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Abstract

Resistance mechanisms mediated by DNA repair and translesion synthesis (TLS) often reduce
the efficacy of anticancer therapy with DNA damaging agents, drugs that form DNA adducts or
crosslinks that interfere with DNA replication and transcription, inducing cancer cell death. The
removal of these lesions by repair mechanisms or lesion tolerance by TLS allows cancer cells to
survive in the face of treatment. Although several inhibitors of DNA repair pathways are in
clinical development for the potentiation of DNA binding agent efficacy, inhibition of TLS is only
in very early stages of development. The main aspects limiting the progress of this research field
are the need for a better understanding of biochemical mechanisms involved in TLS and the low
selectivity of existing inhibitors towards TLS Pols compared to replicative Pols. Furthermore,
resistance from DNA repair and TLS processes for emerging minor groove alkylating agents
such as acylfulvene (AFs), remains to be investigated. Therefore, the overarching aim of this
work was to better understand the role of DNA repair and TLS in resistance to minor groove
alkylating agents and to support the development of strategies to potentiate alkylating agents by
inhibition of TLS Pols.
Chapter 1 introduces the background relevant to the research topics of this thesis, including
selected examples of DNA binding agents for cancer therapy, TLS and repair pathways relevant
to resistance mechanisms addressed in this thesis. An overview of the results presented in the
following chapters of the thesis is provided.
In Chapter 2, synthetic 3-alkyl-adenosine analogs of increasing size were created to model
adducts formed by minor groove alkylating agents and evaluate whether human TLS Pols have
the capacity to bypass such modifications. hPol η, κ and ι were able to bypass the modified
nucleosides. Furthermore, we report that hPol η replication fidelity is reduced by such analogs,
11

whereas hPol κ and ι maintain high fidelity. These differences were evaluated in the context of
structural differences in the active sites of the Pols.
In Chapter 3, 3-alkyl adenosine analogs were used to determine the size required by an adduct
in position 3 of adenine to stall transcription by RNA Pol II. The rationale for understanding
causes of transcriptional stalling is that it is the signal activating transcription coupled-nucleotide
excision repair (TC-NER). Cells proficient in TC-NER are more resistant to AFs than deficient
cells, and RNA Pol II stalling was observed for the AF adduct analog 3-deaza-3methoxynaphtylethyl-adenosine (3d-Napht-A). A structural basis for the stalling was determined
by X-ray crystallographic analysis, and related to reduced transcription in a colon carcinoma cell
line treated with an AF derivative.
In Chapter 4, a fluorescence assay was developed and used to analyze DNA Pol activity. It has
characteristics suitable for application to high-throughput screening of Pol inhibitors, coupling
primer extension reactions catalyzed by any Pol in the presence of dNTPs with the detection of
pyrophosphate released upon dNTP incorporation. The assay was validated for determination of
Pol kinetics and Pol activity modulation by nucleotide analogs, using two Y-family Pols, the
archeal Dpo4 and human Pol η.
In Chapter 5, the inhibition properties of four synthetic sulfoquinovosyl diacylglycerols (SQDGs)
on TLS Pols was explored. Primer extension by hPol η, ζ and ι was reduced by two of the
SQDGs, specifically the ones with longer fatty acid chains (about 10 carbons long), suggesting
that this moiety of the molecule is important for inhibition. These compounds were also tested on
the replicative hPol α, and interestingly, the different fatty acid chains induced different potency
of inhibition, suggesting that modification of this moiety can achieve selective inhibition of TLS
Pols compared to replicative Pols. Furthermore, the cytotoxicity of these SQDGs was evaluated
on a liver carcinoma cell line as single agent and in combination with cisplatin. No potentiation of
12

cisplatin was observed but further experiments are ongoing to identify cell lines sensitized by the
co-treatment.
In Chapter 6, the findings of this thesis are summarized and critically discussed. Furthermore,
recommendations for future directions are presented.
The work presented in this thesis provides insight into how cellular drug resistance mechanisms
associated with TLS and TC-NER arise in response to the formation of 3-adenosine adducts
from experimental minor groove binding agents. This insight is expected to be useful for the
design of improved anticancer binding agents. Furthermore, the knowledge and biochemical
tools established herein are expected to contribute to the anticipated advancement of novel
inhibitors for DNA Pols in order to promote adjuvant therapy that potentiates the activity of
anticancer alkylating agents.
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Sommario

Meccanismi di resistenza come la riparazione del DNA e la sintesi per translesione (TLS)
spesso riducono l’efficacia di terapie antitumorali con agenti alchilanti. Queste molecole formano
addotti al DNA che impediscono la replicazione e la trascrizione del DNA causando la morte
delle cellule tumorali. La rimozione di questi addotti da parte di meccanismi di riparazione del
DNA o la loro tolleranza attraverso TLS, permettono alle cellule tumorali di sopravvivere alla
terapia, rendendola inefficace. Nonostante vari inibitori della riparazione del DNA siano già
testati in fase clinica con lo scopo di aumentare l’efficacia degli agenti alchilanti, la ricerca di
metodi per inibire TLS è ancora nella fase iniziale di sviluppo. Una delle cause che limitano lo
sviluppo di questo ambito di ricerca è la necessità di una maggiore conoscenza dei meccanismi
di TLS. Un altro fattore limitante è rappresentato dalla scarsa selettività degli inibitori di DNA
polimerasi scoperti finora, i quali inibiscono non solo le polimerasi coinvolte in TLS ma anche
quelle replicative che processano DNA non danneggiato. Lo scopo di questo progetto è quindi di
elucidare i meccanismi di TLS presso addotti formati da agenti alchilanti di nuova generazione
come gli acilfulveni, che formano addotti nel solco minore del DNA. Un altro obiettivo è di
promuovere lo sviluppo di nuove strategie per potenziare l’efficacia di agenti alchilanti attraverso
l’inibizione di DNA polimerasi specializzate in TLS.
Il Capitolo 1 è un’introduzione sui temi trattati nella tesi, comprendente esempi di agenti
alchilanti del DNA usati in terapia antitumorale, la TLS e la riparazione del DNA come
meccanismi di resistenza. Oltretutto, è riportata anche una breve descrizione dei risultati descritti
nei capitoli successivi.
Nel Capitolo 2, viene presentata la sintesi di nucleosidi analoghi dell’ adenosina, creati come
modelli di addotti nel solco minore del DNA. Questi analoghi sono stati usati per dimostrare la
15

capacità di DNA polimerasi specializzate in TLS di replicare un filamento di DNA contenente
questi nucleosidi modificati. Abbiamo osservato che hPol η, κ e ι riescono a replicare DNA
contenente i nucleosidi modificati. Mentre hPol κ e ι mantengono alta fedeltà nella replicazione
in presenza delle basi modificate, hPol η dimostra una ridotta fedeltà. Queste differenze sono
state spiegate attraverso il confronto delle caratteristiche strutturali delle tre polimerasi.
Nel Capitolo 3, gli analoghi dell’adenosina sono stati usati per determinare la grandezza di un
addotto in posizione 3 dell’adenina necessaria a bloccare la trascrizione da parte della RNA
polimerasi II (Pol II). Questa informazione è rilevante in funzione del ruolo fondamentale di Pol II
nell’attivazione del meccanismo di riparazione del DNA denominato riparazione per escissione
di nucleotidi accoppiata alla trascrizione (TC-NER). Cellule con TC-NER attivo sono più
resistenti al trattamento con AFs rispetto a cellule con TC-NER soppresso. Pol II è bloccata dalla
presenza dell’analogo di adenosina più grande 3-deaza-3-methoxynaphtylethyl-adenosine (3dNapht-A) e cause di questa inibizione sono state determinate attaverso l’analisi della struttura
cristallina del complesso Pol II-DNA contenente l’analogo 3d-Napht-A. Questi risultati, assieme
alla ridotta sintesi di RNA osservata in cellule di carcinoma del colon trattate con AFs,
suggerisce che gli addotti da AFs sono in grado di bloccare la trascrizione.
Nel Capitolo 4, viene descritto lo sviluppo di un metodo a fluorescenza per analizzare l’attività di
DNA polimerasi. Questo metodo, accoppiando reazioni di estensione del primer alla misurazione
di pirofosfato rilasciato dall’attività della polimerasi, ha caratteristiche tali da poterlo applicare per
testare un alto numero di molecole come inibitori di DNA polimerasi (“high throughput
screening”). Il metodo è stato validato per l’analisi cinetica di due DNA polimerasi, Dpo4 e hPol
η, e per la modulazione della loro attività usando analoghi di nucleotidi.
Nel Capitolo 5, vengono descritte le proprietà inibitorie di quattro sulfoquinovosyl diacylglycerols
(SQDGs) nei confronti di DNA polimerasi specializzate in TLS. Dei quattro SQDGs testati, quelli
16

con catene di acidi grassi più lunghe, contenenti 10 carboni, hanno ridotto l’attività di hPol η, ζ e ι
in reazioni di estensione del primer di DNA. Questi risultati suggeriscono che le catene di acidi
grassi sono importanti per l’attività inibitoria di queste molecole. Questi SQDGs sono stati testati
anche come inibitori della polimerasi replicativa hPol α e le diverse catene di acidi grassi hanno
determinato una diversa capacità inibitoria. La modificazione di questa parte della molecola
potrebbe quindi essere usata per ottenere l’inibizione selettiva delle polimerasi specializzate in
TLS. Infine, la citotossicità di questi SQDGs è stata valutata in una linea cellulare di carcinoma
epatico come agente singolo e in combinazione con cisplatino. Nonostante non sia stato
osservato un aumento di tossicita’ da parte del cisplatino in combinazione con gli SQDGs, gli
esperimenti futuri avranno lo scopo di identificare una linea cellulare che risulti più sensibile al
trattamento.
Il Capitolo 6 riassume i risultati presentati in questa tesi e ne fornisce un’ analisi critica,
presentando anche possibili esperimenti per completare il progetto.
Il lavoro presentato in questa tesi contribuisce a capire il ruolo della riparazione del DNA e della
TLS nella resistenza ad agenti alchilanti che formano addotti in posizione 3 dell’adenosina.
Questo studio promuove lo sviluppo di agenti alchilanti con ridotta suscettibilità a meccanismi di
resistenza e la scoperta di inibitori di DNA polimerasi per aumentare l’efficacia di agenti alchilanti
antitumorali.

17

18

Chapter 1. Introduction and Literature Overview

1.1

DNA Damage in Cancer Therapy

DNA binding agents are widely used as anticancer drugs since their first documented application
in the early 1940’s.1 The potential for DNA binding agents in cancer therapy was recognized by
Dr. Cornelius Packard Rhoads while carrying out research concerning the use of nitrogen
mustards for military purposes during World War II.2 Since this time, hundreds of new alkylating
agents and DNA damaging agents with related mechanisms of action but widely varying efficacy
and safety profiles have been developed and research is still ongoing today. Highly proliferative
cancer cells in G1 and S phases are most sensitive to the effects of DNA adducts formed by
DNA binding agents. Such adducts originate from a substitution reaction where a nucleophilic
atom of DNA displaces a leaving group of the binding agent, forming covalent adducts and/or
crosslinks that block replication and transcription, inducing apoptosis.3,4 Nonetheless, the
appearances of adverse side effects like secondary tumors, and cellular resistance mechanisms
that diminish the efficacy of the treatment are major obstacles limiting clinical efficacy. 5-9 The
modern direction of this field, therefore, is focused on creating new binding agents with higher
selectivity for cancer cells and reduced susceptibility to resistance mechanisms as well as the
discovery of safe strategies to target resistance.10
Resistance to cancer chemotherapy is a common phenomenon arising from various
pharmacological and physiological factors such as low drug uptake, metabolism and
excretion.11,12 In addition, cell- or tissue- specific factors such as drug bioactivation or evasion of
apoptosis, necrosis and senescence may contribute to resistance.3,13,14 Particularly relevant to
chemotherapy with DNA binding are mechanisms involved in DNA damage response (DDR),
which enable cells to cope with DNA adducts and survive.13,15-17 The DDR is a network of
19

interacting pathways fundamental to maintaining genomic integrity by inducing a cascade of
events leading to cell cycle arrest, apoptosis and DNA repair.18,19 While being physiologically
beneficial by protecting cells from DNA lesions occurring every day upon exposure to UV
radiation, reactive oxygen species (ROS) and genotoxic carcinogens, the DDR may reduce the
efficacy of chemotherapy with DNA binding agents.18 Therefore, inhibition of DDR pathways is a
promising candidate approach to increase the efficacy of chemotherapy. Several examples of
DNA repair inhibitors have been investigated in clinical trials in combination with alkylating
agents.10,20 Important achievements were already reached with poly(ADP-ribose) polymerase
(PARP) inhibitors and Olaparib (AZD 2281) was approved by FDA for the treatment of ovarian
and breast tumors with known BRCA mutations.21
1.2

DNA Binding Agents

DNA binding agents may be classified into two based on the types of adducts formed.
Monofunctional binders transfer a single alkyl group to nucleosides, whereas bifunctional
binders, possessing two reactive moieties, can react with two nucleosides forming crosslinks. 4,22
DNA adducts formed by monofunctional binding agents interfere with the processivity of DNA
and RNA polymerases, thus altering replication and transcription respectively. 23 As a
consequence, DNA synthesis over mono-adducts may lead to an increase in the frequency of
point mutations but also be partially or completely blocked.23 The impact of DNA damage on
DNA processing enzymes depends on several factors such as the position of adducts on the
nucleoside, their size and their propensity to interact with amino acid residues in the active site
of polymerase enzymes. Furthermore, strand breakage and depurination may also occur. When
bifunctional binding agents react with two nucleosides on the same DNA strand, they give rise to
intrastrand crosslinks; when they react with two nucleosides on different DNA strands, they give
rise to interstrand crosslinks. While intrastrand crosslinks impact DNA synthesis in a similar
fashion to mono-adducts,24,25 interstrand crosslinks impede the dissociation of DNA strands
20

during replication and transcription, resulting in blockage of these processes. 26 Interstrand
crosslinks are considered highly toxic due to clastogenic DNA strand breaks.27,28
DNA binding agents react with DNA through nucleophilic substitution, which can occur by SN1
or SN2 mechanism.29 The SN1 reaction occurs in two steps, involving the formation of a reactive
intermediate prior the attack from a nucleophilic atom in DNA. Its efficiency is proportional to the
concentration of the compound that forms the reactive intermediate. Conversely, the SN2
reaction occurs in one step and its efficiency is dependent on the concentration of both binding
agent and nucleophile.29 DNA damage occurs at specific sites in both the major and minor
groove of DNA, especially at nucleophilic atoms of the nucleobases such as the endocyclic
nitrogen (N) atoms and the exocyclic amino groups (-NH2) or oxygen (O) atoms.30 Prone to
damage are therefore the N7, and O6 positions of guanine, the N7, N3 and N6 positions of
adenine and the N3 position of cytosine.29 Although most binding agents used in the clinic form
DNA adducts in the major groove of DNA, new generation minor groove binding agents are
emerging.
1.2.1

Major Groove Binding Agents

The first DNA damaging agents with recognized anticancer properties were major groove
binding agents and one representative example is cisplatin (cis-diamminedichloroplatinum(II))
(Figure 1a). Cisplatin belongs to the category of platinum derivatives and is used to treat several
types of solid tumors such as testicular, ovarian, esophagus, bladder, head and neck and
epidermoid cancers.31 Due to the high renal toxicity of cisplatin, new generation platinum
derivatives

were

developed.

One

example

is

oxaliplatin

(trans-R,R)1,2-

Diaminocyclohexaneoxalatoplatinum(II)), that is more effective in the treatment of metastatic
colon cancer.31 Cisplatin is a bifunctional binding agent activated in the cytosol by displacement
of the two chlorine atoms by water molecules, making it a strong electrophile towards the N7
position of purines forming intrastrand (95%) and interstrand crosslinks (5%).32 Cisplatin toxicity
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is mainly attributed to the intrastrand crosslinks that are formed at GG sites (60–65%) (Figure
1a), but also at AG (25–30%) and GNG (5–10%) sites.32 Cisplatin intrastrand crosslinks block
replication by high-fidelity DNA polymerases, thus inducing apoptosis.33
Another major groove binding agent with clinical good efficacy is temozolomide (TMZ) (Figure
1b),

i.e.

8-carbamoyl-3-methylimidazo-1,2,3,5-tetrazin-4(3H)-one,

which

belongs

to

the

imidotetrazine class of compounds.23 TMZ undergoes intestinal absorption and passes the blood
brain barrier therefore it is used to treat brain tumours such as glioblastoma multiforme and
anaplastic astrocytoma.34 TMZ has limited toxicity, with bone marrow suppression being the
most common side effect. TMZ is spontaneously activated in aqueous solution at physiological
pH upon intestinal absorption by hydrolysis to methyl-triazeno-imidazole-carboxamide (MTIC)
and further degradation to 5-aminoimidazole-4-carboxamide (AIC) and methyldiazonium
cation.34,35 This ion is extremely reactive and methylates positions N7 (65-80%), O6 of guanine
(9%) and N3 of adenine (10%).36 7-methyl-guanine (7-Me-G) is the prominent adduct but it is a
relatively non-toxic lesion, whereas most of TMZ cytotoxicity is attributed to O6-methyl-guanine
(O6-Me-G) (Figure 1b).36 O6-Me-G exploits its cytotoxicity by inhibition of DNA and RNA
synthesis as main mechanism of toxicity, besides being highly mutagenic and inducing G to A
transition mutations.34 Recently, more evidence has accumulated showing that also the minor
groove 3-methyl-adenine (3-Me-A) lesion inhibits DNA synthesis,37 prompting the development
of minor groove binders that specifically alkylate the N3 position of adenine.

Figure 1. Structure of major groove binding agents cisplatin (a) and temozolomide (b) and the corresponding major
adducts.
22

1.2.2

Minor Groove Binding Agents

Minor groove binding agents have long been known and efficiently used as anti-microbial drugs.
For example, diarylamidines have been known to cure trypanosomiasis and leishmaniasis since
the 1930s.38 More recently, minor groove binding agents were found to possess anticancer
properties and several drugs that selectively target the minor groove of DNA are being
developed.
by

the

39-42

A class of minor groove binders of great interest is represented by those derived

antibiotics

distamycin

and

netropsin.

These

agents

are

composed

of

N-

methylpyrrolecarboxamide moieties that form specific H-bonds with the minor groove of adeninethymine (AT) rich regions of DNA.43
Methyl-lexitropsin (Me-lex) (Figure 2a) is a synthetic derivative of netropsin. It is cytotoxic
towards human glioma cell lines and has been suggested of potential efficacy to treat gliomas. 44
Due to the affinity of the pyrrole-amide skeleton for the minor groove of AT-rich regions, Me-lex
methylates specifically the N3 position of adenine (>90% of DNA adducts), giving rise to 3-Me-A
(Figure 2a).45 In vitro evidence from enzymatic assays and cell treatment with Me-lex showed
that 3-Me-A inhibits DNA replication.37,46
Acylfulvenes (AFs) are another class of binding agents that target the N3 position of adenine.
AFs are semi-synthetic derivatives of the mycotoxin illudin S, a natural sesquiterpene firstly
isolated from Omphalotus olearius mushrooms.47 Illudin S was extensively investigated for its
anticancer properties on cell lines and tumor xenografts but the high toxicity limited the use in
clinical settings, promoting the development of analogs with improved therapeutic profile. 48
Acylfulvene (AF) and hydroxymethylacylfulvene (HMAF) (Figure 2b) showed lower cytotoxicity
than illudin S, with IC50 values about 100- and 20-fold higher than illudin S upon treatment of
different cell lines.49 Moreover, AFs were shown to sensitize multidrug-resistant cells toward
conventional chemotherapeutic drugs.50 These favorable properties led to testing of HMAF in
clinical trials for the treatment of several cancers including hormone refractory prostate cancer,
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ovarian, liver and pancreatic cancer.47 HMAF has been the subject of several clinical trials,
however lower than expected efficacy in Phase II and III clinical trials prevented further
development.39,40,51,52 A recent re-stimulation of interest in clinical trials for this class of
compounds has been reported in the context of precision medicine for metastatic castrationresistant prostate cancer.53

Figure 2. Structure of minor groove binding agents Me-Lex (a) and AFs (b) and the corresponding major adducts in
position 3 of adenine.

