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Investigation of N-Terminal Phospho-Regulation
of Uracil DNA Glycosylase Using Protein
Semisynthesis
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ABSTRACT Uracil DNA Glycosylase (UNG2) is the primary enzyme in humans that prevents the stable incorporation of
deoxyuridine monophosphate into DNA in the form of U/A basepairs. During S-phase, UNG2 remains associated with the
replication fork through its interactions with two proteins, Proliferating Cell Nuclear Antigen (PCNA) and Replication Protein A
(RPA), which are critical for DNA replication and repair. In this work, we used protein semisynthesis and fluorescence anisotropy
assays to explore the interactions of UNG2 with PCNA and RPA and to determine the effects of two UNG2 phosphorylation sites
(Thr6 and Tyr8) located within its PCNA-interacting motif (PIP-box). In binding assays, we found that phosphorylation of Thr6 or
Tyr8 on UNG2 can impede PCNA binding without affecting UNG2 catalytic activity or its RPA interaction. Our data also suggests
that unmodified UNG2, PCNA, and RPA can form a ternary protein complex. We propose that the UNG2 N-terminus may serve
as a flexible scaffold to tether PCNA and RPA at the replication fork, and that post-translational modifications on the UNG2 N-
terminus disrupt formation of the PCNA-UNG2-RPA protein complex.
INTRODUCTION
The nuclear uracil DNA glycosylase (UNG2) initiates the
base excision repair pathways that remove uracil from
genomic DNA. The human enzyme consists of a globular
catalytic domain that is preceded by a disordered N-termi-
nus. The catalytic domain itself can efficiently detect and
remove uracil bases from DNA, whereas the N-terminus
regulates UNG2 abundance and localization inside the nu-
cleus (1,2). During the cell cycle, UNG2 expression peaks
during late G1/early S-phase, in part to ensure removal of
genomic deoxyuridine monophosphate that is misincorpo-
rated by polymerases during replication (3–5). To support
this function, UNG2 has been shown to localize to the
replication fork by interacting with either Proliferating
Cell Nuclear Antigen (PCNA), the dsDNA sliding clamp,
or Replication Protein A (RPA)—the major ssDNA binding
protein in the nucleus (2,3,6).

The �90-residue N-terminus of UNG2 contains 14 sites
that can be acetylated, ubiquitinated, or phosphorylated
(7). Some post-translational modifications (PTMs) are
cell-cycle dependent and mediate UNG2 degradation after
DNA replication (1), and other residues are modified in
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response to cellular stress (8). However, the functional roles
of most UNG2 modifications identified in proteomic screens
have not been elucidated. We focused our work here on two
specific N-terminal phosphorylation sites on UNG2 at resi-
dues Thr6 and Tyr8. Thr6 phosphorylation occurs after
cellular UV exposure (8), whereas Tyr8 phosphorylation
has been identified in proteomic screens using multiple
cancer cell lines (7,9–12). We used protein semisynthesis
(13,14) and in vitro assays to investigate whether phosphor-
ylation of the UNG2 sites affects enzyme activity or protein-
protein interactions.
MATERIALS AND METHODS

Peptide synthesis

A standard fluorenylmethyloxycarbonyl (Fmoc) solid-phase peptide syn-

thesis strategy with Wang resin was used to prepare N-terminal UNG2(aa

1–19) peptides with and without phosphorylation at position Thr6 or

Tyr8. Twenty-percent piperidine in dimethyl formamide (DMF) was used

for deprotection, and residues were coupled in DMF using five molar equiv-

alents of protected amino acid, 4.75 molar equivalents of HATU, and 10

molar equivalents of diisopropylethylamine (DIPEA). The progress of the

couplings was monitored using the Kaiser test.

The peptides PogoLigase (PL) (15) and SMARCAL1(aa 5–30)

(SMARCAL) were synthesized in a similar manner, and Fmoc-6-amino-

hexanoic acid was coupled to the N-termini of these peptides. To label these

with fluorescein, the final Fmoc group was removed with 20% piperidine.
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The peptides were washed with DMF followed by 5% N-methylmorpholine

(NMM) in DMF, then 0.21 molar equivalents of 5/6-carboxyfluorescein

succinimidyl ester (NHS-fluorescein; Thermo Fisher Scientific, Waltham,

MA) dissolved in 5% NMM were added for 16 h. After synthesis, the pep-

tides were washed extensively with DMF and dichloromethane (DCM)

before being cleaved from the resin with Reagent K (82.5% trifluoroacetic

acid, 5% phenol, 5% water, 5% thioanisole, and 2.5% 1,2-ethanedithiol).

The N-terminal UNG2 11-mer and 29-mer thioester peptides used for

native chemical ligation were synthesized on Dawson Dbz NovaSynTGR

resin (EMD Millipore, Billerica, MA) (16). For the 11-mer used in pThr6

ligations, 20% piperidine in DMF was used for deprotection, and residues

were coupled using five molar equivalents of protected amino acid, 4.75

molar equivalents of HBTU, 4.75 molar equivalents of hydroxybenzotria-

zole, and 10 molar equivalents of DIPEA. For the 29-mer used in pTyr8

ligations, 20% piperidine in DMF was used for deprotection, and residues

were coupled in 0.4 M NMM/DMF using four molar equivalents of

protected amino acid and 3.75 molar equivalents of HATU. For both

the 11-mer and 29-mer, a Boc-protected methionine was added to the

N-terminus. After elongation, these peptides were washed with DCM

then reacted for 1 h with five molar equivalents of 4-nitrophenyl chlorofor-

mate dissolved in DCM. After washing with DCM, 0.5 M DIPEA in DMF

was added for 30 min. The peptides were washed with DMF and DCM, then

cleaved from the resin with a mixture containing 90% trifluoroacetic acid,

5% DCM, 2.5% water, and 2.5% triisopropylsilane. The resulting peptides

contain a C-terminal N-acyl-benzimidazolinone group (Nbz), and were

used in ligations as described below.

