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acid identity between the available 20 amino acid sequence
of mouse PIF and the N-terminal 20 amino acid sequence
of DCD [10]. However, the identity of DCD as a human
cachectic factor and the precise nature of the post-transla-
tional modifications of human PIF molecule, which seems
to be tumor cell specific, have not been fully elucidated [10-
12]. Here we identified DCD in human placental tissue and
determined its previously uncharacterized proteolytic activ-
ity against peptide and protein substrates. Recombinant
DCD induced an invasive phenotype in a human chorio-
carcinoma cell line JAR in vitro. The present work suggests
that, by means of modulating the pericellular proteolytic
cascades, DCD might participate in the regulation of tro-
phoblast cell behaviors, and might be involved in the path-
ophysiology of pregnancy-related disorders such as
intrauterine fetal growth retardation and preeclampsia, as
well as cancer and neuronal diseases.

Materials and methods

Protein purification. Placental tissue (approximately 500 g wet weight)
obtained after full term uncomplicated vaginal delivery was immediately
frozen in liquid nitrogen, pulverized and boiled in four volumes of water
for S min. Acetic acid was added at a final concentration of 0.1 N and
homogenized with a Polytron homogenizer. The soluble fraction of 80%
acetone was concentrated and fractionated using a p-Bondapack C18
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column (Waters, 7.8 x 300 mm, 0-50% CH;CN gradient for 50 min and
50-100% CH3CN gradient for 20 min in 0.1% TFA at 2 ml/min). The
active fractions were separated with a TSK gel CM-2SW column (Tosoh,
4.6 x 250 mm, 10-500 mM HCOONH, gradient for 50 min and 500 mM-
1.0 M HCOONH, gradient for 20 min in 10% CH3CN at 1 ml/min) and a
YMC-PACK C-8 AP column (YMC, 4.6 x 250 mm, 21-42% CH;CN
gradient for 60 min in 0.1% TFA at { ml/min). Protein sequence was
determined by Applied Biosystems model 474A protein sequencer and HP
G1005A Protein Sequencing System (Hewlett-Packard). All human tissue
was collected using protocols approved by the institutional review boards.

Radioreceptor assay. Radioreceptor assay (RRA) for oxytocin was
performed as described previously [13] with minor modifications. Crude
membrane fraction was obtained from uterine tissue removed from the
lower incision flap of a term cesarean section. Reaction mixture, consisting
of 7.0 pg of membrane protein, 7000-8000 cpm of ***I-ornithine vasotocin
analogue (New England Nuclear) and varying concentrations of non-
labeled peptides, were incubated for 60 min at room temperature., Bound
and free ligands were separated by filtration over a PVDF membrane
under reduced pressure (Multiscreeen 96, Millipore).

Cloning. A Blast search specified a nucleotide sequence on chromo-
some 12 encoding a partial amino acid sequence (KDAVEDL) obtained
from purified placental tissue (bold letters in Fig. 1D). Genes were pre-
dicted computationally around the specified 21 bp nucleotide sequence on
chromosome 12. FGENES predicted a gene of 333 bp encoding the amino
acid sequences obtained from the purified placental tissue. This was
confirmed experimentally using polymerase chain reaction with reverse
transcription (RT-PCR) of the total RNA extracted from human term
placenta. The specific primers used were cagccagectttgttgactt’ and
aggacgtctttaacgtcatgg for the first 30 cycles, and gttcccattggtecctgte and
aggacgtctttaacgtcatgg for nested amplification. PCR was performed using
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Fig. 1. Purification of DCD protein from human term placenta. (A-C) HPLC purification of DCD protein from acid extracts of human term placenta.
The active fractions of preparative HPLC eluting at 4447 min (A) were separated with ion exchange HPLC (B). The active fractions at 60-62 min (B)
were separated with reverse phase HPLC (C). Filled bars represent relative activities of the corresponding HPLC fractions determined by RRA for
oxytocin. (D) Edman degradation of the fraction d (C) yielded two sequences (sequence 1 and sequence 2) in equimolar amounts. Non-overlapping amino
acid sequence is depicted in bold letters from which DCD gene was predicted in silico.
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Advantage PCR Kits (Clontech) and 35 cycles of: 94 °C for 30 s, 60 °C for
2 min, 68 °C for 3 min. 5UTR was amplified by nested PCR using the
primers cagccagectttgttgactt and tcttcgactgeatcttttect for the first PCR,
and cagecagcecetttgttgactt and ttgeteegtetaggecttt for nested amplification to
produce a single 410 bp band. The start of the open reading frame (ORF)
was confirmed by the presence of in-frame stop codons upstream of the
first ATG. 3'RACE was carried out according to the manufacturer’s
instructions (Life Technologies). The specific sense primers were
cctettectgacagetetgg for first amplification and aaaaggectagacggagea for
nested PCR. PCR was performed using Taq (Takara Shuzo) and 30 cycles
of: 94 °C for 1 min, 55°C for 1 min, 72 °C for I min. RT-PCR of total
RNA extracted from first trimester human placental villi was performed
using the specific primers gttcccattggteectgte and aggacgtctttaacgtcatgg for
the first 30 cycles and cctcttcctgacagetetgg and aggacgtctttaacgtcatgg for
nested amplification. Placental tissues were snap-frozen in liquid nitrogen
in the delivery or the operating room immediately upon the delivery of the
placenta and stored at —80 °C until further analysis.

Protein expression. cDNA constructs for expression in Escherichia coli
were made by PCR using Pfu polymerase. They were sequenced com-
pletely and contained no mutations. The constructs encoding mature
DCD were cloned into the LIC cloning vector to generate recombinant
BL21 (DE3) cells according to the manufacturer’s protocol (Stratagene).
Cells were grown at 37 °C to Agep = 0.6 and induced with 1 mM isopropyl-
thiogalactopyranoside for 4 h. Recombinant protein was extracted from
the cells by sonication and purified through calmodulin affinity resins
according to the supplier’s instructions (Stratagene). To remove N-ter-
minal calmodulin binding protein, 100 pg of recombinant DCD was
incubated with 1.0 IU of recombinant enterokinase (rEK) at room tem-
perature for 16 h according to the manufacturer’s instructions (Strata-
gene). Cleavage was monitored by SDS-polyacrylamide gel
electrophoreses (SDS-PAGE) and surface enhanced laser desorption/
ioniation (SELDI) mass spectrometric analysis using ProteinChip® tech-
nology (Cyphergen Inc.). Protein and peptide samples were analyzed on
reverse phase (H4) chips (Cyphergen Inc.).

Proteolytic activity of recombinant DCD. Proteolytic activity of
recombinant DCD was first determined with 4-methylcoumaryl-7-amide
(MCA)-containing substrates. The amount of 7-amino-4-methylcouma-
rine (AMC) released was spectrofiuorophotometrically measured using a
Wallac 1420 multilabel counter (Wallac) equipped with a 355-nm excita-
tion and a 460-nm absorption filter. 3.0 nmol of MCA-containing sub-
strate was incubated with 1.0 ug of recombinant DCD and 0.01 IU of rEK.
or 0.01 IU of rEK alone at 25°C. Proteolytic processing of synthetic
peptides by recombinant DCD was monitored by ProteinChip. 2.1 pg of
metastin (45-54) was incubated with 1.0 pg of recombinant DCD and
0.01 IU of rEK at 37°C for 3 h. Proteolytic processing of pro-matrix
metalloproteinases (MMPs) was analyzed by gelatin zymography. Ten
nanograms of pro-MMP-9 (Sigma) was incubated with 1.0 pg of recom-
binant DCD and 0.01 1U of rEK at 37 °C.

In vitro invasion assay. Human JAR cells were obtained from Ameri-
can Type Culture Collection. JAR cells (5 x 10* cells in 500 pl RPMI 1640)
were seeded in a BioCoat Matrigel Invasion Chamber® (BD Biosciences)
and incubated at 37 °C for indicated periods versus a lower chamber
containing 10% FBS/RPMI 1640. Matrigel and non-invading cells on the
upper surface were removed. Invading cells on the lower side of the
membrane were fixed, stained with Giemsa and quantified. rEK was
administered with recombinant DCD (1x10721U of rEK to | pg of
recombinant DCD). rEK alone did not affect cell invasion within the
concentrations used. 1,10-Phenanthroline was used at a concentration of
100 pg/ml.

Resuits
Protein purification

DCD was purified from acid extracts of term human
placental tissue. Our RRA for oxytocin demonstrated

cross-reactivity with human neutrophil defensin 1 and 2
(data not shown). Using this assay to monitor each purifi-
cation step (Fig. 1A-C), we purified defensins from human
term placental tissue to near homogeneity (the active frac-
tions eluting at 60-62 min in Fig. IB), as determined by
Edman degradation and matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) mass spectrome-
try (data not shown). Further separating this fraction by
reverse phase high performance liquid chromatography
(HPLC), we isolated and obtained N-terminal amino acid
sequences of placental DCD from fraction d in Fig. 1C.
Edman degradation of placental DCD revealed two
sequences in equimolar amounts (sequences 1 and 2 in
Fig. 1D): sequence 1 is an N-terminal peptide of mature
DCD protein and also constitutes the N-terminal peptide
fragments of Y-P 30 and PIF (Supplementary Fig. 1E);
and sequence 2 is an N-terminal part of an antimicrobial
peptide DCD-1 (Supplementary Fig. 1E). From each of
the active fractions a~c of the reverse phase HPLC in
Fig. 1C, N-terminal amino acid sequences of human neu-
trophil defensin 1 and defensin 2 were obtained.

Cloning of DCD and its splice variants

DCD gene expression was confirmed by RT-PCR anal-
ysis of total RNA from human term placenta (Fig. 2A, lane
2). RT-PCR analysis demonstrated two splice variants of
DCD in human placenta (Fig. 2A, lanes 1 and 3). The gene
encoding the partial amino acid sequences obtained from
the purified placental tissue (Fig. 1D) was first predicted
in silico using FGENES and then confirmed experimentally

DCD

DCD

variant-1 /
DCD D/\. \IAIAAJ

variant-2

Fig. 2. Genes for DCD and its splice variants. (A) RT-PCR of the total
RNA from equivalent portions of the villous parenchyma of different
placentas (lanes 1 and 2) and from a reflected membrane of the placenta
(lane 3). A representative result is shown. (B) RT-PCR of DCD from first
trimester human placenta. (C) Schematic representation of exon/intron
structures of DCDs. The protein coding regions are shown as filled bars.
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by RT-PCR. An antimicrobial peptide DCD-1 from the
human sweat glands was reported thereafter [4] and our
cloned gene was proven to be identical to DCD. While
the DCD gene was predicted in silico, DCD splice variants
were not predicted by FGENES or other gene-predicting
programmes such as Genscan. In human placenta, DCD
and DCD variant-1 were expressed in villous parenchyma
(Fig. 2A, lanes 1 and 2) and DCD variant-2 was expressed
in the reflected membrane (Fig. 2A, lane 3). DCD splice
variants were not detected in the first trimester human pla-
centa by RT-PCR (Fig. 2B) or Southern blot analysis (data
not shown). Genes for DCD and its splice variants are
shown in Fig. 2C and Supplementary Fig. 2.