AFs are activated in the cytosol by prostaglandin reductase 1 (PTGR1), an NADPH-dependent
enzyme that reduces the double bond of α, β unsaturated ketones and aldehydes.54
Bioactivation of AFs was correlated with the number of DNA adducts formed, highlighting the
importance of this metabolic step in AFs toxicity.55 Upon bioactivation of AFs to the reduced and
reactive metabolite, nucleophilic attack to the propyl ring of AFs yields DNA adducts in position
N3 of adenine (98%) (Figure 2b) and, at a low extent, at positions N3 and N7 of guanine. 56
Treatment of Chinese hamster ovary cancer cells with AFs led to an increase of mutation
frequency, inhibition of DNA and RNA synthesis, cell cycle blockage in S-phase and induction of
apoptosis.57 DNA damage and apoptosis were significantly more pronounced in cancer cell lines
compared to normal cells,58 which may depend on differences in bioactivation and DNA repair
capacity of cancer vs. normal cells.
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1.3

DNA Damage Response

In addition to DNA damaging drugs, common exposures like UV irradiation, environmental
pollutants, industrial chemicals and chemotherapeutic drugs cause several types of DNA
damage, from single and double strand breaks to crosslinks and mono-adducts. Therefore, cells
have evolved DDR mechanisms in response to the devastating effects of these DNA lesions. 59
In mammalian cells, the DDR signaling pathway is mainly activated by the ATM (ataxiatelangiectasia mutated) and ATR (ATM- and Rad3-Related) kinases.60,61 ATM and ATR,
serine/threonine kinases members of the phosphatidylinositol-3-kinase-like- kinase family
(PIKKs), are the most upstream transducers of the DDR. While ATM is associated with the
response to double strand breaks, ATR is associated with the response to single strand breaks
and stalled replication forks. ATM and ATR phosphorylation induces downstream events that
activate effectors involved in blocking the cell cycle, leading to apoptosis or senescence, and
maintaining genomic integrity by DNA repair mechanisms.62 The DDR is fundamental for life
since it protects cells from endogenous and exogenous DNA damaging agents. At the same
time the DDR represents a double-edged sword in the context of cancer therapy with DNA
binding agents, where the aim is to selectively kill tumor cells based on their higher proliferation
rates and deficiency in DNA repair systems compared to normal cells. Conversely, in cancer
cells, DNA repair that removes DNA damage or translesion synthesis (TLS) that replicates over
DNA adducts may reduce the efficacy of chemotherapy because the cell cycle is not arrested.10
1.3.1

Translesion DNA Synthesis

TLS is a mechanism of DNA damage tolerance that enables replication over DNA lesions
constantly formed in cells. It is estimated that between 10,000 and 100,000 DNA lesions occur
per cell every day,63 therefore TLS provides a way to allow cells to proliferate, avoiding frequent
activation of cell cycle arrest which would be incompatible with life.64 DNA replication is
performed by DNA polymerase enzymes belonging to several families. Out of the 17 human
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DNA polymerases (hPol) discovered so far, only five are involved in normal genomic and
mitochondrial DNA replication (hPol α, δ, ε, γ and telomerase).65,66 The remaining 12
polymerases are either Y-family hPols involved in TLS (hPol η, κ, ι and Rev1) or hPols involved
in TLS and DNA repair (hPol β, λ, μ, ν, θ, ζ, PrimPol and TdT). 67 hPols are classified into
different families (A, B, X, Y) based on sequence homology and structural similarities. 68 Despite
their different primary sequence, hPols have a common folding conformation that resembles a
human right hand, composed of palm, thumb and fingers domains (Figure 3). 68 The palm
subdomain contains the catalytically important residues and is the most conserved domain
among the four hPol families.68 The fingers subdomain is involved in the correct positioning of
the DNA template and the incoming dNTP, whereas the thumb domain is important for DNA
binding and processivity.68

Figure 3. Structure of the replicative yeast Polδ (a) and TLS human Pol η. Adapted from Sale J E, Cold Spring Harb
Perspect Biol 2013;5:a012708.
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Moreover, DNA Pols have a similar catalytic mechanism for the template dependent 5’  3’
incorporation of nucleotides.69 Two Mg+2 ions form a pentacoordinated transition state with the
phosphate groups of the incoming dNTP and conserved carboxylate residues in the active site.69
Moreover, the finger subdomains rotate towards the palm, switching from an “open” to “close”
conformation, aligning the α-phosphate of the incoming dNTP for the nucleophilic attack by the
3’-OH group of the elongating DNA strand.69
Despite highly conserved features of polymerase structures and catalytic properties, remarkable
differences exist between hPols belonging to different families and sometimes even within the
same family. Replicative hPol δ and ε possess high processivity and fidelity, polymerizing
thousands of nucleotides without falling off of the DNA template and with error frequencies of 10 5

-10-6.70 Conversely, TLS hPols belonging to the Y-family (hPol η, κ, ι and Rev1), possess low

processivity and fidelity, with error frequencies ranging from 10-1-10-4 on undamaged DNA.71
Nonetheless, Y-family hPols are able to bypass DNA adducts that would otherwise stall
replicative hPols. These functional features can be explained by a wider active site that Y-family
hPols possess compared to replicative hPols, which is believed to accommodate DNA adducts
and permit replication past the adducts.72 The fewer contacts with the incoming dNTPs, due to
the lack of an O α-helix motif in the fingers subdomain, would explain the reduced fidelity,
although the lack of 3’  5’ exonuclease activity is also a contributing factor. TLS hPol also have
an additional unique domain at the C-terminus called little finger (LF) domain, which is important
for lesion bypass and fidelity. hPol ζ is an exceptional TLS hPol because it belongs to the Bfamily but is involved in the bypass of DNA adducts. 72 hPol ζ is composed of two subunits, Rev3
and Rev7, and lacks 3’  5’ exonuclease activity. Like Y-family hPols, hPol ζ has low
processivity and fidelity but it is extremely efficient in the extension steps following nucleotide
incorporation opposite DNA adducts by other Y-family hPols.73
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Depending on the active site conformation of TLS hPols and the nature of the DNA adduct, it
became evident that each TLS hPol is specialized in the bypass of certain DNA adducts. hPol η
is well recognized for its physiological role in protection from cyclobutane pyrimidine dimers
(CPDs), lesions formed by UV irradiation upon exposure to sunlight.74,75 hPol η accurately
bypasses CPDs and the importance of this process is confirmed by the discovery of the disease
xeroderma pigmentosum variant (XP-V).76 XP-V is a hereditary disease characterized by high
incidence of sunlight-induced skin cancer. The XP gene, coding for hPol η, expresses a
defective variant in XP-V patients, impairing the cellular tolerance to UV induced CPDs and
leading to genomic instability.74,75 hPol η is also able to bypass other DNA adducts, particularly
those formed in the major groove of DNA, due to a more opened active site on the major groove
side of DNA. Cisplatin intrastrand crosslinks at adjacent guanines are bypassed by hPol η with
high efficiency incorporating correct dCMP opposite the damage.77 O6-Me-G is also bypassed by
hPol η with only slightly lower efficiency compared to unmodified DNA but the fidelity decreases,
with dCMP and dTMP being incorporated with similar rates.78 Conversely, hPol κ is significantly
inhibited by CPDs and cisplatin adducts but it is very efficient and accurate in the bypass of
minor groove adducts formed at the N2 position of guanine such as N2-benzopyrene
adducts.79,80 hPol ι is also specialized in the accurate bypass of minor groove adducts at the N2
position of guanine.81 In contrast to all known Pols, hPol ι flips templating purines to the syn
conformation forming Hoogsteen base pairing with the incoming dNTP, as opposed to the
regular Watson-Crick base pairing.82 This mechanism may be the basis for the efficiency of hPol
ι observed in the bypass of N2 guanine adducts and it was speculated that it may also enable
the bypass of N3 adducts. hPol ζ is dramatically inhibited by cisplatin intrastrand crosslinks but it
complements hPol η in the bypass process by efficiently extending the primer after incorporation
opposite the adduct.73 Evidence of hPol ζ role as extender derives also from experiments with
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the yeast enzyme, which was shown to complement Pol η bypass of 7,8-dihydro-8-oxoguanine
and O6-Me-G.83
The above mentioned examples of TLS suggest that, while accurate TLS is a protecting
mechanism from the toxic effects of DNA adducts, sometimes it can be mutagenic, thus
promoting tumorigenesis. Moreover, TLS over DNA adducts formed by binding agents used in
cancer therapy acts against the desired effect of the treatment and allows cells to proliferate.
There are several examples in the literature of how TLS during replication is involved in
resistance to anticancer binding agents. A retrospective analysis of hPol η expression in relation
to cisplatin efficacy in the treatment of head and neck squamous cell cancer suggested that hPol
η-mediated TLS diminishes therapy outcome.84 Moreover, Pol η-deficient cells have lower
survival rates upon treatment with cisplatin compared to wild type cells and the cell cycle arrest
in S phase is significantly stronger.85-87 Similar studies with deficient cell lines highlighted the
involvement of hPol ζ and Rev1 in resistance to cisplatin treatment. 88-90 Moreover, Pol η or Pol ζ
–deficient yeast cells exposed to Me-Lex or methylmethane sulfonate (MMS),37,46 which form 3Me-A, survived less than wild type cells exposed to the same drugs, showing that TLS also has
an impact on minor groove alkylation.
TLS leads to drug resistance to anticancer binding agents. Therefore, inhibiting TLS has been
suggested as a mean to potentiate chemotherapy with these drugs. Most Pol inhibitors
discovered in latest years are targeting hPol η, since this TLS enzyme is involved in resistance
to cisplatin and Me-lex. Ellagic acid and aurintricarboxylic acid are the most potent hPol η
inhibitors discovered, with IC50 values in the nanomolar range, while derivatives of thiobarbituric
acid inhibit hPol η in the micromolar range.91,92 Achieving selectivity of inhibition towards one Pol
or one family of Pols is a very challenging task considering the vast structural analogies between
these enzymes. One strategy to reach this goal may be to screen libraries of nucleotide analogs
are selectively incorporated opposite the DNA lesion during TLS and impede further progression
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of the Pol. Examples of nucleoside analogs selectively incorporated opposite a specific DNA
lesion are already available in the literature, although they would need structural improvements
to block DNA synthesis after their insertion.93,94 This approach would increase Pol selectivity
because only one or a few Pols are able to bypass a certain DNA lesion. Moreover, the
presence of the adduct and the modality of bypass by a specific Pol add more stringent
structural features to achieve selective Pol inhibition.
1.3.2

DNA Repair: Nucleotide Excision Repair

DNA repair processes are a fundamental part of the DNA damage response, executing the
removal of lesions from damaged DNA and avoiding the block of replication and transcription,
thereby preventing cell death. Several DNA repair pathways exist in cells and each one is
specialized in the removal of specific types of DNA lesions. Nucleotide excision repair (NER)
removes several structurally unrelated DNA lesions, including bulky mono-adducts and
intrastrand crosslinks, with a “cut and patch”-type reaction.95
NER is divided in two subpathways, global genome- (GG) and transcription coupled- (TC) NER,
which complement each other. While GG-NER senses helix-distortive lesions, TC-NER removes
transcription-blocking lesions. The two subpathways differ only in the first steps, particularly in
lesion recognition. In GG-NER, the lesion is recognized by the XPC-RAD23B factor and
sometimes with the UV-DDB (UV-damaged DNA-binding protein).96 In TC-NER the stalling of
Pol II, with the help of CSA, CSB and XAB2 factors, activates the repair process. 97 After the first
step of damage recognition, both pathways proceed with the core NER steps, which are
common to both subpathways. TFIIH is recruited to the lesion site and its subunits XPD and
XPB that possess 5’-3’ and 3’-5’helicase activity and unwind to DNA helix.98 When XPD stalls at
the lesion, XPA, RPA, and XPG factors are recruited, forming the preincision complex.99 The
complex ERCC1-XPF is then recruited by interaction with XPA and performs an incision on the
5’ side of the lesion.100 Repair synthesis by hPol δ, ε, or κ starts and is concluded after the 3’
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incision is performed by XPG.101 Finally, the DNA nicks are sealed by DNA ligase IIIa/XRCC1 or
DNA ligase I and the repair process is completed.102-104
NER removes diverse DNA lesions, from UV irradiation crosslinks such as CPDs and 6-4
photoproducts, bulky adducts from environmental contaminants like benzo(a)pyrene and
adducts from chemotherapeutic drugs like cisplatin.105 Deficiency in NER is deleterious and
leads to the genetic disorders like xeroderma pigmentosum, in case of defective GG-NER, or
cocaine syndrome, in case of defective TC-NER.106,107 In the context of chemotherapy with DNA
binding agent, NER reduced the efficacy of the therapy by adducts removal. Cisplatin resistant
ovarian cancer cells have increased NER capacity, and metastatic lung cancer patients with low
NER proficiency had a survival benefit from cisplatin treatment.108,109 Moreover, TC-NER
deficient cells were more sensitive to cisplatin treatment compared to wild type cells and
irrespective of their GG-NER status, suggesting that TC-NER is involved in the repair of cisplatin
adduct and in resistance to cisplatin treatment. Studies with cells deficient either in TC-NER of
GG-NER showed that also AF adducts are preferentially repaired by TC-NER and that the
activity of this pathway may diminish the cytotoxicity of these compounds. 110 Inhibition of TCNER could therefore be exploited to potentiate DNA binding agent activity, and moreover, since
Pol II stalling at DNA adducts activates TC-NER pathway,111 a better understanding of Pol II
behavior at such adducts may help the design of better binding agents.

1.4

Transcription by RNA Pol II

RNA polymerase II (Pol II) is a 12-subunit enzyme that transcribes protein-coding genes to
produce mRNAs in eukaryotic cells. Transcription initiation is characterized by the formation of
the pre-initiation complex, composed of Pol II and the general transcription factors TFIIB, TFIID,
TFIIE, TFIIF, and TFIIH, at the promoter region of the gene.112 The transcription factors
cooperate with Pol II so that, upon binding and opening of the promoter DNA with the formation
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of the “transcription bubble”, the escape of Pol II from the promoter is stimulated and
transcription elongation starts. The active site of Pol II is composed of subunits RPB1 and RPB2,
and catalysis occurs with a two Mg2+ ions mechanism. The two Mg2+ ions coordinate aminoacid
residues of RPB1 and RBP2 with the phosphate groups of the incoming NTP. 113 Nucleotide
incorporation in the nascent RNA strand is performed by entry of the incoming NTP in the
addition site (A-site) in the “pre-translocation” state. The DNA–RNA hybrid slides then to the
“post-translocation” state so that the A site is free for a new incoming NTP. Nucleotide selection
and catalysis is also guided by two domains with elements positioned adjacent to the active site,
the trigger loop and the bridge helix.114 The trigger loop is a mobile element involved in
recognition of the correct NTP and that swings to correctly position the incoming NTP in the A
site for catalysis. The bridge helix makes extensive interactions with the trigger loop and besides
being important for nucleotide incorporation, it seems to be involved in Pol II backtracking, a
proofreading mechanism that allows the removal of misincorporated nucleotides.115,116
Pol II transcription is inhibited by DNA damage in a lesion-specific manner and certain DNA
lesions may also be bypassed. In contrast to TLS during replication, where Y-family Pols are
recruited to the site of damage to perform the bypass, Pol II uses a different mechanism based
on the conformational flexibility of the trigger loop to accommodate the DNA adducts. Pol II was
shown to be blocked by helix distortive crosslinks such as cisplatin intrastrand crosslinks after
incorporation of A opposite the 5’ G.117 Conversely Pol II transcribes efficiently over small lesions
like O6-Me-G but with diminished fidelity, incorporating mostly U and C opposite the alkylated
G.118 Misincorporation of nucleotides during mRNA synthesis leads to transcriptional
mutagenesis, a phenomenon that may be deleterious for the cell if the mutation alters the
function of encoded proteins.119,120
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1.5

Overview of Thesis Chapters

The aim of the work presented in this thesis was to understand the impact of minor groove DNA
adducts on replication and transcription and how Pol behavior influences the activation of
resistance mechanisms such as TLS and TC-NER. Furthermore, this project aimed to discover
novel polymerase inhibitors to potentiate the efficacy of DNA binding agents for cancer therapy.
In Chapter 2, we evaluated the impact of synthetic 3-alkyl-adenosine analogs on replication in
vitro. The adenosine analogs, models for alkylation from agents such as Me-lex and AFs, are
used in biochemical studies with TLS hPols to determine structure-activity relationships dictating
Pol behavior. Chapter 3 provides insight into the biochemical mechanism of transcription by Pol
II over the 3-alkyl-adenosine analogs at the molecular level, revealing how Pol II stalling is
induced at minor groove adducts and therefore involved in the activation of TC-NER. In Chapter
4, the development of a fluorescence-based method for screening DNA Pol inhibitors is
described. This method may be efficiently applied in high-throughput settings enabling the
identification of TLS hPol inhibitors to potentiate the efficacy of DNA binding anticancer agents.
In Chapter 5 we describe the properties of newly discovered synthetic sulfoquinovosyl
diacylglycerols as TLS hPol inhibitors.
The results of this research improve our understanding of the role of TLS and repair in
resistance to DNA binding agents therefore it is expected to contribute to the design of improved
drugs that evade resistance. Additionally, the method developed herein to identify Pol inhibitors
and the characterization of SQDGs as TLS Pol inhibitors are expected to support the discovery
of more selective and effective molecules to increase the efficacy of DNA binding agents.
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2.1

Abstract

Anticancer drugs that alkylate DNA in the minor groove may give rise to 3-alkyl-adenosine
adducts that interfere with replication, inducing apoptosis in rapidly dividing cancer cells.
However, translesion DNA synthesis (TLS) by polymerase enzymes (Pols) with the capacity to
bypass DNA adducts may contribute to damage tolerance and drug resistance. 3-Alkyladenosine adducts are unstable and depurinate, a barrier to addressing chemical and enzymatic
aspects of how they impact the progress of DNA Pols. To characterize structure-based
relationships of 3-adenine alkylation relevant to cancer drugs on duplex stability and DNA Polcatalyzed DNA synthesis, we synthesized stable 3-deaza-3-alkyl-adenosine analogs, including
3-deaza-3-phenethyl-adenosine

and

3-deaza-3-methoxynaphthylethyl-adenosine,

and

incorporated them into oligonucleotides. A moderate reduction of duplex stability was observed
on the basis of thermal denaturation data. Replication studies using purified Y-family human
DNA Pols hPol η, κ, and ι indicated that these enzymes can perform TLS over the modified
bases. hPol η had higher misincorporation rates when synthesizing opposite the modified bases
compared to adenine, whereas hPol κ and ι maintained high fidelity. These results provide
insight concerning how alterations in chemical structure reduce bypass of minor-groove adducts,
and novel chemical probes for evaluating minor groove DNA alkylation.
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2.2

Introduction

DNA alkylating agents remain a first-line option for treating several types of cancer. A number of
experimental alkylating agents form cytotoxic DNA adducts by binding and alkylating in the minor
groove of DNA.1 Cytotoxicity generally results from the interference of DNA damage with DNA
replication and transcription, leading to cell death.2 Key examples of minor groove alkylators
include the duocarmycins, methyl-lexitropsin (Me-Lex) (Figure 1a), which is derived from
distamycin and netropsin,3,4 and acylfulvenes (AFs) (Figure 1a), semisynthetic derivatives of the
natural sesquiterpene illudin S.5 DNA adducts resulting from these compounds typically occur
from alkylation at position 3 of adenine,3,6,7 forming adducts of varying size and shape (Figure
1b) and correspondingly unique profiles for interacting with DNA repair and replication.
DNA damage often impedes the progress of high-fidelity replicative Pols and therefore,
specialized Pols are recruited with the capacity to replicate over DNA adducts in a process
termed translesion DNA synthesis (TLS). In eukaryotic cells, TLS is performed by Y-family Pols
(i.e. hPol η, ι, κ and REV1) that have a more open active site compared to replicative Pols and
an additional little finger (LF) domain that allows for adduct bypass.8 B-family hPol ζ, composed
of Rev3 and Rev7, is also involved in TLS, but appears to be relatively less efficient in lesions
bypass, and rather more efficient in catalyzing extension past the lesion, or post-lesion synthesis
(PLS).9,10
High expression of certain TLS Pols confers resistance to DNA alkylating anticancer drugs by
overcoming the intended synthesis-blocking effect of the adducts.11,12 For example, there is
substantial data that cisplatin efficacy is reduced in patients overexpressing hPol η,13 and
several human cell lines deficient in hPol η, ζ or hREV1 were more sensitive to cisplatin
treatment.14-19 Less data is available for TLS Pol expression in cancer cells conferring
resistance to minor groove alkylators like Me-Lex and MMS, but Pol η– or Pol ζ–deficient yeast
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cells exposed to Me-Lex and MMS, which form 3-Me-A, survived less than wild type cells
exposed to the same drugs.20-22 Moreover, expression of hPol ι or κ in these TLS-deficient yeast

Figure 1. a) Structure of minor groove alkylators Me-Lex and AF; b) Structure of the adenine adducts formed by MeLex (3-Me-A) and AFs (3-AF-A, 3-HMAF-A); c) Structure of the stable 3-deaza-3-alkyl-adenosine analogs.

strains restored resistance to MMS, suggesting that also these Pols may be involved in 3-Me-A
bypass.20,21 Understanding structure-activity relationships for Pol bypass may contribute to the
design of more effective therapeutics less susceptible to this resistance mechanism, however,
there is no data available regarding the proficiency of DNA Pols in bypass of bulky 3-alkyladenosine adducts, that are prone to depurinate.
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The thermodynamic instability of 3-alkyl-adenosine adducts is an obstacle to characterizing their
bypass by isolated Pols. 3-Me-A has a half-life of 50 h in naked DNA.23 Incubation of alkylated
DNA with DNA glycosylases that remove the adduct reduced their half-life to 12-24 h.24 Similarly,
the 3-AF-A adduct has a half-life of 8.5 h in naked DNA.7 In nucleotide excision repair (NER)deficient cells this value increased to 12 d, while in NER-proficient cells it was 1 d.25 The use of
stable deaza-adenosine analogs as models for N-alkylation has been used as an approach to
avoid depurination and enable biochemical studies. For example, Woodgate and co-workers
found that 3-deaza-3-methyl-adenosine (3d-Me-A, Figure 1b) blocks replicative Pols like hPol α
and δ, but is bypassed by hPol η, κ and ι.21 In another study, plasmids with 3d-Me-A, when
transfected into yeast, did not inhibit replication, suggesting that 3d-Me-A was bypassed.26
Moreover, 3d-Me-A did not block T7 RNA Pol in promoter-dependent transcription assays.26
Furthermore, oligonucleotides containing 3-deaza-adenosine were used to address the
requirement for N3 in DNA recognition by replicative DNA Pols, reverse transcriptase, restriction
endonuclease EcoRV and RNaseH.27-29 Similarly, Beal and co-workers used 7-deaza-adenosine
analogs to analyze structure-activity relationships of two isoforms of adenosine deaminases
acting on RNA (ADAR1 and ADAR2) and in siRNA interference studies.30,31 Oligonucleotides
containing 7-deaza-7-bromo-adenosine inhibited DNA binding of NF-κB, supporting the
importance of major groove interactions in its function.29
Two main strategies have been used to synthesize 3-deaza-3-alkyl-adenosine analogs. The first
strategy involves using substituted pyrimidines as starting material from which the purine base
and then the nucleoside are prepared in a stepwise manner.32 This approach was previously
applied for the synthesis of 3-deaza-3-methyl-adenosine and 3-deaza-3-hydroxymethyladenosine.32,33 A second strategy involves starting from a deaza-nucleoside halogenated at the
3-position, and carrying out a metal-catalyzed Sonogashira cross-coupling reaction with an
alkynyl substrate.34 By such a cross-coupling approach, fluorescent alkyl groups have been
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linked to the 3-position of adenosine, and the resulting naphthalene and pyrene derivatives were
used as probes to sense matched vs. mismatched oligonucleotides.34,35 Likewise, Sonogashira
coupling reactions have been extensively applied to the synthesis of several other modified
nucleic acids, in particular 7-deaza-purines.36-42 Cross-coupling chemistry is ideal for structureactivity relationship studies because it allows the convergent synthesis of related analogs.
In this study, 3-deaza-3-alkyl-adenosine analogs of varying size (Figure 1c), modeling alkylated
bases derived from minor-groove-binding drugs such as Me-Lex and AF, were addressed. MeLex, which selectively methylates the 3 position of adenine, possesses DNA repair-dependent
anticancer activity towards tumor cell lines, such that its cytotoxicity increases in co-treatment
with PARP-1 inhibitors.3,43,44 AFs also target the 3 position of adenine, requiring reductasemediated activation to generate a reactive cyclopropyl-substituted fulvene analog, and resulting
adducts appear to be substrates for transcription-coupled-NER.5,7,45-47 Me-Lex forms 3-Me-A
(Figure 1b), which is known to block high-fidelity DNA Pols but is bypassed by Y-family DNA
Pols, although mutation frequency in treated yeast cells did not increase significantly. 22 AF
mainly forms 3-AF-A (Figure 1b) and is mutagenic in Chinese hamster V79 cells.48 To
characterize structure-based impacts of the increasing size of 3-alkyl adenosine modification, we
synthesized

stable

3-deaza-3-alkyl-adenosine

analogs,

including

3-deaza-3-phenethyl-

adenosine and 3-deaza-3-methoxynaphthylethyl-adenosine, by a Sonogashira cross-coupling
reaction followed by catalytic reduction. The corresponding base analogs were incorporated in
oligonucleotides and structure-activity relationships concerning their impact on DNA Pol activity
was evaluated. Primer extension reactions were performed with purified human DNA Pols on
DNA templates containing a single modified base and elongation products were visualized by
PAGE electrophoresis. We report findings regarding the bypass of 3-deaza-3-alkyl-adenosine
analogs by hPol η, κ, and ι, and characterize fidelity of this process. The behavior of these hPols
is discussed in light of anticipated active site interactions.
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2.3

Results

Synthesis of 3-deaza-3-alkyl-adenosine analogs
We examined three 3-deaza-3-alkyl-adenosine analogs of increasing size to investigate how
alkyl substituents at the 3-position of adenine impact DNA stability and the activity of DNA Pols.
The two

larger

analogs,

3-deaza-3-phenethyl-adenosine

methoxynaphthylethyl-adenosine

(3d-Napht-A),

were

(3d-Phen-A)

synthesized

and 3-deaza-3-

from

3-deaza-2’-

deoxyadenosine (1) (Scheme 1). 3-deaza-adenosine 1 was iodinated at C3 with technical
modification to a reported procedure.34 The 3’- and 5’- hydroxyl groups of the iodonucleoside 2
were transiently protected as TMS ethers, whilst N6 was protected with a benzoyl group, yielding
the 3-iodo-6-benzoylamino-2’-deoxyadenosine 3. The protected iodonucleoside 3 was subject to
Sonogashira cross-coupling with ethynylbenzene or 2-ethynyl-6-methoxynaphthalene. The
reactions were performed at 25 °C in DMF, using 98% Pd(PPh3)2Cl2 as catalyst. The resulting
alkynes 4a and 4b were reduced to the corresponding alkanes by catalytic hydrogenation at
room temperature to yield 3-deaza-3-alkyl-adenosine analogs 5a-b in 67% and 70% yield,
respectively. This procedure provided for the synthesis of 3-deaza-3-alkyl-adenosine analogs
larger than 3-deaza-3-methyl-adenosine, which is obtained by 2’-deoxyribosylation of 3-deaza-3methyl-adenine and is commercially available.32,33 Nucleosides were incorporated into
oligonucleotides by standard phosphoramidite and solid phase coupling chemistry. Thus, the 5’hydroxyl group of substituted 3-deaza nucleosides 5a and 5b were protected with 4,4′dimethoxytrityl (DMT) chloride to yield 6a-b, which were converted to the corresponding
phosphoramidites by reacting with 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite to
provide 7a-b. Phosphoramidites 7a-b were used to make modified 26mer oligonucleotides by
solid phase DNA synthesis on an automated DNA synthesizer.
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Scheme 1. Synthesis of 3-deaza-3-alkyl-adenosine phosphoramidites 7a-b. Reagents and conditions: a) Niodosuccinimide, DMF, RT, 74%; b) TMSCl, BzCl, pyridine, 94% c) Pd(PPh3)2Cl2, Et3N, DMF, ethynyl-benzene or 2ethynyl-6-methoxynaphthalene, RT, not isolated; d) H2, Pd/C, DMF, 67% (5a) and 70% (5b) over two steps; e)
DMTrCl, pyridine, 53% (6a) and 73% (6b); f) 2-cyanoethyl-N,N-diisopropyl chlorophosphoramidite, DIPEA, CH2Cl2,
49% (7a) and 75% (7b).