After cleavage from the resin, all peptides were ether-precipitated then

purified (>95%) by reversed-phase high-pressure liquid chromatography

on a C18 column using an acetonitrile/water gradient (0.1% trifluoroacetic

acid). The identities of the final peptides were confirmed with mass spec-

trometry (Figs. S1–S7).
Expression and purification of UNG2(aa 12–313,
S12C)

The truncated human UNG2 gene encoding residues 12-313 and contain-

ing a S12C mutation was inserted into an empty pET21a vector with an

8�His-tag, a Gly-Ser-Gly-Ser-Gly linker, then the SUMO protein

(SMT3 from Saccharomyces cerevisiae) fused in-frame to its N-terminus.

The plasmid was transformed into BL21(DE3)pLysS cells, which were

plated on Luria Broth (LB)-Agar containing ampicillin and chloramphen-

icol. Colonies were picked for overnight starter cultures grown at 37�C in

Miller’s LB broth containing 50 mg/L carbenicillin and 25 mg/L chloram-

phenicol. For protein expression, 10 mL of starter culture was added to 1 L

of Miller’s LB broth (also containing 50 mg/L carbenicillin and 25 mg/L

chloramphenicol), and the Escherichia coli were grown at 35�C while

shaking at 180 rpm. When O.D. �0.6, the flask was cooled on ice to

room temperature, and isopropylthiogalactoside was added to a final con-

centration of 0.25 mM. The flask then continued to shake at 21�C and

180 rpm for 16 h. The cells were then pelleted, and the pellet was stored

frozen at �80�C.
For purification, the pellet was thawed and resuspended in ice-cold lysis

buffer (20 mM sodium phosphate, pH 7.5, 300 mM NaCl, 20 mM imid-

azole, and 1 mM triscarboxyethylphosphine (TCEP)) containing Roche

complete protease inhibitor cocktail (1 tablet/300 mL buffer). All subse-

quent steps were performed at 4�C. The cells were lysed with a French press
before centrifugation at 20,000� g. The supernatant was gravity flowed

through a column containing Ni2þ Sepharose 6 Fast Flow resin (GE Health-

care, Little Chalfont, UK). The resin was washed twice with 10 mL lysis

buffer, followed by consecutive treatment (8 mL each) with lysis buffer

containing 50, 100, 150, or 250 mM imidazole. The fusion protein

(8�His-SUMO-UNG2(aa 12–313, S12C)) elutes with the 150 and

250 mM imidazole treatments. These fractions were pooled and dialyzed

against 1.5 L of 50 mM Tris, pH 8.0, 140 mM NaCl, 1 mM TCEP, and

2.5% glycerol for �4 h before transferal to 1.5 L of fresh, identical buffer
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for overnight dialysis. The protein was then concentrated to �2–3 mg/mL

with an Amicon 10-kDa molecular-mass cutoff centrifugal filter (EMD

Millipore) before being aliquoted, snap frozen in liquid N2, and stored

at�80�C. Approximate yield of the fusion protein was 16 mg/L of bacterial

cell culture.

To remove the 8�His-SUMO tag, the protein was thawed then digested

with 300 mg SUMO protease (ubiquitin-like-specific protease, ULP1, which

contained a 6�His-tag) for 5 h at 4�C. The protein mixture was then reap-

plied to the Ni2þ column, and UNG2(aa 12–313, S12C) was eluted with

lysis buffer containing 50 mM imidazole. The SUMO-free UNG2 protein

was dialyzed overnight against 20 mM sodium phosphate, pH 7.5,

100 mM NaCl, 1 mM TCEP, and 10% glycerol, then the protein was

concentrated to �1.5 mg/mL with an Amicon 10-kDa molecular-mass cut-

off centrifugal filter (EMDMillipore). UNG2(aa 12–313, S12C) was�95%

pure based on SDS-PAGE.
Semisynthesis of pThr6-UNG2

The 11-mer peptide MIGQKpTLYSFF-Nbz was suspended in 6 M guani-

dinium-HCl, 10 mM sodium phosphate, pH 7.0, at a concentration of

12 mg/mL. To install a C-terminal thioester, this was slowly diluted

5.7-fold with 312 mM mercaptoethylsulfonate (MESNA), 10 mM sodium

phosphate, pH 6.8, and the pH of the reaction was adjusted to 7.0 with

NaOH. After 20 min at room temperature, the peptide was slowly added

to a gently stirring solution that contained 25 mM UNG2(aa 12–313,

S12C) in 15 mM sodium phosphate, pH 7.5, 60 mM NaCl, 150 mM

MESNA, 4 mM TCEP, and 5.8% glycerol; the final concentration of

UNG2(aa 12–313, S12C) after peptide addition was 15 mM. The solution

pH was adjusted to 7.5 with NaOH, and the mixture maintained at room

temperature for 24 h.

The reaction mixture was subsequently dialyzed against 10 mM Tris-HCl

(pH 8.0), 150 mM NaCl, 1 mM dithiothreitol (DTT), and 6% glycerol at

4�C. The protein solution was then diluted 5.3-fold with 25 mM Tris-ace-

tate, pH 8.0, 10 mM NaCl, and 0.5 mM DTT. This was immediately in-

jected onto an equilibrated Mono S 5/50 GL cation exchange column

(GE Healthcare). For fast protein liquid chromatography, Buffer A was

50 mM Tris-acetate, pH 8.0, 20 mM NaCl, and 1 mM DTT, and Buffer B

was 50 mM Tris-acetate, pH 8.0, 300 mM NaCl, and 1 mM DTT. The pro-

tein was eluted from the Mono S column with a linear gradient of 0–100%

Buffer B over 198 column volumes, and elution fractions were analyzed by

SDS-PAGE. Glycerol was added to fractions containing purified pThr6-

UNG2 such that the final concentration was 15%, then the protein was

concentrated to >1 mg/mL, aliquoted, and snap frozen in liquid N2 before

storing at �80�C.
Semisynthesis of pTyr8-UNG2

The 29-mer peptideMHHHHHHKRKGENLYFQGMIGQKTLpYSFF-Nbz

was dissolved in 6 M guanidinium-HCl, 10 mM sodium phosphate, pH 7.0,

at a concentration of 13.5 mg/mL. The peptide was then diluted 5.7-fold

with 310 mMMESNA, 10 mM sodium phosphate, pH 6.8, and the solution

pH was adjusted to 7.0 with NaOH. After 30 min at room temperature, the

peptide was slowly added to a gently stirring solution that contained 29 mM

UNG2(aa 12–313, S12C) in 15 mM sodium phosphate, pH 7.5, 70 mM

NaCl, 150 mMMESNA, 4 mM TCEP, and 6.8% glycerol; the final concen-

tration of UNG2(aa 12–313, S12C) after peptide addition was 15 mM. The

solution pH was adjusted to 7.5 with NaOH, and the mixture maintained at

room temperature for 26 h.

