of RPA also 

revealed efficient excision at the dsDNA site. In contrast, the fraction of substrate with 

both uracils removed was 0.08 for the RPA-Spy-UNG2 complex, which was four-fold better 

UNG2 alone, but this remained much lower than the combination of wild-type RPA and 

UNG2. Thus, excision of multiple uracil sites by UNG2 across ssDNA-dsDNA junctions 

was specifically enhanced by RPA and was facilitated by dissociation of UNG2 from RPA.

Conclusion

DNA repair proteins are thought to form complexes in the nucleus, and this work revealed 

how the activity of UNG2 is affected by forming short- and long-lived complexes with 

its binding partner, RPA. In experiments that measured the ability of UNG2 to turn over 

multiple times and continuously identify uracil bases among bulk DNA, the kinetics of 

uracil excision were generally faster when wild-type RPA and UNG2 interacted reversibly 

as opposed to when they were joined as a complex in RPA-Spy-UNG2. However, protein 

complex formation may confer advantages in specific cellular contexts where multiple 

turnovers are not essential such as when a rare uracil base is present next to a ssDNA-

dsDNA junction. The RPA-Spy-UNG2 complex also had much slower turnover at DNA 

junctions with specific structures. If this reflected slow unbinding from the junction, this 

could theoretically have kinetic advantages for the downstream processing of the abasic sites 

created by UNG2 if other proteins joined their complex. The small DNA repair complex that 

we designed and assembled using SpyCatcher/SpyTag ligation had properties that were an 

accurate composite of the individual UNG2 and RPA proteins. Orthogonal ligation systems 

such as the SnoopLigase/DogTag system might be employed to create larger assemblies of 
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proteins involved in DNA repair or other processes to understand how proteins affect each 

other as part of complexes.[40,41]

Interestingly, the covalent RPA-Spy-UNG2 complex that we produced also proved to be 

a useful tool for understanding the different mechanisms used by RPA to target UNG2 

activity towards uracil bases in ssDNA compared to its ability to target UNG2 activity 

to duplex areas adjacent to ssDNA-dsDNA junctions. RPA had a remarkable stimulatory 

effect on UNG2 during excision of uracil from ssDNA. This requires a means for RPA to 

recruit UNG2 to ssDNA, then RPA must allow UNG2 access to the ssDNA that RPA also 

binds with higher affinity. RPA also stimulated UNG2 activity when uracils were present 

on both sides of a ssDNA-dsDNA junction, but this was weakened when the proteins were 

unable to dissociate as in the covalent complex. Our study illustrates how engineered protein 

complexes containing RPA and other hub proteins involved in DNA repair have the potential 

to improve our mechanistic understanding of a variety of processes that occur on different 

DNA structures found in the nucleus.

Experimental Section

Production of Recombinant Proteins

A detailed protocol for the bacterial expression and purification of full-length human UNG2 

was described elsewhere.[22] This method expressed UNG2 with a 8xHis-SUMO tag fused 

to its N-terminus, and the 8xHis-SUMO tag was removed during purification of the enzyme.
[22] BL21(DE3)pLysS cells were used for UNG2 expression, and the gene was encoded 

in a pET21a vector. SpyC-UNG2 was cloned into the same vector using restriction free/

megaprimer cloning as follows.[66] N-terminal domain residues 1–91 were deleted from 

the UNG2 gene without disrupting the 8xHis-SUMO tag or the UNG2 catalytic domain 

(residues 92–313). Following the 8xHis-SUMO tag, we inserted a four residue spacer 

followed by SpyCatcher residues 22–104 (numbering according to PDB code 4MLI),[32] 

which was followed by a ten residue spacer and UNG2 residues 92–313. The final sequence 

was verified with Sanger sequencing and is reported in the Supporting Information. The 

protein expressed in BL21(DE3)pLysS cells and was purified using the same procedures as 

wild-type UNG2, which included the removal of the 8xHis-SUMO tag.[22] The yield for 

purified SpyC-UNG2 was 4.5 mg of protein per L of bacterial culture.

Recombinant wild-type human RPA was expressed in BL21(DE3)CodonPlus cells 

using the p11d-tRPA plasmid,[67,68] which was a generous gift from Dr. Marc Wold. 