Characterization of DNA Duplexes with 3-deaza-3-alkyl-adenosine analogs
The influence of increasing 3-alkyl group size was evaluated by melting temperature (Tm)
determination for DNA duplexes with the modification placed near the middle of a 26-nucelotide
sequence. Oligonucleotides with a single 3-deaza-3-alkyl-adenosine analog, either 3d-Me-A, 3dPhen-A or 3d-Napht-A, at position 15 in the 26mer 5’-ACCTCAACTACTTGACCCTCCTCATT-3’,
where A indicates the modified base, were obtained by solid phase DNA synthesis.
Corresponding oligonucleotides with A at the same position were also examined for reference.
The Tm values for duplexes with A or modified A placed opposite T were determined by variable
temperature UV-analysis. The presence of the modified base led to a small decrease in Tm
relative to the corresponding unmodified oligonucleotide duplex (-0.9/-1.7 °C), and this
destabilization effect was slightly enhanced as the size of the analog increased (Table 1).
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Table 1. Tm Values of DNA duplexes containing A, 3d-Me-A,
3d-Phen-A, 3d-Napht-A opposite T.
a

ΔTm

Base Pair

Tm

A:T

77.8 ± 0.3

3d-Me-A:T

76.9 ± 0.1

-0.9 ± 0.3

3d-Phen-A:T

76.8 ± 0.2

-1.0 ± 0.4

3d-Napht-A:T

76.1 ± 0.2

-1.7 ± 0.4

Tm measurement error is expressed as standard deviation
(n=4).
[a] ΔTm represents the difference between the Tm of the
duplex containing the correct base pair A:T and the A adduct:T
duplexes.

Translesion DNA Synthesis Opposite 3-deaza-3-alkyl-adenosine analogs
To investigate the impact of 3-alkyl-adenosine adducts on DNA Pol processivity, we performed in
vitro primer extension reactions with human DNA Pols specialized either in high-fidelity
replication (hPol α) or error-prone TLS (hPol η, κ, ι and ζ). Standing-start primer extension
reactions were carried out using as DNA template the 26-mer previously employed for thermal
denaturation analysis. The 26mer template was annealed to an 11mer primer (Figure 2a), and
enzymatic reactions were performed in steady-state conditions, with molar excess of DNA and
dNTPs compared to the Pol.
TLS Pols bypassed the bulky 3-deaza-3-alkyl-adenosine analogs, forming 20-37% primer
extension products for hPol η (Figure 2a), 20-40% for hPol κ (Figure 2b) and 12-35% for hPol ι
(Figure 2c), while hPol ζ did not bypass the modified bases (Figure 2d). hPol η and κ extended
the primer yielding full-length product, whereas hPol ι efficiently incorporated nucleotides
opposite the modified bases, but did not yield full-length product. We also performed primer
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extension reactions with the replicative hPol α, confirming that the enzyme was stalled by the
modified bases (Figure S21).

Figure 2. Translesion synthesis over A or 3-deaza-3-alkyl-adenosine analogs (a) by TLS hPol η (b), κ (c), ι (d) and ζ
(e). Primer extension reactions contained varying hPols concentrations (5 nM hPol η and κ, 15 nM hPol ι, 70 nM hPol ζ)
and 500 nM DNA. Reactions were performed in presence of all four dNTPs (100 μ M) and stopped at the times
indicated.

To test which dNTPs are favored substrates of hPol η, κ and ι in the bypass of the 3-deaza-3alkyl-adenosine analogs, we performed single nucleotide incorporation studies (Figure 3). These
reactions were carried out with the same constructs used for full-length synthesis and primer
extension performed in the presence of individual nucleotides was stopped by addition of a
quenching solution after 20 min. The presence of the modified bases caused a substantial
alteration of hPol η and κ selectivity compared to reactions with A in the template, while hPol ι
maintained high selectivity for inserting the correct dTMP opposite the 3-deaza-3-alkyl-adenine
analogs (Figure 3). hPol η-mediated incorporation of dTMP was reduced opposite the modified
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bases compared to A (Figure S22), whereas dCMP incorporation increased. Incorporation of
dAMP and dGMP remained unchanged for all templates (Figure S22). Synthesis catalyzed by
hPol κ led to the formation of a large amount of product arising from insertion of dTMP opposite

Figure 3. Incorporation of a single nucleotide opposite A or 3-deaza-3-alkyl-adenosine analogs by hPol η, κ and ι.
Primer extension reactions containing varying Pol concentrations (5 nM hPol η and κ, 15 nM hPol ι), 500 nM DNA
and 100 µM dNTP, proceeded for 20 min.

A or the 3-deaza-3-alkyl-adenosine analogs, with virtually complete consumption of the 11-mer
primer in all cases (Figure 3). hPol κ incorporated more dCMP and dGMP opposite the modified
bases compared to A (Figure S22). The evident differences in product formation upon hPol η and
κ incorporation opposite the 3-deaza-3-alkyl-adenosine analogs compared to the unmodified
template, independent of alkyl-group size, prompted us to further characterize these reactions by
kinetic analysis.
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Steady-state Kinetics of Single Nucleotide Incorporation
To quantify the fidelity of hPol η and κ bypass of the 3-deaza-3-alkyl-adenosine analogs, we
measured steady-state kinetic parameters for hPol η incorporation of dTMP and dCMP and hPol
κ incorporation of dTMP, dCMP and dGMP opposite A, 3d-Me-A and 3d-Napht-A (Table 2). The
incorporation efficiency of hPol η for correct insertion of dTMP was reduced in presence of the 3deaza-3-alkyl-adenosine analogs by about 100- and 400-fold opposite 3d-Me-A and 3d-Napht-A
compared to A. dCMP incorporation efficiency opposite A was reduced in comparison to the
correct dTMP by 3 orders of magnitude, whereas opposite 3d-Me-A and 3d-Napht-A, dCTP
incorporation was as efficient as the correct dTMP incorporation. As a consequence, hPol η
misinsertion ratio for dCMP opposite A was low, whereas it was high opposite 3d-Me-A and 3dNapht-A. As an additional control, we measured the steady-state rates for dTMP and dCMP
incorporation opposite 3-deaza-adenosine (3d-A) by hPol η, in order to verify that the reduced
fidelity observed for the adduct analogs could not be attributed to the replacement of N3 by C3
and loss of a critical H-bond acceptor. Thus, misinsertion ratios for dCMP opposite 3d-A was
0.0354 (Table S1), which is more than 30 fold lower than for 3d-Me-A (1.07) or 3d-Napht-A
(1.33), supporting that the presence of the adducts is the primary basis of reduced fidelity. Unlike
hPol η, hPol κ incorporated dTMP opposite the modified bases only slightly less efficiently
(between 9- and 10-fold) than opposite A. dCMP incorporation opposite A was 3 orders of
magnitude lower compared to dTMP. Opposite 3d-Me-A and 3d-Napht-A, a reduction between 1
and 2 orders of magnitude was observed. Importantly, we noticed increased dGMP incorporation
opposite the modified bases compared to when A was in the template, with about 15 and 50-fold
increase for 3d-Me-A and 3d-Napht-A, respectively. Although dCMP and dGMP misinsertion
ratios for hPol κ, opposite the modified bases, were 1 to 2 orders of magnitude higher that
opposite A, we concluded that hPol κ maintained higher fidelity than hPol η for dNTP
incorporation opposite the 3-deaza-3-alkyl-adenosine analogs.
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Table 2. Steady-state kinetic parameters for single nucleotide incorporation opposite A, 3d-Me-A or 3d-Napht-A.
Pol

Base in Template

dNTP

kcat-1
(min )

KM
(μM)

kcat
/KM -1
-1
(μM min )

hPol η

A

dTTP

9.1 ± 0.3

1.1 ± 0.2

8.3

dCTP

1.00 ± 0.06

22.9 ± 4.1

4.4 x 10

-2

0.0053

dTTP

1.42 ± 0.04

17.2 ± 1.9

8.3 x 10

-2

1

dCTP

1.16 ± 0.04

13.1 ± 1.8

8.9 x 10

-2

1.07

dTTP

2.9 ± 0.2

140 ± 23

2.1 x 10

-2

1

dCTP

1.54 ± 0.04

54.5 ± 5.5

2.8 x 10

-2

1.33

dTTP

12.6 ± 0.5

1.55 ± 0.27

8.1

dCTP

1.2 ± 0.1

236 ± 42

5.1 x 10

-3

0.0006

dGTP

0.056 ± 0.002

83 ± 11

6.7 x 10

-4

0.0001

dTTP

8.2 ± 0.3

8.9 ± 1.7

0.9

dCTP

0.38 ± 0.04

44.9 ± 10.9

8.5 x 10

-3

0.0094

dGTP

1.38 ± 0.08

143 ± 21

9.7 x 10

-3

0.0107

dTTP

6.0 ± 0.2

7.5 ± 1.2

0.8

dCTP

1.23 ± 0.04

46.0 ± 4.9

2.7 x 10

dGTP

0.70 ± 0.02

19.9 ± 2.9

3.5 x 10

3d-Me-A

3d-Napht-A

hPol κ

A

3d-Me-A

3d-Napht-A

Misinsertion ratio

[a]

1

1

1

1
-2

0.0338

-2

0.0438

[a] Describes the ratio (kcat/KM)dNTP / (kcat/KM)dTTP within each set of Pol experiments

2.4

Discussion

In this study, DNA oligonucleotides containing 3-deaza-3-alkyl-adenosine analogs with alkyl
groups of increasing size were synthesized and used to elucidate structure-stability and Pol
function relationships. The presence of the modified bases in a 26mer DNA duplex caused a
moderate size-dependent reduction in stability compared to the unmodified duplex. In primer
extension experiments with DNA Stemplates containing the 3-deaza-3-alkyl-adenosine analogs,
TLS hPol η, κ and ι bypassed the modified bases. dNMP incorporation fidelity opposite the
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modified bases was reduced for hPol η compared to opposite the natural base, while hPol κ and
ι maintained higher fidelity.
The synthetic strategy for the 3-deaza-adenosine analogs 3d-Phen-A and 3d-Napht-A was
inspired by the procedure of Saito and co-workers.34 Whereas a protecting group is not needed
for the coupling reaction, we used a benzoyl group at the N6 position of the iodonucleoside 2
because we found that it increased solubility and improved the purification, therefore resulting in
higher product yields for these analogs. Another key aspect of the synthetic procedure
developed herein was the catalytic reduction of the triple bond formed upon the Sonogashira
coupling, which allowed us to obtain 3-deaza-3-alkyl-adenosine analogs with a two carbon linker
typical of the AF-type adducts. This process was optimized to be carried out in DMF, allowing for
complete reduction to the single bond, whereas in other solvents tested, such as methanol,
mixtures of double- and single-bond products were obtained, possibly due to inactivation by
precipitation of reagents.
Depending on the adduct structure, DNA adducts may destabilize or sometimes stabilize the
double helix, potentially impacting the affinity of DNA-binding proteins involved in replication and
repair. Thermal denaturation of 26mer duplexes containing a single 3-deaza-3-alkyl-adenosine
adduct indicated that the Tm difference between the duplex containing 3d-Me-A vs. 3d-Napht-A is
only about 0.8 °C. This observation suggests that C3 adducts may be well accommodated in the
minor groove of DNA without a major distortion of the DNA helix. Other minor groove adducts
have been observed to stabilize the DNA duplex, such as the adduct formed by the pyrroloindole
CC-1065 at the 3-position of adenine. This adduct increased DNA duplex stability,49,50 possibly
by a winding and stiffening effect on the DNA helix.51 The N2-guanine adduct of anthramycin was
also shown to increase duplex stability, on the possible basis of H-bond formation between the
phenolic group at C9 of anthramycin and the 2-keto group of the C opposite the adduct.52 These
minor groove adducts that stabilize DNA are repaired by NER less effectively than adducts that
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decrease DNA stability.53 Considering the similar size and shape of 3-AF-A and 3-HMAF-A
adducts to the 3d-Napht-A analog tested, we hypothesize that also the AF adducts minimally
alter the stability and conformation of the DNA helix. This hypothesis would be consistent with 3AF-A and 3-HMAF-A being poor substrates for global genome-NER, which requires recognition
of a distortion in the helix.54,55
The impact of 3-deaza-3-alkyl-adenosine analogs on the processivity and fidelity of hPols was
investigated by primer extension reactions. hPol α was previously shown to stall at 3d-Me-A and
we confirmed the stalling also with the bulkier analogs 3d-Phen-A and 3d-Napht-A,21 which may
be explained by the disruption of minor groove H-bonding interactions that are criticalfor
replicative DNA Pol processivity and fidelity.56-60 Also hPol ζ, regarded as a good extender after
dNMP incorporation opposite DNA adducts by a Y-family Pol,61 was not able to overcome the
modified bases and no full-length synthesis product was detected. It is possible that hPol ζ
contributes to the bypass of 3-adenine adducts in the extension step of TLS, a model proposed
for other DNA lesions like 7,8-dihydro-8-oxoguanine and O6-methyl-guanine.62 Of the Y-family
Pols hPol η, κ and ι, hPol η and κ efficiently bypassed the 3-deaza-3-alkyl-adenosine analogs,
giving rise to full-length synthesis. These results suggest that hPol η and κ may contribute to
tolerance of N3 adenine adducts in drug-resistant cancer cells.
Steady-state kinetic analysis for dNMP incorporation opposite the 3-deaza-3-alkyl-adenosine
analogs suggested key differences in the capacity of hPol η and κ to replicate over minor-groove
adducts. hPol η incorporated dTMP and dCMP with very similar rates opposite both 3d-Me-A
and 3d-Napht-A but not opposite A, leading to a reduction of nucleotide discrimination. hPol η is
efficient and accurate in the bypass of cyclobutane pyrimidine dimers (CPDs) and cisplatin
crosslinks. This is due to the LF domain conformation enabling the accommodation of the
crosslinks in the active site and extensive hydrophobic interactions between protein aminoacid
residues and the major groove of DNA where these lesions are formed.63 On the other hand, the
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Figure 4. Crystal structures of hPol η, κ and ι bypassing different adducts, and computational models (molecular
mechanics) of 3d-Napht-A in the active sites. a) hPol η with N7-phenanthriplatin-G in template (PDB ID:4Q8E). b)
2

2

hPol κ with N -benzo[a]pyrene-guanine (N -B[a]P-G) in template (PDB ID: 4U7C). c) hPol ι with A in template (PDB
ID: 1T3N). The modified base in the DNA template in the crystal structures was replaced with 3d-Napht-A and the
incoming dNTP was modified to dTTP. d) hPol η with 3d-Napht-A in template. e) hPol κ with 3d-Napht-A in template. f)
hPol ι with 3d-Napht-A in template. Molecular Operating Environment (MOE) software was used with Amber 99 Force
Field for energy minimizations. DNA template and primer, in green; hydrogen bonds, blue dotted lines; templating
adduct, blue; incoming dTTP, magenta.

constrained active site on the minor groove side of DNA may explain the reduced efficiency of
extension past the 3-deaza-3-alkyl-adenosine analogs compared to A.63 We computationally
modelled hPol η, κ and ι at templating 3d-Napht-A (Figure 4) to gain insight explaining the
different behavior of these TLS Pols in the bypass of the 3-deaza-3-alkyl-adenosine analogs.
Published crystal structures of hPol η at a templating N7-phenanthriplatin-G (PDB ID:4Q8E),
hPol κ at a templating N2-benzo[a]pyrene-guanine (N2-B[a]P-G) (PDB ID: 4U7C) and hPol ι at a
templating A (PDB ID: 1T3N) were used as starting point and are shown in Figure 4a-c. We
replaced the templating base in the DNA template with 3d-Napht-A and modified the incoming
dNTP to dTTP. For hPol η, the bulky naphthyl group of 3d-Napht-A protruded from the minor
groove, interacting with hPol η residues in the active site (Figure 4d). This conformation would
be expected to lead to a misalignment of the incoming dNTP, disrupting the Watson-Crick
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geometry of the nascent base pair. As can be observed in Figure 4a, the major groove side of
3d-Napht-A has a wide space in the active site. This space allows the accommodation of the
phenanthriplatin adduct at the N7-position of G, crystal structure solved by Lippard and coworkers, and a good alignment of the nucleobase to form the correct H-bonding with the
incoming dNTP (Figure 4a).64
hPol κ was more efficient for the incorporation of the correct dTMP compared to dCMP or dGMP
for all DNA templates, maintaining high nucleotide discrimination also for incorporation opposite
3-adenosine analogs. Features of hPol κ that differentiate it from hPol η during adduct bypass,
making it efficient in TLS over bulky minor groove adducts, are the unique orientation of the LF
domain and the opening of the active site on the minor groove side of DNA to accommodate
minor-groove adducts.65 This behaviour was observed for hPol κ replicating over N2-B[a]P-G
(Figure 4b), suggesting that the alkylated base adopts an anti-conformation without distorting the
helix and allowing correct Watson-Crick base pairing to occur. Moreover, the stacking of Phe49
from the N-clasp motif with the alkylated guanine stabilizes the DNA template and is required for
bypass.65 These data support the hypothesis that hPol κ is effective in the error-free bypass of
bulky minor groove adducts.65,66 As shown in Figure 5e, hPol κ orients the naphthyl group of 3dNapht-A in the active site, avoiding any steric clash with amino acid residues. Moreover, correct
alignment and H-bond formation with incoming dTTP was observed.
hPol ι incorporated dNMPs opposite the 3-deaza-3-alkyl-adenosine analogs but post-lesion
incorporation was not efficient and retained high fidelity incorporating dTMP opposite alkylated
adenine. hPol ι was previously shown to bypass DNA adducts not tolerated by hPol η and κ.67
One example is the acrolein-induced N2-propano-guanine adduct, which is bypassed by hPol ι
by accommodating the base in a syn conformation and forming a Hoogsten base pair with dCTP,
typical also for unmodified purines (Figure 4c).67,68 Flipping of the adduct to the less hindered
major groove side was suggested as the hPol ι TLS mechanism also for N3 adenine adducts.68,69
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hPol ι active site has space for 3d-Napht-A (Figure 4f), which may be oriented to form a
Hoogsteen pair with incoming dTTP, to be extruded from the duplex. The bulky analog was
predicted to fit perfectly in the active site, without altering the nucleobase orientation.
The constrained active site of hPol η on the minor groove side of DNA appears to preclude the
accommodation of 3d-Napht-A without inducing unfavorable steric interactions that compromise
the correct formation of H-bonds with the incoming dNTP. This phenomenon would explain the
reduced efficiency and fidelity of hPol η bypass. Conversely, the modelling data suggest that
hPol κ and ι orient the adduct in a favorable position that does not impair the H-bond formation
between the alkylated base and the incoming dNTP.
2.5

Conclusions

Bypass of bulky minor-groove DNA adducts by TLS Pols may reduce the desired cytotoxic
effects of DNA alkylating agents in cancer therapy, or lead to mutations. With the use of synthetic
3-deaza-3-alkyl-adenosine analogs of varying size, we characterized the behavior of hPol η, κ
and ι in bypassing DNA adducts formed at the 3-position of adenine. This information is relevant
to better understand the relative effects of DNA adducts from minor groove alkylators like MeLex and AFs, and how the structures of DNA alkylating drugs may influence their propensity for
bypass by specialized TLS Pols in human cells.
Between hPol η and κ, which performed full-length synthesis, hPol κ was more efficient and
accurate in nucleotide incorporation opposite the modified bases, while hPol ι performed errorfree bypass of the modified bases. Moreover, the increase in size of the alkyl groups at the 3position of adenine caused only minor differences in Pol-mediated dNMP incorporation
efficiency. These results suggest that all three Pols could contribute to tolerance of the N3adenine adducts. While hPol κ and ι mainly performed error-free bypass of the 3-deaza-3-alkyladenosine analogs tested, hPol η bypass was error-prone therefore it may be expected to be a
main cause for increases in mutation frequency previously observed in cells treated with AFs.48
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Further cell-based studies are needed to test this hypothesis suggested on the basis of studies
with isolated Pols and synthetic nucleic acid modifications. This study provides a set of synthetic
chemical probes for addressing 3-alkyl-A impacts, together with first insight of how Pols process
bulky minor-groove adducts at the 3-position of adenine.
2.6

Experimental Section

Materials and Chemicals
Unmodified

oligonucleotides

were

purchased

from

VBC

Biotech

(Vienna,

Austria).

