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ABSTRACT: The repair of DNA damage, caused by both endogenous and exogenous sources, is necessary
to remove lesions that either miscode or block DNA or RNA polymerases. We propose that damage also
must be repaired to maintain sequence-specific Digfotein interactions. In this paper, we have
systematically studied two lesions that interfere with one important DNA landmark, the thymine methyl
group. Oxidation of the thymine methyl group in DNA generates 5-hydroxymethyluracil (HmU) whereas
the misincorporation of dUMP into DNA generates uracil (U), replacing the methyl group with a hydrogen.
Both substitutions are shown to inhibit binding of the AP-1 (c-Jun) transcription factor. The energy cost
of the perturbation, approximately 0.4 kcal/mol, is similar in magnitude for both U and HmU substitutions
and is additive when multiple substitutions are present. A third lesion, substitution of the central C:G
base pair of the AP-1 DNA binding domain with the pro-mutagenic U:G mispair, unexpectedly increases
AP-1 binding, allowing the transcription factor to interfere with uracil DNA glycosylase activity. Our
results support the hypothesis that an additional role for DNA repair systems is to maintain the integrity
of sequence-specific DNAprotein interactions, a role of particular importance in long-lived organisms.

Sequence-specific DNA binding proteins mediate the DNA (27—34). This oxidation can happen endogenously
complex process of transcriptional control in eukaryotes, through the action of free radicals, which are generated by
particularly during development and differentiation. These normal cellular metabolic processe30). Because of the
transcription factors recognize and bind to their promoter importance of the thymine methyl group in varied DNA
regions based upon specific contacts formed with the DNA protein interactions, either oxidation of the methyl group
duplex. Among the possible interacting functional groups, (generating HmU) or elimination of the methyl group
the methyl group of thymine is known to be important in (resulting in U) would be expected to interfere with
mediating the binding specificity of transcription factors, transcription factor binding.

including steroid hormone receptor$—15). The methyl Cells contain complex mechanisms for the repair of both
group of 5-methylcytosine also has been demonstrated toendogenous and exogenous DNA lesiods).(Most of the

either enhance or inhibit sequence-specific DN#otein DNA-repair literature focuses on the need to remove
interactions {6—21). potentially miscoding lesions as well as lesions that could

Endogenous processes, including misincorporation of block the progression of either DNA or RNA polymerases.
dUMP and oxidative thymine damage, could potentially However, the replacement of thymine by either U or HmU
interfere with thymine-specific interactions. DNA poly- s not inherently mutageni®6, 37), nor does it impede DNA
merases can misincorporate dUMP by utilizing dUTP as an or RNA polymerases3g, 38). Substitution of thymine with
alternative substrate to dTTP. This misincorporation could uracil results in only a slight decrease in DNA melting
happen when the cell is deficient in folate cofactd®) (or temperature39), and neither U nor HmU paired with adenine
particularly when dTTP metabolism is inhibited by chemo- substantially perturb DNA structurd@, 41). There are even
therapy agents such as methotrexate or 5-fluoroura8jl (  certain bacteriophages that completely replace T by either
24). In addition, polymerase-mediated DNA repair can cause U (42) or by HmU @3) in their genomes. Yet, repair
dUMP misincorporation, a problem of greater significance activities exist in most cells to remove U paired with either
in neurons 25, 26). The oxidation of the methyl group of  adenine or guaningp, 44—50), and higher organisms have
thymine can generate 5-hydroxymethyluracil (Hmibne an additional capacity to remove HmB1-56). In fact, the
of the more frequent oxidation damage products found in removal of U or HmU in cells treated with antimetabolites
or with HmdU (5-hydroxymethyl-2deoxyuridine), respec-
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21-mer with AP-1 site

A
S“" CGCTTGA|TGAGTCA|GCCGCGAA 3
3" GCGAACT|IACTCAGT|ICGGCCTT 5
(AP-1 binding site)
B 30-mer without AP-1 site

5" CCAACCGGCTATCGTGGCUGGCCACGACGG 3

3" G666GTTGGCCGATAGCACCGGCCGGTGCTGCC 5

Ficure 1: (A) Unsubstituted control 21-mer oligonucleotide sequence containing the palindromic AP-1 bindingTKBA%:TCA-3'.
(B) A 30-mer oligonucleotide sequence not containing the AP-1 site but containing one U:G mispair.

tively, can trigger apoptosis as a result of repair-induced Biolabs) with [y-32P]JATP (ICN). Labeled oligonucleotides
chromosome break283, 24, 57). Repair gaps resulting from  were purified after labeling reactions using P6 Micro Bio-
HmU repair can also result in deletion mutatioB8$)( Spin chromatography columns (Bio-Rad) or Sephadex G-25

These observations suggest that an additional role for DNA Quick Spin (TE) columns (Boehringer Mannheim). Unla-
repair, particularly in the cells of complex, long-lived beled oligonucleotides were hydrolyzed at @in formic
organisms, is the maintenance of sequence-specific BNA acid, heated at 14TC in acetonitrile and bis(trimethy! silyl)-
protein interactions. In this paper, we systematically examine trifluoroacetamide for silylation, and analyzed by GC/MS
the influence of both U and HmU substitutions on the binding in order to confirm the presence of the correct bases. For
of the transcription factor AP-1 (c-Jun). We assayed binding HmU bases, an additional step was required following formic
using c-Jun homodimers, which are part of the family of acid hydrolysis, as reported by LaFrancois et 88)(