Purification of RPA followed our standard chromatography procedures using Affi-Gel Blue, 

hydroxyapatite, Mono Q, and gel filtration columns.[17,67,68] To produce RPA-SpyTag, 

we used restriction free/megaprimer cloning with the p11d-tRPA plasmid to delete RPA2 

residues 205–270 (essentially, its winged-helix domain), and we replaced it with the SpyTag 

sequence SGAHIVMVDAYKPTK. RPA1 and RPA3 remained as wild-type sequences in the 

p11d-tRPA plasmid and in the heterotrimeric RPA-SpyTag protein, which was expressed in 

bacteria and purified identically to wild-type RPA. The final sequence of RPA2 modified 

with SpyTag was verified with Sanger sequencing and is reported in the Supporting 

Information.
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As mentioned in the main text, initial attempts to create an obligate RPA-UNG2 complex 

without the SpyCatcher/SpyTag system involved genetically fusing the UNG2 catalytic 

domain (amino acids 92–313) to the C-terminus of RPA2. This was performed by 

genetically inserting the UNG2 catalytic domain into the p11d-tRPA plasmid immediately 

after the RPA2 winged-helix domain, or alternatively, we replaced the RPA2 winged-helix 

domain with the UNG2 catalytic domain. Neither fusion protein expressed under conditions 

used for RPA and RPA-SpyTag.

Production of the Recombinant Covalent RPA-Spy-UNG2 Complex

For preparative scale reactions, 9.1 μM of RPA-SpyTag was gently mixed with 8.2 μM 

of SpyC-UNG2 in a buffer with final concentrations of 7% glycerol, 15 mM Tris-Cl (pH 

7.4), 10 mM sodium phosphate, 200 mM NaCl, 0.1 mM EDTA, and 1 mM DTT. The 

protein components were left to react at room temperature for 16 hours, then the covalent 

RPA-Spy-UNG2 complex was purified with SEC using a mobile phase of 5% glycerol, 10 

mM Tris-Cl (pH 8.0), 200 mM NaCl, 0.1 mM EDTA, and 1 mM DTT. SEC was performed 

using a Bio-Rad NGC chromatography system with a Bio-Rad Enrich SEC 650 column (10 

× 300 mm). The elution of the RPA-Spy-UNG2 complex on SEC was compared to RPA 

and SEC standards under identical chromatography conditions, and the SEC standards were 

from Sigma-Aldrich (catalog #69385). After SEC, the purified covalent RPA-Spy-UNG2 

complex was concentrated to 12 μM with an Amicon 10 kDa MW cutoff centrifugal filter, 

then the protein was aliquoted for single use, snap frozen in liquid nitrogen, and stored at 

−80°C.

Preliminary ligation reactions used different protein concentrations (9 μM-15 μM), different 

buffer conditions (5%−10% glycerol, 10 mM-20 mM Tris, 0 mM-10 mM sodium phosphate, 

and 0 mM-0.1 mM EDTA), and different reaction times (4 hours-24 hours). The reaction 

efficiency was identical under all conditions and depended on the molar ratio of RPA-

SpyTag to SpyC-UNG2. The ligation reaction occurred with >95% efficiency when the 

protein components were present at a 1:1 molar ratio; however, a slight molar excess of 

RPA-SpyTag was used in the preparative reactions to eliminate the possibility of residual 

activity from unreacted SpyC-UNG. Regardless, the RPA-Spy-UNG2 complex could be 

purified from the unreacted components (including RPA-SpyTag) during the final SEC step.

Uracil Excision Assays

Uracil excision assays were performed with synthetic oligonucleotides that were purchased 

from Integrated DNA Technologies and purified by denaturing (Urea-TBE) PAGE. The full 

sequences of all oligonucleotide substrates can be found in the Supporting Information. 

Where applicable, fluorescein end-labels were attached to the phosphate of the terminal 

nucleotide as phosphodiester linkages, and a six-carbon spacer was between the phosphate 

and fluorescein. For annealing, complementary strands were mixed, heated to 95°C for five 

minutes, then slowly cooled to room temperature. In all cases, the unlabeled oligonucleotide 

lacking either fluorescein or 2-aminopurine was used during annealing with an 8% molar 

excess over the labeled oligonucleotide to ensure that all of the labeled strand, which 

reported enzymatic activity, was in duplex form. The annealing buffer contained 10 mM 

Tris-Cl (pH 8.0), 100 mM NaCl, and 0.1 mM EDTA.
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Endpoint UNG2 assays using fluorescein end-labeled DNA substrates and denaturing 