Phosphoramidites of A, G, C and T were obtained from Glen Research (Sterling, VA, USA). 3deaza-3-methyl-adenine CEP was purchased from Berry & Associates, Inc. (Dexter, MI, USA).
dNTPs were obtained from New England Biolabs (Ipswich, MA, USA). hPol α (cat. N. 1075,
0.448 μg/ μL) was purchased from CHIMERx (Madison, WI, USA). hPol η (cat. N. 19, 5 μg, 100
ng/μL), ι (cat. N. 20, 5 μg, 100 ng/μL) and κ (cat. N. 27, 5 μg, 174 ng/μL) were from Enzymax
(Lexington, KY, USA). hPol ζ (590 ng/μL) was expressed and purified as described previously.70
Synthesis of 3-deaza-3-alkyl-adenosine Phosphoramidites
Detailed synthetic procedures are described in the Electronic Supplementary Information.
Preparation of Oligonucleotides Containing 3-deaza-3-alkyl-adenosine Analogs
Modified oligonucleotides were prepared by solid phase DNA synthesis on a Mermade 4 DNA
synthesizer (Bioautomation Systems, Inc., Irving, TX, USA) and purified by HPLC (Agilent 1100
Series) using an Agilent Luna 25mm C18 column. The chromatographic mobile phases were 50
mM triethylammonium acetate and acetonitrile (ACN) and the gradient was linear from 10-15%
ACN over 35 min. The eluted fractions containing DNA templates were concentrated to dryness
in a MiVac centrifugal evaporator (GeneVac), resuspended in deionized water (500 μL) and the
composition confirmed by direct injection mass spectrometric analysis on an Agilent MSD SL ion
trap mass spectrometer with electrospray ionization.
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Melting Temperature
Oligonucleotide solutions were prepared in teflon-stoppered 1 cm path length quartz cuvettes at
a final concentration of 5 μM in phosphate buffer (25 mM, pH 7.0) with 0.5 mM EDTA and 500
mM NaCl. They were annealed to a complementary strand by heating the DNA mixture to 90 °C,
followed by slowly cooling to 20 °C. Absorption at 260 nm was recorded with a Varian Cary 100
UV−vis spectrophotometer with Peltier thermal programmer for temperature control. Recordings
were done while increasing the temperature from 20 to 90 °C at a rate of 0.5 °C/min in teflonstoppered 1 cm path length quartz cuvettes. Tm data were determined as the maximum of the
first-derivative of the Tm curves using the Cary Thermal software. Four independent
measurements were performed for each DNA duplex.
Primer Extension Reactions
DNA scaffolds containing a 26-mer template (5’-CCTCAACTACTTGACCCTCCTCATT-3’, A
represents the alkylated base) were annealed to an 11-mer labeled with fluorescein (FAM-5’AATGAGGAGGG-3’). The annealing of template (11 μM) and primer (10 μM) was performed in
10 mM Tris-HCl buffer (pH 7.9) with 50 mM NaCl and 1 mM DTT by warming to 90 °C and
cooling slowly to room temperature. Primer extension reactions were performed in a buffer
containing Tris-HCl 40 mM (pH 8.0), MgCl2 5 mM, DTT 10 mM, BSA 0.1 mg/mL and glycerol 5%.
Purified human DNA Pols (5-70 nM) were incubated with DNA scaffolds (500 nM) and dNTPs
(100 μM) at 37 °C in a total volume of 10 µL. Reactions were started by adding the Pol and
quenched by adding stop solution (5 µL, formamide 95%, EDTA 50 mM). Primer extension bands
were separated by PAGE electrophoresis (acrylamide 20%) and visualized with a Molecular
Imager Gel Doc XR+Imaging System from Bio-Rad. Gel band intensities were quantified with
Image

Lab

3.0.

Percentage

of

primer

extension

was

derived

with

the

equation  I ( n  x ) / ( I ( n  x)  In) , where I ( n  x ) represents the intensity of all bands above the
primer and In represents the band intensity of the non-extended primer.
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Steady-state kinetic reactions were performed under the same conditions and using the same
DNA:Pol ratios as in the full-length synthesis experiments. Reactions contained varying
concentrations of dTTP or dCTP (0-500 μM final concentration) and were quenched at a fixed
time ranging from 2 min to 6 h, depending on the efficiency of the reaction. Kinetic parameters
were derived by Michaelis-Menten analysis using GraphPad Prism (La Jolla, CA, USA). Three
independent replicates were performed for each reaction.
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Supporting Information

1) Preparation of 3-deaza-3-phenethyl-adenosine and 3-deaza-3-methoxynaphthylethyladenosine phosphoramidites
General
Reagents were purchased from Sigma Aldrich (Switzerland) and used without further
purification. Thin layer chromatography was performed with silica gel 60 F254 plates. Flash
column chromatography was performed on a Biotage system with pre-packed Flash+ KP-SiO2
cartridges. 1H and 13C NMR spectra were recorded on a Bruker Biospin 400 MHz NMR
instrument, and chemical shifts are reported in parts per million (ppm, δ) relative to the chemical
shift of the respective NMR solvent. High resolution mass spectra were recorded on Thermo
Scientific Exactive mass spectrometer with electrospray ionization.

4-Amino-1-(2-deoxy-β-d-ribofuranosyl)-7-iodoimidazo[4,5-c]pyridine (2):
A mixture of 1 (100 mg, 0.4 mmol) and N-iodosuccinimide (113 mg, 0.5 mmol) in anhydrous
DMF (2 mL) was stirred at ambient temperature overnight. The reaction mixture was
concentrated in vacuo, and the residue was purified by flash chromatography on silica gel using
a mixture of dichloromethane-methanol (5:1) as an eluent to yield 2 (111 mg, 74%) as a beige
solid. 1H NMR (400 MHz, [D6]-DMSO): δ 2.41 (ddd, J=4.0, 6.1, 13.2 Hz, 1H), 2.53 (dd, J=6.3,
13.1 Hz, 1H), 3.56 (ddd, J=4.0, 5.3, 11.8 Hz, 1H), 3.61 (ddd, J=4.0, 5.3, 11.8 Hz, 1H), 3.89 (dd,
J=4.0, 7.6, 1 H), 4.37 (m, 1H), 5.03 (t, J=5.3, 1H), 5.35 (d, J=4.0, 1H), 6.47 (bs, 2H), 7.01 (t,
J=6.5 Hz, 1H), 7.91 (s, 1H), 8.51 (s, 1H) ppm; 13C NMR (400 MHz, [D6]-DMSO): 41.3, 56.5, 61.1,
70.0, 83.4, 87.6, 128.6, 136.6, 140.2, 148.2, 152.4 ppm; HRMS (ESI): m/z calcd for C11H13IN4O3:
377.0105 [M+H]+, found: 377.0110.

4-Benzoylamino-1-(2-deoxy-β-d-ribofuranosyl)-7-iodoimidazo[4,5-c]pyridine (3):
Chlorotrimethylsilane (490 µL, 3.85 mmol) was added to a suspension of 2 (185 mg, 0.49 mmol)
in anhydrous pyridine (5.2 mL) and the mixture was stirred at ambient temperature for 15 min.
Benzoyl chloride (176 µL, 1.51 mmol) was added and the mixture was stirred at ambient
temperature for further 80 min. Ice-cold water (3.2 mL) was added and the mixture was stirred at
ambient temperature for 5 min. Finally, ice cold 30% aqueous NH4OH (2.6 mL) was added and
the mixture was stirred at ambient temperature for 30 min. The reaction mixture was
concentrated in vacuo, and the residue was purified by flash-chromatography on silica gel using
a mixture of dichloromethane-methanol (10:1) as an eluent to yeild 3 (220 mg, 94%) as a white
solid: 1H NMR (400 MHz, [D6]-DMSO): 2.46 (ddd, J=4.0, 6.1, 13.2 Hz, 1H), 2.63 (dd, J=6.2, 13.1
Hz, 1H), 3.56 (dd, J=3.9, 11.8 Hz, 1H), 3.62 (dd, J=4.1, 11.8 Hz, 1 H), 3.92 (q, J=3.8, 1 H), 4.41
(m, 1 H), 5.06 (bs, 1H), 5.39 (bs, 1H), 7.12 (t, J=6.4 Hz, 1H), 7.54 (t, J= 7.5, 2H), 7.62 (tt, J=2.3,
7.3, 1H), 8.03 (dd, J=1.6, 7.3, 2H), 8.48 (s, 1H), 8.76 (s, 1H), 10.73 (s, 1H) ppm; 13C NMR (400
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MHz, [D6]-DMSO): 41.1, 61.0, 70.0, 70.2, 83.7, 87.8, 128.0, 128.4, 128.5, 129.2, 131.9, 133.9,
136.2, 139.3, 143.4, 144.4, 148.3, 165.5 ppm; HRMS (ESI): m/z calcd for C18H17IN4O4: 481.0367
[M+H]+, found: 481.0378.
4-Benzoylamino-1-(2-deoxy-β-d-ribofuranosyl)-7-phenethyl-imidazo[4,5-c]pyridine (5a):
A de-gassed mixture of DMF (2 mL) and Et3N (2 mL) was added to a mixture of 3 (87 mg, 0.18
mmol), Pd (PPh3)2Cl2 (10 mg, 0.014 mmol) and CuI (2 mg, 0.009 mmol). Phenylacetylene (100
µL, 0.91 mmol) was added and the reaction mixture was stirred at ambient temperature under a
nitrogen atmosphere overnight. The reaction mixture was concentrated in vacuo. The residue
was washed with 20 mL dichloromethane-hexanes mixture (1:1), dried under vacuum, and redissolved in anhydrous DMF (3 mL). 10% Pd/C (18 mg) were added and the mixture was stirred
vigorously for 30 min at ambient temperature under H2 (1 atm). The reaction mixture was
concentrated in vacuo and the residue was purified by flash chromatography on silica gel using
a mixture of dichloromethane-methanol (20:1) as an eluent to yield 5a (55 mg, 67%) as a
colorless solid. 1H NMR (400 MHz, [D6]-DMSO): 2.45 (ddd, J=3.6, 5.5, 13.2 Hz, 1H), 2.80 (ddd,
J=6.3, 7.2, 13.3 Hz, 1H), 2.92 - 3.11 (m, 2H), 3.98 (m, J=7.0, 10.0, 13.6 Hz, 1H), 3.05 (ddd,
J=6.1, 10.5, 13.4 Hz, 1H), 3.48 (dd, J=4.6, 11.8 Hz, 1H), 3.54 (dt, J=4.9, 11.8 Hz, 1 H), 3.93
(ddd, J=3.3, 4.5 Hz, 1 H), 4.43 (m, 1 H), 4.96 (t, J=5.1 Hz, 1H), 5.42 (d, J=3.6 Hz, 1H), 6.54 (t,
J=6.5 Hz, 1H), 7.19 - 7.25 (m, 1H), 7.28 - 7.36 (m, 4H), 7.53 (t, J= 7.6 Hz, 2H), 7.61 (tt, J=2.4,
7.3 Hz, 1H), 8.02 (s, 1H), 8.04 (d, J=7.8 Hz, 2H), 8.62 (s, 1H), 10.59 (s, 1H) ppm; 13C NMR (400
MHz, [D6]-DMSO): 30.9, 36.7, 61.5, 70.5, 84.8, 87.9, 119.6, 126.1, 127.9, 128.3, 128.4, 128.5,
131.7, 134.1, 135.2, 138.1, 141.0, 141.3, 142.3, 165.5 ppm; HRMS (ESI): m/z calcd for
C26H26N4O4: 459.2027 [M+H]+, found: 459.2035.
4-Benzoylamino-1-(2-deoxy-β-d-ribofuranosyl)-7-(6-methoxynaphth-2-yl-ethyl)imidazo[4,5-c]pyridine (5b):
A de-gassed mixture of DMF (3.5 mL) and Et3N (2.5 mL) was added to a mixture of 3 (109 mg,
0.23 mmol), Pd(PPh3)2Cl2 (10 mg, 0.014 mmol), CuI (2 mg, 0.009 mmol) and 2-ethynyl-6methoxynaphthalene (300mg, 1.65 mmol) and the reaction mixture was stirred at ambient
temperature under nitrogen (1 atm) overnight. The reaction mixture was concentrated in vacuo.
The residue was washed with 20 mL dichloromethane-hexanes mixture (1:1), dried under
vacuum, and re-dissolved in anhydrous DMF (10 mL). 10% Pd/C (30 mg) were added and the
mixture was stirred vigorously for 30 min at ambient temperature under H 2 (1 atm). The reaction
mixture was concentrated in vacuo and the residue was purified by flash-chromatography on
silica gel using a mixture of dichloromethane-methanol (20:1) as an eluent to yield 5b (86 mg,
70%) as a colorless solid. 1H NMR (400 MHz, [D6]-DMSO): 2.49 (ddd, J=3.3, 5.5, 13.2 Hz, 1H),
2.83 (ddd, J=6.1, 7.5, 13.2 Hz, 1H), 3.05 - 3.24 (m, 2H), 3.2 - 3.45 (m, 2H), 3.51 (dt, J=4.6, 11.7
Hz, 1H), 3.56 (dt, J=4.8, 11.7 Hz, 1 H), 3.87 (s, 3H), 3.98 (ddd, J=2.5, 4.4 Hz, 1 H), 4.46 (m, 1
H), 4.98 (t, J=5.0 Hz, 1H), 5.49 (d, J=3.7 Hz, 1H), 6.64 (t, J=6.1, 7.1 Hz, 1H), 7.15 (dd, J=2.5, 9.0
Hz, 1H), 7.30 (d, J=2.4 Hz, 1H), 7.48 (dd, J=1.1, 8.6 Hz, 1H), 7.53 (t, J= 7.7 Hz, 2H), 7.61 (t,
J=6.5 Hz, 1H), 7.76 (d, J=3.9 Hz, 1H), 7.77 (s, 1H), 7.78 (d, J=3.9 Hz, 1H), 8.05 (d, J=7.2 Hz,
3H), 8.65 (s, 1H), 10.61 (s, 1H) ppm; 13C NMR (400 MHz, [D6]-DMSO): 36.9, 36.1, 55.1, 61.5,
70.7, 84.9, 88.0, 105.8, 118.5, 126.3, 126.8, 127.8, 127.9, 128.3, 128.5, 128.6, 128.9, 130.7,
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131.7, 132.8, 132.9, 136.1, 138.1, 142.4, 156.8, 167.3 ppm; HRMS (ESI): m/z calcd for
C31H30N4O5: 539.2289 [M+H]+, found: 539.2297.
1-[2-Deoxy-5-O-(4,4’-dimethoxytrityl)-β-d-ribofuranosyl]-4-benzoylamino-7-phenethylimidazo[4,5-c]pyridine (6a):
4,4’-Dimethoxytrityl chloride (159 mg, 0.47 mmol) was added to a solution of 5a (55 mg, 0.12
mmol) in pyridine (1.5 mL) and the reaction mixture was stirred at ambient temperature
overnight. Following addition of methanol (150 µL), the reaction mixture was concentrated in
vacuo. The residue was partitioned between ethyl acetate and saturated NaHCO3, and the
separated organic layer was washed with brine. The organic layer was dried over anhydrous
Na2SO4, filtered, and concentrated in vacuo. The residue was purified by flash-chromatography
on silica gel using as an eluent a mixture of dichloromethane-methanol (40:1) containing 1.5%
trimethylamine to yield 6a (48 mg, 53%) as a colorless solid. 1H NMR (400 MHz, CDCl3): 2.52
(ddd, J=4.3, 5.6, 13.3 Hz, 1H), 2.65 (dt, J=6.3, 13.3 Hz, 1H), 2.95 (ddd, J=7.0, 9.6, 13.5 Hz, 1H),
3.06 (ddd, J=5.7, 10.0, 13.7 Hz, 1H), 3.17 – 3.37 (m, 2H), 3.34 (d, J=4.3 Hz, 2H), 3.76 (s, 6H),
4.18 (dt, J=3.7, 4.1 Hz, 1H), 4.67 (dt, J=4.1, 5.3 Hz, 1 H), 6.43 (t, J=6.2 Hz, 1H), 6.78 (m, 4H),
7.17 - 7.23 (m, 4H), 7.23 - 7.31 (m, 8H), 7.38 (m, 2H), 7.49 (t, J= 7.1 Hz, 2H), 7.57 (tt, J=2.2, 7.3
Hz, 1H), 8.02 (d, J=7.4 Hz, 2H), 8.11 (s, 1H), 8.14 (s, 1H), 9.13 (s, 1H) ppm; 13C NMR (400 MHz,
CDCl3): 31.5, 37.9, 41.3, 55.2, 63.6, 72.0, 77.3, 85.0, 86.1, 86.6, 113.2, 126.4, 127.0, 127.6,
127.9, 128.1, 128.5, 128.6, 128.7, 130.0, 132.1, 135.5, 137.8, 140.4, 140.6, 144.4, 158.6 ppm;
HRMS (ESI): m/z calcd for C47H44N4O6: 761.3334 [M+H]+, found: 761.3351.
1-[2-Deoxy-5-O-(4,4’-dimethoxytrityl)-β-d-ribofuranosyl]-4-benzoylamino-7-(6methoxynaphth-2-yl-ethyl)-imidazo[4,5-c]pyridine (6b):
4,4’-Dimethoxytrityl chloride (213 mg, 0.63 mmol) was added to a solution of 5b (86 mg, 0.16
mmol) in pyridine (1.5 mL) and the reaction mixture was stirred at ambient temperature
overnight. Following addition of methanol (200 µL), the reaction mixture was concentrated in
vacuo. The residue was partitioned between ethyl acetate and saturated NaHCO3, and the
separated organic layer was washed with brine. The organic layer was dried over anhydrous
Na2SO4, filtered, and concentrated in vacuo. The residue was purified by flash-chromatography
on silica gel using as an eluent a mixture of dichloromethane-methanol (40:1) containing 1.5%
trimethylamine to yield 6b (98 mg, 73%) as a colorless solid. 1H NMR (400 MHz, CDCl3): 2.42
(ddd, J=4.1, 5.7, 13.2 Hz, 1H), 2.61 (dt, J=6.3, 13.1 Hz, 1H), 3.06 (ddd, J=7.1, 9.7, 13.6 Hz, 1H),
3.19 (ddd, J=5.5, 9.9, 13.4 Hz, 1H), 3.24 - 3.39 (m, 4H), 3.76 (s, 6H), 3.91 (s, 3H), 4.15 (dt,
J=3.6, 4.2 Hz, 1H), 4.62 (dt, J=3.7, 5.3 Hz, 1 H), 6.43 (t, J=6.3 Hz, 1H), 6.77 (m, 1H), 6.79 (m,
1H), 7.10 (t, J=2.5 Hz, 1H), 7.12 (dd, J=2.5, 8.7 Hz, 1H), 7.18 - 7.31 (m, 9H), 7.37 (m, 2H), 7.50
(m, 2H), 7.57 (tt, J=2.2, 7.3 Hz, 1H), 7.61 (s, 1H), 7.65 (d, J=8.2 Hz, 2H), 8.02 (d, J=7.4 Hz, 2H),
8.10 (s, 1H), 8.15 (s, 1H), 9.06 (bs, 1H) ppm; 13C NMR (400 MHz, CDCl3): 31.7, 37.9, 41.1, 55.3,
63.6, 72.2, 77.2, 84.9, 86.0, 86.6, 105.6, 113.2, 118.9, 126.6, 127.0, 127.1, 127.59, 127.62,
128.0, 128.1, 128.7, 129.0, 129.1, 130.0, 132.0, 133.2, 135.5, 135.8, 137.8, 140.3, 144.4, 157.4,
158.6 ppm; HRMS (ESI): m/z calcd for C52H48N4O7: 841.3596 [M+H]+, found: 841.3609.
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1-[2-Deoxy-5-O-(4,4’-dimethoxytrityl)-β-d-ribofuranosyl]-4-benzoylamino-7-phenethylimidazo[4,5-c]pyridine-3’-O-[(2-cyanoethyl)-N,N-(diisopropyl)-phosphoramidite] (7a):
2-Cyanoethyl-N,N-diisopropylchlorophosphoramidite (30 µL, 0.134 mmol) was added to a
solution of 6a (45 mg, 0.059 mmol) and N,N-diisopropylethylamine (150 µL) in anhydrous
dichloromethane (1.5 mL), and the solution was stirred at ambient temperature under nitrogen
atmosphere for 3 h. The reaction mixture was diluted with ethyl acetate, then washed with
saturated NaHCO3 and brine. The combined organic layer was dried over anhydrous Na2SO4,
filtered, and concentrated in vacuo. The residue was purified by flash-chromatography on silica
gel using as an eluent a mixture of dichloromethane-hexanes (1:1) containing 1.5%
trimethylamine to yield 7a (47 mg, 49%) as a colorless solid. 1H NMR (400 MHz, CDCl3): 1.09 (d,
J = 6.8 Hz, 3H), 1.19 (d, J = 6.7 Hz, 6H), 1.28 (dd, J = 6.8, 5.6 Hz, 4H), 2.41 (t, J = 6.3 Hz, 1H),
2.54 (t, J = 6.2 Hz, 1H), 2.82 – 2.66 (m, 2H), 3.18 – 2.92 (m, 2H), 3.46 – 3.20 (m, 3H), 3.73 –
3.45 (m, 3H), 3.77 (dd, J = 3.9, 1.3 Hz, 6H), 4.30 (dd, J = 18.1, 3.5 Hz, 1H), 4.74 (ddt, J = 9.0,
5.6, 2.6 Hz, 1H), 6.46 (dd, J = 7.3, 5.5 Hz, 1H), 6.83 – 6.72 (m, 4H), 7.27 – 7.19 (m, 7H), 7.33 –
7.27 (m, 4H), 7.37 (tt, J = 7.1, 1.5 Hz, 2H), 7.60 – 7.47 (m, 3H), 8.03 (d, J = 7.4 Hz, 2H), 8.20 –
8.13 (m, 2H), 9.09 (s, 1H). 13C NMR (400 MHz, CDCl3): 20.3, 23.0, 24.7, 29.8, 31.5, 37.8, 40.6,
43.4, 45.4, 53.6, 55.3, 58.3, 63.3, 73.4, 73.8, 85.22, 85.71, 85.96, 86.6, 113.3, 117.0, 117.5,
117.7, 118.0, 126.5, 127.05, 127.67, 127.98, 128.19, 128.52, 128.69, 128.8, 131.4, 132.1,
134.97, 135.57, 137.8, 140.2, 140.8, 142.5, 143.0, 144.4, 158.6, 164.9. HRMS (ESI): m/z calcd
for C56H61N6O8P: 961.4412 [M+H]+, found: 961.4441
1-[2-Deoxy-5-O-(4,4’-dimethoxytrityl)-β-d-ribofuranosyl]-4-benzoylamino-7-(6methoxynaphth-2-yl-ethyl)-imidazo[4,5-c]pyridine-3’-O-[(2-cyanoethyl)-N,N(diisopropyl)phosphoramidite] (7b):
2-Cyanoethyl-N,N-diisopropylchlorophosphoramidite (45 µL, 0.202 mmol) was added to a
solution of 6b (74 mg, 0.088 mmol) and N,N-diisopropylethylamine (150 µL) in anhydrous
dichloromethane (1.5 mL), and the solution was stirred at room temperature under nitrogen
atmosphere for 3 h. The reaction mixture was diluted with ethyl acetate, then washed with
saturated NaHCO3 and brine. The combined organic layer was dried over anhydrous Na2SO4,
filtered, and concentrated in vacuo. The residue was purified by flash-chromatography on silica
gel using as an eluent a mixture of dichloromethane-hexanes (1:1) containing 1.5%
trimethylamine to yield 7b (69 mg, 75%) as a colorless solid. 1H NMR (400 MHz, CDCl3): 1.08 (s,
2H), 1.15 (dd, J = 12.6, 6.8 Hz, 6H), 1.28 (d, J = 1.2 Hz, 4H), 2.32 (t, J = 6.2 Hz, 1H), 2.41 (t, J =
5.8 Hz, 1H), 2.73 (dtd, J = 15.9, 5.9, 1.7 Hz, 3H), 3.46 – 3.06 (m, 6H), 3.55 (tddd, J = 13.5, 11.4,
6.5, 4.9 Hz, 5H), 3.81 – 3.71 (m, 6H), 3.92 (d, J = 1.6 Hz, 3H), 4.31 (dq, J = 19.8, 3.6 Hz, 1H),
4.73 (ddq, J = 9.3, 6.1, 3.1 Hz, 1H), 6.50 (td, J = 8.1, 7.7, 5.6 Hz, 1H), 6.78 (ddd, J = 12.0, 7.8,
2.4 Hz, 4H), 7.17 – 7.11 (m, 2H), 7.26 – 7.18 (m, 3H), 7.29 (d, J = 1.7 Hz, 2H), 7.45 – 7.30 (m,
3H), 7.50 (dd, J = 8.3, 6.6 Hz, 2H), 7.64 – 7.53 (m, 2H), 7.74 – 7.65 (m, 2H), 8.04 (d, J = 7.5 Hz,
2H), 8.19 (d, J = 5.3 Hz, 2H), 9.15 (s, 1H). 13C NMR (400 MHz, CDCl3): 20.2, 22.99, 24.6, 29.8,
31.4, 37.6, 40.5, 43.3, 45.4, 53.5, 55.3, 58.2, 63.3, 73.3, 73.6, 85.1, 85.7, 85.9, 86.6, 105.7,
113.3, 116.99, 117.6, 118.1, 118.9, 126.4, 127.1, 127.64, 127.95, 128.2, 128.7, 129.1, 130.1,
131.4, 132.0, 133.3, 134.9, 135.5, 135.9, 137.8, 140.3 142.4, 143.0, 144.4, 157.4, 158.6, 164.9.
m/z calcd for C61H65N6O8P: 1041.4674 [M+H]+, found: 1041.4683
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2) H NMR and