Characterization of recombinant DCD

During the characterization of the recombinant protein,
we found that recombinant DCD possessed proteolytic

activities against several peptide and protein substrates.
Recombinant DCD was constructed by adding N-termi-
nally calmodulin binding protein to mature DCD (Supple-
mentary Fig. 1A). Upon cleavage of the - N-terminal
calmodulin binding protein by rEK, recombinant DCD
was rapidly degraded to smaller peptide fragments, ana-
lyzed by SDS-PAGE (Supplementary Fig. 1B and C).
Identification of these peptide fragments by SELDI mass
spectrometric analysis revealed that limited proteolysis
was taking place on the carboxyl terminal peptide bond
of Lys and Arg residues (Supplementary Fig. 1D and E).
Calmodulin binding protein was also processed to smaller
peptide fragments (Supplementary Fig. 1D and E). Degra-
dation of recombinant DCD was not inhibited by known
protease inhibitors such as leupeptin (serine and cysteine
protease inhibitor), E-64 (cysteine protease inhibitor), pep-
statin (aspartic protease inhibitor), bestatin (aminopepti-
dase inhibitor), and EDTA (data not shown).
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Fig. 3. Proteolytic activity of recombinant DCD. (A) MCA-containing substrates for trypsin (Boc-Gln-Ala-Arg-MCA) and urokinase (Glt-Gly-Arg-
MCA) were incubated with recombinant DCD and rEK, or rEK alone. Fluorescence was measured at an excitation/emission wavelength of 355/460-nm.
(B,C) Pro-MMP-9 (Sigma) was incubated with recombinant DCD and rEK (B) or rEK alone (C) and analyzed by gelatin zymography. Pro-MMP-9 was
activated and, following autoprocessing, generated 68 KDa MMP-9. (D-F) Cleavage of synthetic metastin (45-54) by recombinant DCD. Amino acid
sequence of metastin (45-54) is shown and cleavage site is indicated by an arrow. Synthetic metastin (45-54) (D) was incubated with either recombinant
DCD and 1EK (E) or rEK alone (F) and analyzed by ProteinChip. Recombinant DCD efficiently cleaved the Arg-Phe bond of metastin (45-54) to
generate a 1152.9 Da mass fragment.
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Proteolytic activity of recombinant DCD

To further analyze the proteolytic activity of recombi-
nant DCD, we added various synthetic peptide and protein
substrates to the above reaction mixtures. Fig. 3A shows
amidolytic activity of recombinant DCD on synthetic
MCA-containing substrates for trypsin and urokinase.
This activity on various synthetic MCA-containing sub-
strates indicated that the cleavage occurred only on the car-
boxyl-terminal side of the Arg and, to a lesser extent, Lys
residues (Supplementary Table 1). We also analyzed prote-
olytic processing of peptide and protein substrates by
recombinant DCD. Recombinant DCD effectively acti-
vated pro-MMP-9 in vitro (Fig. 3B and C). Recombinant
DCD efficiently cleaved the Arg-Phe bond of metastin
(45-54) (Fig. 3D-F) and the Arg-Trp bond of o-MSH
(AcSYSMEHFRWGKPV-NH,) (data not shown), but
the cleavage of LHRH (KEHWSYGLRPG-NH,;) was not
detected (data not shown). Proteolytic activation of pro-
MMP-2 by recombinant DCD could not be detected (data
not shown). Recombinant DCD did not degrade casein
when analyzed by fluorescence-based EnzChek®protease
assay kits (Molecular Probes) or when we analyzed the
digestion of bovine milk casein by ProteinChip (data not
shown). Recombinant DCD degraded neither gelatin when
analyzed by gelatin zymography nor bovine serum albumin
when analyzed by SDS-PAGE (data not shown).

Effects of DCD on the invasion of choriocarcinoma cell line
JAR

To explore the physiological functions of DCD protein,
we examined the effect of DCD on the invasiveness of cho-
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Fig. 4. Effects of DCD on invasion of JAR cells. (A) JAR cells were added
to the upper chamber and incubated for 18 h, and invading cells through
Matrigel were quantified. Various concentrations of recombinant DCD
were added to the upper chamber. (B) Invasion of JAR cells after 18 h of
incubation either with (hatched bars) or without (filled bars) 100 pg/ml of
1,10-phenanthroline. JAR cells were treated with or without recombinant
DCD. *P <0.01 and **P <0.05 by Student’s t-test.

riocarcinoma cell line JAR in vitro, using a reconstituted
basement membrane Matrigel. Addition of recombinant
DCD resulted in a significant increase in the number of
invading JAR cells through the Matrigel (Fig. 4A). 1,10-
Phenanthroline significantly inhibited the effect of recombi-
nant DCD on the invasion of JAR cells (Fig. 4B).

Discussion

In this study, we isolated and purified DCD protein
from human term placental tissue. The result of the Edman
degradation of placental DCD showed two sequences in
equimolar amounts (sequences 1 and 2 in Fig. 1D), suggest-
ing the possibility of dimerization or oligomerization of
placental DCD. While Y-P 30 was reported to have a ten-
dency to form higher molecular weight aggregates [5], there
has been limited data available regarding the structure or
processing of mature DCD protein. Our present work
offers valuable information on the probable ternary struc-
ture of DCD protein in human placenta and other tissues.

The expression pattern of DCD in humans is restricted
[4,7,10] and the existence of the splice variants of the
DCD gene has not been reported in human and other spe-
cies investigated to date. In the present study, we identified
two splice variants of DCD in human gestational tissue.
The spatiotemporally restricted pattern of expression of
these splice variants of DCD might suggest the involve-
ment of these genes in the molecular mechanisms of human
pregnancy.

Synthetic and recombinant DCD-1 peptide exhibits
antimicrobial activities against a wide range of microbial
pathogens [4,14]. Placental DCD might be processed to
an antimicrobial peptide DCD-1 and, like other natural
antibiotics including defensins [15], might defend against
invading microorganisms that can result in chorioamnioni-
tis, the leading cause of the premature delivery and subse-
quent fetal morbidity and mortality [16]. Here, by
characterizing recombinant DCD, we unexpectedly identi-
fied proteolytic activity of DCD. Cleavage specificity of
recombinant DCD seems to resemble that of trypsin-like
serine proteinases and we could not exclude the influences
of co-existing TEK. Although further characterization of
the proteolytic activity of DCD is necessary, our study
indicates that DCD could be involved in the regulation
of the proteolytic activities on the trophoblastic cell
surface.

In this study, we demonstrated that DCD might be
involved in the induction of invasive phenotypes in the cho-
riocarcinoma cell line JAR. Activation of latent metallo-
proteinases is implicated in the invasion of trophoblasts
[17). We showed that induction of invasiveness of JAR cells
by recombinant DCD was inhibited by broad spectrum
metalloproteinase inhibitor, suggesting that DCD might
modulate metalloproteinase activities to induce invasive
phenotypes. In xenograft experiments in rat brain, Cunn-
ingham et al. [6] reported that mouse cells that stably over-
expressed DSEP/DCD were not immunosuppressed and



J.-P. Lee Motoyama et al. | Biochemical and Biophysical Research Communications 357 (2007) 828-833 833

exhibited substantial invasion and migration from the
lesion/injection site into white matter tracts and along
blood vessels of the forebrain and thalamus of the host.
Their experiments corroborate our present in vitro inva-
sion experiments.

The invasion of trophoblasts is stringently controlled in
normal human pregnancies, being confined spatially to the
uterus and temporally to early pregnancy [18]. Reduced
trophoblastic invasion is associated with serious complica-
tions of human pregnancy such as intrauterine fetal growth
retardation and preeclampsia [19]. Although the role of
DCD on cellular invasion in vivo remains to be deter-
mined, our present work suggests that DCD might regulate
trophoblastic functions through modulation of the pericel-
lular proteolytic activity and add another layer of refine-
ment to the proteolytic cascades on the trophoblastic cell
surface. While the detailed molecular characteristics of
DCD requires further clarification, development of specific
inhibitors or agonists could provide unique therapeutic
approaches to pregnancy-related disorders, as well as can-
cer and neuronal disorders.
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2-Amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP)
is the most abundant heterocyclic amine in cooked foods, and is
both mutagenic and carcinogenic. It has been suspected that the
carcinogenicity of PhIP is derived from its ability to form DNA
adducts, principally dG-C8-PhIP. To shed further light on the
molecular mechanisms underlying the induction of mutations
by PhIP, in vitro DNA synthesis analyses were carried out using
a dG-C8-PhIP-modified oligonucleotide template, In this tem-
plate, the dG-C8-PhIP adduct was introduced into the second G
of the TCC GGG AAC sequence located in the 5’ region. This
represents one of the mutation hot spots in the rat Apc gene that
istargeted by PhIP. Guanine deletions at this site in the Apc gene
have been found to be preferentially induced by PhIP in rat
colon tumors. DNA synthesis with A- or B-family DNA poly-
merases, such as Escherichia coli polymerase (pol) I and human
pol 8, was completely blocked at the adducted guanine base.
Translesional synthesis polymerases of the Y-family, pol 1, pol ¢,
pol k, and REV1, were also used for /n vitro DNA synthesis anal-
yses with the same templates. REV1, pol 1, and pol « were able to
insert dCTP opposite dG-C8-PhIP, although the efficiencies for
pol 1 and pol k were low. pol k was also able to catalyze the
extension reaction from the dC opposite dG-C8-PhIP, during
which it often skipped over one dG of the triple dG sequence on
the template. This slippage probably leads to the smgle dG base
deletion in colon tumors.