The reaction mixture was subsequently diluted fourfold with 20 mM so-

dium phosphate, pH 7.5, 150 mMNaCl, and 1 mMDTTand then applied to

an equilibrated Ni2þ column. The column was washed with lysis buffer (as

above) that contained 20, 50, or 100 mM imidazole, then the desired

product was eluted with lysis buffer containing 250 mM imidazole. This

protein was dialyzed into 20 mM Tris-HCl, pH 8.0, 150 mM NaCl,



Phospho-Regulation of UNG2
1 mM DTT, and 5% glycerol, then digested until completion with tobacco

etch virus (TEV) protease at 4�C. After digestion, the mixture was reapplied

to the Ni2þ column and was subsequently eluted with lysis buffer contain-

ing 50 mM imidazole. The desired semisynthetic protein (pTyr8-UNG2)

was dialyzed against 20 mM sodium phosphate, pH 7.5, 200 mM NaCl,

1 mM DTT, and 15% glycerol, then was concentrated to >1 mg/mL before

being snap frozen in liquid N2.
Electrospray ionization mass spectrometry

UNG2 proteins were desalted with C4 ZipTips (EMD Millipore), eluted

with 70% acetonitrile in water with 0.1% formic acid, then diluted twofold

with water containing 0.1% formic acid. Proteins were injected onto a

BioBasic C4 column (Thermo Fisher Scientific) using a nanoAcquity

ultra-performance liquid chromatography system (Waters, Milford, MA),

then eluted using a 20–72% gradient of acetonitrile in water with 0.1% for-

mic acid. The samples were electrosprayed online into a Thermo TSQ Van-

tage mass spectrometer, and data was collected using the software Xcalibur

(Thermo Fisher Scientific).

Protein elution over �20 s was an intense peak on the total ion current

chromatogram, and the spectra within that peak were averaged in the

Xcalibur Qual Browser (Thermo Fisher Scientific) to yield a characteristic

protein spectrum for each sample. On the spectrum for each protein, the m/z

for each peak was extracted, the protein charge state (z) that corresponded

to that m/z was deduced, and the experimentally observed protein mass

(massobs) for each peak was calculated using the equation

massobs ¼ ðm=z � zÞ � �
z � Hþ�; (1)

where Hþ is the mass of a proton. The observed masses from the peaks for

each spectrum were then averaged.

We assessed the accuracy and precision of our mass spectrometer for

measuring intact protein masses by using the UNG catalytic domain as a

standard control. This protein has been extensively characterized both

structurally and biochemically (17,18) and has a predicted monoisotopic

mass of 25,489.0 Da. The observed mass from the þ22 to þ34 charge state

ions of catalytic UNG was 25,494.65 4.0 Da (mean5 SD), indicating an

experimental error of this measurement of � 510 Da (Fig. S8).
Expression and purification of UNG2 and
UNG2(S12C)

The full-length human UNG2 gene or the gene containing an S12C muta-

tion was inserted into an empty pET21a vector with an 8�His-tag, a

Gly-Ser-Gly-Ser-Gly linker, and the SUMO protein fused in-frame to the

N-terminus. Plasmid transformation into BL21(DE3)pLysS cells and sub-

sequent growth and induction was identical to that described above for

the truncated protein UNG2(aa 12–313, S12C). The cells were pelleted

after growth and stored at �80�C.
The fusion protein 8�His-SUMO-UNG2 was isolated using Ni2þ chro-

matography as described above, and after dialysis, ULP1 removed the

8�His-SUMO. The protein mixture was then reapplied to the Ni2þ column,

which was subsequently eluted with lysis buffer containing 50 mM imid-

azole. The protein was dialyzed against 10 mM sodium phosphate, pH

7.4, 300 mM NaCl, 20% glycerol, and 1 mM DTT, then concentrated

to �5 mg/mL with an Amicon 10-kDa molecular-mass cutoff centrifugal

filter (EMD Millipore). The protein was then further purified with size

exclusion chromatography (Superdex 200 10/300 GL column; mobile

phase: 10 mM sodium phosphate, pH 7.4, 150 mM NaCl, and 1 mM

DTT; GE Healthcare). Glycerol was then added to the peak fractions con-

taining UNG2 such that the final concentration was 20%, and the protein

was snap frozen in liquid N2 before storing at �80�C. Approximate yield

of the purified protein was 3 mg/L of bacterial cell culture.
UNG2 uracil excision assay

The 19-mer oligos 50-GCGGCCAAAUAAAAAGCGC-30 and 50-GCGCTTT
TTPTTTGGCCGC-30 (U, uridine deoxyribonucleotide; P, 2-aminopurine

deoxyribonucleotide) were purchased from Integrated DNA Technologies

(Coralville, IA). These were dissolved in 10 mM Tris-HCl, pH 8.0, 40 mM

NaCl, and 0.1 mM EDTA, and mixed in equal concentrations (240 mM

each). The oligos were heated to 95�C for 4 min then cooled to room temper-

ature. The oligoswere diluted 10-fold, theNaCl concentrationwas adjusted to

60 mM, andMgCl2 was added to a final concentration of 2.5 mM. Annealing

of the oligos was confirmed with native gel electrophoresis (20% polyacryl-

amide-TBE) followed by ethidium bromide staining.