13

C NMR spectra

1

Figure S1. H NMR spectra of 4-Amino-1-(2-deoxy-β-d-ribofuranosyl)-7-iodoimidazo[4,5-c]pyridine (2)

Figure S2.
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13

C NMR spectra of 4-Amino-1-(2-deoxy-β-d-ribofuranosyl)-7-iodoimidazo[4,5-c]pyridine (2)

1

Figure S3. H NMR spectra of 4-Benzoylamino-1-(2-deoxy-β-d-ribofuranosyl)-7-iodoimidazo[4,5-c]pyridine (3)

Figure S4.

13

C NMR spectra of 4-Benzoylamino-1-(2-deoxy-β-d-ribofuranosyl)-7-iodoimidazo[4,5-c]pyridine (3)
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1

Figure S5. H NMR spectra of4-Benzoylamino-1-(2-deoxy-β-d-ribofuranosyl)-7-phenethyl-imidazo[4,5-c]pyridine (5a)

Figure S6.
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13

C NMR spectra of4-Benzoylamino-1-(2-deoxy-β-d-ribofuranosyl)-7-phenethyl-imidazo[4,5-c]pyridine (5a)

1

Figure S7. H NMR spectra of4-Benzoylamino-1-(2-deoxy-β-d-ribofuranosyl)-7-(6-methoxynaphth-2-yl-ethyl)imidazo[4,5-c]pyridine (5b)

13

Figure S8. C NMR spectra of4-Benzoylamino-1-(2-deoxy-β-d-ribofuranosyl)-7-(6-methoxynaphth-2-yl-ethyl)imidazo[4,5-c]pyridine (5b)
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1

Figure S9. H NMR spectra of 1-[2-Deoxy-5-O-(4,4’-dimethoxytrityl)-β-d-ribofuranosyl]-4-benzoylamino-7-phenethylimidazo[4,5-c]pyridine (6a)

13

Figure S10. C NMR spectra of 1-[2-Deoxy-5-O-(4,4’-dimethoxytrityl)-β-d-ribofuranosyl]-4-benzoylamino-7phenethyl-imidazo[4,5-c]pyridine (6a)
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1

Figure S11. H NMR spectra of 1-[2-Deoxy-5-O-(4,4’-dimethoxytrityl)-β-d-ribofuranosyl]-4-benzoylamino-7-(6methoxynaphth-2-yl-ethyl)-imidazo[4,5-c]pyridine (6b)

13

Figure S12. C NMR spectra of 1-[2-Deoxy-5-O-(4,4’-dimethoxytrityl)-β-d-ribofuranosyl]-4-benzoylamino-7-(6methoxynaphth-2-yl-ethyl)-imidazo[4,5-c]pyridine (6b)
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1

Figure S13. H NMR spectra of1-[2-Deoxy-5-O-(4,4’-dimethoxytrityl)-β-d-ribofuranosyl]-4-benzoylamino-7-phenethylimidazo[4,5-c]pyridine-3’-O-[(2-cyanoethyl)-N,N-(diisopropyl)-phosphoramidite] (7a)

13

Figure S14. C NMR spectra of1-[2-Deoxy-5-O-(4,4’-dimethoxytrityl)-β-d-ribofuranosyl]-4-benzoylamino-7-phenethylimidazo[4,5-c]pyridine-3’-O-[(2-cyanoethyl)-N,N-(diisopropyl)-phosphoramidite] (7a)
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1

Figure S15. H NMR spectra of1-[2-Deoxy-5-O-(4,4’-dimethoxytrityl)-β-d-ribofuranosyl]-4-benzoylamino-7-(6methoxynaphth-2-yl-ethyl)-imidazo[4,5-c]pyridine-3’-O-[(2-cyanoethyl)-N,N-(diisopropyl)phosphoramidite] (7b)

1

Figure S16. H NMR spectra of1-[2-Deoxy-5-O-(4,4’-dimethoxytrityl)-β-d-ribofuranosyl]-4-benzoylamino-7-(6methoxynaphth-2-yl-ethyl)-imidazo[4,5-c]pyridine-3’-O-[(2-cyanoethyl)-N,N-(diisopropyl)phosphoramidite] (7b)
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3) Characterization of oligonucleotides containing 3-deaza-3-alkyl-adenosine analogs

Figure S17. MS spectrum of 26mer containing 3-deaza-3-methyl-adenosine
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Figure S18. MS spectrum of 26mer containing 3-deaza-3-phenethyl-adenosine
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Figure S19. MS spectrum of 26mer containing 3-deaza-3-methoxynaphthylethyl-adenosine
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Figure S20. MS spectrum of 26mer containing 3-deaza-adenosine
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4) hPol α translesion synthesis over 3-deaza-3-alkyl-adenosine analogs

Figure S21. Translesion synthesis on unmodified and alkylated adenine-containing DNA scaffolds by hPol α. Primer
extension reactions contained 0.5 units of hPol α and 500 n M DNA. Reactions were performed in presence of all four
dNTPs (100 μM) and stopped at the times indicated.
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5) Quantification of Single Nucleotide Incorporation

Figure S22. Quantification of primer extension from single nucleotide incorporation opposite A, 3d-Me-A, 3d-Phen-A
and 3d-Napht-A by hPol η and κ. Primer extension reactions containing 5 nM Pol η and κ, 500 nM DNA and 100 µM
dNTP, proceeded for 20 min. Error bars represent standard deviation (n=3).

6) Steady-state kinetic of single nucleotide incorporation opposite 3d-A by hPol η

Table S1. Steady-state kinetic parameters for single nucleotide incorporation opposite 3d-A.
Pol

Base in
Template

hPol η

3d-A

dNTP

kcat
(min-1)

dTTP

4.9 ± 0.3

dCTP

2.9 ± 0.08

KM
(μM)

kcat/KM
(μM-1 min-1)

Misinsertion ratio[a]

1.6 ± 0.4

3.1

1

27.7 ± 2.7

1.1 x 10-1

0.0354

[a] Describes the ratio (kcat/KM)dCTP / (kcat/KM)dTTP within each set of Pol experiments
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Chapter 3. How do minor groove alkylating agents stall transcription?

The study presented in this chapter was designed by Malvezzi S., Prof. Cramer P. and Prof.
Sturla S. J.
Dr. Angelov T. and Malvezzi S. synthesized and purified DNA oligonucleotides. Malvezzi S.
performed the enzymatic experiments. Farnung L. purified RNA Pol II and determined the
crystal structures. Malvezzi S., Aloisi C. and Prof. Sturla S. J. designed the cell study. Aloisi C.
performed the cell studies. Malvezzi S. and Prof. Sturla S. J. wrote the manuscript.
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3.1

Introduction

Resistance of cancer cells to anticancer DNA alkylating agents is a therapeutic problem often
resulting from target cells becoming proficient at removing the DNA adducts that are meant to
interfere with replication and transcription. Thus, DNA repair often diminishes the outcome of
chemotherapy by enabling cancer cells to evade apoptosis. Identifying potentially specific DNA
repair pathways relevant for a given drug, and understanding the basis of how they initiate this
repair, may offer opportunities for improving drug design as well as mechanism-based
combination therapies that overcome the problem of resistance.
Acylfulvenes (AFs) are DNA alkylating agents that appear to be selectively repaired by the
transcription-coupled sub-pathway of nucleotide excision repair (NER), which is initiated by RNA
polymerase-blocking lesions being present in actively transcribed regions of the genome. These
compounds are minor groove DNA alkylators and semi-synthetic derivatives of the naturally
occurring sesquiterpene illudin S, but have more favorable therapeutic profiles.1 The analog
hydroxymethylacylfulvene (HMAF) was tested in clinical trials for the treatment of several types
of cancer, such as hormone refractory prostate cancer, ovarian, liver and pancreatic cancer,
and was recently anticipated to enter clinical trials for the treatment of metastatic castration
resistant prostate cancer.2,3 After enzyme-catalyzed reductive activation, AF forms DNA adducts
by alkylating position 3 of adenine, position 3 of guanine and position 7 of guanine. 4 When free
nucleosides or naked DNA were allowed to react with AF in the presence of prostaglandin
reductase 1 (PTGR1, also described as alkenal-one oxidoreductase, AOR), approximately 98%
of the adducts detected by mass spectrometry were 3-AF-A (Figure 1).4 The same adduct was
characterized and quantified in cancer cell lines exposed to AF.4,5 The inhibition of DNA
synthesis and capacity to induce cell cycle arrest observed for various AF analogs is attributed
primarily to alkylation of DNA.6
The NER pathway in DNA repair, often involved in the removal of helix distortive DNA lesions, is
divided in two sub-pathways: transcription coupled- (TC-) and global genome- (GG-) NER. TC-
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Figure 1. Schematic representation of AF bioactivation, adduct formation and cytotoxicity in relation to transcription
coupled-repair capacity.

NER-deficient human fibroblast cells are more sensitive to illudin S, AF and HMAF compared to
GG-NER-deficient human fibroblast cells, suggesting that TC-NER selectively repairs AF
adducts (Figure 1).7,8 Moreover, siRNA-mediated down-regulation of TC-NER in a cancer cell
line greatly increased their sensitivity to AF, whereas down-regulation of GG-NER did not.9
HMAF treatment was shown to reduce RNA synthesis and to increase the degradation of stalled
RNA polymerase II (Pol II) with new protein synthesis to promote transcription reactivation. 8,10
Finally, treatment of a cancer cell line with UCN-01, a chemical that prevents cells from
performing NER, increased cell sensitivity to AF, and AF adducts persisted for a longer period of
time in the co-treated cells.5
The main difference between the TC- and GG-sub-pathways of NER is the DNA damage
recognition step: GG-NER is activated by XPC-RAD23B factors that sense the altered helix
conformation induced by DNA damage, whereas TC-NER is activated by the stalling of RNA
polymerase II (Pol II).11,12 Therefore, the relationship of cell sensitivity to AFs as a function of
cellular repair proficiencies implies that 3-AF-A stalls Pol II but does not induce significant helix
distortions. Pol II efficiently transcribes over small DNA lesions like O6-methyl-guanine (O6-MeG), 8-oxo-guanine (8-oxo-G), N2-1-carboxyethyl-guanine and N3-carboxymethyl-thymine
among others,13-16 however larger modifications can induce it to stall. Upon Pol II stalling,
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downstream factors are recruited to the damage site, and the repair process then progresses in
the same manner as for GG-NER.17
The mechanism of Pol II stalling at several DNA lesions has been elucidated. Cyclobutane
pyrimidine dimers (CPDs), cisplatin 1,2-d(GPG) intrastrand crosslinks, monofunctional
pyriplatin-guanine adducts and 8,5’-cyclo-2’-deoxyadenosine strongly inhibit Pol II progression
and crystal structures of yeast Pol II stalled at these lesions were solved to elucidate the
biochemical basis of bypass.18-21 Despite this insight, there is no direct observation of how Pol II
behaves when processing minor groove adducts formed by the alkylation of position 3 of
adenine. Aside from the example of AFs, alkylation in the minor groove is highly relevant for
several emerging anticancer alkylating agents, including peptide-based minor groove binders22
and duocarmycins.23
In this study, the question of how minor groove alkylation relevant to AF or other minor groove
alkylating drug exposure impedes RNA synthesis was addressed by a combination of synthetic
chemical, biochemical, protein structure elucidation and cell-based approaches. The major AF
adduct 3-AF-A is chemically unstable due to depurination, with a half-life of 8.5 h in naked DNA
and 1 d in a cancer cell line.4,5 The half-life increased to 12 d when repair was prevented.4,5
These chemical characteristics preclude direct biochemical or structural analysis of such minor
groove adducts, therefore, we characterized the behavior of Pol II in transcription over the
stable 3-deaza-3-methoxynaphtylehtyl-adenosine analog (3d-Napht-A) as a synthetic model for
the 3-AF-A adducts based on its size and shape that resembles the major 3-AF-A adduct.24 We
tested the capacity of 3d-Napht-A to stall purified RNA Pol II with DNA constructs mimicking the
transcription bubble and ternary elongation complexes. The basis of stalling was investigated by
crystallographic analysis of the stalled Pol II in the ternary elongation complex. Furthermore, we
tested the limits of Pol II’s size tolerance of minor groove alkyl adducts by carrying out the same
investigation with other 3-deaza-alkyl-adenosine analogs of systematically smaller size, i.e. 3deaza-3-methyl-adenosine (3d-Me-A) and 3-deaza-3-phenethyl-adenosine (3d-Phen-A). Finally,
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we compared transcription activity in a human cancer cell line following treatment with a
methylating agent vs. HMAF. These data provide direct insight into the chemical topology of
minor groove modifications required to stall transcription in cancer cells.
3.2

Results

Inhibition of Pol II transcription over minor-groove alkylation adducts
To assess the capacity of the major 3-AF DNA adduct to impede the progress of RNA Pol II as
a basis of initiating TC-NER, we performed biochemical studies with purified yeast Pol II
transcribing over 3d-Napht-A, a chemically stable analog of the adduct. We performed primer
extension reactions with DNA constructs containing a transcription bubble, thus mimicking
efficient elongation (Figure 2a).25 The non-templating DNA strand, represented in gray in Figure
2a, was annealed after incubation of Pol II with the pre-annealed primer:template duplex. 3dNapht-A was placed four bases downstream of the transcription start. Upon primer extension in
the presence of four NTPs, Pol II stalled upon nucleotide incorporation opposite 3d-Napht-A
(Figure 2b), whereas with DNA constructs containing unmodified A or the smaller methylated
analog 3d-Me-A, Pol II fully extended the primer to produce run-off transcripts (Figure 2b).
After establishing that Pol II is blocked by 3d-Napht-A, we performed primer extension reactions
with ternary elongation complexes composed of an RNA primer annealed to a DNA template
containing the adduct at the +1 incorporation site (Figure 3a). The DNA construct included a
non-templating DNA strand annealed downstream of the RNA primer (Figure 3a). We first
tested Pol II transcription in the presence of all four NMPs, quenching the reactions with stop
solution after 10, 30 and 60 min. Pol II stalled at 3d-Napht-A after incorporating one NMP
(Figure 3b) and no bypass was observed even at higher time points. Single nucleotide
incorporation experiments were carried out with the same DNA constructs. Pol II incorporated
UMP and CMP opposite 3d-Napht-A, whereas GMP and AMP were not incorporated (Figure
3c).
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Figure 2. Pol II transcription with DNA constructs mimicking the transcription bubble. a) DNA construct used for
testing the impact of 3d-Alkyl-A analogs on the propensity of Pol II to form run-off transcripts. DNA template (black)
and RNA primer (blue) were annealed, then allowed to react with Pol II (10 min at 25°C). The non-templating DNA
strand (gray) was then annealed to create the transcription bubble. Alkylated adenine analogs were placed four
nucleotides downstream of the transcription start on the DNA template. b) Denaturing gel electrophoresis
representing Pol II transcription over A, 3d-Me-A and 3d-Napht-A in presence of all four NTPs (1mM). Reactions were
quenched after 25 min. The site of the modified base is indicated with an x.

Templates containing smaller alkyl groups, 3d-Me-A and 3d-Phen-A, were also tested to
understand what is the maximum adduct size tolerated by Pol II in position 3 of adenine. Pol II
efficiently extended the RNA primer annealed with templates containing A or 3d-Me-A to form
full-length product (Figure 3b). Pol II bypassed 3d-Phen-A although product accumulation was
observed after one nucleotide incorporation, suggesting that this adduct interferes with Pol II
transcription but does not impede it completely. In single nucleotide experiments, the efficiency
of UMP incorporation opposite A led to the formation of the +2 band due to UMP insertion
opposite the downstream templating G, whereas for 3d-me-A and 3d-Phen-A, only the +1 band
was observed, suggesting that the 3-alkyl groups reduced transcription efficiency. Conversely,
incorporation of CMP opposite the modified bases did not decrease compared to opposite A
(Appendix A, Figure S1). Interestingly, when A, 3d-Me-A or 3d-Phen-A were present, Pol II
efficiently incorporated CMP opposite the downstream templating G forming the +2 band,
whereas it incorporated only one nucleotide opposite 3d-Napht-A.
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Figure 3. Pol II full-length synthesis and single nucleotide incorporation. a) Ternary elongation complexes containing
A, 3d-Me-A, 3d-Phen-A or 3d-Napht-A at the underlined position, used for primer extension reactions. DNA template
is black, non-template DNA is gray, RNA primer is blue. b) Denaturing gel electrophoresis of Pol II transcription
products in the presence of all four NTPs (1mM). Extension of the RNA primer to the end of the DNA template forms
the indicated run-off product (+14). c) Single nucleotide incorporation opposite A, 3d-Me-A, 3d-Phen-A and 3d-NaphtA. Reactions were performed in presence of a single NTP (1mM) and were quenched after 20 min.

Structural interactions impeding the progress of Pol II
After establishing that 3d-Napht-A impedes progression of Pol II, we carried out structural
studies to understand what interactions cause Pol II to stall in the presence of the large alkyl
group but allow Pol II to bypass in the presence of smaller analogs (Figure 4). We reconstituted
a 12-subunit S. cerevisiae Poll II elongation complexes with the modified nucleic scaffold
(Figure 4a). The resulting complex was crystallized. The crystal structure was determined using
molecular replacement.
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Electron density was observed for the RNA except for the most upstream base. The template
strand density was revealed up to position -10 and we were able to position 8 bp of upstream
DNA (Figure 4b). We observe the active site metal ion A at the RNA 3’-end. We were able to
unambiguously define the register of nucleic acids by bromine labelling of DNA nt -4 as
described (Figure 4c).18 The structure was refined to a free R factor of 0.2212% at a resolution
of 3.2 Å with excellent stereochemistry. The elongation complex adopts the post-translocation
state with the modified adenine base being accommodated in the +1 site.
The 3-deaza-3-methoxynaphtylethyl group is located proximal to the bridge helix (Figure 4c). Its
location, however, allows incoming NTPs to potentially bind in the NTP binding site. The side
chain methyl group of Thr831 forms van der Waals contacts with the second aromatic ring of the
3d-Napht-A analog.
Superposition of an elongation complex with a closed trigger loop onto the structure revealed
that the closed trigger loop cannot be accommodated due to the presence of the 3-deaza-3methoxynaphtylehtyl group (Figure 4d). The aromatic rings of the analog would clash with
trigger loop residues Thr1080 and Leu1081. This provides a mechanism where DNA templating
for incoming NTPs and nucleotide addition in a trigger-loop independent fashion can still take
place.26 Fidelity is likely reduced due to impediment of trigger loop folding. The presence of the
3d-Napht-A adenosine in the +1 site limits both movement of the bridge helix and denies access
of the trigger loop, thereby preventing translocation along the DNA-RNA hybrid.
Pol II incorporation efficiency is reduced by the 3-deaza-3-alkyl-adenosine analogs
In order to evaluate Pol II incorporation efficiency in the bypass of 3-deaza-3-alkyl-adenosine
analogs, we measured apparent reaction rates for UMP and CMP incorporation. UMP and CMP
were selected based on the preliminary single nucleotide incorporation experiments suggesting
Pol II selectivity for these substrates (Figure 2c and S1). UMP incorporation efficiency was
progressively reduced as the adduct size increased (Figure 3a). While rates of UMP
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incorporation opposite 3d-Me-A were not altered compared to A (9.0 ± 1.4 min-1 for A vs. 8.0 ±
1.2 min-1 for 3d-Me-A), they were significantly reduced for insertion opposite 3d-Phen-A and 3dNapht-A (2.5 ± 0.2 min-1 for 3d-Phen-A and 1.2 ± 0.2 min-1 for 3d-Napht-A).