PAGE to analyze quenched reactions were performed as previously described.[16,17] These 

reactions were performed at 22°C in a buffer of 10 mM Tris-Cl (pH 8.0), 100 mM NaCl, 

0.1 mM EDTA, and 1 mM DTT, and the concentration of enzyme and substrate used 

in each reaction was reported in the appropriate Figure and/or Figure Legend. An Azure 

c400 imager was used to visualize the fluorescein-labeled DNA oligonucleotides, and band 

intensity was quantified using Fiji/ImageJ.[69] This methodology was also used in endpoint 

assays that used DNA substrate containing two uracil bases where we measured the fraction 

of product that resulted from double uracil excision. Note that the assays and equation in 

Figure 5 resembled experiments that measure DNA translocation or correlated cleavage, 

which describes the probability of UNG2 excising uracil bases at different sites upon the 

same encounter with the DNA molecule.[43,61,63–65] DNA translocation experiments require 

time point analyses and accounting for the intrinsic preference of the enzyme for one site 

over the other, which was not investigated here.[63–65] Finally, the number of turnovers 

per enzyme molecule in an assay was calculated by dividing the total moles of substrate 

processed in the reaction by the total moles of enzyme that were present.

Stopped-flow enzyme assays were performed with an Applied Photophysics RX2000 device 

in two-syringe mode with its cuvette and trigger connected to a Horiba Fluoromax 4 

Spectrofluorometer. The fluorometer was set to excitation/emission wavelengths of 311 

nm/360 nm with slit widths of 2 nm/4 nm. Assays were performed at 22°C in a buffer 

of 10 mM Tris-Cl (pH 8.0), 100 mM NaCl, 0.1 mM EDTA, 5 mM MgCl2, and 1 mM 

DTT. The stopped-flow assays used DNA substrates containing a uracil/2-aminopurine bp 

placed within a 55 bp duplex. The 55 bp duplex was adjacent to a 10 nt or 32 nt ssDNA 

section that terminated with a 3′ end, or alternatively, the ssDNA section was omitted to 

examine a dsDNA substrate. The uracil base in the duplex was positioned 21 bp from the 

ssDNA-dsDNA junction and was placed in the strand that was opposite from the ssDNA 

section.

The final DNA substrate concentration in stopped-flow assays was 0.4 μM, and the final 

concentration of included protein components (UNG2, RPA, SpyC-UNG2, or RPA-Spy-

UNG2 complex) was 0.2 μM each. For example, in experiments where RPA and DNA were 

equilibrated prior to the assays, these components were mixed at room temperature (i.e., 

0.4 μM RPA and 0.8 μM DNA) for at least ten minutes prior to placing their solution in a 

stopped-flow syringe. The other syringe contained 0.4 μM UNG2, and the 1:1 mixture of 

the syringe components in the cuvette to initiate the reaction resulted in final concentrations 

of 0.2 μM of each protein and 0.4 μM of DNA. The experimental design ensured that 

the same number of UNG2 catalytic sites were present in each assay which was critical 

for comparing activity rates (k, kfast, andkslow). Likewise, the concentration of RPA when 

included was equivalent to the concentration of RPA-Spy-UNG2 complex used in its assays 

to ensure that the same number of RPA proteins were present for each condition. Upon 

initiating the enzyme reaction with the stopped-flow device, fluorescence intensity data 

was collected at 10 millisecond intervals for 60 seconds (the stopped-flow deadtime was 8 

milliseconds). The hyberbolic fluorescence intensity data was plotted on the y axis versus 

time on the x axis using GraphPad Prism 7, and the data was fit with a curve using 
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either a one-phase exponential equation or a two-phase exponential equation. The one-phase 

exponential equation was

y = ymin + ymax − ymin ∗ 1 − e−k ∗ x (1)

where ymin was initial background fluorescence intensity, ymaxwas the maximum fluorescence 

intensity when all the substrate was processed, and k was the rate constant. The two-phase 

exponential equation was

y = ymin + SpanFast ∗ 1 − e−kfast ∗ x + SpanSlow ∗ 1 − e−kslow ∗ x (2)

SpanFast = ymax − ymin ∗ %fast ∗ 0.01

SpanSlow = ymax − ymin ∗ 100 − %fast ∗ 0.01

where ymin was again the initial background fluorescence intensity, ymaxwas the maximum 

fluorescence of all processed substrate, SpanFast represented the fluorescence intensity 

change attributed to the fast phase, kfastwas the rate constant for the fast phase, %fast was the 

percent of the total fluorescence intensity change ymax − ymin  attributed to fast phase, kslowwas 

the rate constant for the slow phase, and SpanSlow represented the fluorescence intensity 

change attributed to the slow phase. To convert the data from a change in fluorescence 

intensity over time to μM substrate processed over time, the background fluorescence ymin

was subtracted from the data, and the fluorescence intensity values were multiplied by 