AP-1 transcription factors. AP-1 contains the basic leucine 1o optain duplexes, labeled oligonucleotides were heated
zipper (bZIP) motif and is ubiquitous in cells. Components \yith a 2-fold molar excess of their unlabeled complementary
of this family are activated in response to many signals, oligonucleotides in 10 mM TrisHCI (pH 7.5) and 0.67 to
ranging from cellular and oxidative stress to mitogenic 1 o mM EDTA at 95°C for 5—10 min and allowed to cool
growth _factors. In vivo, AP-1 functions primarily as a slowly to room temperature to promote annealing. To
heterodimer of c—lJun and C—Eos monomers, but c-Jun canggnfirm that duplexes were being formed correctly, a
also form homodimers that bind to DNA). It has been  g3mpjing of uracil-substituted oligonucleotides were assayed
shown that the DNA binding domains of both c-Jun and , pNA' glycosylase cleavage experiments. Uracil DNA
c-Fos contain conserved residues that make identical ContaCtﬁlycosylase (UDG) fronEscherichia col{USB) and thymine
g). tg.e DNA basesa(O)l. We have us_ed th‘? c—Junhhomf?dmer ¢ DNA glycosylase (TDG) fronMethanobacterium thermoau-
inding as a model system to investigate the efiects o totrophicum(Trevigen) were used to discriminate between
thymme methyl group perturbation on transcription factor duplexes with U:A pairs and U:G mispairs, because UDG
binding. o cleaves both pairs but TDG cleaves only U:G mispa).(
_ We observe that both U and HmU substitutions do Reactions were incubated at 3Z for 2 h in atotal volume
interfere with AP-1 binding and that the magnitude of the 4 19 uL, adding 3.0 pmol duplex to appropriate enzyme
perturbation is sequence-dependent and similar for bothy ffers and 1L of UDG (1 UuL) or 5 uL TDG (1 UluL)
lesions. Although previous studies have shown inhibitory ¢ respective experiments. UDG reactions (including buffers)

effects on DNA-protein interactions resulting from U in  contained 3 mM TrisHCI (pH 7.5), 5 mM HEPES-KOH
place of thymine, our study is the first to show inhibition of (pH 7.4), 16 mM NaCl, 0.1 mM EDTA, 0.1 mM dithio-

transcription factor binding by replacing thymine with HmuU. threitol, and 5% glycerol (v/v); TDG reactions (including

In additi(_)n, we observg tha_t §ubstitution of thg central C:G buffers) contained 10 mM HEPESKOH (pH 7.4), 100 mM
base pair for a U:G mispair in the AP-1 binding sequence ) 10 mm EDTA, 0.1 mg/mL BSA, and 5% glycerol (v/
gnhapces APl 'bmdmg and t.hat this enhanced binding Canv). After incubation, the following was added: L% of 10
inhibit repair initiated by uracil DNA glycosylase. mM Tris—HCI (pH 7.5), 1 mM EDTA, 5uL of 0.1 M
NaOH, and 25uL of 98% formamide loading buffer

EXPERIMENTAL PROCEDURES (includes 0.025% xylene cyanole, 0.025% bromophenol blue,