Heterocyclic amines (HCAs)® are naturally occurring geno-
toxic carcinogens produced from cooking meat (1). The initial
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carcinogenic event induced by HCAs is metabolic activation
and subsequent covalent bond formation with DNA (1, 2). 2-
Amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) is the
most abundant heterocyclic amine in cooked foods, and was
isolated from fried ground beef (3, 4). PhIP possesses both
mutagenic and carcinogenic properties (5~ 8). Epidemiological
studies have revealed that a positive correlation exists between
PhIP exposure and mammary cancer incidence (9). PhIP
induces colon and prostate cancers in male rats and breast can-
cer in female rats (8, 10).

The incidences of colon, prostate, and breast cancers are
steadily increasing in Japan and other countries and this has
been found to correlate with a more Westernized lifestyle. Elu-
cidating the molecular mechanisms underlying PhIP-induced
mutations is therefore of considerable interest. It is suspected
that the carcinogenicity of PhIP is derived from the formation
of DNA adducts, principally dG-C8-PhIP (11-14) (see Fig. 1).
Studies of the mutation spectrum of PhIP in mammalian cul-
tured cells and transgenic animals have revealed that G to T
transversions are predominant and that guanine deletions from
G stretches, especially from the 5'-GGGA-3' sequence, are sig-
nificant (15-20), Five mutations in the Apc gene were detected
in four of eight PhIP-induced rat colon tumors, and all of these
mutations involved a single base deletion of guanine from
5'-GGGA-3' (21). These mutation spectra are thought to be
influenced by various factors, including the primary structure
of the target gene itself, the capacity of translesional DNA po-
lymerases, and the activity level of repair enzymes (1). However,
the molecular mechanisms underlying the formation of PhiP-
induced mutations are largely unknown.

To shed further light on the molecular processes that under-
pin the mutations induced by PhIP, we performed in vitro DNA
synthesis analyses using a dG-C8-PhIP-modified oligonucleo-
tide template. We have recently reported the successful synthe-
sis of oligonucleotides harboring a site-specific PhIP adduct

dithiothreitol; PCNA, proliferating cell nuclear antigen; PIPES, 1,4-pipera-
zinediethanesulfonic acid.
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CHs 7
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OH
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FIGURE 1. Structure of the dG-C8-PhIP adduct.

(22). In our current study, we used this synthesis method to
construct a 32-mer oligonucleotide template containing a
5'-TTCGGGAAC-3’ sequence with different site-specific PhIP
adducts. We then utilized the resulting constructs in DNA syn-
thesis analyses to reconstitute the PhIP-induced mutagenesis of
the rat APC gene. DNA synthesis reactions with A- or B-family
DNA polymerases, such as Escherichia coli pol 1 and human pol
8, or translesional synthesis (TLS) polymerases of the Y-family,
pol m, pol i, pol k, and REV1, were carried out. Kinetic analyses
of pol k and REV1, for which TLS activities at the PhIP adduct
were detected, were also performed.

EXPERIMENTAL PROCEDURES

Enzymes and Materials—T4 polynucleotide kinase and T4
DNA ligase were purchased from Toyobo Biochem (Osaka,
Japan) and Takara Biotech (Tokyo Japan), respectively. Other
materials were obtained from Sigma or Wako (Osaka, Japan).

DNA Polymerases and PCNA—Human recombinant DNA
polymerases, pol 8, pol n, pol k, and REV1, and PCNA were
expressed and purified as described previously (23-27). Human
DNA polymerase « and DNA polymerase © were purchased
from Chimerx. E. coli DNA polymerases I (Takara Biotech) and
Klenow Fragment (Takara Biotech), and thermophilic bacterial
DNA polymerases, r7aq (Toyobo Biochem) and Ttk (Toyobo
Biochem) were used.

Oligonucleotides—The method used to chemically synthe-
size three 9-mer oligonucleotides, 5'-TCCGGGAAC-3', con-
taining a PhIP adduct on either the first, second, or third G
(p9B, p9C, and pID, respectively) has been described previously
- (22). All other synthetic oligonucleotides were synthesized and
purified using a reverse-phase cartridge (Operon Biotech Japan
(Tokyo, Japan). The 23-mer oligonucleotides: p23a, 5'-TGAC-
TCGTCGTGACTGGGAAAAC-3', and p23b, 5'-GTCACGA-
CGAGTCAGTTCCCGGA-3', were used for constructing the
template oligonucleotides as described below. A 32-mer oligo-
nucleotide without the PhIP adduct, p32A, was used as a con-
trol template (see Table 1). Its 3' complementary 29-, 28-, 27-,
26-, 22-, and 17-mer sequences (p29, p28, p27, p26, p22, and
p17) were used as extension primers (see Table 1).

Construction of Template-Primer Complexes Containing the
PhIP Adduct—A 32-mer template oligonucleotide p32C (see
Table 1) was constructed by ligation of p9C with p23a as fol-
lows. The 5'-end of p23a was phosphorylated by T4 polynucle-
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otide kinase and ATP. A mixture of p9C, p23a, and p23b (3
nmol each) in 250 ul of a buffer containing 5 mm Tris-HCI, 0.5
mMm EDTA, 50 mm NaCl, pH 8.0, was denatured for 5 min at
95 °C, incubated for 10 min at 60 °C, and then cooled slowly to
form the partial duplex structure of these three oligonucleo-
tides (supplemental Fig. S1). The sample of the duplex oligonu-
cleotide was mixed with 190 ul of Milli-Q water and 50 ul of
%10 ligation buffer (500 mm Tris-HCl (pH 7.5), 100 mm MgCl,,
100 mm DTT, 10 mm ATP). Ligation was initiated by adding 10
ul of T4 DNA ligase (4,000 units), and the mixture was then
incubated for 20 h at 16 °C. An additional incubation at 37 °C

for 60 min was carried out after the addition of 1 ul of T4 DNA -

ligase, and the reaction was stopped by further incubation at
68 °C for 10 min. The p32C was separated by 18% PAGE con-
taining 8 M urea, and excised and eluted as described previously
(28). p32B and p32D were constructed using a similar method
as for p9B and p9D, respectively (see Table 1). The purities of
these oligonucleotides, p32B, p32C, and p32D, were deter-
mined by denatured PAGE after 5'-end labeling and UV
absorbance at 260 and 370 nm.

Primer oligonucleotides were labeled with 32P at the 5’-end
as described previously (29), and then purified by MicroSpin™
G-25 or G-50 columns (GE Healthcare) as recommended by the
supplier. The mixture of template and labeled primer (50 pmol
each) in 400 pl of a buffer containing 8 mm Tris-HCI, 0.8 mm
EDTA, 150 mm KCI (pH 8.0) was heated at 70 °C for 7 min, and
then cooled slowly to room temperature. In the case of the
substrates for TLS polymerases, pol , pol ¢, pol k, and REV1,
the final concentrations of template-primer and the constitu-
ents of the annealing buffers were changed to 500 nM and 10 mm
Tris-HCl, 1 mm EDTA, and 50 mm NaCl (pH 8.0), respectively.

In Vitro DNA Synthesis Assay—A primer extension reaction
was performed as described previously (30) with some modifi-
cations. Briefly, an aliquot of 0.75 ul of this primer-annealed
template (final concentration, 12.5 nM) was mixed with 0.75 ul
of X10 Klenow buffer (100 mm Tris-HCl (pH 7.5), 70 mm
MgCl,, 1 mM DTT), 0.5 ul of 500 mm KCl, 0.5 ul of ANTP
mixture (50 puM each), and 4.5 ul of Milli-Q water. After addi-
tion of 0.5 ul of Klenow fragment, the mixture was incubated at
37 °C for 10 min, The reaction was terminated by adding 1.5 ul
of stop solution (160 mm EDTA, 0.7% SDS, 6 mg/ml proteinase
K}, and the samples were incubated at 37 °C for 30 min, Subse-
quently, 5.5 ul of the gel loading solution (30 mm EDTA, 0.05%
bromophenol blue, 0.05% xylene cyanol, 97% formamide) was
added to the samples. For pol §, a X 10 reaction buffer contain-
ing 200 mm PIPES (pH 6.8), 20 mm MgCl,, 10 mM 2-mercap-
tethanol, 200 ug/ml bovine serum albumin, and 50% glycerol
was used instead of the buffer described above, and the reaction
was carried out at 37 °C for 10 min. For other DNA polymer-
ases, pol @, pol I, rTag, and T¢h, the constituent of each X10
reaction buffer was altered as recommended by the suppliers.

The reaction using pol «k was performed as described above
with some modifications. Briefly, an aliquot of 0.5 ul of this
primer-annealed template (final 50 nM) was mixed with 0.5 ul
of 10 X TLS buffer (250 mum Tris-HCl (pH 7.0), 50 mm MgCl,,
50 mm DTT, 1 mg/ml bovine serum albumin), 0.5 ul of ANTP
solution, and 3.0 ul of Milli-Q water. After addition of 0.5 ul of
pol k, the mixture was incubated at 30 °C for 20 min. The reac-
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tion was terminated by adding 8.8 ul of the gel loading solution
and a further incubation at 95 °C for 3 min. The reaction of
REV1 was performed in the same manner as the reaction of pol
k with the exception that the standard reaction time was 5 min.
For pol 1, a X10 reaction buffer containing 400 ma Tris-HCI
(pH 8.0), 10 mm MgCl,, 100 mm DTT, 1 mg/ml bovine serum
albumin, and 450 mm KCl was used instead of the X10 TLS
buffer. The **P-labeled fragments were denatured and electro-
phoresed in a 9.5% polyacrylamide gel containing 8 M urea. The
radioactivity of the fragments was determined using a Bio-Im-
aging Analyzer (BAS2500, Fuji Photo Film, Kanagawa, Japan).
Kinetic parameters were determined by steady-state gel kinetic
assays under similar conditions as described above. The incu-
bation time for pol « was changed to 10 min. K,,, and k_,, were
evaluated from the plot of the initial velocity versus the dCTP or
dGTP concentration using a hyperbolic curve-fitting program
in SigmaPlot 11 {Systat Software, Inc.). Data from two or three
independent experiments were plotted together.

RESULTS

Construction of Template Oligonucleotides Containing a
PhIP Adduct—We designed oligonucleotides containing a
dG-C8-PhIP adduct at specific sites for use as templates in in
vitro DNA synthesis analyses. For this purpose, we selected the
5'-TCCGGGAAC-3' sequence as: 1) it corresponds to codon
868 — 870 of the rat Apc gene, one of three mutation hot spots (a
single base deletion of G} in PhIP-induced colon tumors (21),
and could thus be used as a model template that would recon-
stitute mutations of this gene; 2) two other mutation hot spots
in the rat Apc gene and many mutated sites induced by PhIP in
cultured cells and animal models contain 5'-GGGA-3' asa core
sequence (17-20). We thus speculated that the 5'-TCCGG-
GAAC-3' sequence could be used as a model sequence for these
GGGA to GGA mutations to some extent; and 3) some muta-
genic compounds forming dG adducts, including PhIP, are
expected to react preferentially with the 5'-G of a GG dinucle-
otide site when compared with a single G residue (31). We thus
selected a sequence containing GGG as a template for our ini-
tial analysis.