Steady-state kinetic measurements of uracil excision activity were per-

formed essentially as described in Stivers (19) using 158.5 pM UNG2

and a buffer of 10 mM Tris-HCl, pH 8.0, 60 mM NaCl, 2.5 mM MgCl2,

and 1 mM DTT. Substrate concentrations of 0.11, 0.15, 0.25, 0.5, 1, 3,

and 5 mM were used, and assays for each protein were performed in tripli-

cate. Temperature was controlled at 23�C.
PCNA expression and purification

The human PCNA gene was inserted into an empty pET21a vector with an

N-terminal 6�His-tag that was followed by a Gly-Gly-Gly linker. The

plasmid was transformed into BL21(DE3)pLysS cells, and growth and in-

duction conditions were identical to that of the UNG2 proteins. The E. coli

were lysed and the proteinwas purified on aNi2þ columnas described above,

with PCNA eluting in the 150 and 250 mM imidazole fractions.
PCNA-PL peptide binding assays

PCNA binding to the PL peptide was determined by fluorescence anisotropy

measurements based ona published protocol (20). Tomaintain constant buffer

conditions, proteins used in all anisotropy assays were first dialyzed into the

fluorescence anisotropy assay buffer (FA Buffer: 10% glycerol, 0.01% Triton

X-100, 100mMNaCl, 1mMMgCl2, 1mMDTT, and 25mMHEPES-NaOH,

pH 7.4). Peptides were also dissolved directly in FA Buffer. Assays were per-

formed at 23�C, and the concentration of PL peptidewas 32 nM in all assays.

To determine the affinity of PL peptide for PCNA, anisotropy measurements

were taken after equilibrating the peptide with increasing concentrations of

protein (concentrationswere based on amount of PCNAmonomer). Themea-

surementswere plotted versus PCNAconcentration, and the datawas fit using

the quadratic binding equation

A ¼ AðminÞ �
�
AðminÞ � AðmaxÞ
2 � ½PL�

�

�
h
b�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � 4 � ½PCNA� � ½PL�

q
;

b ¼ Kd þ ½PCNA� þ ½PL�;

(2)

where A(min) and A(max) are the minimum and maximum anisotropy values,

[PL] is the total PL peptide concentration, [PCNA] is the PCNA concentra-

tion, and Kd is the PCNA concentration at half-maximal saturation (21).

Competition experiments during which the PL peptide was displaced

from PCNA were performed using UNG2, its protein variants, and 19-

mer UNG2 peptides. PL peptide (32 nM) was equilibrated with 0.23 mM

PCNA and the corresponding competitor, then anisotropy measurements

were taken. The anisotropy values were plotted versus the log10 of the

competing UNG2 protein or peptide concentration. When required, the

data were fit with a sigmoidal curve using the equation

Y ¼ Ymin þ Ymax � Ymin

1þ 10logðIC50�XÞ� n
; (3)
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with variable Ymin, Ymax, n (Hill coefficient), and IC50 values. The IC50

derived from this curve was used to calculate the affinity (Ki) of the

UNG2(aa 1–19) peptides for PCNA using the equation

Ki ¼ IC50�
L50
Kd

�
þ
�
P0

Kd

�
þ 1

; (4)

where L50 is the concentration of free PL peptide at 50% inhibition, P0 is the

concentration of free PCNA monomer at 0% inhibition, and Kd is the disso-

ciation constant of the PCNA-PL peptide complex (22). Note that, for

competition experiments with pThr6-UNG2(aa 1–19), we were unable to

fully saturate the PCNA sites at the highest peptide concentrations. In

this case, the IC50 was estimated to be the concentration of pThr6-UNG2(aa

1–19) that caused the anisotropy to decrease to the same level observed at

the IC50 for the nonphosphorylated UNG2(aa 1–19) curve.
Alkaline phosphatase dephosphorylation of
pTyr8-UNG2

Here, 32 nM PL peptide was equilibrated with 24 mM pTyr8-UNG2 at 23�C
in FA Buffer. A quantity of 0.1 mM Calf Intestinal Alkaline Phosphatase

(New England Biolabs, Ipswich, MA) was added, and after briefly mixing,

anisotropy measurements were recorded every minute. The data was fit to

the equation for a one-phase decay:

Y ¼ ðY0 � YminÞ � eð�K�XÞ þ Ymin; (5)

where Y0 is the initial anisotropy, Ymin is the minimum plateau anisotropy

derived from the fitted curve, K is the variable rate constant, and X is the

time in minutes. As a control, an identical experiment was performed

with 24 mM unmodified full-length UNG2.
RPA purification

Human RPAwas expressed in BL21-CodonPlus (DE3) cells using the p11d-

tRPA plasmid (23), which was a generous gift from Dr. Marc Wold. The

protein was purified essentially as described in Henricksen et al. (23) and

Binz et al. (24) by three consecutive chromatography columns: Affi-Gel

Blue (Bio-Rad, Hercules, CA), hydroxyapatite (Bio-Rad), and Mono Q

(GE Healthcare).
RPA-SMARCAL peptide binding assays

All assays were performed at 23�C in FA Buffer, and the concentration of

the fluorescent peptide SMARCAL was 20 nM. To determine the affinity of

SMARCAL peptide for RPA protein, anisotropy measurements were taken

after equilibrating the peptide with increasing concentrations of protein.

The methodology used to determine the Kd of the interaction using the

quadratic binding fit was identical to that described above for PCNA and

PL peptide (i.e., Eq. 2). In competition experiments where SMARCAL pep-

tide was displaced from RPA with UNG2, the concentration of RPA was 9

mM, and where applicable, the concentration of PCNAwas 42 mM; as a con-

trol, we determined that PCNA itself had no effect on the anisotropy or fluo-

rescence intensity of free SMARCAL peptide. The anisotropy values were

plotted versus the log10 of the competing UNG2 concentration. Also as

described above, a sigmoidal curve was fit to this data using Eq. 3 with var-

iable Ymin, Ymax, n, and IC50 values, and the Ki of the UNG2-RPA interac-

tion was calculated using Eq. 4.