Oligonucleotide Synthesis and Characterizati@ligo- ~ and 0.01 M EDTA). This mixture was incubated at 9D
nucleotides were prepared by automated phosphoramiditefor 30 min, then at-70°C for at least 30 min. After thawing
synthesis and purified by RP-HPLC. HmU phosphoramidite the reactions, unlabeled single-stranded competitor oligo-
synthesis was done according to a method developed by thiswucleotides were added in about %0@olar excess and
laboratory 61). See Figure 1 for the sequence of the 21- reactions were placed at 9& for 15 min, cooled quickly
mer unsubstituted oligonucleotide sequence containing anon ice, and loaded onto a 20% denaturing polyacrylamide
AP-1 binding site and the 30-mer sequence without an AP-1 gel run with XX TBE buffer (89 mM Tris base, 89 mM boric
site. One strand of each oligonucleotide duplex pair was 5 acid, and 2.8 mM EDTA). Gels consisted of 20% 19:1
32p end-labeled by T4 polynucleotide kinase (New England acrylamide/bisacrylamide (National Diagnosticsy, TIBE
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buffer, 4.6 mM ammonium persulfate, and 380 TEMED sequence.) Binding reactions were preincubated and incu-
in a 50 mL solution and were allowed to polymerize for at bated with c-Jun as previously mentioned, using 0.50 pmol
least 20 min prior to use. Gels were prewarmed at-44&0 (for reactions with one duplex) or 1.0 pmol duplex oligo-
V for about 30 min before 15L of each sample were loaded nucleotides (for reactions with two duplexes) and 4L5of
and run at 519 V for at least 90 min. Wet gels were wrapped c-Jun (0.32 mg/mL) in a final volume of 14, containing
in plastic and exposed on a phosphor screen for 30 min, and10 mM Tris—HCI (pH 7.5), 0.50 mM EDTA, 50 mM NacCl,
the radioactivity was visualized using a Phosphorimager 17 mM KCI, 3.3 mM MgC}, 5.0 mM dithiothreitol, 170
(Molecular Dynamics). mM guanidine hydrochloride, 10% glycerol (v/v), and 0.002
Gel Mobility Shift AssayBinding of AP-1 transcription ~ mg/mL competitor Poly d(I-C). One set of binding reactions
factor to end-labeled annealed oligonucleotides was assayedvas run as a control to visualize binding on a 13%
by incubating Human Recombinant AP-1 c-Jun (Promega) nondenaturing polyacrylamide gel according to protocol
with the appropriate oligonucleotides and resolving the previously mentioned. A second set of binding reactions was
complexes on 13% nondenaturing polyacrylamide gelsin 1 mixed with 2uL of UDG dilution buffer (50 mM HEPES
TBE buffer. Gels consisted of 13% 19:1 acrylamide/ KOH (pH 7.4), 10 mM NaCl, 1 mM EDTA, and 1 mM
bisacrylamide, & TBE buffer, 4.0 mM MgC}, 2.6 mM dithiothreitol) and JuL UDG (1 U/uL) to a final volume of
ammonium persulfate, and 30L TEMED in a 50 mL 20 uL and incubated at 37C for 15 min. Then 2Q:L of
solution and were allowed to polymerize for at liela& prior 98% formamide loading buffer and 4. of 0.1 M NaOH
to use. Gels were prewarmed at 200 V for-28 min before was added and mixtures were incubated at@@or 30 min,
samples were loaded and run at 275 V for-B® min. In after which they were incubated on ice for a short time.
all cases, the total volume of each sample was loaded ontoUnlabeled competitor oligonucleotides were added in at least
the gel. Wet gels were wrapped in plastic and exposed to a40x molar excess and mixtures were heated t¢®@5or 5
phosphor screen for 260 min, and the radioactivity was  min, then put on ice for 1 min, after which 3tL of the
visualized. mixture was loaded onto a 20% denaturing polyacrylamide
In experiments using increasing concentrations of c-Jun, gel and run as previously mentioned for denaturing gels.
between 1 and 4.5L of c-Jun (0.32 mg/mL) was added to Binding Model and Data Analysi§he quantitation of the
0.55 pmol duplex oligonucleotides, and mixtures were fraction of labeled oligonucleotide bound by c-Jun homo-
incubated on ice for about 30 min in a final volume of 15 dimer was accomplished with the use of ImageQuant 5.0
uL, containing 10 mM Tris-HCI (pH 7.5), 0.50 mM EDTA, (Molecular Dynamics) and Microsoft Excel by dividing the
50 mM NaCl, 17 mM KCI, 3.3 mM MgG, 5.0 mM amount of bound labeled oligonucleotide by the sum of the
dithiothreitol, 170 mM guanidine hydrochloride, 10% glyc- bound and unbound labeled oligonucleotide
erol (v/v), and 0.002 mg/mL competitor Poly d(I-C). Before . ) i
c-Jun was added, mixtures were preincubated on ice for atfraction bound oligonucleotide _
least 45 min to equilibrate. Controls without c-Jun included (bound oligonucleotide)/[(unbound oligonucleoticte)
2 uL nonformamide loading buffer (0.1% xylene cyanole, (bound oligonucleotide)] (1)
0.1% bromophenol blue, and 0.01 M EDTA), but no loading _ . ) i
buffer was added to reactions containing c-Jun, as it has beerf Nis fraction was plotted as a function of c-Jun monomer
known to compete with some proteins for bindirg) added to the reaction. _The scheme for the foII_owmg binding
In experiments done to quantitatively measure binding Model is one in which the monomers bind to DNA
differences between unmodified and modified oligonucle- Séquentially and then dimerize once bound to D68, 64)

otides, mixtures were preincubated on ice as previously U+ 0=AO
mentioned, after which 4.5L c-Jun was added and
incubated on ice for about 30 min in a final volume of 14 U+AO0=A0

uL, containing 11 mM Tris-HCI (pH 7.5), 0.54 mM EDTA,

54 mM NaCl, 18 mM KCI, 3.6 mM MgG, 5.4 mM where U= unbound AP-1 (c-Jun) monomer,®©unbound
dithiothreitol, 180 mM guanidine hydrochloride, 11% glyc- oligonucleotide, AO= oligonucleotide bound by AP-1 (c-
erol (v/v), and 0.002 mg/mL competitor Poly d(I-C). Again, Jun) monomer, and & = oligonucleotide bound by AP-1
loading buffer was added only to controls without c-Jun. (c-Jun) homodimer. This scheme leads to the following
Because of the variation in binding ability between aliquots €equilibrium and mass action equations:

of c-Jun, and in order to normalize each experiment, at least

4 or 5 separate reaction mixtures were simultaneously K, = [O][U)[AC] (2)
incubated as mentioned for both the unmodified and modified
oligonucleotide duplexes. Then, all reactions were run on K, = [U][AQJ/[A 0] 3)
the same gel under the same conditions, and binding of the
unmodified sequence was compared to binding of the [c-Jun]y, = [U] + [AQ] + 2[A 0] (4)

modified sequence. Because the binding ability of c-Jun is . o
highly sensitive to freezing and thawing, all reactions WhereK; andK are two dissociation constants for the above

contained c-Jun that had gone through no more than 2b|nd|ng model. A version of the Langmuir equation can be