We have recently synthesized three 9-mer oligonucleotides
separately harboring a PhIP adduct on each G within the
sequence 5'-TCC GGG AAC-3’ (22). Three 32-mer template
oligonucleotides, p32B, p32C, and p32D, were constructed in
our present study by ligation of these 9-mer oligonucleotides
containing the dG-PhIP adduct with a 23-mer oligonucleotide,
p23a, (Table 1 and supplemental Fig. S1). The purities of these
oligonucleotides were tested after resolution by electrophore-
sis. In our present study, we principally describe the results of
our in vitro DNA synthesis analysis using p32C as the template
to avoid complexity.

In Vitro DNA Synthesis by A- and B-family DNA Polymerase—
Many of the chemical compounds that can form DNA adducts
in vivo and that show mutagenicity have been reported to
impede the progress of DNA synthesis to different extents. The
molecular size of PhIP is greater than most other mutagenic
chemicals that form adducts. Hence, dG-PhIP was expected to
block DNA synthesis to a considerable extent. To examine the
effects of the dG-C8-PhIP adduct upon DNA synthesis, primer
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TABLE 1
Oligonucleotide templates and primers
Oligonucleotide

Sequence”

p32A TGACTCGTC GTCACTGGE ARRRC
328 TGACTCGTC GTGACTGGE AAREC
p AAC

32C TGACTCGTC GTGACTGGG A7

¥ ABC

p32D TGACTCGTC GTGACTGGE

P29 GTCACGACG AGTCAGTTC CC
p28 GTCACGACG AGTCAGTTC !
p27 5'—GTT TTC CCA GTCACGACG AGTCAGTTC-3'

p26 5'-GTT TTC CCA GTCACGACG AGTCAGTT-3’

p22 5'-GTT TTC CCA GTCACGACG AGTC-3'

pi7 5'-GTT TTC CCA GTCACGAC-3’

“ The hold G indicates the site of the PhiP-C8-dG adduct. Underlined sequences
correspond to codon 868 - 870 at nucleotides 26022610 of the rat APC gene.

A B C D
A-p17(-) B-p17 (+) C-p17 (+) D-p17 (+)
1234 1234 123 4 1234
pol . wetlll| el | eontill | el
Full-length m
ebe - wih - EStop
Primer o> . - - - -

FIGURE 2.In vitro DNA synthesis using Klenow fragment. Gel electrophore-
sis indicating the primer extensions obtained using the 32-mer oligonucleo-
tide templates, p32A {A), p328B (B), p32C{(C), and p32D (D), which have no PhIP
adduct, and a PhiP adduct on the first, second, and third G within the triple G
sequence, respectively. The 3’ complementary 17-mer sequence, p17, was
used as the extension primer. The final concentration of each template-
primer complex was 12.5 nm. Concentrations of Klenow fragment were 0 {/ane
1), 7.8 (lane 2), 23 (lane 3), and 78 units/ml (lane 4).

extension experiments using p32B, p32C, and p32D as tem-
plates were carried out (see Table 1). The length of each pro-
duced fragment was precisely determined using ladders of oli-
gonucleotide fragments as markers (data not shown). The
Klenow fragment of E. coli DNA polymerase 1, a member of
the A-family DNA polymerases, was first used in this analysis.
The production of a 28-, 27-, and 26-mer from these primer
extension reactions using B-p17, C-pl7, and D-pl7, respec-
tively, using a template-primer complex, and lack of longer
fragments indicated that the Klenow fragment stalled just
before the dG-C8-PhIP adduct (Fig. 2). On the other hand, con-
trol experiments using p32A without the adduct as a template
produced a 32-mer fragment (Fig. 24). Similar results were
obtained with E. coli DNA polymerase I (exo™) and B-family
DNA polymerases, such as the thermophilic bacterial DNA po-
lymerases, rTag and Tth, and human DNA polymerase « (data
not shown) (supplemental Fig. S2), suggesting that stalling at
the dG-C8-PhIP adduct occurs for- all replicative DNA poly-
merases. Stalling of rTaq and Tth at the PhIP adduct was
observed at 65 °C, as well as at 37 °C, indicating that this is the
result of a physical hindrance of the adduct itself and not from
secondary DNA structures. Moreover, there was no difference
found between the stalling of E. coli DNA polymerase I (exo™)
and that of the Klenow fragment (exo ™). This indicates that the
physical blocking of DNA polymerases at the dG-C8-PhIP
adduct does not depend upon their proofreading function.
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Finally, DNA synthesis analyses with human DNA polymerase
8 (pol 8), a member of the B-family DNA polymerases and a
truly replicative polymerase, were carried out, In the case of

A-p22 C-p22

123456

A-p17  C-pi7

7 8 9101112

22nt—> - e

FIGURE 3.In vitro DNA synthesis using pol §in the presence or absence of
PCNA, Gel electrophoresis indicating the primer extensions obtained using
the 32-mer oligonucieotide templates, p32A (A), and p32C (), which have no
PhiP adduct, and a PhIP adduct on the second G within the triple G sequence,
respectively. The 3' complementary 22- and 17-mer sequences, p22 and p17,
were used as the extension primer. The final concentration of each template-
primer complex was 12.5 nm. Concentrations of pol §were 0 (lanes 1, 4, 7, and
10) and 16 nm (lanes 2, 3, 5,6, 8, 9, 11, and 12). Concentrations of PCNA as a
trimer were O (lanes 1,2, 4,5, 7,8, 10, and 11) and 20 nm (lanes 3,6, 9, and 12).
Large arrows indicate the positions of primers (17- or 22-mer), fuil-length
products (32-mer), and the products pausing just before the PhIP adduct
(27-mer). Small arrows indicate the minor products that incorporated an addi-
tional 1 nucleotide (nt) to a full-length product or the pausing product.

using p32C and pl7 (C-p17) as a template-primer complex, the
production of 27-mer fragments indicated the stalling of pol &
just before the PhIP adduct (Fig. 3, lane 11). From a control
reaction using A-p17, a template-primer complex without the
PhIP adduct, a full-length product of 32-mer was generated
(Fig. 3, lane 8). In addition to these major products, minor prod-
ucts extended one nucleotide further (28- and 33-mer) and lad-
ders of bands indicating degradation of primer (<<17-mer) were
observed (Fig. 3), corresponding with previous results reporting
terminal dA transferase and exonuclease activities of pol 8 (32).
PCNA, an accessory protein acting as a sliding clamp for pol §,
was previously reported to promote DNA synthesis by pol §
past several template lesions, including abasic sites, 8-0x0-dG,
and aminofluorene-dG (32). In the case of dG-C8-PhIP, how-
ever, PCNA was unable to promote the bypass synthesis of pol &
beyond the lesion (Fig. 3, lane 12). Extension reaction from the
longer 22-mer primer, p22, also paused completely just before the
PhIP adduct in the presence or absence of PCNA (Fig. 3, lanes S
and 6). These results strongly suggest that the dG-C8-PhIP adduct
on genome DNA in the living cells induces the complete block of
replication forks including pol 8, PCNA, and pol a.

Translesional DNA Synthesis by Y-family DNA Polymerases—
Translesional DNA synthesis at the dG-C8-PhIP adduct by
the Y-family DNA polymerases, pol n, pol «, pol 1, and REV1
was next examined. Two substrates, C-p27 and C-p28, and
their counterparts without a PhIP adduct, A-p27 and A-p28,
were used in these experiments (Fig. 4). Substrate C-p27 was
prepared by annealing the p32C template (see Table 1) to its
3'-complimentary 27-mer sequence, p27, and was used to iden-

tify the nucleotides that are inserted

C-p27 C-p28 opposite the dG-C8-PhIP adduct

PhIP PhIP (Fig. 4). Similarly, substrate C-p28

5’- TCCGGGAAC 3' 5'~-TCCGGGAAC ——— 3’ was used to analyze the extension
CTTG * CCTTG * reaction from the 3’-end of the dC

bases opposite the dG-C8-PhIP

A-p27 A-p28 adduct (Fig. 4). We found that

recombinant human DNA polym-

5’-TCCGGGAAC 3’ 5'-TCCGGGAAC —— 3’ erase 7 (pol m) could insert a dC
CTTG ———— & CCTTG —— & opposite the dG-C8-PhIP adduct,

FIGURE 4. Template-primer complexes. Substrates C-p27 and C-p28 (series-C) have a PhIP adduct on the
second dG within a GGG sequence. Substrates A-p27 and A-p28 (series-A) are control substrates without a PhIP
adduct. The corresponding 3’ complimentary 27- and 28-mer sequences, p27 and p28, were used as extension
primers. The template-primer complexes, C-p27 and C-p28, were used to monitor the nucleotide insertions
into the site opposite dG-C8-PhIP and the extension reactions from the 3'-dC opposite dG-C8-PhiP,
respectively.

A B
A-p27 (-PhiP) C-p27 (+PhIP) A-p28 (-PhIP) C-p28 (+PhiIP)
-A T GZC - ATGZC - GA T C|[~~G AT C
d . L pme we : ’Q 5

FIGURE 5. Translesional DNA synthesis by pol y) using substrates C-p27 and C-p28. Control reactions were
performed using substrates without the PhIP adduct, A-p27 (A) and A-p28 (C). An insertion reaction was
performed with substrate C-p27 (B) and an extension reaction with substrate C-p28 (D). A single dNTP (G, A, T,
. O was added into the reaction mixture as indicated by G, A, T, and C above each lane. The lanes indicated by —
are controls without any nucleotides. Concentrations of pol  and each dNTP were 1.9 nm and 100 pm,
respectively.
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although at low efficiency compared
with control experiments without
the PhIP adduct (Fig. 5, A and B).
Extension reactions catalyzed by pol
7 from the 3'-end of dC opposite
the adduct were bavely detectable
(Fig. 5D), although an excessive
amount of pol 1 produced byprod-
ucts that incorporated a mismatch
nucleotide, dG, dA, or dT (supple-
mental Fig. 54). In the case of dG,
incorporation of one to three dG
nucleotides was observed (supple-
mental Fig. S4). In control experi-
ments without. the PhIP adduct,
minor products were produced that
incorporated mismatch nucleo-
tides, in addition to a major product
that incorporated a dC (Fig. 5C).
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D ¢.p2s (+PhIP)
- GATC

C A-p2s (-phip)
GATOC

A pp27(-PhiP) B c.p27 (+PhIP)

- GATC |- GATOC -

FIGURE 6. Translesional DNA synthesis by pol i using substrates C-p27 and C-p28. Control reactions were
performed using substrates without the PhIP adduct, A-p27 {A) and A-p28 {C). An insertion reaction was
performed with substrate C-p27 (B} and an extension reaction with substrate C-p28 (D). A single dNTP (G, A, T,
C) was added into the reaction mixture as indicated by G, A, T, and C above each lane. The lanes indicated by —
are controls without any nucleotides. The concentrations of pol k were 250 (A and ), 500 {8), and 1000 nm (D),
respectively. The cancentration of each dNTP was 100 pm.