0.4μM/ ymax − ymin  (note that this conversion of y axis units has no effect on the curve fitting 

or the parameters from the fitted curves). All data sets were tested with both one-phase 

and two-phase exponential equations. For data that we report as monophasic, the %fast 

values were negligible (less than 2%) if we attempted to fit two-phase exponential curves 

to the data. The quality of curves fit to stopped-flow data was manually confirmed and was 

easily distinguished by examining the first ~500 ms of the reaction (for example, see Figure 

S9). The amount of enzyme and DNA in stopped-flow experiments were chosen such that 

complete excision of uracil sites would occur over the experimental time frame for all tested 

protein combinations, which was essential to obtain ymax and rate constants. Note that the 

assay conditions used here in stopped-flow experiments (0.4 μM DNA substrate and 0.2 

μM enzyme) do not satisfy conditions for steady state kinetics (E << S) or single-turnover 

kinetics (E >> S) which should be considered when interpreting the relevance of the rate 

constants to other systems.

As mentioned above and in the Results and Discussion, an 8% excess of the unlabeled 

oligonucleotide without 2-aminopurine was used during annealing of the substrates used 

for stopped-flow assays. Because these assays used 400 nM DNA junction substrate, this 

resulted in 32 nM of free unlabeled oligonucleotide being present in the enzyme reactions. 

This unlabeled oligonucleotide was 55 nt long which was sufficient for two high-affinity 

RPA binding sites.[53] Thus, the reactions using the DNA junction substrate containing the 
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32 nt ssDNA section contained 464 nM of high-affinity RPA sites. If all of the 200 nM RPA 

or 200 nM RPA-Spy-UNG2 complex used in the assays interacted tightly with ssDNA, then 

43% of the DNA junction substrate would be expected to interact with the RPA proteins 

(200 nM/464 nM * 100%). Thus, the maximum amount of uracil that could be removed with 

the fast rate (%fast) driven by a high-affinity interaction between RPA and ssDNA next to a 

junction was 43%.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Architecture and generation of a covalent RPA-Spy-UNG2 protein complex. (A) Schematic 

of wild-type RPA subunits, wild-type UNG2, and a model of the protein complex that 

forms upon their interaction. DBD, DNA binding domain; WH, winged-helix domain; 

NTD, N-terminal domain. (B) Schematic of RPA-SpyTag subunits, SpyC-UNG2, and a 

model of the covalent RPA-Spy-UNG2 protein complex that forms upon their interaction. 

For perspective, the SpyCatcher domain is 9 kDa and the RPA2-WH domain is 7 kDa. 

(C) Coomassie-stained gel of recombinant proteins (lanes 2–3) and the ligation of 15 μM 

RPA-SpyTag with increasing amounts of SpyCatcher-UNG2 (6 μM-22 μM, lanes 4–7). The 

proteins were combined with 1:1 molar stoichiometry in lane 6, and all reactions were 4 

hours. The ligation was evident by the shift of RPA2-SpyTag to a higher MW band that also 

contained SpyC-UNG2. Lane 1 contained a MW ladder. (D) SEC trace showing the elution 

of the covalent RPA-Spy-UNG2 complex following a test reaction with excess SpyC-UNG2. 

The elution of RPA and SEC standards are shown for comparison. (E) Coomassie-stained 

gel of purified RPA-Spy-UNG2 complex.

Greenwood et al. Page 19

Chembiochem. Author manuscript; available in PMC 2024 May 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Activity of UNG2 enzymes with or without RPA, and the activity of the covalent RPA-Spy-

UNG2 complex. (A) Steady-state kinetics of uracil excision for SpyC-UNG2 using the 

substrate shown in the panel. The standard error of the kinetic parameters is also shown. (B) 

The relative uracil excision activity for the indicated protein combinations was visualized 

with fluorescence following Urea-TBE PAGE. The top band is unreacted substrate, and the 

bottom band is a product that results from uracil excision by UNG2 and cleavage of abasic 

sites.[16,70] The reaction time was three minutes, and the percent processed is an average 

from three independent assays; standard error of the mean (S.E.M.) is shown in parenthesis. 