Similar assays were performed using RPA that was prebound to a 31-nt

ssDNA (dT(31), purchased from Integrated DNATechnologies). Before the

binding experiments, RPA in FA Buffer was equilibrated with an equimolar

concentration of dT(31) for 25 min at room temperature. In these condi-
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tions, the Kd of the RPA-dT(31) interaction is 0.22 nM (25). During the

titration experiment to determine the affinity between SMARCAL peptide

and RPA-dT(31), >95% of RPA should be bound to dT(31) at even the

lowest concentration tested (105 nM). In the competition experiment where

SMARCAL peptide was displaced from RPA-dT(31) with UNG2, the con-

centration of RPA-dT(31) was 14.6 mM.
Generation of UNG2(Fluor)

Mutations were inserted into the pET21a plasmid encoding 8�His-SUMO-

UNG2 (from above) to generate a plasmid that contained a cysteine residue

before Met1 of UNG2 (i.e., immediately downstream from the SUMO pro-

tease cleavage site) and also cysteine to alanine mutations at three UNG2

sites (C141A, C166A, and C290A). This protein was expressed, purified

with Ni2þ column chromatography, cleaved with ULP1, then reapplied to

a Ni2þ column and eluted as described above for UNG2 and UNG2(aa

12–313, S12C). Subsequently, the UNG2 mutant was dialyzed into a buffer

containing 10% glycerol, 200 mM NaCl, 1 mM TCEP, and 50 mM sodium

phosphate, pH 7.2. After dialysis, the protein was concentrated to 53 mM

with an Amicon 10-kDa molecular-mass cutoff centrifugal filter (EMD

Millipore). Fluorescein-5-maleimide (Thermo Fisher Scientific), originally

dissolved in DMSO at 20 mg/mL, was added dropwise to the protein to

a final concentration of 500 mM. The protein reacted with fluorescein-5-

maleimide for 20 h at 4�C in the dark, then the reaction was quenched by

adding 5 mMDTTand incubating for 1 h. The protein solution was dialyzed

extensively over 36 h against 10% glycerol, 200 mMNaCl, 1 mMDTT, and

30 mM sodium phosphate, pH 7.2, with several changes of dialysis buffer to

begin removing unconjugated fluorescein-5-maleimide. The fluorescein-

labeled protein UNG2(Fluor) was then further purified with size exclusion

chromatography.
UNG2(Fluor) binding assays

50 nanomolar of UNG2(Fluor) was used in all assays with FA Buffer.

Anisotropy measurements were taken with increasing PCNA concentra-

tions, and the data was fit using Eq. 2 as in PL peptide binding assays.

When PCNA and RPA were added simultaneously, 25 mM PCNA and 16

mM RPA were used.
Data statistics and figure preparation

For binding assays, each data point represents the mean measurement with

standard error from two to four independent experiments. In many cases,

the error bars are smaller than the plotted point. The error associated with

IC50 and Kd values also represents SE. All curves were fit using the software

GraphPad Prism 6 (https://www.graphpad.com/scientific-software/prism/),

which was also used for figure preparation.
RESULTS

Production of semisynthetic phospho-UNG2s

We used the chemoselective N-Cys/C-thioester ‘‘native
chemical ligation’’ reaction to generate UNG2 proteins that
contained a phosphorylation at either Thr6 or Tyr8 (Fig. 1
A) (26). Initially, we synthesized peptides that corresponded
to UNG2 residues 1-11 and contained a phosphorylation at
either Thr6 or Tyr8, then installed a C-terminal MESNA thio-
ester on the peptides under aqueous conditions (16). These
peptides reacted with truncated UNG2(aa 12–313, S12C),
which was generated as a SUMO-fusion protein cleaved by

https://www.graphpad.com/scientific-software/prism/


FIGURE 1 (A) Synthetic peptides (1) and (2),

which contained C-terminal MESNA thioesters,

were reacted with a truncated UNG2 containing

an N-terminal cysteine at residue 12 of the protein.

The native chemical ligation reaction combined the

polypeptides to form full-length, post-translation-

ally modified UNG2 proteins. (B) Shown here is

a mass spectrum for intact pThr6-UNG2 made

with native chemical ligation. This data was ob-

tained using ESI-MS, and the charge states of the

peaks are indicated. Eq. 1 was used to calculate

an observed mass of 34,728.8 5 7.3 Da (mean

5 SD), and the predicted monoisotopic mass is

34,719.8 Da. Using a standard control, the accu-

racy of our instrument was determined to be

510 Da (see Materials and Methods). (C) Shown

here is a mass spectrum for intact pTyr8-UNG2.

The observed mass was 34,784.1 5 7.1 Da, and

the predicted monoisotopic mass is 34,776.8 Da.

(D) Shown here is a Coomassie-stained SDS-

PAGE gel showing purity of UNG2 enzymes

used for native chemical ligation, ESI-MS, and/or

enzyme assays. To see this figure in color, go

online.

TABLE 1 UNG2 Kinetic Parameters

Protein kcat (min�1) Km (mM)

UNG2 636 5 68 0.7 5 0.2

UNG2(S12C) 546 5 36 0.6 5 0.1

pThr6-UNG2 585 5 74 0.7 5 0.3

pTyr8-UNG2 687 5 58 0.8 5 0.2

Phospho-Regulation of UNG2
the protease ULP1. Typically, the ligation reaction converted
60–80% of the truncated UNG2 into full-length, post-transla-
tionally modified protein that contained a single point muta-
tion (S12C) at the site of ligation.

Semisynthetic pThr6-UNG2 could be purified from re-
maining UNG2(aa 12–313, S12C) using cation exchange
chromatography (Fig. S9); however, semisynthetic pTyr8-
UNG2 that was generated with this method coeluted with
unligated UNG2(aa 12–313, S12C) in a variety of chroma-
tography conditions including cation exchange, gel filtra-
tion, and hydroxyapatite (data not shown). To circumvent
this purification challenge, a separate strategy to obtain
purified pTyr8-UNG2 was developed. In this alternative
approach, we prepared a 29-mer thioester peptide that
contained a 6�His-tag, charged residues to enhance peptide
solubility, and a TEV protease cleavage site that preceded
UNG2 residues 1-11 with a phosphorylation at Tyr8

(Fig. 1 A). After reacting with truncated UNG2, the semi-
synthetic His-TEV-pTyr8-UNG2 construct was purified
using Ni2þ chromatography. The 6�His-tag was removed
by cleavage with TEV protease and the mixture was further
purified chromatographically to yield full-length pTyr8-
UNG2 in high purity with the S12C mutation and a residual
glycine on the N-terminus (Fig. S10).