A B C D E
A-p27 (-PhIP) C-p27 (+PhiP) C-p27 (+) A-p28 (-PhIP) C-p28 (+PhiP)

-G AT C N -GATCN

- GATCNI|C -

-G ATCN

FIGURE 7. Translesional DNA synthesis by REV1 using substrates C-p27 and C-p28, Control reactions were
performed using substrates without the PhiP adduct, A-p27 (A) and A-p28 (D). Insertion reactions were per-
formed with substrate C-p27 (8 and () and an extension reaction with substrate C-p28 (£). A single dNTP (G, A,
T, and C) or a mixture of each was added into the reaction mixture as indicated by G, A, 7, C, and N above each
lane. The lanes indicated by — are controls without any nucleotides. The concentrations of REV1 were 5.2 (A
and D) and 26 nm (B, C, and E), respectively. The concentrations of each dNTP .were 100 um (A, B, D, and E) and
320 pm (C), respectively. The N mixture contained each dNTP at a concentration of 25 um.

ata higher efficiency compared with
pol « and pol 1 (Fig. 7, B and C).
REV1 was, however, unable to cata-
lyze the extension reaction from the
dC opposite the PhIP adduct in
C-p28 (Fig. 7E and supplemental
Fig. S5, lane 5). REV1 incorporated
only dC nucleotides into A-p27 and
A-p28 substrates without the
adduct (Fig. 7, A and D). Neither
nucleotide insertion nor extension
reactions for the templates contain-
ing the PhIP adduct were detected
using human pol ¢ (data not shown).

Kinetic Analyses of Translesional
DNA Synthesis by pol k and REVI—
To evaluate translesional DNA syn-
thesis beyond the dG-C8-PhIP
adduct in further detail, additional
quantitative analyses for pol « and
REV1 were performed. Insertion
reactions catalyzed by pol k for dC
(Fig. 8, B, lanes 2-5, and C, closed
diamonds) and dG (Fig. 8, B, lanes
6-9, and C, closed triangles) into
substrate C-p28 were analyzed in
the same way. Kinetic parameters
for pol k were determined using

We next examined translesional DNA synthesis beyond the
PhIP adduct using a truncated form of human DNA polymerase
K containing the N-terminal 559 amino acids. One or two dCs
were inserted opposite the dG-C8-PhIP adduct by this poly-
merase, and misinsertions of three other nucleotides were also
observed to a certain extent (Fig. 6B). pol k incorporated two
dCs and misincorporated dG, dA, and dT into the A-p27 sub-
strate without the PhIP adduct at a low efficiency (Fig. 6A).
Misincorporations of dG, dA, and dT into the A-p28 substrate
without the adduct were also observed (Fig. 6C). In the case of
the extension reaction from 3'-dC opposite the dG-PhIP
adduct, pol k also incorporated dC and misincorporated dT
into the C-p28 substrate at low efficiency (Fig. 6D). Interest-
ingly, one- and two-base incorporations of dG into the sub-
strate C-p28 by pol k dominated the incorporation of a dC (Fig.
6D). In the extension reaction with pol k in the presence of all
four dNTPs, fragments of 29 and 30 nucleotides were observed
as major products, and a small amount of the 31-nucleotide
fragment was observed (see supplemental Fig. S5, lane 6). Full-
length products of 32 nucleotides were observed only when an
excess amount of pol k was present (data not shown). This poor
extension activity of pol k after adding two nucleotides was
probably caused by the shortness (~4 nucleotides) of the 5’
region to the lesion in the template oligonucleotide. Extension
with pol k, pol m, and pol 8 from the mismatched primers,
where the 3'-terminal nucleotide of the p28 primer, dC, was
substituted with another nucleotide, could not be observed
(data not shown). REV1 inserted a dC opposite the PhIP adduct

BEHB\
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steady-state kinetic assays (Table 2).
The catalytic efficiency (k_,/K,,) of
dC insertion into C-p28 (0.039 min ™! mm ™) was found to be
4-fold greater than that into C-p27 (0.011 min~'mm™'). These
results indicate that pol « catalyzes the extension reaction from
the 3'-terminal of dC opposite the dG-C8-PhIP with a higher
efficiency than the insertion reaction opposite the adduct. The
k../K,, values of the dC insertion opposite the adduct were
roughly 4 orders of magnitude less than those into counterparts
without the adduct (see Table 2). The k_, /K, value of the dG
incorporation into C-p28 was slightly higher than that of dC,
and more than 8-fold higher than that of dG into C-p27 (see
Table 2). This result indicates that pol « skipped over the dG
site just 5’ of dG-C8-PhIP on the template and incorporated dG
opposite dC on the template strand of substrate C-p28 with a
high efficiency. The k_,,/K,, values of the dC incorporation into
D-p27 (0.19 min~* mm™") were over 4-fold greater than into
C-p28 (0.039 min™" mm™") and over 8-fold higher than that of
dG into B-p29 (0.023) (see supplemental Table S1). These
data indicate that the efficiencies of the extension reaction
by pol « are the highest for template p32D containing the
PhIP adduct in the third G of the triple G run, next for tem-
plate p32C containing the PhIP/adduct in the second G, and
lowest for template p32B containing the PhIP adduct in the
first G.

Even at higher concentrations of ANTPs, extension reactions
catalyzed by REV1 for substrate C-p28 could not be monitored
(Table 3, Fig. 7E). The k_,,/K,,, value of the dC incorporation by
REV1 into substrate C-p27 was more than 2,000 times greater
than that by pol k, and 1/44 of the values for counterparts with-
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A C-p27 (+PhiP) B
123 4567829

C-p28 (+PhiP)
123 456789

reaction catalyzed by REV1 among
the three templates was the most
efficient for template p32D contain-
ing the PhIP adduct at the third G,
similar to the extension reaction by
pol . '

DISCUSSION

In Vitro TLS Analysis Reconstitut-
ing PhIP-induced Mutations—HCAs
are food-borne carcinogens pro-
duced when cooking meat (1, 9,
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33). The most significant aspect of
these molecules is that they exist
normally in cooked food and are
thus ubiquitous carcinogens (32).
The mutagenicity and carcinoge-
nicity of HCAs are mainly attrib-
uted to C8- and N2-dG adducts
(9). Both excision repair and trans-

n
@

.
0\0
<
c
o
©
R
9]
=%
.
<]
o
£
o
=
=
5]
<
°
=]
P4

lesional DNA synthesis play criti-
cal roles in the mutagenesis steps

induced by HCAs. However,
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FIGURE 8. Translesional DNA synthesis by pol k. Nucleotide incorporation by pol « for substrates C-p27 (A) -
and C-p28 (B). Either dCTP (lanes 2-5) or dGTP (lanes 6-9) was added into the reaction mixture. Lane 7 indicates
a control without any nucleotides. The concentration of pol k was 910 nm. The concentrations of dCTP or dGTP,
respectively, were 25 (lanes 2 and 6), 12.5 (lanes 3 and 7), 6.25 (lanes 4 and 8), and 3.13 uw {lanes 5 and 9).
C, incorporation efficiencies of dCTP and dGTP into substrate C-p27 and C-p28. Incorporations of dCTP into
C-p27, dGTP into C-p27, dCTP into C-p28, and dGTP into C-p28 are indicated by open diamonds, open triangles,
closed diamonds, and closed triangles, respectively. Each data point represents the mean of two separate expet-

iments. The error bars represent residuals.

TABLE 2
Kot/ K., values for pol
Substrate K, ket ket Ky,
pu X107 min~! win™! mar™!
C-p27
dCTP 70 0.76 0.011
dGTP 47 0.24 0.0050
C-p28
dCTP 8.0 0.32 0.039
dGTP 11 0.48 0.042
A-p27
dCTP 0.035 44 130
dGTP 0.26 1.3 5.0
A-p28
dCTP 0.027 3.7 140
dGTP 2.1 8.8 4.1
TABLE 3
k../K,, values for dCTP-insertion by REV1
Substrate K, Keat k. /K,
M X107 min™! min™! ma!
C-p27 12 320 27
C-p28 ND? ND ND
A-p27 0.36 390 1100

“ ND, not detectable.

out the adduct (Table 3). The k_,,/K,,, values of the dC insertion
by REV1 into three substrates, B-p28, C-p27 and D-p26, were
39,27, and 73 min~' mm ™', respectively. Thus, the insertion
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despite the importance of HCAs as
common environmental muta-
gens, there have been very few pre-
vious reports regarding the stall-
ing of DNA polymerases and TLS
caused by the DNA adducts they
form. This is mainly because of
the difficulty in .preparing tem-
plate DNA with introduced HCA
adducts at specific sites. Choief al.
(34) have recently undertaken a biochemical study of TLS at
adducts of the HCA 2-amino-3-methylimidazo([4,5-f]quino-
line (IQ) using purified human polymerases. In our current
study of TLS, we describe our findings for adducts of PhIP, the
most abundant HCA in cooked foods (4).

A rat colon cancer model induced by PhIP shows profiles
of cancer development similar to the multistep model of
colon carcinogenesis in humans (35). In this rat model, p53
and K-ras mutations are rarely observed, whereas mutations
in Apc and its downstream gene B-catenin have been fre-
quently observed (21, 36 —38). Hence, mutations in Apc or
B-catenin have been speculated to play a critical role in PhIP-
induced colon carcinogenesis. Five mutations in the Apc
gene were previously detected in four of eight PhIP-induced
rat colon tumors, and all of these mutations involved a single
guanine deletion in the 5'-GGGA-3' sequence (21). This
characteristic mutation induced by PhIP, 5'-GGGA-3’ to
5'-GGA-3', was also observed in other in vivo mutation anal-
yses using transgenic animals harboring introduced reporter
genes, such as lacl (18 -20). Hence, the 5'-TCCGGGAAC-3’
sequence corresponding to a mutation hot spot within the
rat Apc gene, which we utilized to introduce the PhIP adduct
and employed as the template for in vitro DNA synthesis
analyses, could be a suitable model for revealing the molec-
ular mechanisms associated with PhIP-induced mutations.
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As discussed later, our results indicate a possible molecular
mechanism for the 5'-GGGA-3' to 5'-GGA-3' mutation
induced by PhIP.