freeze-thaw cycles. used as a theoretical curve in describing the cooperative
Assay for UDG Actiity Inhibition by AP-1 In addition association of two ligands in the binding of a macromolecule

to oligonucleotides containing the AP-1 binding site, a 30- (63-67)

mer oligonucleotide lacking the binding site was used as a 5 ’

control for nonspecific binding of AP-1. (See Figure 1B for y = ([UV/Kp7(1 + ([U)/Ky)?) ©)
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where y= fraction bound labeled DNA, [U} concentration A

of unbound AP-1 (c-Jun) monomer, amg = (K;K3)¥?, Dimer-DNA
which is the effective dissociation constant, the value of c-Jun  Complex
concentration at whick = 0.5, or where 50% of the labeled
oligonucleotide is bound by c-Jun. Because the concentration

of c-Jun is at least 15 times that of the oligonucleotid86

nM) in the binding reactions with varying amounts of c-Jun
(0.55-2.5uM) and about 70 times that of the oligonucleotide

in those reactions which contained 4:b c-Jun (2.6uM),

the approximation [Uk [c-Jun]. can be made; thus, eq 5

L e s — - - -~

can be rewritten as Free DNA ==

y= ([C’Junlota/Kd)Z/(l + ([C'JunlotaI/Kd)z) (6) Lanes 2 3 4 5 6 7 8 9

To obtain Kq values for the purpose of quantitative B g ! T o

analysis, at least 4 or 5 measurements were taken per E 08 9
oligonucleotide at [c-Jun¥ 2.6 uM (4.5 uL c-Jun in a 14 = %67 5
ulL reaction total, where molecular weight of c-Jen39 § 0.4 o
kD) and averaged together to obtain the bésusing the £ 02 o
following equation (obtained by solving eq 6 fig): “0‘0 1'0 2'0 3‘0

Kg = ([c-un]y, (1 — y)iy)*? @) [AP-1 (c-Jun)] (M)

Ficure 2: Dependence of oligonucleotide binding on increasing

The Kq for a particular substituted oligonucleotide can be
compared with they value for the unsubstituted control
oligonucleotide to obtain AAG between the binding of the
two different oligonucleotides using the following equation:

(8)

where the gas consta® = 1.987 x 102 kcal mol* K1
and temperaturd = 277 K (4 °C, the temperature of the
ice—water bath). Thi?\AG value is the energy cost per mole
in binding by c-Jun due to each substitution in the oligo-
nucleotide. A positiveAAG indicates decreased binding

AAG = —RTIn(Kd,contro(Kd,substitutioa

amounts of AP-1. (A) Gel mobility shift assay with 13% nonde-
naturing polyacrylamide gel, using unsubstituted oligonucleotide
duplex with increasing amounts of AP-1 (c-Jun). Each lane
contained~0.55 pmol duplex DNA. AP-1 (c-Jun at 0.32 mg/mL)
was added in increments of Q& starting with 1uL. Lane 1 is

a minus AP-1 control. (B) Binding curve for AP-1 (c-Jun) binding,
taken from data in gel of (A). Circles are the data points. Solid
line represents the equatiorryfraction bound oligonucleotide
(bound oligonucleotide)/[(unbound oligonucleotide)bound oli-
gonucleotide)= ([c-Jun]ea/Kg)(1 + ([c-Jun]ead/Ke)?) for Kg =
0.92uM.

oligonucleotide (duplex 21) with each of the substituted
oligonucleotides. In oligonucleotide duplex 1, substitutions

compared to the unsubstituted sequence, and a negative valugs T 1o HmU and T to U outside the AP-1 consensus binding

indicates increased binding. Errors on th&G values were

domain had no significant effect on binding. All single

calculated according to the general method of propagationgypstitutions made within the AP-1 binding site (duplexes

of errors given by Bevington6g, 69).

RESULTS
Measurement of AP-1 Binding to Oligonucleotidés

2-5) significantly reduced binding relative to the unsubsti-
tuted AP-1 sequence, withAG values ranging from 0.19
to 0.37 kcal/mol.

(2) Multiple SubstitutionsPairwise multiple substitutions

Figure 2A, we show the effect of increasing AP-1 concentra- were made, each resulting in a greater reduction in binding
tion on the amount of labeled oligonucleotides bound in a than for single substitutions. Duplexes 6 and 7 in Table 1
DNA—protein complex. In Figure 2B, the fraction of bound correspond to substituting for the two half-sites to which
oligonucleotide is plotted versus the concentration of AP-1 AP-1 binds 60), while duplexes 8 and 9 correspond to
(c-Jun monomer). The experimental points are plotted over substitutions on the'afGAGTCA and 5TGACTCA strands,
a theoretical curve generated according to eq 6 (seerespectively. Duplex 10 corresponds to substitutions for all
Experimental Procedures). The dissociation conskantyas four thymines within the AP-1 binding site. All double
obtained by fitting the experimental data to this equation. substitutions significantly reduced binding, wiAG values
Free energy changeAAG) between unmodified and modi- ranging from 0.46 to 0.81 kcal/mol. Reduction in binding
fied oligonucleotides were obtained from thgs by methods was the most dramatic when all four thymines were
described in the experimental procedures section. Datasubstituted, resulting in as much as 1.5 kcal/mol. Compari-
generated from the gel assays can therefore be used to obtaisons of single and multiple substitutions for T by either U
binding constants and free energy changes associated wittor HmU indicate that the effects of multiple substitutions
binding of AP-1 to oligonucleotides. are approximately additive. Figure 3 qualitatively shows the
Substitutions of Thymine with Uracil and Hydroxymethyl- effects of single and multiple T to HmU substitutions on
uracil. (1) Single Substitution#\ series of oligonucleotides  the binding of c-Jun.
were constructed containing single or multiple substitutions.  As an additional control experiment, gel mobility shift
Free energy changes were determined from the gel mobility assays were repeated under denaturing conditions following
shift assays and are presented in Table 1 as differences irthe binding reactions. Oligonucleotides were treated with 0.1
the free energy AAG) of binding of the unsubstituted M NaOH at 90°C for 30 min and subsequently run on
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Table 1: Single and Multiple Oligonucleotide Substitutions Made at Thymine Residues Both Inside and Outside the c-Jun BiAding Site