For both pThr6-UNG2 and pTyr8-UNG2, we used electro-
spray ionization mass spectrometry (ESI-MS) on the intact
proteins to confirm that the desired constructs were obtained
(Fig. 1, B and C). Having made the desired phosphorylated
proteins, we tested whether the modifications influenced
protein activity. We measured the enzymatic function of
the semisynthetic proteins and compared them to recombi-
nant full-length UNG2 and a recombinant UNG2(S12C)
mutant (Fig. 1 D). For these assays, we used a 19-mer
duplex DNA substrate that contained uracil opposite the
fluorescent base 2-aminopurine (19). We found that the
phosphorylated and unmodified proteins had identical activ-
ity that was comparable to previously published data for
UNG2 (27) (Fig. S11; Table 1).
UNG2-PCNA binding

The UNG2 N-terminus contains a canonical PCNA-interact-
ing motif (PIP-box) at residues 4-11 that is thought to bind
to the interdomain connecting loop (IDCL) of PCNA (Fig. 2
A) (3). Note that PCNA is a homotrimer, and that each pro-
tein contains three IDCL sites. We used an anisotropy assay
to measure UNG2 binding to PCNA (20). First, we deter-
mined that the fluorescent peptide PL, which is known to
interact with the IDCL sites, binds PCNA with a Kd of
102 nM (Fig. 2 B), matching the published Kd of 100 nM
determined for PCNA and unlabeled PL peptide (28).
Next, after equilibrating PCNA with labeled PL peptide,
we titrated full-length UNG2 to saturate the PCNA sites,
which manifested as a decrease in fluorescence anisotropy
of the labeled peptide (Fig. 2 C).

In this competition experiment, we unexpectedly
observed a modest increase in anisotropy values at
lower UNG2 concentrations (0.08–0.8 mM) that was not
Biophysical Journal 113, 393–401, July 25, 2017 397



FIGURE 2 (A) Shown here is a schematic of

UNG2 showing the relative locations of the PCNA

and RPA binding sites on the N-terminal domain,

as well as the position of the phosphorylated resi-

dues examined in this work. (B) Shown here is fluo-

rescence anisotropy data from titrating increasing

concentrations of PCNA into a cuvette with a fixed

concentration of PL peptide. The dashed line indi-

cates the anisotropy of free PL peptide in solution

(i.e., in the absence of PCNA). The sequence of

PL peptide is shown (Ahx, 6-aminohexanoic

acid), and its PIP-box is in bold. (C) Given here

are anisotropy measurements from competition ex-

periments during which increasing concentrations

of full-length UNG2 protein or UNG2(aa 1–19)

peptide displaced PL peptide from PCNA. The

Hill slope of the curve for UNG2(aa 1–19)

was �1.3, and the sequence of UNG2(aa 1–19) is

shown with the PIP-box bolded. (D) Given here

are anisotropy measurements, similar to (C), but

showing that phosphorylated UNG2 proteins do

not efficiently displace PL peptide from PCNA.

(E) Dephosphorylation of 24 mM pTyr8-UNG2

over time allowed the protein to bind PCNA,

thereby competing with PL peptide for binding, re-

sulting in decreased anisotropy measurements.

The curve fit to the pTyr8-UNG2 data (R2 ¼ 0.91)

determined a Ymin plateau anisotropy¼ 0.0638. For comparison, over the course of the control experiment using 24 mMunmodified UNG2, the averaged anisot-

ropy was 0.0636. (F) Anisotropy data were determined by displacing PL peptide from PCNA using phospho-UNG2(aa 1–19) peptides. To see this figure in

color, go online.
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compatible with a conventional one-ligand, one-receptor
binding isotherm. In comparison, when PL peptide was dis-
placed with the synthetic peptide UNG2(aa 1–19), no in-
crease in the anisotropy signal was observed, and the data
fit well to a standard competition curve (Fig. 2 C). We inter-
pret these results as evidence that a ternary PL peptide-
PCNA-UNG2 complex formed at low concentrations of
UNG2 protein due to the presence of three IDCL sites per
PCNA homotrimer, and that the significantly larger size of
the PL peptide-PCNA-UNG2 complex compared to that of
the PL peptide-PCNA complex or the PL peptide-PCNA-
UNG2(aa 1–19) complex was sufficient to increase the
anisotropy signal.

In competition experiments with similar protein levels,
pThr6-UNG2 and pTyr8-UNG2 were ineffective at dis-
placing PL peptide from PCNA (Fig. 2 D). As a control,
we also determined that the protein UNG2(S12C) bound
PCNA similarly to wt UNG2 (Fig. S12), demonstrating
that inhibition of binding was caused by phosphorylation
and not the point mutation. We next tested whether we could
generate a PCNA binding partner by dephosphorylating
semisynthetic pTyr8-UNG2 to produce an UNG2(S12C)
construct that also contains a glycine on its N-terminus.
Addition of calf alkaline phosphatase to a mixture of
PCNA, PL peptide, and pTyr8-UNG2 caused a time-depen-
dent decrease in anisotropy that was consistent with
displacement of PL peptide from PCNA by dephosphory-
lated semisynthetic protein (Fig. 2 E).
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Next, we determined that even at high concentrations
(�200 mM) of synthetic phosphorylated peptides pThr6-
UNG2(aa 1–19) and pTyr8-UNG2(aa 1–19), only partial
displacement of PL peptide was observed (Fig. 2 F). This
experiment did, however, suggest that phosphorylation at
Tyr8 had a more disruptive effect on PCNA binding than
pThr6. Although we could not completely displace PL pep-
tide from PCNAwith pThr6-UNG2(aa 1–19), the estimated
IC50 corresponded to a Kd of 19 mM for its interaction with
PCNA. In contrast to the relatively weak interactions with
the phospho-peptides, we calculated a Kd of 1.3 mM for
the unmodified UNG2(aa 1–19) interaction with PCNA
(Fig. 2 C). Because complete displacement of PL peptide
from PCNA was achieved with similar concentrations of
UNG2(aa 1–19) and full-length UNG2 (Fig. 2 C), we
reasoned that the UNG2 peptide and protein have similar
affinities for PCNA. This would suggest that the PIP-box
motif is necessary and sufficient for UNG2 binding to
PCNA, that no significant contacts occur between the pro-
teins outside of the PIP-box, and that phosphorylation of
the UNG2 PIP-box can impede binding.
UNG2-RPA binding and ternary complex
formation