DNA Polymerases Involved in TLS through the dG-PhIP
Adduct—TLS through many DNA lesions requires the action
of two different polymerases, an “inserter” and an “extender,”
the former to perform nucleotide insertions opposite the lesion
site and the latter for subsequent extensions (39). The catalytic
efficiency of the dCTP-insertion reaction opposite the dG-PhIP
adduct by REV1 was found to be more than 2,000-fold greater
than that by pol k (see Tables 2 and 3). This result strongly
suggests that REV1 functions i vivo as an inserter polymerase
for TLS through the dG-PhIP adduct. This insertion step by
REV1 is also error free. REV1 has been reported previously to
insert dCTP opposite abasic sites and various N2-dG adducts
(26,39 —41). However, our current study is the first to show that
REV1 inserts dCTP opposite a large size C8-dG adduct. We
used a shorter (C-terminal deleted) form of pol k in our current
experiments and an intact pol k may be more effective for this
insertion reaction. As for pol 1, a detailed kinetic analysis was
not performed. Hence, the possibility cannot be excluded that
pol k and pol 7 also function as inserter polymerases.

In addition to the Y-family DNA polymerases, DNA poly-
merase { (pol {), belonging to the B-family DNA polymerases, is
considered to be involved in TLS through various lesions as an
extender DNA polymerase (39, 42, 43). We have not carried out
a primer extension assay with pol ¢ and thus the possibility
cannot be completely excluded by our current data that pol {
functions in vivo as an extender polymerase for TLS through
the dG-PhIP adduct. In our present study, we provide evidence
that pol x can extend from dC opposite the dG-C8-PhIP adduct
in vitro. It is, therefore, possible that pol k, at least partially,
functions as an extender polymerase in vivo for TLS through
the dG-PhIP adduct. Further study about cooperation between
two or more DNA polymerases, including pol £, is necessary to
verify which DNA polymerases are involved in the bypass syn-
thesis through the PhIP lesion.

The catalytic efficiency of pol k for a dGTP insertion into
substrate C-p28 was a little higher than that for dCTP inser-
tions (see Table 2 and Fig. 6D). The former generates a single
guanine deletion, and the latter is an error-free extension. Con-
sequently, our data suggest that the extension reaction with pol
k from the nucleotide opposite the dG-C8-PhIP adduct causes
frequent single-guanine deletions from the GGG stretch. It has
been reported that one characteristic feature of pol k homologs,
from bacteria to humans, is their propensity to generate single-
base deletions (44 —47). The crystal structure of Dpo4, a ther-
mophilic archaea homolog of pol k, in ternary complexes with
DNA and an incoming nucleotide supports the model that a
single base deletion by pol « is generated through a misaligned
intermediate complex where the template dG forms an extra-
helical looped out structure and the incoming dGTP skips this
extrahelical base and pairs with the next template base dC (48)
(see supplemental Fig. $6). It is reasonable to speculate there-
fore that, in the case of TLS through dG-C8-PhIP, mammalian
pol k generates the single guanine deletion via a similar inter-
mediate where the PhIP-adducted dG is looped out and tem-
plate-primer slippage occurs. However, further analyses for

SEPTEMBER 18, 2009-VOLUME 284-NUMBER 38

determining whether the one-base skipping of pol x beyond the
lesion observed by us is dependent on the nucleotide placed 5’
to the lesion or not, are necessary to clarify the detailed molec-
ular mechanism underlying one base skipping of pol k.

Molecular Mechanisms Underlying Mutation Induction by
PhIP—We have demonstrated herein by in vitro DNA synthesis
analyses using oligonucleotide templates containing dG-PhIP
that: 1) replicative DNA polymerases stall at the PhIP adduct
and cannot perform translesional DNA synthesis beyond this
point; 2) REV1 inserts a dC opposite the dG-PhIP with a much
higher efficiency than other TLS polymerases, including pol «
and pol 7; and 3) pol k has a potential ability to catalyze an
extension reaction from the 5’-dC opposite the adduct and
often skips over one dG in the template during this extension
step. A working model for the induction of mutations at the
PhIP adducts based on the results shown in the present study is
illustrated in supplemental Fig. S6. This model could be
adopted for other sequences containing a G repeat stretch lon-
ger than GGG.
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ABSTRACT

The promoter of the human KRAS proto-oncogene
contains a structurally polymorphic nuclease hyper-
sensitive element (NHE) whose purine strand forms
a parallel G-quadruplex structure (called 32R). In a
previous work we reported that quadruplex 32R is
recognized by three nuclear proteins: PARP-1, Ku70
and hnRNP A1. In this study we describe the inter-
action of recombinant hnRNP A1 (A1) and its deriva-
tive Up1 with the KRAS G-quadruplex. Mobility-shift
experiments show that A1/Up1 binds specifically,
and also with a high affinity, to quadruplex 32R,
while CD demonstrates that the proteins strongly
reduce the intensity of the 260nm-ellipticity—~the
hallmark for parallel G4-DNA—and unfold the
G-quadruplex. Fluorescence resonance energy
transfer melting experiments reveal that A1/Upi
completely abrogates the cooperative quadruplex-
to-ssDNA transition that characterizes the KRAS
quadruplex and facilitates the association between
quadruplex 32R and its complementary polypyrimi-
dine strand. When quadruplex 32R is stabilized by
TMPyP4, A1/Up1 brings about only a partial desta-
bilization of the G4-DNA structure. The possible role
played by hnRNP A1 in the mechanism of KRAS
transcription is discussed.

INTRODUCTION

The mammalian KRAS gene encodes for a guanine
nucleotide-binding protein of 21 kDa that activates several
cellular pathways controlling important events such as
proliferation, differentiation and signalling (1). The Ras
proteins behave as a molecular switch cycling between

inactive GDP-bound and active GTP-bound states. The
state of nucleotide occupancy is regulated by specific pro-
teins named guanine nucleotides exchange factors (GEFs)
and GTPases activating proteins (GAPs) (1.2). The RAS
genes are frequently mutated in solid and haematological
neoplasias with single point mutations at exons 12, 13 and
61 (3,4). The most common mutated R4S gene in solid
tumours is KRAS, with a 90% incidence in pancreatic
adenocarcinomas (5.6). As the mutated Kras protein has
a defective GTPase activity, it is not inactivated by GAPs
(7). 1t remains locked into the GTP-bound active state
which continuously transmits to the nucleus mitotic sig-
nals that contribute to the neoplastic phenotypes in cancer
cells (8-10). As pancreatic adenocarcinomas are refractory
to conventional treatments. the discovery of new drugs
capable to sensitize tumour cells to chemotherapy is
being pursued in many laboratories. In our laboratory.
we focused on KRAS and in order to design anti-KRAS
drugs we investigated how the transcription of this proto-
oncogene is controlled. Previous studies have shown that
a nuclease hypersensitive element (NHE), located in the
KRAS promoter upstream of the transcription start
between -327 and -296, is responsible for most of the
transcription activity (11). Earlier we reported that the
purine strand of NHE is structurally polymorphic, as its
tract of sequence recognized by nuclear profeins is able to
fold into stable G-quadruplex structures (12,13). Using the
purine strand of NHE (called 32R) in quadruplex confor-
mation as a bait, we pulled down from a pancreatic
nuclear extract three proteins with affinity for the KRAS
quadruplex, By SDS-PAGE and mass spectrometry. we
identified these proteins as poly[ADP-ribose] polymerase
1 (PARP-1). ATP-dependent DNA helicase 2. subunit 1
(Ku70) and heterogeneous ribonucleoprotein Al (hnRNP
Al) (13). Protein hnRNP Al (from now on Al) is a
member of the heterogeneous ribonucleoprotein family.
which is highly abundant in the nucleus of actively
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growing mammalian cells (14,15). All members of the
hnRNP family are characterized by two highly conserved
RNA recognition motifs (RRMs) at the N-terminus and
by a glycine-rich domain at the C-terminus (16,17).
-Although a recent structure of a co-crystal of Upl (a pro-
teolitic portion of Al retaining binding activity) bound to
the telomeric repeat (TTAGGG), suggests that both
RRMs interact with DNA (18), it has been reported that
only one motif (RRM1}) is sufficient for strong and specific
binding to single-stranded telomeric DNA (19) and that its
sub-element RNP11 mediates destabilization of quadru-
plex (CGQG), (20). Proteins hnRNP play various roles in
mRNA metabolism (14,15) and in the biogenesis of telo-
meres (21). As protein Al (and its derivative Upl) was
reported to have a telomere-lengthening effect in erytro-
leukemia cells (21,22), it is suspected to function as an
auxiliary factor of the telomerase holoenzyme (23).
Considering that the 3’ G-rich repeats of the telomeres
are folded in stable G-quadruplex structures, it has been
hypothesized that Al stimulates telomere elongation by
disrupting high-order structures formed by the telomere
repeats. Indeed, Upl was reported to destabilize the bimo-
lecular quadruplex formed by human telomere repeats
d(TTAGGGTTAGGG), d(TTAGGG),4 and the intramo-
lecular quadruplex of d(GGCAG)s (23-25).

Since we discovered that Al is associated to the KRAS
promoter, in this study we have investigated the inter-
action between recombinant Al/Upl and the KRAS
G-quadruplex. Electrophoretic mobility shift assay
(EMSA) showed that A1/Upl binds to the KR4S quad-
ruplex with high affinity and specificity, while CD and
fluorescence resonance energy transfer (FRET) experi-
ments revealed that AI1/Upl destabilizes this non
B-DNA structure of the KRAS promoter. The results of
our study support a transcription mechanism in which Al
should function as a G-quadruplex destabilizing protein,
as it seems to occur in the G-rich 3’ overhang strand of the
telomeres (23). In conclusion, this study sheds some light
on the mechanism of KRAS transcription regulation and
may be useful for the rationale design of anticancer drugs
specific for oncogenic KRAS.