duplex
number duplex sequence AAG (kcal/mol)
21 5-CGCTTGATGAGTCA|GCCGGAA-3
3-GCGAACT|ACTCAGT|CGGCCTT-5
1 5-CGCTXGA|TGAGTCA|GCCGGAA-3 X =H: 0.05+ 0.07
3-GCGAACT|IACTCAGT|CGGCCTT-5 X =U: —-0.03+ 0.04
2 5-CGCTTGAXGAGTCA|GCCGGAA-3 X =H: 0.30+ 0.05
3-GCGAACTIACTCAGT|CGGCCTT-5 X =U: 0.36+ 0.08
3 5-CGCTTGATGAGXCA|GCCGGAA-3 X =H: 0.34+ 0.08
3-GCGAACTIACTCAGT|CGGCCTT-5 X =U: 0.194+0.07
4 5-CGCTTGATGAGTCA|GCCGGAA-3 X =H: 0.23+0.10
3-GCGAACTIACXCAGT|CGGCCTT-5 X =U: 0.27+0.07
5 5-CGCTTGATGAGTCA|GCCGGAA-3 X =H: 0.37+ 0.09
3-GCGAACTIACTCAGX|CGGCCTT-5 X=U: 0.25+0.11
6 5-CGCTTGAXGAGTCA|GCCGGAA-3 X =H: 0.72+ 0.14
3-GCGAACTIACXCAGT|CGGCCTT-5 X =U: 0.81+0.15
7 5-CGCTTGATGAGXCA|GCCGGAA-3 X =H: 0.66+ 0.09
3-GCGAACTIACTCAGX|CGGCCTT-5 X =U: 0.48+0.10
8 5-CGCTTGAXGAGXCA|GCCGGAA-3 X =H: 0.57+0.08
3-GCGAACTIACTCAGT|CGGCCTT-5 X =U: 0.70+ 0.12
9 5-CGCTTGATGAGTCA|GCCGGAA-3 X =H: 0.46+ 0.14
3-GCGAACTIACXCAGX|CGGCCTT-5 X=U: 0.79+0.11
10 5-CGCTTGAXGAGXCA|GCCGGAA-3 X =H: 1.30+ 0.15
3-GCGAACTIACXCAGX|CGGCCTT-5 X=U: 1.51+0.11

aAAG is calculated by comparing binding of the substituted oligonucleotide duplex of interest with binding of the unsubstituted control
oligonucleotide duplex using the formula described in the experimental procedures sectrhydtoxymethyluracil, U= uracil.)

-3 -2 -1 0 1
5* ¢ G C T T G A|T G A G T

3

A|lG C C G G A A 37
TIC G G C C T T 5
-3

2
c
3 6 ¢ G A A CT|A CT C A G
-2

r r

3 2 1* 0r-1"

Control (no HmU HmU at -3 HmU at-3,1° HmUat-3,1,1°,-3’
AP-1(c-lun) - _..‘ -l - el - el

o . .

Dimer-DNA

Complex

Free DNA [y Y TR Y T
Lanes 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Ficure 3: Inhibition of AP-1 binding by single and multiple T to HmU substitutions in the AP-1 binding site. Gel mobility shift assay with
13% nondenaturing polyacrylamide gel compares the unsubstituted oligonucleotide duplex with duplexes containing 1, 2, and 4 HmU bases
in place of T using increasing amounts of c-Jun. Each lane contadS5 pmol duplex DNA. Lanes 1, 5, 9, and 13 are minus AP-1
controls. Lanes with AP-1 (c-Jun at 0.32 mg/mL) contain 2, 3, apt grotein in that order (corresponding to 1.1, 1.6, andi@Rc-Jun,
respectively, during binding reactions).