Separate from the PIP-box motif, UNG2 residues 66-91
are thought to mediate binding to RPA through the winged-
helix (WH) domain of the RPA32 subunit (Fig. 2 A) (3,6).
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The UNG2 binding site on the RPA32 WH domain is shared
with several DNA replication/repair proteins (29–32), and
we synthesized a fluorescently labeled peptide called
SMARCAL that also binds to this common site (32). With
a fluorescence anisotropy assay, we first determined a Kd of
12.3 mM for the SMARCAL peptide interaction with RPA
(Fig. 3 A). This is somewhat higher than the measured Kd

of 2.9 mM for the interaction of unlabeled SMARCAL pep-
tide with the isolated WH domain (32), although the labeled
peptide had sufficient affinity for our competition experi-
ments. SMARCAL peptide was next equilibrated with
RPA, then displaced with full-length UNG2 to obtain an
IC50, from which we calculated a Kd of 3.2 mM for the
UNG2-RPA interaction (Fig. 3 B). This affinity is similar
to the measured Kd of 6.6 mM for the peptide UNG2(aa
66–91) interacting with the WH domain (32), which sug-
gested limited UNG2-RPA contacts outside of this binding
domain. Consistent with this, phosphorylation of UNG2 in
the PIP-box motif had no effect on UNG2 binding to RPA
(Fig. 3 B). In a separate set of experiments, we also deter-
mined that the affinity of UNG2 for RPA was unchanged
when RPAwas bound to ssDNA (Fig. S13), which was pre-
dicted because the WH domain and the DNA binding core
of RPA are separated by a long, flexible linker.

We tested whether PCNA could impact the interaction of
UNG2 with RPA. In this experiment, we titrated UNG2 to
displace SMARCAL peptide from RPA while coincubating
with 42 mM PCNA, a concentration that exceeds the Kd

for UNG2-PCNA binding by at least 10-fold. If UNG2’s
interaction surface with PCNA overlapped with UNG2’s
binding surface with RPA, then this high concentration of
PCNA would have been expected to reduce the observed
binding affinity between UNG2 and RPA. However, the
measured IC50 for UNG2 displacement of SMARCAL pep-
tide was unaffected by the presence of PCNA, strongly
suggesting that UNG2 interactions with RPA and PCNA
are independent and that a ternary complex can form
(Fig. 3 B).

To obtain more direct evidence for the formation
of a ternary PCNA-UNG2-RPA complex, we used a
fluorescein-labeled, full-length UNG2 construct called
UNG2(Fluor). To generate UNG2(Fluor), we mutated the
three wild-type UNG2 cysteines to alanines and genetically
installed a cysteine before Met1. This UNG2 mutant was
shown to possess a catalytic efficiency (kcat/Km) within
threefold of wild-type UNG2, suggesting that it was folded
correctly and functional (Fig. S14). This N-terminal mono-
cysteine UNG2mutant protein reacted with maleimide-fluo-
rescein to furnish UNG2(Fluor) (Fig. S14). We equilibrated
UNG2(Fluor) with increasing PCNA concentrations and
determined a Kd of 4.2 mM (Fig. 3 C), which is in the
same range as the affinity we determined for PCNA and
UNG2(aa 1–19) (Kd ¼ 1.3 mM). Next, we equilibrated
UNG2(Fluor) with a saturating concentration of PCNA
and/or 16 mMRPA. The measured anisotropy from the com-
bination of UNG2(Fluor), PCNA, and RPAwas significantly
higher than UNG2(Fluor) equilibrated with either PCNA or
RPA alone (Fig. 3 D). This relative fluorescence anisotropy
increase when the three proteins are combined, compared to
the individual protein pairs, is at a level that is entirely
consistent with the formation of a PCNA-UNG2-RPA pro-
tein complex in the concentration range examined.
FIGURE 3 (A) Shown here are binding data

from titrating RPA into a fixed concentration of

SMARCAL peptide. The sequence of SMARCAL

peptide is shown (Ahx, 6-aminohexanoic acid), and

the dashed line indicates its fluorescence anisotropy

in solution without RPA. (B) Given here is a compe-

tition experiment showing SMARCAL peptide

displacement from RPA by UNG2 or pThr6-UNG2.

For UNG2 in the absence of PCNA, the Hill slope

of the curve was �2.7, and in the presence of

PCNA, the Hill slope was �1.4. When added, the

PCNA concentration was 42 mM. (C) Shown here

are fluorescence anisotropy data obtained by equili-

brating 50 nM UNG2(Fluor) with increasing PCNA

concentrations. (D) Shown here are fluorescence

anisotropy measurements from 50 nMUNG2(Fluor)

equilibrated with or without 25 mM PCNA and 16

mMRPA.Weused a one-wayANOVAandBonferro-

ni’s post hoc test to statistically determine that the

anisotropy measurements from the three proteins

combined were greater than the measurements ob-

tained when UNG2(Fluor) was equilibrated with

only PCNA or RPA (***p < 0.001). Note that the

data for UNG2(Fluor) alone and UNG2(Fluor) þ
PCNA is taken from (C). To see this figure in color,

go online.
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DISCUSSION

PCNA, UNG2, and RPA are simultaneously present at the
replication fork during normal replication and also times
of stress that cause fork stalling and collapse (1–2,33). In
various contexts, cellular experiments have indicated roles
for PCNA and RPA in promoting UNG2 localization to
replication sites, which are highly susceptible to DNA dam-
age (2). When expression of UNG2 peaks during S-phase,
most of UNG2 is unmodified and therefore fully capable
of binding both PCNA and RPA (1), which would support
its localization to the replication fork.

In addition to phosphorylation sites at Thr6 and Tyr8,
UNG2 is known to be phosphorylated and ubiquitinated
within its RPA binding domain at positions Thr60, Ser64,
and Lys78 (1,2). Consistent with our findings, these PTMs
and PTM-mimicking mutations throughout the N-terminus
of UNG2 have no substantial effect on the catalytic activity
of the purified enzyme (1,2,8,34). Although we have shown
that phosphorylation at Thr6 and Tyr8 impedes binding to
PCNA, mutagenesis experiments have suggested that
modifications at Thr60, Ser64, and Lys78 can disrupt UNG2
interactions with RPA (1,2). N-terminal PTMs can therefore
promote selective binding to either PCNA or RPA; however,
in vitro assays have shown that binding to PCNA or RPA
only marginally affects the activity of UNG2 (approxi-
mately twofold) (1,6,35), suggesting noncatalytic functions
for the interactions.