When added, RPA was pre-equilibrated with the substrate prior to UNG2 addition. (C) 

Time point assays measuring the activity of SpyC-UNG2 or the covalent RPA-Spy-UNG2 

complex. The dashed lines in the graphs extend to the y-intercept at values of 3.80% (RPA-

Spy-UNG2) and 0.86% (SpyC-UNG2). Similar time point assays are shown in Figure S2. 

(D) Stopped-flow uracil excision assay using UNG2 and the indicated substrate containing 

2-aminopurine (P*). The UNG2 concentration was 200 nM, and the DNA concentration was 

400 nM. The activity was monophasic (one rate). (E) Stopped-flow uracil excision assay 

using SpyC-UNG2 (200 nM) and the substrate shown in panel D (400 nM). The activity 

was monophasic. (F) Stopped-flow assay where RPA (200 nM) was pre-equilibrated with 

the DNA substrate in panel D (400 nM) prior to the introduction of UNG2 (200 nM). The 

activity was biphasic (two rates). (G) Stopped-flow assay where RPA (200 nM) and UNG2 

(200 nM) were simultaneously introduced to the DNA substrate shown in panel D (400 

nM). The activity was biphasic. (H) Stopped-flow assay using RPA-Spy-UNG2 (200 nM) 

and the substrate shown in panel D (400 nM). The activity was biphasic. In panels D-H, 

the gray bars represent standard error for the average amount of DNA processed at every 10 

millisecond time point, and the black line is the curve that was fit to the data. At least three 

independent replicates were performed for each panel. Standard error for the kinetic values 
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can be found in Table 1. This data represents the first 10 seconds of a 60 second time course, 

which can be found in Figure S3.
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Figure 3. 
Uracil excision activity for UNG2 enzymes including the covalent RPA-Spy-UNG2 complex 

using endpoint assays and a DNA junction substrate containing a 55 bp duplex and a 10 nt 

ssDNA section with uracil positioned 21 bp from the junction. (A) The relative activity for 

the indicated protein combinations was visualized with in-gel fluorescence following Urea-

TBE PAGE. The reaction time was three minutes, and the percent processed is an average 

from three independent assays; standard error of the mean (S.E.M.) is shown in parenthesis. 

When added, RPA was pre-equilibrated with the substrate prior to UNG2 addition, and 

“RPA-Spy-UNG2” refers to the covalent protein complex. (B) Relative activity for UNG2 

and the covalent RPA-Spy-UNG2 complex at different DNA substrate concentrations. For 

the gel, the same total amount of DNA was run in each lane. The reaction time was three 

minutes, and the percent processed is an average from three independent assays; standard 

error of the mean (S.E.M.) is shown in parenthesis.
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Figure 4. 
Uracil excision activity for UNG2 enzymes using endpoint assays and ssDNA substrates of 

11 nt, 21 nt, or 31 nt with a uracil base in the center of the ssDNA. All reactions used 0.5 

μM ssDNA substrate and 1 nM of UNG2, SpyC-UNG2, or RPA-Spy-UNG2 complex; the 

reaction time was three minutes. When added, RPA was used at a concentration of 0.5 μM 

and was pre-equilibrated with the substrate prior to UNG2 addition. The average percent 

processed from at least three independent assays is shown with standard error.
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Figure 5. 
Uracil excision activity for UNG2 enzymes in endpoint assays using the uracilated substrate 

shown. The reaction time was three minutes. Excision of uracil in the duplex at 21 

bp from the junction resulted in fragments A and BC, while excision of uracil in the 

ssDNA located 16 nt from the junction resulted in fragments AB and C. Excision of both 

uracil sites elevated fragments A and C relative to AB and BC. The gel shows that RPA 

facilitated double excision of the uracil sites located on either side of the junction, whereas 

UNG2 alone strongly favored single excision in the ssDNA section. The RPA-Spy-UNG2 

complex was less efficient at producing double excision compared to RPA and UNG2 

under conditions where their activity on ssDNA was similar. For the graph, we calculated 

the fraction of product that resulted from DNA substrate having both uracils removed 

(Fdouble excision) using the 4 nM UNG2 and the 16 nM RPA-Spy-UNG2 assays, which 

produced similar levels of uracil excision at the ssDNA site as the combination of wild-type 

RPA and 1 nM UNG2. At least three independent replicates were performed for each 

condition, and the average values with standard error are shown in the graph.
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