denaturing polyacrylamide gels. No cleavage was observedwith the c-Jun binding and gel mobility shift assays. Table
with T-, HmU-, or U-containing oligonucleotides, ruling out 2 contains free energy changes for these substitutions. Both
the possibility that the AP-1 fraction contained glycosylase C to U and A to | substitutions result in base pairing with
activity, which could account for the inhibition of transcrip- wobble geometry instead of Watse@rick geometry 69).
tion factor binding. Three single C to U substitutions were made, all within the
Substitutions at Nonthymine Position addition to AP-1 binding site, leading to a range of effects on binding.
substitutions at thymine, the effects of cytosine deamination Surprisingly, substitution at the central C:G base pair with
to uracil and adenine deamination to inosine were also testedU:G (duplex 25) resulted in a modest but significant increase
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Table 2: Oligonucleotide Substitutions Made at Residues Other than Thymine Inside the c-Jun Binding Site

duplex
number duplex sequence AAG (kcal/mol)
21 5-CGCTTGATGAGTCA|GCCGGAA-3
3-GCGAACTIACTCAGT|CGGCCTT-5
22 5-CGCTTGAICGAGTCA|GCCGGAA-3 0.59+0.15
3-GCGAACT|GCTCAGT|CGGCCTT-5
23 5-CGCTTGATGAGTCA|GCCGGAA-3 0.41+0.11
3-GCGAACT]|I CTCAGT|ICGGCCTT-5
24 5-CGCTTGATGAGTUA|GCCGGAA-3 0.41+ 0.09
3-GCGAACTIACTCAGT|CGGCCTT-5
25 5-CGCTTGATGAGTCA|GCCGGAA-3 —0.19+ 0.08
3-GCGAACTIACTUAGT|CGGCCTT-5
26 5-CGCTTGATGAGTCA|GCCGGAA-3 0.02+ 0.06

3-GCGAACTIAUTCAGT|CGGCCTT-5

aAs in Table 1,AAG is calculated by comparing binding of the substituted oligonucleotide duplex of interest with binding of the unsubstituted
control oligonucleotide duplex using the formula described in the experimental procedures sectionogine, U= uracil.)

30-mer Duplex 21-mer Duplex

- +21-
(no AP-1site)  (with AP-1 site) - 0-mer +21-mer

AP-1 (c-Jun) - - + - - + - - +
UbDG__ - + + - + + - + +
- w— S S . | += Uncleaved 30-mer

' —— ” <= Uncleaved 21-mer
— “ : e . - *== (Cleaved 30-mer
(18 bases)

- = . 4= (Cleaved 21-mer

(10 bases)

Lanes 1 2 3 4 5 6 7 8 9

FicurRe 4: Assay for inhibition of uracil DNA glycosylase (UDG) activity by prebound AP-1. Lane§ tontain~0.50 pmol duplex DNA

and 79 contain~1.0 pmol duplex DNA. Lanes with AP-1 were incubated with 4L5¢c-Jun (2.5uM) before assaying activity of UDG.
Lanes 1-3 contain duplex DNA with no AP-1 site but with one U:G mispair (see Figure 1B} dontain duplex DNA with a U:G mispair

in the center of the AP-1 site (duplex 25, Table 2), art®€ontain both duplexes, having been assayed together in all the same reactions.

in binding AAG = —0.19 kcal/mol). Of the other two, one  shown). Figure 4 displays the UDG activity assays performed
(duplex 24) reduced bindincAAG = 0.41 kcal/mol) and on AP-1 binding reactions that contained each oligonucle-
the other (duplex 26) had no significant effect on binding. otide separately and one in which both were present. Prior
The substitution of adenine (A) with inosine (I) in duplex incubation of c-Jun with the 21-mer duplex inhibited the
23 resulted in a binding reduction equal to that of duplex 24 activity of UDG, while prior incubation of c-Jun with the
(AAG = 0.41 kcal/mol). Duplex 22, which corresponds to 30-mer duplex actually enhanced the activity of UDG.
an A:T — G:C transition at an outer thymine, significantly Assays on the separate oligonucleotides yielded the same
reduced AP-1 binding, aAAG = 0.59 kcal/mol. results as the assay performed on both simultaneously.

Inhibition of UDG Cleaage by AP-1When a uracil We considered the possibility that the lane to lane
residue is found within an AP-1 consensus site, both AP-1 ygriapility in total 3P signal might result from residual

and uracil DNA glycosylase (UDG) could compete for exonyclease activity in the AP-1 fraction. A control experi-
binding. We therefore constructed an experiment to examine ment was performed in which the oligonucleotide was
potential proteir-protein competition. Because the 21-base jncubated with AP-1 as described in Figure 4. When
oligonucleotide (duplex 25, Table 2) contains a U:G mispair jncybated at 37C for 1 h, slight exonuclease activity was
and showed an increase in the binding of c-Jun over the gpserved. However, similar activity was observed for both
unsubstituted sequence (see Table 2), UDG was used tor. and U-containing oligonucleotides. The observed AP-1
cleave the sequence with and without a previous incubationjnnipition of UDG activity on the U:G-containing oligo-
with ¢-Jun. A longer, 30-base sequence lacking the AP-1 pycleotide is based upon the ratio of cleaved and uncleaved

site but also containing a U:G mispair was used as a control pands within each lane and is independent of the total signal
for nonspecific binding of c-Jun. As seen in Figure 4, we jntensity.

assayed each oligonucleotide separately and also in the same

reaction in order to observe any differences due to possiblep|scuUsSION

changes in proteiprotein and DNA-protein interactions.