MATERIALS AND METHODS
DNA and proteins hnRNP A1/Upl

The oligonucleotides used in this study (Table 1) were
obtained from MWG (Germany) and Microsynth
(Switzerland). They have been purified by 20% PAGE
(acrylamide: bisacrylamide, 19:1) in TBE, under denatur-
ing conditions (7 M urea, 55°C). The bands were excised
from the gel and eluted in water. The DNA solutions were
filtered (Ultrafree-DA. Millipore) and precipitated. DNA
concentration was determined from the absorbance at
260 nm of the oligonucleotides diluted in milli Q water,
using as extinction coefficients 7500, 8500, 15000 and
12500M~ em™" for C, T, A and G. respectively. Dual-
labelled F-32R-T (5 end with FAM, 3’ end with TAMRA)
were HPLC-purified.

Recombinant proteins Upl and Al tagged to GST were
expressed in Escherichia coli BL21 using plasmids

pGEX-Upl and pGEX-hnRNP Al. After transformation,
the bacteria were grown for 2h at 37°C with 50 pg/ml
ampicillin to an Agyo of 0.5-2.0 prior to induction with
IPTG (100 uM final concentration). Cells were allowed to
grow for 7h before harvesting. The cells were centrifuged
at 5000 r.p.m., 4°C. After centrifugation the supernatant
was removed carefully and the cells washed twice with
PBS. The pellet was re-suspended in a solution of PBS
with PMSF 100mM and DTT | M. The bacteria were
lysed by sonication, added with Triton X-100 (1% final
concentration) and incubated for 30min on a shaker at
room temperature. The lysate was then centrifuged for
10 min at 4°C at 10000 r.p.m. Glutathione Sepharose 4B
(GE Healthcare) (50% slurry in PBS) was added to the
supernatant and incubated for 30 min at 4°C on a shaker.
The mix was centrifuged for 5S5min at 500g and the
pellet was washed 5 times in PBS and eluted with elution
buffer containing 20mM NaCl, 20mM reduced glu-
tathione, 200mM Tris-HCI, pH 9.5 for Al elution and
pH 7.5 for Upl elution. Alternatively, to remove the
GST tag, the mix was centrifuged for Smin at 500g.
washed with PreScission Cleavage buffer (GE Healthcare)
and centrifuged 5min at 500g. The pellet was incubated
for 4h at 4°C with PreScission protease to cleave the GST
tag from the purified proteins. After PreScission cleavage,
the Al or Upl moieties were detached from GST
which remained bound to the Gluthatione Sephadex
beads. The reaction mixtures were centrifuged for Smin
at 500g, 4°C. and the untagged proteins collected
from the supernatant. Finally, the purification of tagged
and untagged Upl and Al proteins were checked by
SDS-PAGE.

CD and fluorescence experiments

CD spectra have been obtained with a JASCO J-600 spec-
tropolarimeter equipped with a thermostatted cell holder.
CD experiments were carried out with oligonucleotides
BuM) in 50mM Tris-HCI, pH 7.4, 100mM KCL
Spectra were recorded in 0.5c¢m quartz cuvette. A ther-
mometer inserted in the cuvetle holder allowed a precise
measurement of the sample temperature. The spectra were
calculated with J-700 Standard Analysis software (Japan
Spectroscopic Co., Ltd) and are reported as ellipticity
(mdeg) versus wavelength (nm). Each spectrum was
recorded three times, smoothed and subtracted to the
baseline.

Fluorescence measurements were carried oul with a
Microplate  Spectrofluorometer  System  (Molecular
Devices) using a 96-well black plate, in which each well
contained 50pl of 200uM dual-labelled F-32R-T in
50mM TrissHCL, pH 7.4 and KCl as specified in
the figure captions. Before adding the protein, the samples
were incubated for 24 h at room temperature in the speci-
fied buffer. The protein (Upl, Al or BSA) was added
30min before fluorescence analysis. The emission spectra
were obtained by setting the excitation wavelength at
475nm, the cut-off at 515nm and recording the emission
from 500 to 650nm. Upon addition of KCI, F-32R-T
assumes a folded quadruplex conformation and FRET is
expected between the 5" and 3’ fluorophores. The emission
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intensity of the donor (FAM) decreases while the intensity
of the acceptor increases, correspondingly, as K™ is added
to the sample solution. The energy transfer from the
donor to the acceptor and vice versa can be empirically
represented by the parameter P

I
p=_—"2
(Ip + 1)

where I and I, are the intensities of the donor and accep-
tor (26.27). Fluorescence melling experiments were per-
formed on a real-time PCR machine (iQ3. BioRad).
using a 96-well plate filled with 50 pl solutions of dual-
labelled F-32R-T. The protocol used for the melting
experiments is the following: (i) equilibration step of
5Smin at low temperature (15°C): (ii) stepwise increase of
the temperature of 1°C per min for 76 cycles to reach
95°C. All samples in the wells were melted in 76 min.

Kinetic experiments were carried out using the iQ5 real-
time machine. Oligonucleotide F-32R-T (200nM) in
100mM KCI. ie. in the quadruplex conformation, was
mixed with the complementary 32Y strand and the
increase at 525nm of the fluorescence was measured as a
function of time. The experiment was also performed
adding to F-32R-T a mixture containing 32Y (8-fold)
and Upl (4000M). The increase of fluorescence
AF = F—TF, where F, and F is the fluorescence at
525nm (FAM) at 1 = 0 and at any time ¢, was best-fitted
to a single or double-exponential curve. The half-life of the
reaction is given by 7, = 0.693/k.

EMSA

Oligonucleotides 32R, HRA4S-1, HRAS-2. CMYC, CKIT.
VEGF, 32Y, Gmut!l and Gmut2 were end-labelled with
[v-¥PJATP and T4 polynucleotide kinase. Duplex
dsNHE was prepared annealing (10min at 95°C. over-
night at room temperature) a mixture containing equimo-
lar amounts of radiolabelled 32R and camplementary
32Y in S0mM Tris-HCL. pH 7.4, 100mM NaCl. Before
EMSA, the quadruplex-forming oligonucleotides were
allowed to form their structure in 30mM Tris—HCI,
pH 7.4, 100mM KCI, 37°C (overnight incubation).
Radiolabelled oligonucleotides (35nM) were treated for
30min at room temperature with different amounts
of AljUpl, (r ([protein)/[oligonucleotide]} ratios are
specified in Figure 3) in 20mM Tris-HCI, pH 38, 30 mM
KClL. 1.5mM MgCl., ImM DTT., 8% glycerol, 1%
Phosphatase Inhibitor Coktail T (Sigma, Milan, Italy).
5mM NaF, I mM Na3zVO,, 2.5ng/ml poly [dI-dC]. After
incubation. the reaction mixtures were loaded in 8% TBE
(1x) polyacrylamide gel, thermostatted at 16°C. After
running the gel was dried and exposed to autoradiography
(G E Healthcare, Milan) for 24-36h at -80°C.

Polymerase-stop assay

A linear DNA fragment of 87nt, containing the G-rich
element of NHE, was used as a template for Taq polymer-
ase primer-extension reactions. This DNA sequence was
purified by PAGE. The template (100 n1M) was mixed with
the labelled primer (50 nM) in 100mM KCI, Taq buffer

Nucleic Acids Research, 2009. Vol. 37, No. 9 2843

1 x and overnight incubated at 30°C. The primer extension
reactions were carried out for Th, by adding I0mM DTT.
100 M dATP, dGTP, dTTP. dCTP and 3.75U of Taq
polymerase (Euro Taq, Euroclone. Milan). The reactions
were stopped by adding an equal volume of stop buffer
(95% formamide, 10mM EDTA, 10mM NaOH. 0.1%
xylene cyanol, 0.1% bromophenol blue). The products
were separated on a 15% polyacrylamide sequencing gel
prepared in TBE, 8 M urea. The gel was dried and exposed
to autoradiography. Standard dideoxy sequencing reac-
tions were performed to detect the points in which DNA
polymerase I was arrested.

RESULTS

We previously demonstrated that the G-rich strand of
NHE can form G-quadruplex structures (13,28). By
means of CD and DMS-footprinting experiments we
found that the G-tract called 32R forms a parallel
G-quadruplex characterized by three G-tetrads (T, of
70°C in 100mM KCI) (Figure 1). Pull-down assays wilh
a pancreatic nuclear extract combined to mass spectrome-
try showed that quadruplex 32R binds to three proteins:
PARP-1 (116 kDa), Ku70 (72kDa) and Al (34kDa) (13).
Since Al is involved in the biogenesis of the telomeres as a
G4-DNA destabilizing protein (23) and is able to disrupt
the secondary structures of the hypervariable minisatellite
sequence d(GGCAG)s (24), we asked whether Al/Upl
can have a similar functional role in the human KRAS
promoter. To address this question, recombinant Al and
its derivative Upl were expressed in Escherichia coli as
proteins fused to GST and purified by aflinily chromatog-
raphy with glutathione sepharose 4B. The GST moiety
was removed with a pre-scission protease and recombi-
nant tagged and untagged proteins were obtained with a
high purity level (Figure 2). Upl is a proteolitic fragment
(195 aa) of A1 (319 aa) that retains the two RNA-recogni-
tion motifs (RRMs) responsible for binding to nucleic
acids (18,22).

The interaction between A1/Upl and a variety of DNA
substrates, some of which were structured in G4-DNA
and some not, was analysed by EMSA. ““P-labelled 32R
(35nM) was first incubated for 24h in 100mM KCl to
allow quadruplex formation, then incubated for 30min
with increasing amounts of Upl or Al: r ([protein]/
[32R]) = 0. 0.5, 1, 2. 5, 10. 20, 50, 100. As preliminary
experiments showed that GST-tagged and untagged pro-
teins behave in the same way, we performed EMSA with
the tagged proteins. Figure 3a and b shows that quadru-
plex 32R forms with Al;Upl a DNA-protein complex
that. being detected even at r = 0.5, should have a 1:1
stoichiometry. In addition, for r> 20, another slow-
migrating DNA-protein complex appears in the gel.
most likely due to a 1:2 complex. When r was increased
to 200 and the samples run in a longer gel. 32R migrated
essentially as 1:2 complex (Figure 3c). The formation of
two DNA-protein complexes by A1/Upl is in keeping
with the results of Zhang er al. (23) and the crystal struc-
ture of d(TTAGGG), bound to Upl (18). Since a tract of
12nt functions as a minimum binding unit, 32R has
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! 1
CCTCCCCCTCTTCCCTCTTCCCACACCGCCC

5'GCTCGCTG TCAGCCGCTCCCT 3
3 CGAGCGACGGAGGGGGAGAAGGGAGAAGGGTGTGGCGGGjGTCGGCGAGGGA S’
—— ——
32R

G4-DNA 1 G4-DNA 2
3 . 3

Figure 1. Sequence of the nuclease hypersensitive element (NHE) in the human KRAS promoter. The G-rich sequence 32R forms a G-quadruplex

whose putative structure. consistent with CD and dimethy! sulfate footprinting, is G4-DNA1, which is characterized either by a flipped-out thymidine .

connecting G7 to G9 or a GGGT triad (13). The expected G4-DNA2 structure is not supported by dimethy! sulfate footprinting. The nucleotides of
32R (Table 1) are numbered from the 5-end.