Our findings lead us to hypothesize that PTMs on UNG2
could have a greater effect than simply switching the protein
FIGURE 4 Model of UNG2 tethering together PCNA and RPA with the

WH domain of RPA32 and N-terminal domain (NTD) of RPA70 also indi-

cated. The linker lengths were determined by assuming a contour length of

3.6 Å per amino acid (41), and for UNG2, the residues that constitute the

PCNA and RPA binding domains were not included in this calculation. If

PCNA and RPA maximally extend to �300 Å apart, �90 DNA bases/bps

could fit between the proteins (assuming a contour length of 3.4 Å/bp)

(42). To see this figure in color, go online.
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between PCNA- and RPA-bound states at the replication
fork. Specifically, we propose that the long flexible N-termi-
nus of UNG2 could act as a scaffold that tethers PCNA and
RPA, and that specific PTMs on the N-terminus of UNG2
regulate its ability to form the ternary protein complex
(Fig. 4). The length of the UNG2 N-terminus is ideally
suited for simultaneous binding to PCNA and RPA. In addi-
tion, the WH domain of RPA is also connected to its DNA
binding domain by a disordered linker (Fig. 4). These two
disordered regions on UNG2 and RPA could accommodate
flexible movement of the proteins on DNA at the replication
fork, while retaining restricted spatial separation. Because
UNG2 does not extensively contact PCNA or RPA outside
of the IDCL or WH domains, its presence would not be
expected to hinder binding of PCNA or RPA to other pro-
teins. Thus, PCNA could simultaneously interact with
more than one of its many binding partners through interac-
tions with vacant IDCL sites (36–38). Similarly, RPA bind-
ing partners would still have unhindered access to the
N-terminal domain of the 70-kDa RPA subunit (Fig. 4)
(39). We therefore extend the model to speculate that
UNG2 could serve as a platform to bring together other
PCNA- and RPA-interacting proteins.

Future work will test the relevance of UNG2 as a scaffold
in specific contexts, for example, such as at blocked primer-
template junctions that arise during translesion DNA
synthesis (40). In this case, stalled replication results in
a primer-template junction with PCNA on upstream
dsDNA and RPA on downstream ssDNA. Recent work has
shown that RPA prevents PCNA from advancing past the
primer-template junction. Our results suggest that UNG2
could serve as a tether for PCNA and RPA and effectively
stabilize PCNA at the junction to prevent its movement in
the opposite, upstream direction (40). Should UNG2 serve
as a tether in vivo, this could implicate the protein in non-
uracil-related DNA damage responses that may be regulated
by PTMs of UNG2. Accordingly, our findings suggest
expanded functions for UNG2 apart from its role as a
DNA glycosylase.
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Figure S1. MALDI-MS of peptide UNG2(a.a.1-19). Sequence: MIGQKTLYSFFSPSPARKR; predicted 
monoisotopic mass = 2213.2 Da.  
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Figure S2. MALDI-MS of peptide pThr6-UNG2(a.a.1-19). Sequence: MIGQKpTLYSFFSPSPARKR; 
predicted monoisotopic mass = 2293.2 Da. 
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Figure S3. MALDI-MS of peptide pTyr8-UNG2(a.a.1-19). Sequence: MIGQKTLpYSFFSPSPARKR; 
predicted monoisotopic mass = 2293.2 Da. 
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Figure S4. MALDI-MS of 11mer peptide pThr6-UNG2(a.a.1-11)-Nbz. Sequence: MIGQKpTLYSFF-
Nbz; predicted monoisotopic mass = 1572.7 Da. 
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Figure S5. MALDI-MS of 29mer peptide His-TEV-pTyr8-UNG2(a.a.1-11)-Nbz. Sequence: 
MHHHHHHKRKGENLYFQGMIGQKTLpYSFF-Nbz; predicted monoisotopic mass = 3846.8 Da. 
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Figure S6. MALDI-MS of peptide PogoLigase. Sequence: Fluorescein-Ahx-SAVLQKKITDYFHPKK; 
predicted monoisotopic mass = 2373.2 Da. 
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Figure S7. MALDI-MS of peptide SMARCAL(a.a.5-30) (SMARCAL). Sequence: Fluorescein-Ahx-
LTEEQRKKIEENRQKALARRAEKLLA; predicted monoisotopic mass = 3591.9 Da. 
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Figure S8. ESI-MS of UNG catalytic domain, which was used as a standard control to test instrument 
accuracy. Predicted monoisotopic mass = 25489.0 Da; observed mass = 25494.6 ± 4.0 Da (mean ± SD). 
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Figure S9. Representative trace from the purification of pThr6-UNG2 from UNG2(a.a.12-313, S12C) 
using Mono S chromatography. The fractions indicated by the dashes beginning at ~200 min were 
separated on SDS-PAGE, and the gel was then stained with Coomassie.   
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Figure S10. Intermediates and final product during pTyr8-UNG2 production. Shown on the Coomassie-
stained gel are the starting material UNG2(a.a.12-313, S12C), the His-TEV-pTyr8-UNG2 construct after 
Ni2+ column purification, and the final pTyr8-UNG2 after TEV cleavage. 
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Figure S11. Steady-state kinetics data for UNG2, UNG2(S12C), and phosphorylated semisynthetic 
proteins. 
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Figure S12. Displacement of PogoLigase peptide from PCNA using UNG2 or UNG2(S12C). Note that 
the UNG2 data is also shown in Fig. 2C of the main text.   
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Figure S13. (A) Binding data obtained by equilibrating SMARCAL peptide with increasing 
concentrations of RPA that was pre-bound to dT(31) ssDNA. (B) Competition experiment during which 
UNG2 was used to displace SMARCAL peptide from dT(31)-bound RPA. The Hill slope for the curve 
in (B) was -1.7. 
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Figure S14. (A) Steady-state kinetics data for the mutant UNG2 construct that has an N-terminal 
cysteine before Met1 and also has the wild-type cysteines mutated to alanines. The substrate used was 
the same as that in Table 1 and Fig. S11. (B) Left, Image of a fluorescence scanned (Ex/Em: 495/520) 
SDS-PAGE gel containing UNG2(Fluor). Right, Image of the same gel that was stained with Coomassie 
after obtaining the fluorescence scan. On both gels, the MW of specific ladder bands are shown, and the 
arrow is indicating UNG2(Fluor).   
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