Figure 4. Structure of the 3d-Napht-A-containing elongation complex with Pol II. a) Ternary elongation complex used
to derive the crystal structure, including non-template DNA strand (cyan), template DNA (blue) and RNA primer (red).
The position of the analog 3d-Napht-A in the DNA template is underlined. b) Open trigger loop in a post-translocated
state, aligned with crystal structure 1Y1W. c) Rendering of nucleic acid densities with the bridge helix (green) and
metal ion A (purple) at the 3’ end of the RNA primer. d) Trigger loop in the open state (gray) clashing with the
methoxynaphtyl group of the 3d-Napht-A analog. In orange is the trigger loop in closed state from the crystal structure
2E2H with Thr1080 and Leu1081 shown as sticks.

Conversely, rates of CMP incorporation opposite 3d-Me-A were significantly increased
compared to A (5.8 ± 0.4 min-1 vs. 0.5 ± 0.1 min-1), whereas for 3d-Phen-A and 3d-Napht-A they
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were similar to A (0.28 ± 0.03 min-1 and 0.39 ± 0.05 min-1). Interestingly, CMP incorporation led
to the formation of a +2 band when A, 3d-Me-A or 3d-Phen-A were present. This pattern was
observed for all time-points tested, between 1 min and 60 min (Figure 5a), suggesting that the
second incorporation step, occurring opposite the subsequent templating base G, is relatively
fast compared to misincorporation of CMP opposite A or analogs. Conversely, the presence of
3d-Napht-A allowed for the misincorporation of CMP opposite the analog (+1 band, Figure 5a)
but Pol II did not perform nucleotide incorporation opposite the complementary base G.
To understand the effect of the 3-deaza-3-alkyl-adenosine analogs on Pol II activity during the
extension steps following incorporation opposite an adduct, we evaluated RNA synthesis using
DNA constructs with the RNA primer containing either U or C opposite the 3-deaza-3-alkyladenosine analogs and measured rates of CMP incorporation opposite the next templating G
(Figure 5b). Pol II extended both RNA primers past 3d-Me-A with rate constants similar to
extension past A. Pol II extension from U, following 3d-Phen-A, was 170-fold reduced compared
to following A Pol II extension from C, following 3d-Phen-A, was 250-fold reduced compared to
following A. Pol II extension from 3d-Napht-A was inhibited, with no nucleotide incorporation
even after 60 min. This observation was completely consistent with the initially observed stalling
after insertion of one nucleotide opposite the modified base.
From these biochemical studies we concluded that Pol II is stalled by the larger analog 3dNapht-A, while it can bypass the smaller analogs with the efficiency decreasing as a function of
3-alkyl group size. Interestingly, the analog 3d-Me-A did not reduce bypass efficiency compared
to the unmodified template, suggesting that minor groove methylation in cells may not lead to
transcription inhibition.
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Figure 5. Single nucleotide incorporation and extension kinetics. a) Gel denaturing electrophoresis of primer
extension kinetics by Pol II for UMP and CMP incorporation opposite unmodified adenine or 3-deaza-adenosine
analogs (left). Reactions contained 1 mM NTP and were stopped at various time points between 0 and 60 min.
Schematic representation of apparent rate constants for UMP and CMP incorporation kinetics (right). Error bars
represent standard deviation (N=3) and statistical significance for NMP incorporation opposite the 3-deaza-3-alkyladenosine adducts compared to A was determined by unpaired Student t-test with Welch’s correction (*p < 0.05, ** p
< 0.01). b) Post-lesion synthesis kinetics of CMP incorporation from the correct base pair A/A adduct:U (left) or the
mismatched A/Aadduct:C (right). The DNA template contained either A, 3d-Me-A, 3d-Phen-A or 3d-Napht-A at the
-1

indicated position. Apparent reaction rates with standard deviation (N=3) are reported (min ).

95

Impact of minor groove alkylation on RNA synthesis activity in a human cancer cell line
To confirm Pol II stalling by larger 3-deaza-3-alkyl-adenosine analogs we evaluated RNA
synthesis activity in cells following treatment with the AF analog HMAF vs. the methylating
agent MMS. MMS can form various DNA adducts, mainly the non-cytotoxic 7-Me-G but also 3Me-A and to a lesser extent O6-Me-G.27,28 On the basis of the differences observed in the
progress of Pol II over 3d-Me-A vs. 3d-Napth-A, we expected to observe a more significant
reduction in RNA synthesis for HMAF- vs. MMS-treated cells.
Colon adenocarcinoma SW480 cells overexpressing PTGR1 (SW480-PTGR1), an enzyme
required for metabolic bioactivation of AFs, were treated with HMAF or MMS, and RNA
synthesis was measured after 6 h. The doses used for the experiment were determined from
dose-response curves derived by measuring cell viability 6 h after treatment. Cells were viable
for all doses tested, as confirmed by DAPI staining of nuclei (Figure S2), indicating an equal
number of cells per condition at the end of the assay. RNA synthesis in cells was quantified on
the basis of emitted fluorescence indicating incorporation of 5-ethynyl uridine in RNA during
transcription, followed by coupling with the fluorescent azide dye Alexa488. Compared to
untreated cells, a significant reduction of RNA synthesis in SW480-PTGR1 cells was observed
after treatment with 1 µM HMAF, but not after treatment with 1 µM MMS (Figure 6). Because
MMS is much less potent than HMAF, we also evaluated RNA synthesis at doses that reduce
cell viability to approximately 60% upon treatment with both compounds (equitoxic doses)
(Appendix A, Figure S2 and Figure S3). Thus, RNA synthesis was significantly reduced also in
cells treated with 0.5 µM HMAF, but not in cells treated with 500 µM MMS (Figure 6).
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Figure 6. Levels of RNA synthesis in SW480-PTGR1 cells treated with HMAF and MMS. Fluorescence signal was
normalized to the signal from untreated cells. Error bars represent standard deviation (N≥8). Statistical significance of
treated cells compared to untreated cells was determined by one-way ANOVA with Dunnett post hot test (*p <
0.0001).

3.3

Discussion

The stalling of RNA Pol II as it progresses in the synthesis of RNA over actively transcribed
regions of DNA is the signal for the activation of TC-NER in human cells. Activation of repair is a
double-edged sword offering healthy cells protection from adverse influences of alkylating
agents, while contributing to reduced therapeutic efficacy of anticancer alkylating agents when it
occurs in cancer cells. We report herein the mechanism of Pol II stalling in response to minor
groove DNA alkylation relevant to minor-groove-alkylating anticancer drugs. Primer extension
reactions were performed with DNA constructs containing the stable synthetic analogs that
model major drug alkylation products and overcome the limitation of chemical instability that has
precluded previous detailed evaluation. The large analog 3d-Napht-A, modelling alkylation at
the 3-position of adenine, corresponding to the main adduct from AF alkylating agents, was
found to completely block the progress of isolated RNA Pol II (Figure 2b). A clash of the second
ring on the 3-deaza-methoxynaphtylethyl group with two residues of the mobile element trigger
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loop in Pol II active site was the cause of impeded translocation and transcription stalling. The
efficiency of UMP incorporation opposite this modification decreased significantly compared to
its incorporation opposite A, whereas CMP incorporation efficiency was maintained (Figure 5a),
and extension of RNA primers containing either U or C at the 3’ end paired with 3d-Napht-A was
completely inhibited. RNA Pol II transcription over smaller analogs 3d-Me-A and 3d-Phen-A was
reduced in a size-dependent manner (Figure 5). While the efficiency of bypass over 3d-Me-A
was not reduced compared to the unmodified template, bypass over 3d-Phen-A was
significantly reduced. Based on the structural analysis of Pol II at the 3d-Napht-A analog, we
suggest that the smaller phenethyl group of 3d-Phen-A may interact with the trigger loop without
impeding the accommodation of the closed conformation, allowing Pol II to bypass the analog.
Pol II preferentially incorporated UMP opposite the smaller analogs 3d-Me-A and 3d-Phen-A,
and extension of RNA primers could be performed. Finally, RNA synthesis was reduced in a
colon carcinoma cell line exposed to HMAF but not to similar or much higher levels of a
methylating agent, consistent with expectations from the biochemical and structural studies
(Figure 6).
The mechanism of Pol II stalling reported herein should help the design of improved anticancer
alkylating agents that inhibit DNA synthesis without stalling transcription, thus evading TC-NER.
Based on our results, 3-adenosine adducts with only one ring in their structure are tolerated by
Pol II without inducing a transcription block. Furthermore, we previously investigated the impact
of the 3-alkyl-adenosine analogs on replicative and TLS DNA Pols, observing that all analogs
blocked replicative hPol α, although hPol κ, η, and ι bypassed them. 24 Moreover, such adduct
models did not destabilize DNA duplexes based on melting temperature analysis, suggesting
that 3-AF-A adducts do not induce helix distortion and as a consequence are not recognized by
GG-NER. In light of these considerations, bulky 3-adenosine adducts containing one phenyl ring
may have the best structural features to achieve cytotoxicity by inhibiting DNA replication while
avoiding resistance by TC-NER.
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The primer extension experiments involving the smaller analogs 3d-Me-A and 3d-Phen-A
enabled a structure-activity analysis of Pol II activity. The efficient bypass of 3d-Me-A by Pol II
was anticipated based on previous studies showing that T7 RNA Pol has the capacity to bypass
3d-Me-A.13 The bypass of 3d-Phen-A occurred with a partial block after one NMP incorporation
(+1 band, Figure 3b), suggesting that this incorporation is the rate limiting step in the bypass
process. Low rates for incorporation opposite 3d-Phen-A and extension in post-lesion synthesis
settings confirmed this hypothesis (Figure 5). Misincorporation of CMP opposite the 3-alkyladenosine analogs occurred at a higher rate than for A (Figure 5a), suggesting that 3-adenosine
alkylation may induce some extent of TM. Nonetheless, evidence for TM, while outside the
scope of the present study, should be evaluated with cell-based methods that exploit adductcontaining plasmids transfected into cells to quantify levels of TM.15,29
The stalling of Pol II at 3d-Napht-A observed in this study supports the hypothesis that
transcription is stalled in cells treated with AFs, and that the stalled Pol II initiates TC-NER.
Previous research supports the increased sensitivity of TC-NER-deficient human cells to AFs,8,9
and furthermore, HMAF treatment of CEM human leukemia cells and HeLa cells reduced RNA
synthesis.6,8,10 Data reported here from a colon cancer cell line, combined with primer extension
studies, fully supports the previously reported correlation between TC-NER resistance and Pol II
stalling, showing that transcription levels were reduced upon treatment with HMAF (Figure 6).
Conversely, treatment with the methylating agent MMS did not reduce RNA synthesis in cells.
This outcome was expected based on the capacity of Pol II to efficiently bypass the adduct
model 3d-Me-A. Furthermore, it has been reported previously that 3d-Me-A is efficiently
bypassed by bacteriophage T7 RNA Pol.30 MMS does not form 3-Me-A selectively, however, its
toxicity is mainly attributed to the formation of this adduct, and the use of extremely high MMS
doses, i.e. 500 µM, still led to no reduction in RNA synthesis. The impact of the methylation
adduct is relevant for the minor groove drug methyl lexitropsin (Me-lex). This methylating agent
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forms 3-Me-A adducts which were shown to be repaired by base excision repair based on the
higher sensitivity of BER-deficient human glioma cells to Me-lex.31
The present work provided detailed insight concerning how RNA Pol II is stalled by alkylation in
the minor groove of DNA. Biochemical and structural studies relevant to these traditionally
unstable substrates were enabled by using synthetic models, with a focus on the major DNA
adduct formed in cells by the experimental anticancer drugs AFs and its contrast with smaller
alkylating agents. These results confirm that AF adducts are large enough to stall transcription
and activate TC-NER despite their apparent recalcitrance to repair by GG-NER. This
knowledge, combined with the structure-activity analysis of Pol II behavior at 3-alkyl-adenosine
analogs, suggests that Pol II is increasingly inhibited by 3-adenine adducts in a size-dependent
manner such that only adducts larger than a phenethyl completely stalls transcription and
methyl adducts have no impact. Knowledge concerning structural characteristics that impede
Pol II improves our understanding of how cells initiate the repair of damaged DNA and could
also support the design of more effective DNA alkylating agents.

3.4

Materials and Methods

Materials
Chemicals reagents and electrophoresis supplies were from Sigma-Aldrich (St. Louis, MO,
USA) and Bio-Rad Laboratories (Hercules, CA, USA). Phosphoramidites of natural nucleosides
and 3-deaza-3-methyl-adenine were purchased from Glen Research (Sterling, VA, USA).
Phosphoramidites of 3-deaza-3-phenethyl-adenine and 3-deaza-3-methoxynaphtalenethyladenine were synthesized as described previously.24 Unmodified DNA oligonucleotides and
fluorescein labeled RNA primers were obtained from VBC Biotech, Vienna. The transcription
buffer was 20 mM HEPES pH 7.6, 60 mM (NH4)2SO4, 8 mM MgSO4, 10 μM ZnCl2, 10% glycerol,
10 mM DTT. SW-480 cells overexpressing PTGR1 were obtained as previously described.32
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Synthesis of oligonucleotides containing 3-deaza-3-alkyl-adenosine adducts
Oligonucleotides with a modified adenine analog were synthesized by solid phase chemical
DNA synthesis on a Mermade 4 DNA synthesizer (Bioautomation). DNA templates for Pol II
primer extension reactions were a 26mer (5’-ACCTCAACTACTTGACCCTCCTCATT-3’) and a
34mer (5’- GCTGTTCACCGAGGTCCCTCTCGATGGCTGTAAGT-3’), adapted from previous
studies.25 Synthesized oligonucleotides were purified by HPLC (Agilent 1100 Series) using an
Agilent Luna 25mm C18 column. The chromatographic mobile phases were 50 mM
triethylammonium acetate and acetonitrile (ACN) and the gradient used was 10-15% ACN over
35 min. The eluted fractions containing DNA templates were concentrated to dryness in a MiVac
centrifugal evaporator (GeneVac), re-suspended in 100 µL deionized water and checked for
purity by direct injection into an Agilent MSD SL ion trap mass spectrometer with electrospray
ionization.
Transcription reactions with Pol II
Yeast Pol II was purified as described previously.19 Transcription reactions to assess the
efficiency of Pol II transcription in the presence of 3-adenine adducts were performed with DNA
scaffolds composed of a 26-mer DNA template containing Ade or modified Ade at the position
indicated with an underline (5’-ACCTCAACTACTTGACCCTCCTCATT-3’), a 14-mer nontemplate DNA (VBC Biotech, Vienna, Austria) (5’-CAAGTAGTTGAGGT-3’) and an 11-mer RNA
primer labeled with fluorescein at the 5’ end (FAM-5’-UUCGAGGAGGG-3’). Oligonucleotides
(final concentration 11 μM for template and non-template DNA; 10 μM for RNA primer) were
annealed by heating to 90 °C in TE buffer with 50 mM NaCl and allowing to slowly cool to 25 °C.
ECs were formed by incubating 5 pmol Pol II with 10 pmol DNA scaffold at 20 °C for 20 min in
the transcription buffer (total volume 10 μL). Transcription reactions were initiated by adding
NTPs (1 μL, 10 mM). Reactions were allowed to proceed for 20 min, then quenched by addition

101

of aqueous EDTA (5 μL, 50 mM). The formation of extended primers was monitored by
denaturing gel electrophoresis (7 M urea, 20% acrylamide) followed by visualization with
Molecular Imager Gel Doc XR+Imaging System from Bio-Rad. Gel band intensities were
quantified with Image J Lab 3.0 and percentage of primer extension calculated with the equation

I

(n  x)

/ ( I ( n  x )  In) , where I ( n  x ) represents the intensity of all bands above the primer

and In represents the band intensity of the non-extended primer.
Pol II bypass of DNA adducts placed four bases downstream transcription start was performed
with

ECs

composed

of

a

34-mer

DNA

template

(5’-

GCTGTTCACCGAGTCCCTCTCGATGGCTGTAAGT-3’), a 34-mer non-template DNA (5’ACTTACAGCCATCGAGAGGGACTAGGTGAACAGC-3’) and a 9-mer RNA primer labeled with
fluorescein at the 5’ end (5’-AUGGAGAGG-3’). ECs were assembled as described previously.19
Briefly, 200 pmol of RNA primer and DNA template were annealed by heating to 90 °C in TE
buffer with 50 mM NaCl and allowing to cool slowly to 25 °C. 5 pmol of RNA:DNA duplex then
was incubated with 15 pmol of Pol II in the transcription buffer for 10 min at room temperature. A
50-fold molar excess of 34-mer non-template DNA was added and the reaction was allowed to
continue for 10 min at room temperature in order to form a DNA construct mimicking the
transcription bubble. The transcription reaction was performed at 37 °C and initiated by addition
of NTPs (10 mM, 1 μL). After 30 min, the reaction was quenched with addition EDTA solution
(50 mM, 5 μL). RNA products were visualized with a Molecular Imager Gel Doc XR+Imaging
System after PAGE electrophoresis.
For steady-state kinetic experiments, primer extension reactions were performed at varying time
points (between 0 and 60 min). Extension bands visualized after PAGE electrophoresis and
primer extension was quantified with the equation

I

(n  x)

/ ( I ( n  x )  In),

where

I (n  x)

represents the intensity of all bands above the primer and In represents the band intensity of
the non-extended primer. Resulting values were plotted using GraphPad Prism and non-linear
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regression analysis was carried out using the equation Y=Ym*(1-e(-k*X)), where Ym is the
percentage of product formed, k is the apparent reaction rate and X is time.
Crystal structure analysis
12-subunit Pol II (4.1 mg/mL) was incubated with a 1.5-fold molar excess of nucleic acid
scaffold containing the 3d-Napht-A analog and 5-Br-U. The sample was incubated for 20 min on
ice before crystallization by hanging drop vapor diffusion with 4-7% PEG 6000, 200 mM
ammonium acetate, 300 mM sodium acetate, 50 mM HEPES pH 7.0 and 5 mM TCEP. Crystals
were grown for 4-8 days, cryo-protected in mother solution supplemented with 22% glycerol and
nucleic acid scaffold. The crystals were incubated overnight at 8 °C before harvesting and
freezing in liquid nitrogen.
Diffraction data were collected at X06SA of the Swiss Light Source or P13 of DESY. Diffraction
images were processed with XDS. The structures were solved with molecular replacement
using the 12-subunit Pol II structure (PDB: 3HOX) without nucleic acids. Refinement was
performed using Phenix.Refine.
Cell culture conditions and RNA synthesis recovery assay
Cells were maintained in RPMI medium 1640 + GlutaMax (Gibco) with 10% fetal calf serum, 1%
pen/strep and 0.1 mg/ml geneticin (Gibco), and incubated at 37 °C in a humidified incubator
containing 5% CO2. Cells were seeded in 96-well plate (Corning Costar, black clear flat bottom)
at a density of 18,000 cells/well. Cells were washed twice with PBS solution (Gibco) and
incubated with HMAF (0.5, 1 µM final concentration, in 0.1% DMSO medium), MMS (1, 500 µM
final concentration, in 0.1% DMSO medium), or in 0.1% DMSO medium as negative control, for
6 h at 37 °C. Transcription activity was evaluated with an RNA synthesis recovery assay (RRS)
adapted from a previously published procedure.33 Briefly, after treatment, cells were washed
twice with PBS solution, and incubated with 500 μM 5-ethynil uridine (EU, Life Technologies Lot
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1711751) in serum-free medium at 37 °C for 2 h. Cells were washed twice with PBS, fixed and
permeabilized at room temperature for 20 min with a freshly-prepared buffer containing 300 mM
sucrose, 2% formaldehyde and 0.5% Triton X-100 in PBS. Cells were washed three times with
PBS (5 min/wash) and exposed to the freshly-prepared azide-coupling solution (10 μM
AlexaFluor488 azide (Life Technologies), 50 mM Tris-HCl (pH 7.3), 4 mM CuSO4 and 10 mM
sodium ascorbate in nuclease-free water) at room temperature for 1 h. Control cells were
incubated in the same coupling solution, containing DMSO instead of the azide. After the
coupling, cells were washed three times with PBS containing 0.05% Tween 20 (PBST). Cells
were stained with 100 µl of 20 ng/ml DAPI (Dojindo) in PBS at room temperature for 20 min and
washed three times with PBST. Fluorescence intensity was recorded in PBS with a Tecan
Infinite 200 PRO series reader (Männedorf, Switzerland). The wavelengths used were 490 nm
(ex) and 525 nm (em) for AlexaFluor488, and 358 nm (ex) and 461 nm (em) for DAPI.
Fluorescence was measured two times. The experiment was carried out three times with 0.5 µM
HMAF and 500 µM MMS, and two times with 1 µM HMAF and 1 µM MMS. Each condition was
tested with four or five replicates per experiment. Statistical analysis was performed with
GraphPad Prism 6 using One-way ANOVA with Dunnett post hoc test.
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4.1

Abstract

The importance of DNA polymerases in biology and biotechnology, and their recognition as
potential therapeutic targets drives development of methods for deriving kinetic characteristics
of polymerases and their propensity to perform polynucleotide synthesis over modified DNA
templates. Among various polymerases, translesion synthesis polymerases enable cells to
avoid the cytotoxic stalling of replicative DNA polymerases at chemotherapy-induced DNA
lesions, thereby leading to drug resistance. Identification of TLS inhibitors to overcome drugresistance necessitates the development of appropriate high-throughput assays. Since
polymerase-mediated DNA synthesis involves the release of inorganic pyrophosphate (PPi), we
established a universal and fast method for monitoring the progress of DNA polymerases based
on the quantification of PPi with a fluorescence-based assay that we coupled to in vitro primer
extension reactions. The assay has a nanomolar detection limit in PPi and enables the
evaluation of single nucleotide incorporation and DNA synthesis progression kinetics. The
results demonstrated that the developed assay is a reliable method for monitoring and
quantifying translesion synthesis and identifying nucleoside and nucleotide-based TLS
inhibitors.
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4.2

Introduction

DNA polymerases have been implicated in drug resistance due to their ability to perform DNA
lesion bypass in a process called translesion synthesis (TLS).1-5 Specialized DNA polymerases
such as polymerases η, ζ, , Rev1 and  were identified to alleviate cell cycle termination
caused by blockade of DNA replication3,4,6 and by promoting error-free7-10 or error-prone11-18
DNA damage bypass due to a wide active site and an extra DNA binding domain.19 DNA
polymerase η (Pol η), while protecting cells against UV radiation,10 was found to replicate over
DNA single-strand breaks (ssb), DNA mono-adducts like O6-methyl-guanine (O6-MeG), 3methyl-adenine15,20-22 and intrastrand crosslinks induced by cisplatin.23-25 TLS polymerase ζ (Pol
ζ) also bypasses cisplatin adducts and adducts induced by the bulky therapeutic cisplatin
analogs24,26 contributing to most mutations induced by DNA-damaging agents.4 Pol , Pol  and
Rev1 are mostly associated with bypass of N2-guanine lesions (DNA minor-groove) induced by
environmental pollutants and food carcinogens,27-31 or by the chemotherapeutic drug mitomycin
C.29 Due to the apparent contribution to drug resistance, inhibiting TLS is considered as a
potential strategy to enhance the efficacy of chemotherapeutic alkylating agents.32
The complex dynamics of TLS polymerases and conformational changes occurring during
lesion bypass and progression