RNP2 RNP1 RNP2 RNP1 Gly rich hnRNP A1
N e —— c
RRM1
RNP2 RNP1 UP1
N C
b~
w)
@ -
= L < =
g5 cd 438t B
L s 6 2 2 &8 5 S
LoE QO X ¥ 4 —
8835 £83 388
kDa = = = 2
169
112
91
66
3631 Up1

Figure 2. Schematic representations of proteins hnRNP Al and Upl. The two RNA-recognition motifs (RRMs), that mediate ssDNA binding,
contain each two conserved RNP2 and RNPI subinotifs. Upl encompasses the amino-terminal two-third of the hnRNPA1 sequence. SDS PAGE of
GST-tagged and untagged hnRNP A1l and Upl. after gluthatione sepharose 4B purification. Lane 1, protein markers; lane 2, total extract (hnRNP
A1), lane 3, supernatant; lane 4, purified GST-tagged hnRNP Al: Jane 5, purified untagged hnRNP Al: lane 6. total extract (Upl); tane 7,
supernatant; lane 8, purified GST-tagged Upl; lane 9, purified untagged Upl.
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Figure 3. (a. b) EMSA of 350M **P-labelled quadruplex 32R after 20min incubation with increasing amounts of Upl or Al at the specified r values,
in 20mM Tris-HCl, pH 8. 30mM KCI. 1.5mM MgCly, ImM DTT, 8% glycerol, 1% Phosphatase Inhibitor Coktail 1 (Sigma). 5aM NaF. 1 mM
NazVOy, 2.5ng/ul poly di-dC, for 25-°C. The analyses were carried out in 8% polyacrylamide gel (29:1) in TBE (1x) at 16 C. Before the EMSA, 32R
was incubated overnight in 100 mM KClI o get it in the G-quadruplex conformation; (¢) EMSA as in (4, b) but with r values up 10 200; (d, e) EMSA
of A1:Upl mixed to various DNA substrates {G-quadruplexes 32R. HRAS-1, HRAS-2. CM YC, CKIT. VEGF. dsNHE (32R:32Y) and unstructured
oligonucleotides Gmut!, Gmut2, 32Y]. PAGE carried out in 8% polyacrylamide gel (29:1) in TBE (1x) at 16 C.

potentially two binding sites, which can in principle form
two DNA-protein complexes by binding one or two
protein molecules. By quantifying the intensity of the
electrophoretic bands. we roughly estimated that the
dissociation constant Ky of the 1:1 complex is about
50nM for Upl and 200nM for Al. We also tested the
binding specificity of Al/Upl for a variety of well
known G-quadruplex structures obtained from CMYC,
CKIT. VEGF and HRAS promoter sequences (29-32)
(for HRAS quadruplexes. see Supplementary Data Sl1)

(Figure 3d and e). The various DNA substrates have

been *P-labelled and treated with an excess of protein
(r = 50). It can be seen that Al shows good specificity
for the KRAS quadruplex, as it does not bind to the
other quadruplex-forming sequences. unstructured oligo-
nucleotides Gmutl. Gmut2, 32Y (the complementary
polypyrimidinic NHE strand) and dsNHE (32R:32Y)
(Table 1). Instead, protein Upl. besides quadruplex 32R,

shows affinity also for the CKIT quadruplex and unstruc-
tured oligonucleotides.

To analyse the effect of Al/Upl on the KRAS
G-quadruplex. we could not employ electrophoresis
because the mobility between an inramolecular quadru-
plex and its unfolded form is not very different. Therefore,
we used spectroscopic techniques such as circular dichro-
ism (CD) and FRET. Figure 4 shows that in 100 mM KCl,
32R 1s characterized by a CD signature typical of a par-
allel G-quadruplex: a strong and positive ellipticity at
260nm and a weak and negative ellipticity at 240 nm
(33). When quadruplex 32R is denatured by increasing
the temperarture, the positive 260 nm band is dramatically
reduced and its spectrum becomes similar to that of
unstructured oligonucleotides (data not shown). Thus,
the structural transition from quadruplex-to-ssDNA is
accompanied by a strong reduction of the 260 nm ellipti-
city. A similar transition was obtained by adding to
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quadruplex 32R increasing amounts of Al/Upl (r =1, 2,
4, 6). Tt can be seen that the protein causes a progressive
reduction of the 260nm ellipticity, indicating that the
G4-DNA structure is unfolded by the protein. As a con-
trol, we treated quadruplex 32R with an unrelated protein,
the trypsinogen inhibitor, and found that the 260 nm ellip-
ticity was not affected and remained constant at all protein
concentrations used. The CD spectra of Upl at increasing
concentrations show that the protein between 240 and
320nm does not have any negative band, buf below
240 nm it shows a negative band typical of the polypeptide

Table 1. Oligonucleotides (5' > 3') used in this study

AGGGCGGTGTGGGAAGAGGGAAGAGGGGGAGG 32R
F-AGGGCGGTGTGGGAAGAGGGAAGAGGGGGAGG-T F-32R-T
AGGGAGGGCGCTGGGAGGAGGG CKIT
GGGCGGGCCGGGGGCGGGTCCCGGCGGGG VEGF
TGGGGAGGGTGGGGAGGGTGGGGAAGG CMYC
TCGGGTTGCGGGCGCAGGGCACGGGCG HRAS-1
CGGGGCGGGGCGGGGGCGGGGGCG HRAS-2
GCGGTGTGTGAAGAGTGAAGAGTGGGATGCAG Gmutl
GCATTCTGATTACACGTATTACCTTCACTCCA Gmut?2
CCTCCCCCTCTTCCCTCTTCCCACACCGCCCT 32y
GTACTACACTTGATA primer
ACCTTGATGAATCCAGGGCGGTGTGGGAAGAG template
GGAAGAGGGGGAGGAATCGCTACCGTTAAGCA
TCGATCATATCAAGTGATAGTAC
F: FAM: T: TAMRA.
(a)
10
CD
-16 1 i ]
220 Wavelengthinm] 320
(c)
11
CD
~-16 L i ' 1
220 Wavelength{nm] 320

backbone. The CD data showing G-quadruplex unfolding
are in keeping with those previously obtained with the
telomeric TTAGGG repeat (24,25) and the hypervariable
minisatellite sequence d(GGCAG)s treated with Upl (24).

The unfolding of the human KRAS quadruplex by
Al/Upl was also investigated by FRET, using the quad-
ruplex-forming sequences tagged at the 5 and 3’ ends with
FAM (donor) and TAMRA (acceptor) (34). By exciting
F-32R-T at 475nm, the emission intensity of the donor
at 525nm decreases while the emission intensity of the
acceptor at 580 nm increases, as the KCI concentration
is increased from 0 to 140mM (Supplementary Data
52). F-32R-T folded in the G-quadruplex conformation
(T =75°C in 140mM KCI) is characterized by a
P-value of 0.52 (see ‘Materials and methods’ section).
This P-value is higher than that observed for the quadru-
plex formed by the human telomeric repeat dGGGTTAG
GGTTAGGGTTAGGG) (26), because F-32R-T forms
a parallel quadruplex where the two fluorophores
are at opposite ends of the structure (13). When the
G-quadruplex is destabilized by scaling down the KCl
concentration to zero or by adding the complementary
32Y strand, that transforms the G-quadruplex into a
B-DNA duplex where the donor and acceptor are sepa-
rated by about 115 A, the donor fluorescence significantly
increases (for instance, from spectrum 2 to spectrum 1,
Figure 5a) and the P-value becomes 0.75. This means
that the unfolding of quadruplex F-32R-T is accompanied

(b)

10

oy

CcD

-16 ] L 1 1
220 Wavelength[nm] 320

CD

__1 6 ] 1. 1 1
220 Wavelength[nm} 320

Figure 4, CD of 32R (2pM) in 50 mM Tris pH 7.4, 100mM KCl in the presence of increasing amounts of Upl (r = 0, 1, 4, 6) (r = [protein]/[DNA])
(a); haRNPAL r = 0, 1, 4. 6, (b): trypsinogen inhibitor (TT) (r = 0. 1, 4, 6) (¢). The CD of Upl at three concentrations is reported (2, 4 and 8 uM) (d).
Spectra have been recorded at room temperature with a path length cuvette of 0.5cm. Ordinate reports ellipticity values in mdeg.
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by a AP =10.75-0.52 = 0.23. We then asked if quadru-
plex F-32R-T is unfolded by A1;Upl. To choose at which
ionic strength the FRET experiments in the presence of
Al/Upl should be performed, we measured the T of

Nucleic Acids Research, 2009, Vol. 37, No. 9 2847

quadruplex F-32R-T in KCl and NaCl solutions (in 50,
100 and 140 mM KCl, Ty, is 48. 70 and 75°C. respectively:
in 100mM NaCl, the T, is 32°C). Figure 5a shows the
effect on quadruplex F-32R-T in 50 mM Kl (T, =48°C.
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Figure 5, (a) Fluorescence spectra of 200nM F-32R-T in water (spectrum 1) or 50mM Tris-HCL, pH 7.4, 530 mM KCl in the absence (spectrum 2) or

presence of BSA (r = [0. spectrum 3) or Upl (r = 0.5 1. 3, 6. 10, spectra
real-time PCR machine of quadruplex F-32R-T treated with Al:Uplat
reference a melting curve of F-32R-T in the presence of BSA (r = 10) is

4-8) (b) row FRET-melting curves (Fsos versus T) obtained with the iQ3
various [protein}/{DNA] ratios. in 50mM Tris pH 7.4, 30mM KCl. As
reported. Bottom panels show the corresponding first derivative curves.

dFss5/dT versus 7. The G-quadruplex was incubated with the protein for 30min prior to melting; (c) schematic representation of the U-shape

structure of the DNA- protein complex between F-32R-T and Upl.
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