Binding reactions were visualized on a nondenaturing gel, Implications of U:A Base Pairs in DNAJUracil is one of
showing c-Jun to selectively bind the 21-mer duplex over the most common lesions found in DNA. Although uracil
the 30-mer that did not contain the AP-1 site (data not paired with guanine is mutagenic, uracil paired with adenine
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is neither mutagenic nor polymerase-blockiBg)( To date, conserved residues contact the thymine methyl group, the
at least five different activities have been identified in human contacts would not be able to completely desolvate each
cells that remove uracil from DNA: UDG, SMUG1, MBD4, methyl group from its surrounding water cage in an aqueous
TDG, and a partially purified HmU glycosylase that has environment. These data, along with our observed binding
activity against U:G pairss, 70). The role of uracil removal  reduction of 0.2-0.4 kcal/mol, are evidence that primarily

is usually ascribed to the need for repair of deaminated van der Waals interactions, and perhaps only to a small
cytosine, which results in pro-mutagenic U:G mispairs. degree changes in solvation, are responsible for the energy
However, although some uracil glycosylases selectively cost when a thymine methyl is removed in the AP-1 binding
remove uracil mispaired with guanine resulting from cytosine site.

deamination 45), the predominant uracil glycosylase in With a binding reduction of~0.4 kcal/mol upon uracil
mammalian cells (UDG) removes uracil paired opposite substitution, the cell would therefore require the presence
either adenine or guanine with similar efficiencg7y. of 2—3 times as much AP-1 to achieve a normal level of
Recently, it has been demonstrated that elimination of UDG binding. The AP-1 transcription factor is inducible and
does not increase the mutation frequency in some mammaliarprotein levels increase when cells are placed under stress,
cells @8, 50), suggesting that the main role of this activity increasing 2-5-fold over baseline levels, depending on the
is not to remove pro-mutagenic U:G lesions. However, in stimulus §9, 71, 72). Thus, a single T substitution could

some human cell49) as well ask. coli ung mutants 86), abrogate the impact of upregulated AP-1 levels. Failure to
reduced UDG activity is associated with increased C:G to repair such endogenous lesions would result in their ac-
T:A mutations. cumulation and multiplication of the negative impact on

On the basis of previous studies, and in concert with data transcription factor binding.
presented here, we propose that UDG’s role in removing Inhibition of transcription factor binding resulting from
uracil from U:A base pairs is to protect the role of the the replacement of T by U would be a problem primarily in
thymine methyl group in DNA-protein interactions, because replicating cells. High levels of dUMP can be incorporated
replacement of T by U inhibits transcription factor binding into DNA during replication in cells that are folate deficient
(1—15). The magnitude of the effect for a single T to U (22). Furthermore, the activity of nuclear UDG, the main
substitution can be modest or profound. Quantitative studiesglycosylase that removes U from U:A lesions, is cell cycle
done on binding of lac repressor to the lac operator dependentq3, 74), suggesting that most U:A lesions are
containing T to U substitutions yieldeNAG values of up formed during replication. However, other studies suggest
to 1.5 kcal/mol for a single substitutiod,(2). Later studies  that replacement of T by U could also effect nonreplicating
done with Cro andl repressors binding to their DNA cells @, 25, 26). Focher et al. have shown that mammalian
consensus sequences Yyielded values ranging from 0.3 to DNA polymerases, involved in repair synthesis, is present
kcal/mol for a single T to U substitutiord( 5, 13). Using in adult neurons and does not make a distinction between
the DtxRiox operator system, Chen et al. showed that four dTTP or dUTP as a substrate, incorporating the nucleotides
thymine methyl groups within the binding region of the as a function of their local intracellular concentration. Their
operator, when substituted with uracil, account for a total of observations indicate that UDG levels fall considerably
3.4 kcal/mol. These effects were greater than additive, during development of neurons and that misincorporation
however, because modification of one thymine alone resultedof dUMP by polymeras@ during DNA repair could result
in a AAG of only 0.33 kcal/mol {4). Qualitative binding in uracil accumulation and inhibition of DNA-binding
studies have also been done, showing a range of inhibitionproteins. This group further reported that levels of dUTPase,
resulting from T to U substitution®{-10, 12). which catalyzes the conversion of dUTP to dUMP, increase

In our studies, we observe that replacement of a single T as neurons develop, thus minimizing dUMP incorporation.
residue decreases binding affinity anywhere from approxi- However, failure of the activity of dUTPase would result in
mately 0.2-0.4 kcal/mol and that inhibition is of the same increased accumulation of uracil in DNA. This mechanism
magnitude for all sites within the binding region of the AP-1 has been proposed to be a possible contributor in some
(c-Jun) transcription factor. Furthermore, the decrease inneurodegenerative diseas@s$,(26).
binding affinity for multiple substitutions is approximately Implications of HmU in DNAThe thymine methyl group
additive. Calculations done by Plaxco and Goddard on the can also be modified by oxidation to the more hydrophilic
energy cost of solvating the thymine methyl group in the hydroxymethyl group, an event that occurs several hundred
context of helical DNA resulted in a predictdd\G of about times per day in every living celBQ). As is the case with
0.9 kcal/mol, whereas van der Waals effects were thoughtU paired with A, HmU paired with A is not a miscoding
to contribute more modestly to changes in free enetdy. (37) or blocking @8) lesion. In fact, studies done with SPO1
Information from the crystal structures of c-Jun/c-Fos bound bacteriophage, which contains HmU in place of T in its
to DNA (60) in combination with studies done on T to U genome, and its transcription factor TF1 have shown that
substitutions in the AP-1 sequend® (5) show that two the naturally occurring HmU is actually required for tran-
conserved alanines contact the thymine methyls in the AP-1scription factor binding%5, 76). This interesting preference
site, with one alanine contacting each methyl group. Becausefor HmU-containing sequences is probably not a result of
of protein dimerization, the two alanines in each arm of c-Jun direct DNA—protein contacts involving HmU. Instead, HmU
and c-Fos together make contact with all four thymines in was found to confer more flexibility to the DNA and thus
the DNA binding site, with one alanine per thymine methyl. increase binding of TF1 (which is known to bend DNA) to
The crystal structure also suggests that a more distant seringhe HmU-containing site relative to thymine-containing DNA
residue makes contact with one of the two methyl groups in (76, 77). NMR studies done by Vu et al. suggest that the
a half-site of the DNA binding domain. Though these extra flexibility conferred by HmU in the TF1 DNA-binding
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sequence is due tatra-strand hydrogen bonds formed by of this kind was also shown to inhibit c-Jun binding.
HmU and its neighboring adenine, which weakensititer- Comparison of these changes in free energy to that of a single
strand Watson Crick hydrogen bonds of HmU and its base T to U or T to HmU substitution demonstrates that removal
pairing partner, adenin&’ 7). Despite these nondeleterious or oxidation of the 5-methyl group on thymine can cause a
and even beneficial (in the case of SPO1 phage) effects ofreduction in transcription factor binding approximately equal
HmU in DNA, higher organisms have repair activities that to the binding reduction caused by a lesion that changes the
remove HmU paired with A§1-56). In fact, studies show  base-pairing geometry, such as U:G or T:l.