33-38

makes screening of small molecules the most convenient

method to gain access to polymerase inhibitors in comparison to rational drug design. Over the
years, detection of DNA polymerase activity from in vitro primer extension assays has been
approached in various ways,39 including imaging of radiolabeled products following gel
electrophoresis40

and

staining

with

DNA

intercalating

fluorescent

dyes

coupled

to

spectrophotometric analysis.41 Other methods have been based on the detection of
fluorescence arising from the incorporation of fluorescently labeled nucleotides to monitor
primer extension42 or from the polymerase-mediated displacement of a fluorescent reporter
strand.43-45
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A different approach to study DNA polymerase activity is represented by the detection of PPi
released during dNTP incorporation. A prominent example is the chemiluminescence-based
luciferase assay that is widely applied in pyrosequencing, the stepwise monitoring of dNTP
incorporation to determine DNA sequence.46 While this method is highly effective for DNA
sequencing and potentially adaptable for evaluating inhibitors, this is not done in practice,
possibly because it can suffer from the interaction of small molecules, such as nucleotides and
nucleotide analogs, with luciferase which uses the nucleotide substrate ATP.18,47 Furthermore,
several colorimetric and fluorescence-based assays for PPi quantification have been
reported,48-52 however to our knowledge, none have been shown to be applicable to monitoring
DNA synthesis. Considering the anticipated benefits of a polymerase activity measurement
method that does not require the preparation of fluorescent tags for DNA substrates and that is
compatible with screening of nucleotide analogs as polymerase inhibitors, we envisioned the
coupling of primer extension (PE) reactions to the flourescence-coupled measurement of
pyrophosphate. An excellent measurement tool for this could be the commercial PiPerTM assay,
which involves a chain of enzymatically catalyzed reactions that culminate in the oxidation of
non-fluorescent Amplex Red to red-fluorescent resorufin (Fig.1).51,52 The PiPer assay was
initially developed to analyze the activity of the ATP-ase Hsp90. Reported herein is the
demonstration that coupling of a primer extension reaction to the PiPer assay (PE-PiPer) allows
for monitoring, on the basis of PPi release, DNA polymerase activity and is applicable for
screening polymerase inhibitors with natural or modified templates in a 96-well plate format.
To establish PE-PiPer, we analyzed polymerase-mediated DNA synthesis reactions using
natural DNA templates and DNA templates containing modified nucleobases corresponding to
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Fig.1. PE-PiPer assay for monitoring polymerase activity and DNA synthesis progression/inhibition.

those produced by DNA alkylating agents, including DNA O6-alkylation by temozolomide, 3alkylation by methyl lexitropsin, and 7-alkylation by cisplatin. For validation, all fluorescencebased data were compared to those derived from conventional gel electrophoresis. DNA
synthesis progression was evaluated for the TLS polymerases DPO4, Y-family DNA
Polymerase IV from Sulfolobus Solfataricus, and Pol η, human Y-family polymerase. Both DNA
polymerases were tested in primer extension assay with natural dNTPs to establish the
relationship between nucleotide incorporation and fluorescence readout. Further, extension was
carried out in presence of modified nucleotides to investigate whether PE-PiPer is amenable for
detecting alterations in DNA synthesis efficiency.
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4.3

Materials and methods

Reagents and proteins
The commercial PiPerTM kit was obtained from Life Technologies (Zug, Switzerland). Tris-HCl,
glycerol, dithiotreitol (DTT), MgCl2, ethylenediaminetetraacetic acid (EDTA), formamide,
Bromophenol Blue and cisplatin were obtained from Sigma Aldrich (St.Louis, MO, USA). SYBR®
Gold Nucleic Acid Gel Stain was obtained from LifeTechnologies. The archeal polymerase Dpo4
from Sulfolobus Solfataricus was obtained from Trevigen (Gaithersburg, MD, USA) stored in 20
mM Tris-HCl (pH 7.8), 100 mM NaCl, 0.1 mM EDTA, 1 mM DTT, and 50% (v/v) glycerol at a
concentration of 1.2 μM. Human Pol η was expressed and purified as previously described and
generously provided by Prof. Barbara Van Loon, University of Zurich.53 Pol η was obtained in
phosphate buffer, which interferes with the pyrophosphate assay, therefore a buffer exchange to
Tris-HCl (25 mM), pH 7.5, was performed with VWR Centrifugal Filters (Radnor, PA, USA)
(molecular weight cut-off of 3 kDa). The concentration of Pol η after buffer exchange was
measured with the PierceTM BCA protein assay (Thermo Scientific, Waltham, MA, USA) before
reconstitution to storage buffer containing DTT (150 μM) and glycerol (10%).
Nucleoside triphosphates
Natural deoxyribonucleotide (dNTPs) solution mix (10 mM each) was obtained from New
England

Biolabs.

5-hydroxy-2’-deoxycytidine-5’-triphosphate

(5-OH-dCTP),

5-carboxy-2’-

deoxycytidine-5’-triphosphate (5-COOH-dCTP), 8-Oxo-2'-deoxyadenosine-5'-Triphosphate (8oxo-dATP) and 5-Nitro-1-indolyl-2'-deoxyribose-5'-Triphosphate (5-nitro-TP) were obtained from
Trilink Biotechnologies (San Diego, CA, USA). 6H,8H-3,4-Dihydro-pyrimido [1,2]oxazin-7-one-8D-2’-deoxy-ribofuranosid-5’-triphosphate (dPTP) was obtained from Jena Bioscience (Jena,
Germany). All nucleotide analogs were dissolved in deionized water (Merk Millipore).
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Oligonucleotides synthesis
The PAGE-purified 18-mer used as DNA primer was obtained from VBC Biotech (Vienna,
Austria). DNA templates were synthesized by solid phase chemical DNA synthesis on a
Mermade 4 DNA synthesizer (Bioautomation). Phosphoramidites were obtained from Glen
Research (Sterling, VA, USA). DNA templates were thirty nucleotides long and were either
natural or carrying DNA damage in position +25 from the 3’-end (Table 1). Templates with O6methyl-guanine (30mer-O6-MeG) and 3-deaza-3-methyl-adenine (30mer-3d-3MeA) were
synthesized with O6-Me-dG-CE phosphoramidite (Glen Research) and 3-deaza-3-methyl-dA-CE
phosphoramidite (Berry & Associates, Dexter, MI, USA), respectively. The 30-mer DNA
template carrying an intrastrand cisplatin crosslink at adjacent guanines (30mer-Pt) was
obtained by reacting the unmodified 30-mer-GG DNA template with activated cisplatin as
described previously

23

. The synthesized oligonucleotides were purified by HPLC and

characterized by MS analysis (Electronic Supplementary Material, Fig.S1-4). 30mer-GG and
30mer-O6-MeG DNA templates were purified by HPLC (Agilent 1100 Series) with an Agilent
Eclipse XDB-C18 5μm 4.6 x 150mm column. The chromatographic mobile phases were 50 mM
triethylammonium acetate and acetonitrile.
Table 1 DNA substrates to study DNA polymerase activity
Substrate name

Substrate sequence

30mer-GG

3’-CTATACTCACACTCTACTACACTCGGCATC-5’
5’-AGTGTGAGATGATGTGAG-3’

6

30mer-O -MeG

3’-CTATACTCACACTCTACTACACTCXGCATC-5’
5’-AGTGTGAGATGATGTGAG-3’

30mer-Pt

3’-CTATACTCACACTCTACTACACTCXXCATC-5’
5’-AGTGTGAGATGATGTGAG-3’

30mer-3d-3MeA

3’-CTATACTCACACTCTACTACACTCXGCATC-5’
5’-AGTGTGAGATGATGTGAG-3’
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A gradient of acetonitrile from 8 to 12% over 30 min was used for 30mer-GG and from 9.5 to
12% over 49 min for 30mer-O6-MeG. For 30mer-Pt, a Phenomenex Luna C18 5μm 250 x
4.6mm column was used with an acetonitrile gradient from 5 to 12% over 75 min. The eluted
fractions containing DNA templates were concentrated to dryness in a MiVac centrifugal
evaporator (GeneVac), re-suspended in deionized water and analyzed by direct injection into an
Agilent MSD SL ion trap mass spectrometer with electrospray ionization. The template 30mer3d-3MeA was purified by PAGE electrophoresis with a 20% (w/v) acrylamide/urea 7M gel
followed by solid phase extraction with a Sep-Pak C18 Classic cartridge (Waters) as described
previously.54
Primer extension reactions
DNA substrates for primer extension reactions were prepared by annealing 30-mer DNA
templates (11 µM) to the 18-mer primer (10 µM) in a total volume of 200 µl 1X NEBuffer 2 (New
England Biolabs, Ipswich, MA, USA). The reaction mixture was heated to 94 °C for 4 min and
allowed to cool slowly to room temperature for 1 h. Primer extension reactions were carried out
in DNA LoBind Microcentrifuge Tubes (Eppendorf) by combining DNA substrate, dNTPs and
DNA polymerase in a total volume of 8 μl in 25 mM Tris-HCl, pH 7.5, containing 5 mM MgCl2.
The DNA polymerase was added last to start the reaction. The resulting solution was placed in
a PCMT Thermoshaker (Grant-Bio) at 37 °C and DNA synthesis was stopped by addition of
EDTA solution (8 μl, 20 mM). This reaction solution was used for parallel analysis of primer
extension with PE-PiPer assay and gel electrophoresis as described below. The concentration
of DNA, DNA polymerases and dNTPs varied according to the specific enzyme and DNA
substrate present in the reaction as follows. Dpo4 single nucleotide incorporation reactions were
performed with 4 nM Dpo4, 3.2 µM 30mer-GG and 300 µM dCTP (Fig.2a) or with 5.6 nM Dpo4,
4.5 µM 30mer-GG and variable concentrations of dCTP (0-300 µM). Reactions to assess the
influence of nucleotide analogs on Dpo4 activity were performed with 4 nM Dpo4, 1.6 µM
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30mer-GG, 300 µM dNTPs and 30 µM nucleotide analog (10 min reaction time) or with 14 nM
Dpo4, 1.6 µM 30mer-O6-MeG, 600 µM dNTPs and 60 µM nucleotide analog. A longer (60 min)
reaction time was needed for primer extension (PE) over a modified template containing O6methyl-guanine (O6-MeG), consistent with the 6-fold slower kinetics of Dpo4 over O6-MeG vs.
G, as reported previously

13

. Reactions to assess the influence of nucleotide analogs on Pol η

activity contained 20 nM Pol η, 1.6 µM DNA substrate, 600 µM dNTPs and 60 µM nucleotide
analogs. Reaction times were 30 min with 30mer-GG and 90 min with the damaged DNA
templates.
PE-PiPer assay
To quantify released PPi, solutions resulting from primer extension reactions performed as
described above (8 μl) were quenched by adding EDTA (8 µl, 20 mM) to the reaction tube. 13 µl
of the quenched reaction solution were then transferred to a half-area black 96-well plate
(Greiner Bio One).

To each well was added the commercial PiPerTM (LifeTechnologies)

solution: assay buffer (12 μl of 25 mM Tris-HCl, pH 7.5, 5 mM MgCl2), followed by a freshly
prepared working solution (25 μl) containing glucose oxidase (8 U/ml), maltose phosphorilase (4
U/ml), maltose (0.4 mM), Amplex Red (100 μM), horseradish peroxidase (0.4 U/ml) and
inorganic pyrophosphatase (4 U/ml) resulting in a total volume of 50 μl in each well

52

. The plate

was incubated in a plate reader (Infinite® 200 PRO series, Tecan) at 37 °C for 60 min, and
fluorescence was measured (λexc 533 nm, λem 590 nm). Fluorescence data were corrected for
background fluorescence with control samples containing EDTA prior the addition of the DNA
polymerase resulting in a reaction quenched at time zero.
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Analysis of PE by gel electrophoresis
Extent of primer extension for each reaction was monitored in parallel by denaturing gel
electrophoresis for comparison with PE-PiPer data. 2 µl of the quenched primer extension
reaction were combined with 3 µl loading buffer (95% formamide, 18 mM EDTA, 0.1%
Bromophenol Blue) and electrophoresis was performed with a 20% (w/v) acrylamide/urea 7M
gel with an XCell SureLock mini-cell electrophoresis system from Life Technologies at 300 V for
90 min. The gel was then stained in 1X SYBR Gold solution at room temperature for 20 min. Gel
bands were quantified with a Molecular Imager Gel Doc XR+Imaging System from Bio-Rad. The
percentage product formation was determined with the equation

I

(n  x)

/ ( I ( n  x )  In) ,

where I ( n  x ) represents the intensity of all bands above the primer and In represents the band
intensity of the non-extended primer.
4.4

Results and discussion

Monitoring single nucleotide incorporation by PE-PiPer
To test the feasibility of a PE-variant of the PiPer assay, i.e. PE-PiPer, we measured the release
of PPi from polymerase-mediated single nucleotide incorporation reactions with the PiPer
assay. Steady-state primer extension reactions were carried out with an unmodified
oligonucleotide template and the Y-family DNA polymerase Dpo4 from Sulfolobus Solfataricus.
Nucleotide incorporation opposite adjacent guanines in position +25 and +26 from the 3’ end
was monitored by PiPer and the magnitude of fluorescence, expressed as percentage
extension, were compared to those derived from gel-based assay. Products of primer extension
reactions were separated by gel electrophoresis and visualized by SYBR Gold staining. In a
time- and dCTP concentration-dependent manner, two new bands formed, corresponding to
single (n+1) or double (n+2) incorporation of dCTP (Fig.2a, 2b). The time-dependent increase in

116

product formation was similar whether monitored by PE-PiPer or gel-based assays (Fig.2c).
Also by both methods, we derived Michelis-Menten parameters on the basis of following extent
of primer extension as a function of increasing dCTP concentration (Fig.2d). The kinetic
parameters obtained by PiPer were Vmax 467.7 nM/min, Km 7.5 μM and Kcat/Km 11.14 min1

nM-1, and by gel electrophoresis Vmax 479.9 nM/min, Km 8.01 μM and Kcat/Km 10.70 min-1nM-

1

, suggesting the fluorescence readout is effective for evaluating polymerase activity.

Fig.2. Single nucleotide incorporation catalyzed by Dpo4 monitored by PE-PiPer or standard gel electrophoresis: (a)
Dpo4 (4 nM) with 30merGG (3.2 μM) and dCTP (300 μM); (b) Dpo4 (5.6 nM) with 30mer-GG (4.5 μM) and increasing
concentrations of dCTP (0, 3.5, 20, 70, 140, 300 μM); (c) nonlinear regression analysis of data obtained for the
samples in a analyzed by both methods; (d) Michaelis-Menten analysis of data obtained for the samples in b
analyzed by both methods. Graphs represent the average independent replicates (n = 3 in c and n = 2 in d) and their
standard deviation.

Influence of nucleotide analogs on Dpo4 activity
We used PE-PiPer to screen the capacity of nucleotide analogs to reduce polymerase activity.
For this purpose we performed primer extension in the presence of modified nucleotide analogs
(Fig. 3) varying in size, H-bonding or π-stacking interactions, features that may alter DNA
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synthesis progression.55,56 The PE reactions were carried out in the presence of a modified
dNTP and the four natural dNTPs over a natural DNA template (30-mer-GG) and a DNA
template containing a drug-induced lesion (O6-methyl-guanine, 30mer-O6-MeG), known to be
bypassed by Dpo4 with low fidelity.13 The concentration of the modified dNTP was ten times
lower than the natural dNTPs in order to mimic the conditions of inhibitor screening. PE in the
presence of natural nucleosides only was used as a control for evaluating the impact of modified
nucleosides on DNA synthesis.
The data obtained from PE over a natural vs. modified DNA template indicated that PE-PiPer
can sense diminished DNA synthesis rates in the presence of candidate inhibitors, and that
inhibitory properties of modified dNTPs alter with respect to the template. Thus, addition of a
modified dNTP to a PE reaction over a natural template (30mer-GG) in the presence of natural
dNTPs for 10 min led to a 20–40% decrease in the formation of full-length DNA product
(Fig.4a), suggesting an inhibitory role of modified nucleosides in PE by Dpo4.

Fig.3. Structures of nucleotide analogs tested as PE inhibitors: (a) 5-hydroxy-2′-deoxycytidine-5′-triphosphate, (b) 5carboxy-2′-deoxycytidine-5′-triphosphate,

(c)

6H,8H-3,4-dihydro-pyrimido[4,5-c][1,2]oxazin-7-one-8-d-2′-deoxy-

ribofuranosid-5′-triphosphate, (d) 5-nitro-1-indolyl-2′-deoxyribose-5′-triphosphate, (e) 8-oxo-2′-deoxyadenosine-5′triphosphate. dR indicates 2′-deoxyribosetriphosphate.

118

Fig.4. Influence of nucleotide analogs on Dpo4-mediated primer extension and single nucleotide incorporation. (a)
Primer extension by Dpo4 (4 nM) on 30mer-GG and 30mer-O6-MeG (1.6 μM) in the presence of natural dNTPs and
modified nucleotide analogs. Primer extension in the presence of natural dNTPs only is taken as a control. Average
values of primer extension and standard deviation of three runs are reported. Statistical analysis was performed with
one-way ANOVA for multiple comparisons with Dunnett’s correction ( ∗P < 0.05,
∗∗∗∗P

∗∗P

< 0.01,

∗∗∗P

< 0.001,

< 0.0001). (b) Single nucleotide incorporation by Dpo4 on 30mer-GG. (c) Single nucleotide incorporation by

Dpo4 on 30mer-O6-MeG. Lanes: B, no dNTP; 1, dCTP; 2, 5-OH-dCTP; 3, 5-COOH-dCTP; 4, dPTP; 5, 8-oxo-dATP;
6, 5-nitro-TP. Graph bars represent the average of three independent replicates and their standard deviation.

In contrast to PE with 30mer-GG, the presence of modified nucleoside analogs did not impact
the efficiency of DNA synthesis over 30mer-O6-MeG, suggesting that inhibitory properties of
TLS-targeting molecules may be template-dependent. The observed loss in fluorescence
observed with PE over 30mer-GG template appears to be caused by competition between 5OH-dCTP, 5-COOH-dCTP and dPTP with natural dCTP for incorporation opposite GG, as can
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be concluded from the efficient incorporation of these analogs by Dpo4 monitored by gel
electrophoresis (Fig. 4b). On the other hand, 8-oxo-dATP and 5-nitro-TP do not appear to be
incorporated by the polymerase opposite GG. Nevertheless, both dNTPs are mildly inhibitory,
suggesting that they either compete with Dpo4 binding or impact DNA synthesis at a later step.
The presence of O6-MeG in the DNA template, however, appears to limit incorporation of
modified dNTPs by Dpo4, which is reflected by the lack of Dpo4 inhibition observed in PE-Piper
screen.
Influence of nucleotide analogs on Pol η activity
We further evaluated PE-PiPer as a means to monitor the influence of nucleotide analogs on
Pol η-mediated TLS. In analogy to the previous experiments with Dpo4, Pol η activity was
assessed for replication of natural and damaged DNA in steady-state kinetic conditions, in the
presence of four natural dNTPs (control) or with the addition of a modified dNTP. To study Pol η
activity on damaged DNA we employed the 30mer-O6-MeG template and two additional DNA
templates, one containing a 1,2-cisplatin intrastrand crosslink (30mer-Pt) and one containing 3deaza-3-methyl-adenine (30mer-3d-3MeA) (Table 1), a depurination-resistant model for

3-

methyl-adenine.57
We observed that the nature of the DNA adduct influenced the inhibitory capacity of each
nucleotide analog. For example, 5-OH-dCTP significantly reduced Pol η activity on 30mer-O6MeG and 30mer-Pt but not on other DNA substrates (Fig. 5). Likewise, 5-COOH-dCTP
selectively inhibited TLS over 30mer-O6-MeG and 30mer-3d-3MeA, while 5-nitro-TP inhibited
TLS over 30mer-O6-MeG. Primer extension reactions were stopped after 10 min for the natural
DNA substrate and after 60 min for modified DNA substrates. PiPer data correlate with the data
obtained after visualizing and analyzing PE reactions by gel electrophoresis (Electronic
Supplementary Material, Fig.S5), showing that the assay is useful for quickly evaluating the
activity of human Pol η.
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Fig.5. Influence of nucleotide analogs on Pol η-mediated primer extension. Reactions were carried out with 1.6 μM
DNA template (30mer-GG, 30mer-O6-MeG, 30mer-Pt, or 30mer-3d-3MeA), 20 nM Pol η, 600 μM natural dNTPs, and
60 μM nucleotide analog. Significant alterations of primer extension from the control reaction were determined by
one-way ANOVA for multiple comparisons and with Dunnett’s correction ( ∗P < 0.05,
∗∗∗∗P

∗∗P

< 0.01,

∗∗∗P

< 0.001,

< 0.0001). Bars represent the average of three independent replicates and their standard deviation.

PE-PiPer in a 96-well plate
The convenience, reproducibility and sensitivity of PE-PiPer established in this study supported
its potential for use in a high throughput (HTS) setting to screen chemical libraries for novel
inhibitors.

As a key step toward high throughput adaptation, we implemented a combined

version of the assay where not only the quantification step but also the primer extension
reactions were performed in a 96-well plate with simultaneous start and quenching of the
reactions followed by PiPer quantification. To assess the feasibility of this format we performed
test reactions with Dpo4 and Pol η over 30mer-GG and 30mer-Pt, respectively. The nucleotide
analogs used were 5-COOH-dCTP and dPTP for Dpo4, and 5-OH-dCTP and dPTP for Pol η,
with reaction conditions maintained as in previous experiments. The data obtained when we
performed the assay in this format were similar to those obtained when the two steps were
performed separately (Fig. 6). Thus, we observed that adding 5-COOH-dCTP and dPTP
reduced Dpo4 activity with a 30mer-GG template, and that Pol η activity on 30mer-Pt was
reduced by 5-OH-dCTP but not dPTP. The inhibitory efficiencies of dNTPs were similar
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regardless of analysis settings. These data support the suitability of the assay for high
throughput screening of large compound libraries, which will be pursued in future studies.

Fig.6. Implementation of PE-PiPer in high-throughput settings for Dpo4 and Pol η activity. (a) Dpo4-mediated primer
extension on 30mer-GG in the presence of natural dNTPs (control), natural dNTPs plus 5-COOH-dCTP, and natural
dNTPs plus dPTP (n = 3). (b) Pol η-mediated primer extension on 30mer-Pt in the presence of natural dNTPs
(control), natural dNTPs plus 5-OH-dCTP, and natural dNTPs plus dPTP (n = 3). Graph bars represent the average of
independent replicates and their standard deviation.