that mammalian cells will excise HmU from their DNAto  |nterestingly, we show here that one deamination event
the extent that significant levels of exogenous HmdU n which a C:G base pair is transformed to a U:G wobble
incorporation followed by excision will trigger apoptost&’]  pairincreasesAP-1 binding (duplex 25). Because AP-1 uses

and deletion mutations5@). Why are cells of higher  arginine side chains to make specific contacts with this

organisms willing to commit suicide or to risk accumulating - central G base and with the phosphate backbone of the central

deletion mutations by excising HmU out of their DNA? C (not the base itself)6Q, 83), deamination of C does not
Previously, it has been demonstrated that HmU substitution resyit in removal of a specific DNAprotein contact. Instead,

can alter restriction endonuclease cleavag®).(To our it js possible that this central base pair is a hinge region in

knowledge, the effects of selective T to HmU substitution the AP-1 site that becomes more flexible following deami-

on binding of transcription factors to the DNA have not nation, leading to the increase in binding. Our study shows

previously been examined. As is the case with T t0 U that when both UDG and AP-1 are present, the increased

substitution, we observed that T to HmU substitution does pinding of AP-1 protects the uracil from repair. Other studies

indeed inhibit transcription factor binding. Interestingly, even hayve shown similar phenomena. Verri et al. showed that a

though replacement of the thymine methyl with a hydroxy- ¢ to U substitution in the C:G central base pairs of the CRE

methyl group (T to HmU) results in a bulkier, more sequence (very similar to the AP-1 sequence) increased

hydrophilic moeity than does replacement with hydrogen (T pinding by HeLa nuclear extrac8) Protection of a U:A

to U), the two substitutions result in an approximately pase pair from UDG cleavage by DNA binding proteins such

equivalent change in the free energy of binding by AP-1. as)_repressor has also been previously show).(In cells,

As previously discussed, replacement of the thymine methyl myltiple DNA-binding proteins compete, increasing the

with hydrogen results in loss of van der Waals contacts complexity of DNA repair pathways in vivo.

between the protein and the DNA and perhaps a slight loss

of favorable desolvation differences between free DNA and CONCLUSION

protein-bound DNA. However, the bulkier, hydrophilic

hydroxymethyl group would sterically hinder ordinary protein ~ The three endogenous lesions described here (incorporation

binding to DNA, replacing favorable DNAprotein van der  of uracil in place of thymine, oxidation of thymine to HmU,

Waals contacts with unfavorable interactions between aand deamination of cytosine to uracil) have all been shown

hydrophilic and hydrophobic group. to have important effects on AP-1 transcription factor
The replacement of T by HmU in cellular DNA occurs binding. These effects have been previously shown for the

by oxidation of T in A:T base pairs. Oxidative DNA damage two lesions involving uracil (U:A and U:G base pairs) and

products other than HmU, such as 8-oxoguanine, have alsoare now demonstrated for the HmU:A base pair. The results

been known to inhibit transcription factor binding9j. If presented here suggest that an additional role for DNA repair

unrepaired, HmU residues from thymine oxidation would is the maintenance of sequence-specific DNA-binding con-

accumulate, presenting a challenge for long-lived organismstacts and that reduction of this capacity could result in human

and particularly in cells that do not dilute the amount of HmU disease, including neurodegeneration. Because neurons do

through DNA replication. In agreement with this hypothesis, not replicate, damage to their DNA is most important in the

the highest levels of HmU glycosylase in mammals were context of the loss of their ability to control gene expression

found in their neuronss@, 54). Furthermore, unlike UDG, as a result of an accumulation of lesions that inhibit

HmU glycosylase activity is not regulated by the cell cycle transcription factor binding. As organisms age and repair

(80), suggesting that its predominant role is not to repair mechanisms fail, the impact of damage-induced perturbations

lesions in the DNA of replicative cells. Failure of this repair in DNA—protein interactions increases substantially.

pathway could result in the development of neurodegenera-
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