122

4.5

Conclusions

PE-PiPer was developed as a convenient and fast fluorescence-based assay to evaluate DNA
polymerase activity by monitoring the release of PPi during DNA synthesis. The high sensitivity
of the assay (0.4 μM of PPi) and miniaturization allows for the use of small amounts of enzyme
and DNA substrates, in the nanomolar and micromolar range, respectively, to evaluate single
nucleotide incorporation and full-length primer extension. Analysis occurs with no restrictions
regarding DNA sequence and polymerase, since the fluorescence signal is proportional to
released PPi rather than the formation of DNA product. We demonstrated that the PE-PiPer
approach is suitable for steady-state analysis of Y-family DNA polymerase-mediated TLS over
oligonucleotides with different DNA adducts and that it is feasible to screen candidate inhibitors.
Furthermore, the results obtained with Pol η replicating over natural vs. modified DNA templates
show for the first time that the alteration of DNA polymerase activity by nucleotide analogs
depends on the specific DNA adduct present in the DNA substrate. The data suggests that
modified nucleotides may prove efficacious in damage-selective incorporation and inhibition of
Y-family polymerases during the lesion bypass process, thus opening new opportunities to a
more specific anticancer therapy.
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4.8

Supplementary Information

Oligonucleotide characterization.
The synthesized oligonucleotides were purified by HPLC and characterized by MS analysis
(Electronic Supplementary Material, Fig.S1-4). 30mer-GG and 30mer-O6-MeG DNA templates
were purified by HPLC (Agilent 1100 Series) with an Agilent Eclipse XDB-C18 5μm 4.6 x 150mm
column. The chromatographic mobile phases were 50 mM triethylammonium acetate and
acetonitrile. A gradient of acetonitrile from 8 to 12% over 30 min was used for 30mer-GG and
from 9.5 to 12% over 49 min for 30mer-O6-MeG. For 30mer-Pt, a Phenomenex Luna C18 5μm
250 x 4.6mm column was used with an acetonitrile gradient from 5 to 12% over 75 min. The
eluted fractions containing DNA templates were concentrated to dryness in a MiVac centrifugal
evaporator (GeneVac), resuspended in deionized water and checked by direct injection into an
Agilent MSD SL ion trap mass spectrometer with electrospray ionization. The template 30mer3d-3MeA was purified by PAGE electrophoresis with a 20% (w/v) acrylamide/urea 7M gel
followed by solid phase extraction with a Sep-Pak C18 Classic cartridge (Waters).

Fig.S1 HPLC chromatogram and MS spectrum of 30mer-GG

127

Fig.S2 HPLC chromatogram and MS spectrum of 30mer-O6MeG

Fig.S3 HPLC chromatogram and MS spectrum of 30mer-Pt

Fig.S4 MS spectrum of 30mer-3d-3MeA
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Gel electrophoresis data
Extent of primer extension for each reaction was monitored in parallel by denaturing gel
electrophoresis for comparison with PE-PiPer data. 2 µl of the quenched primer extension
reaction were combined with 3 µl loading buffer (95% formamide, 18 mM EDTA, 0.1%
Bromophenol Blue) and electrophoresis was performed with a 20% (w/v) acrylamide/urea 7M gel
with an XCell SureLock mini-cell electrophoresis system from Life Technologies at 300 V for 90
min. The gel was then stained in 1X SYBR Gold solution at room temperature for 20 min. Gel
bands were quantified with a Molecular Imager Gel Doc XR+Imaging System from Bio-Rad.

Fig.S5 Modulation of Pol η TLS activity by nucleotide analogs detected by gel electrophoresis.
Reaction solutions contained 20 nM Pol η, 600 μM dNTPs and 60 μM nucleotide analogs. DNA
templates (1.6 μM) were 30mer-GG (a), 30mer-O6MeG (b), 30mer-Pt (c) and 30mer-3d-3MeA
(d). Graph bars represent the average of independent replicates and their standard deviation
(n=3).
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Chapter 5. Inhibition of Translesion DNA Synthesis by
Sulfoquinovosyl Diacylglycerols

The work presented in this chapter developed from a collaboration with Prof. Gademann C.
(University of Zurich). Malvezzi S. and Prof. Sturla S. J. designed the study. Malvezzi S.
performed the enzymatic experiments. Dr. Sieber S. synthesized and purified the
sulfoquinovosyl diacylglycerols. Malvezzi S. and Schneider M. designed and performed the cell
viability experiments.
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5.1

Introduction

Cisplatin, cis-diamminedichloroplatinum(II) was introduced in cancer treatment in the 1970s and
is still in wide use today.1 The activity of cisplatin originates from the formation of intrastrand and
interstrand crosslinks in cancer cells.2 These DNA adducts interfere with replication and
transcription, inducing apoptosis.3-5 Cisplatin is effective in the treatment of several types of
cancer, including testicular, ovarian, bladder and head and neck cancer,1 but main drawbacks
are high rates of renal toxicity,6,7 and drug resistance.8-10 Although cisplatin is often used in
combination with other anticancer agents, the adjuvant agents generally do not target the
causes of resistance.1 For example, the first-line treatment for late stage ovarian cancers is
surgical removal followed by platinum therapy in combination with taxane, a mitotic inhibitor.
Although initially effective, 75% of patients relapse with cisplatin-resistant disease.11
Resistance to cisplatin treatment arises from several mechanisms, including alterations in the
absorption or efflux of cisplatin,12 increased biotransformation in the liver,13,14 and processes
regulated by the DNA damage response such as DNA repair and translesion DNA synthesis
(TLS).15-18 TLS involves the bypass of DNA lesions by DNA polymerases (Pols) during
replication. It confers drug resistance by enabling cells to evade apoptosis that results from
replication block at DNA adducts. In eukaryotic cells, TLS is mediated by specialized Pols such
as Y-family Pol η, κ, ι and Rev1, and the B-family Pol ζ.19,20 These Pols replace replicative Pol δ
and ε when encountering DNA adducts, and perform adduct bypass.21 Replicative Pols are then
recruited to continue replication on undamaged DNA.
Several lines of evidence suggest that TLS is involved in resistance to cisplatin therapy. A
retrospective analysis of hPol η expression in relation to cisplatin efficacy in the treatment of
mucosal derived squamous cell carcinomas of head and neck suggested that hPol η-mediated
TLS diminished therapy outcome.22 Moreover, Pol η-deficient cells had lower survival rates upon
treatment with cisplatin compared to wild type cells and cell cycle arrest in S phase was
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significantly stronger.23,24 Similarly, studies with hPol ζ and Rev1 -deficient cell lines suggested
their involvement in resistance to cisplatin treatment.25-27 Inhibition of TLS Pols, especially Pol η
and ζ, is therefore a candidate strategy to increase cisplatin efficacy.
Although TLS inhibition by small molecules to potentiate cisplatin toxicity was not reported so
far, there are several TLS Pol inhibitors known. Woodgate and co-workers reported the potent
inhibition of hPol η and ι by ellagic acid and aurintricarboxylic acid, with IC50 between 62 and 99
nM.28 Eoff R. and co-workers recently discovered indole thio-barbituric acid derivatives that
inhibit hPol η with IC50 values in the range between 15 and 35 µM.29 Several other examples of
TLS Pols inhibitors are available, among which natural products like β-Sitosteryl (6'-O-linoleoyl)glucoside and penta-O-galloyl-beta-D-glucose, or nucleotide analogs like oxetanocin derivatives,
with IC50s in the low micromolar range.30-32 Another interesting class of natural compounds
known for DNA Pol inhibition is represented by sulfoquinovosyl diacylglycerols (SQDGs). 33-35
One example is the SQDG 1,2-di-O-acyl-3-O-(α-D-sulfoquinovosyl)-glyceride acylated with two
stearic acid chains, with IC50 values ranging from 0.036 to 45 µM depending on the Pols.34
SQDGs are biosynthesized by different organisms such as cyanobacteria and marine
microalgae, and are micromolar-potency cytotoxins in cancer cell lines.36-38 SQDG structures are
composed of a diacylglycerol moiety attached to the anomeric position of 6-sulfoquinovose. The
diacylglycerol moiety contains two fatty acid chains, with palmitic acid (C16:0), eicosapentaenoic
acid (C20:5), arachidonic acid (C20:4) and stearic acid (C18:0) being the most prevalent.39
Sakaguchi and co-workers treated human stomach cancer cells NUGC-3 with a SQDG
containing stearic acid chains and its analog with one fatty acid chain (SQMG).33 While the
SQMG was cytotoxic to cells, the SQDG did not reduce cell survival even at the highest dose of
200 µM suggesting that the uptake of SQDGs is not very efficient.33 Conversely, Barthomeuf and
Pan reported the cytotoxicity of SQDGs in DLD-1, MCF-7, PC-3, HepG2 and M4-Beu cell lines
with IC50 values between 100 and 300 µM.39,40
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In this study, we investigated the capacity of synthetic SQDGs (Figure 1) to inhibit human DNA
Pols and their possible influence on cisplatin cytotoxicity in a hepatocellular carcinoma cell line.
The main focus of the investigation was on characterizing the activity of hPol η, due to its
involvement in TLS over cisplatin interstrand crosslinks. The possible inhibition of other hPols
specialized either in TLS or high-fidelity replication were also investigated to evaluate inhibition
selectivity of these SQDGs. The SQDGs tested contained fatty acid chains ranging from 5 to 10
carbon atoms. Compounds 3 and 4 were previously shown to inhibit human telomerase,
whereas compounds 1 and 2 were not active.41 To investigate hPol inhibition, we performed
primer extension reactions in the presence of SQDGs. Analogs with inhibitory activity for isolated
enzymes were then tested as single agents or in combination with cisplatin to determine their
cytotoxicity on HepG2 cells. The results of this study provide insight on structure-activity
relationships that dictate the inhibitory properties of SQDGs on hPol activity and the selectivity of
inhibition.

Figure 1. Structures of the synthetic SQDGs used in this study.
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5.2

Results

hPol η inhibition by SQDGs
To evaluate hPol η inhibition by four SQDGs containing fatty acid chains of increasing length, we
performed primer extension reactions. SQDGs 1, 2, 3 and 4 were synthesized as described
previously.41 The DNA constructs used for primer extension reactions included a 26-mer
template annealed to an 11-mer primer labelled with fluorescein at the 5’ end (Figure 2a). hPol
η-mediated primer extension in the presence of dNTPs and SQDGs (50 µM) was visualized by
PAGE electrophoresis and compared to the control reaction containing only dNTPs. Compounds
1 and 2 did not reduced hPol η activity, whereas compound 3 and 4 strongly inhibited primer
extension and no product formation was observed (Figure 2b). We therefore derived the IC50 for
hPol η inhibition by 3 and 4 by titrating inhibitor concentrations up to 1 mM, and found the IC50
values to be 9.0 µM for 3 and 18.9 µM for 4 (Figure 2c and 2d).

Figure 2. Inhibition of hPol η-mediated primer extension by SQDGs. a) DNA construct used for primer extension
reactions. The primer is labelled with fluorescein to enable visualization after PAGE electrophoresis. b) Screening of
hPol η by SQDGs 1, 2, 3 and 4. Reactions were performed with 5 nM hPol η, 500 nM DNA, 100 µM dNTPs and 50 µM
SQDGs. c, d) IC50 determination for hPol η inhibition by 3 and 4. Reaction conditions as in the preliminary inhibition
screening experiments but inhibitor concentration varied in the range 0-1 mM. IC50 values were determined with
GraphPad Prism after plotting average values of primer extension percentage vs. the log of inhibitor concentration.
Error bars represent the strandard deviation of 3 independent experiments.
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TLS Pol selectivity is a very important aspect to consider when evaluating possible combination
therapy strategies with Pol inhibitors. Inhibition of replicative Pols in addition to TLS Pols would
generate general cytotoxicity without targeting the pathway of interest. Therefore, we further
tested these compounds for their capacity to inhibit hPol ζ, ι and α. hPol ζ is regarded as an
important factor in resistance to cisplatin and believed to complement hPol η is the bypass of
cisplatin crosslinks.26 hPol ι is a TLS Pol efficient in the insertion step of TLS opposite several
DNA adducts,42,43 while hPol α is a replicative Pol acting as a primase during replication.44 hPol ζ
and ι were inhibited by the SQDGs (Figure 3), and inhibition potency matched the one observed
for hPol η, with compound 3 inhibiting both hPols more potently than observed for 4. Conversely,
compound 4 was more potent in inhibiting hPol α compared to 3 (Figure 3). Compound 3 has
therefore a more interesting activity profile compared to compound 4, based on its capacity to
target TLS hPol η, ζ and ι more potently than replicative hPol α, a feature that may improve its
use as adjuvant of cisplatin in cell treatment.

Figure 3. Inhibition of hPol ζ, ι and α by SQDGs 3 and 4. Reactions were performed with either 66 nM hPol ζ, 10 nM
hPol ι or 0.5 U of hPol α, 500 nM DNA, 100 µM dNTPs and increasing concentrations of SQDGs (N=1).
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Cytotoxicity of SQDGs in HepG2 cells
On the basis of studies with isolated enzymes, compounds 3 and 4 were selected to investigate
their effect on cells. Therefore, the anticancer properties of compounds 3 and 4, were evaluated
in cytotoxicity assays with a human liver cancer cell line (HepG2 cells). Cells were treated with
increasing concentrations of the SQDGs in the range 0-500 μM and cell viability was determined
after 48 h by measuring ATP content. Compound 3 was not cytotoxic in the range of
concentrations tested (Figure 3a). On the other hand, compound 4 reduced cell survival in a
concentration-dependent manner, with an IC50 of 182 μM (Figure 3b). These dose-response
experiments enabled us to estimate low cytotoxicity values to select the highest possible
concentrations for co-treatment of cells with cisplatin.

Figure 3. Cell viability of HepG2 cells treated with 3 (a) and 4 (b). CelIs were treated with different concentrations of
SQDGs (0-500 μM) and cell viability was determined by CellTiter-Glo® Assay after 48 h treatment. The IC50 for cells
treated with compound 4 was determined with GraphPad Prism after plotting average values of primer extension
percentage vs. the log of inhibitor concentration. Error bars represent the strandard deviation (n ≥ 2).

Having established the cytotoxicity of SQDGs 3 and 4 on HepG2 cells, we then tested whether a
non-cytotoxic concentration of 3 or 4 increases cisplatin cytotoxicity. Cells were either treated
with SQDGs and cisplatin in combination and administered at the same time, with cell viability
measured after 48 h (Figure 4a), or they were preconditioned with SQDGs for 24 h, followed by
treatment with cisplatin at 24 h, and cell viability also measured at 48 h (Figure 4b). Although
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SQDG 3 was not toxic up to 200 μM, we selected the IC10 for SQDG 4 (92 μM) for these
preliminary experiments to allow direct comparison between the two compounds. Cell viability of
HepG2 cells treated with increasing concentrations of cisplatin in the presence of 3 or 4 was not
significantly altered, whether the putative inhibitors were administered concurrent with (a) or
pprior to (b) the drug (Figure 4).

Figure 4. Dose-response curves of HepG2 cells treated with increasing concentrations of cisplatin in combination with
a non-cytotoxic concentration of SQDGs 3 and 4 (IC10, 92 μM). Cells were either treated with SQDG and cisplatin at
time zero (a) or treated with SQDG at time zero and with cisplatin at 24 h (b). Cell viability was determined by
CellTiter-Glo® Assay after 48 h treatment. Error bars represent the standard deviation (n = 2)
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5.3

Discussion and Outlook

SQDGs are natural products previously investigated as Pol inhibitors and for their anticancer
properties. Their structure is characterized by a sulfoquinovosyl mojety and a diacylglycerol
mojety with different fatty acid chains, most commonly composed of stearic and palmitic acid. 39
In this study, four synthetic SQDGs with fatty acid chains of different length were tested as TLS
polymerase inhibitors. While SQDGs 1 and 2, with shorter fatty acid chains, did not inhibit hPol
η, SQDGs 3 and 4 inhibited hPol η with micromolar IC50 values (Figure 2). Compounds 3 and 4
also inhibited hPol ζ, ι and α. Interestingly compound 3 inhibited TLS Pols more potently than
replicative hPol α, which was not observed for compound 4. When tested for their cytotoxicity in
a human liver cancer cell line, compound 3 was not cytotoxic in the concentration range tested,
while compound 4 had an IC50 of about 180 μM. We then investigated the capacity of SQDGs 3
and 4 to potentiate the cytotoxicity of cisplatin by co-treatment of cells the SQDGs but no
increase in cisplatin cytotoxicity was observed.
hPol η is involved in TLS over intrastrand crosslinks formed in DNA upon exposure to cisplatin,
therefore this enzyme was our primary target while screening for polymerase inhibitors. 22-24,45
The specific inhibition from the analogs with longer fatty acid chains suggests that this moiety of
the molecule is particularly important for the inhibitory effect. The selective inhibition by the
SQDGs with longer fatty acid chains parallels the previously observed inhibition of human
telomerase by SQDGs with fatty acid chains containg at least 9 carbons. 41 The IC50 values for
hPol η inhibition by 3 and 4 were 9.0 and 18.9 μM respectively. These IC50s were in the range
of hPol η inhibition by the naturally occurring SQDGs containing stearic acid chains C(18:0) that
was previously reported to have an IC50 of 4.4 μM. These observations suggest that the fatty
acid chain of SQDGs should have a minimum length to cause Pol inhibition, but no drastic
increase in inhibition potency is induced for fatty acid chains with more than 10 carbons.
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Selective inhibition of any Pol family is notoriously difficult considering how well conserved Pol
structures are. We found that SQDGs 3 reduced the activity of TLS hPol η, ζ and ι to a greater
extent than did SQDG 4 (Figure 3). Conversely, hPol α was inhibited to a greater extent by
SQDG 4 compared to 3 (Figure 3). There are a handful of examples suggesting that SQDGs
may exhibit some Pol family preferences. Sakaguchi K. and co-workers observed 2 orders of
magnitude more potent inhibition of hPol ε by SQDG C(18:0) compared to other B-family and Yfamily hPols.34 Mizushina and co-workers investigated a natural monogalactosyl diacylglycerol
structurally very similar to SQDGs and reported a selective inhibition of replicative hPol δ and ε
compared to TLS hPol η and κ.46 Compound 3 was therefore unique in its capacity to inhibit TLS
Pols more potently than a replicative hPol, which is anticipated to avoid general toxicity by
inhibiting replicative Pols.
SQDGs 3 and 4 were thus evaluated in a cancer cell line, and compound 3 had no appreciable
impact on cell viability, whereas 4 had significant cytotoxicity (IC50 182 μM), which is in a similar
range as the IC50 values for cytotoxicity induced by natural SQDGs to HepG2 and other cell
lines.39,40,47 A possible difference may be the greater inhibition of replicative hPol α or an
increased cellular uptake. Previous cell-based studies of SQDGs involved testing them as
anticancer agents on cell lines and on animals, but always as single agents and typically not in
co-treatment with chemotherapeutic alkylating agents.33,39,47,48 There is one reported study of a
monogalactosyl diacylglycerol used to potentiate the cytotoxicity of the replication inhibitor
gemcitabine, in which three pancreatic cancer cell lines were sensitized to gemcitabine
treatment. We tested whether the co-treatment of HepG2 cells with cisplatin and a non-cytotoxic
concentration of 3 and 4 would increase cisplatin toxicity, however no significant reduction of
IC50 values was observed.
This work provides insight into Pol inhibition by synthetic SQDGs. Small structural differences in
the fatty acid chains of these compounds led to different selectivity of Pol inhibition and different
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cytotoxicity profiles. No increase of cisplatin toxicity was observed upon co-treatment of HepG2
cells with SQDGs 3 or 4. Nonetheless, based on the increased toxicity of gemcitabine selectively
on pancreatic cell lines with a monogalactosyl diacylglycerol previously reported,46 SQDGs 3
and 4 should also be tested on these cell lines.

5.4

Materials and Methods

Chemicals and Proteins
Tris-HCl,

glycerol,

dithiotreitol (DTT),

MgCl2,

ethylenediaminetetraacetic acid (EDTA),

formamide, Bromophenol Blue and cisplatin were obtained from Sigma Aldrich (St.Louis, MO,
USA). Oligonucleotides were purchased from VBC Biotech (Vienna, Austria). dNTPs were
obtained from New England Biolabs (Ipswich, MA, USA). hPol η (cat. N. 19, 5 μg, 100 ng/μL)
and ι (cat. N. 20, 5 μg, 100 ng/μL) were from Enzymax (Lexington, KY, USA). hPol ζ (590 ng/μL)
was expressed and purified as described previously.49
Primer Extension Reactions
DNA constructs for primer extension reactions were obtained by annealing a 26-mer template
(5’-CCTCAACTACTTGACCCTCCTCATT-3’) to an 11-mer labeled with fluorescein (FAM-5’AATGAGGAGGG-3’). The annealing of template (11 μM) and primer (10 μM) were annealed in
10 mM Tris-HCl buffer (pH 7.9) with 50 mM NaCl and 1 mM DTT by warming to 90 °C and
allowing to cool slowly to room temperature. Primer extension reactions were performed in a
buffer containing Tris-HCl 40 mM (pH 8.0), MgCl2 5 mM, DTT 10 mM, BSA 0.1 mg/mL and
glycerol 5%. Purified human DNA Pols (5 nM) were incubated with DNA scaffolds (500 nM),
dNTPs (100 μM) and varying concentrations of SQDGs at 37 °C in a total volume of 10 µL.
Reactions were started by adding the hPol and quenched by adding stop solution (5 µL,
formamide 95%, EDTA 50 mM). Primer extension bands were separated by PAGE
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electrophoresis (acrylamide 20%) and visualized with a Molecular Imager Gel Doc XR+Imaging
System from Bio-Rad. Gel band intensities were quantified with Image Lab 3.0. Percentage of
primer extension was derived with the equation

I

the intensity of all bands above the primer and

(n  x)

/ ( I ( n  x )  In) , where I ( n  x ) represents

represents the band intensity of the non-

extended primer.
Cell Culture Conditions and Cytotoxicity Assay
HepG2 cells were obtained from ATCC (Manassas, VA, USA). Cells were maintained in DMEM
medium, with 10% fetal calf serum (Lot 41F1142K), 1% pen/strep (Lot 1546524) (Life
Technologies, Zug, Switzerland), and incubated at 37 °C in a humidified incubator containing 5%
CO2. For the cytotoxicity assays, cells were seeded in a 96-well plate (Corning Costar) at 10000
cells/well density and allowed to grow for 24 h. On the next day, cell medium was replaced with
medium containing selected concentrations of SQDGs (0-480 μM) or cisplatin (0-500 μM). After
48 h cell viability was determined with the CellTiter-Glo assay (Promeg, Madison, WI, USA) with
minor modifications from manual. Briefly, cell medium was replaced with 45 μL of fresh DMEM
medium, followed by addition of 45 μL of CellTiter-Glo reagent to each well. The plate was
incubated for 2 min on plate shaker at low speed and 10 min without shaking at room
temperature. Each sample was loaded on a white half-area 96-well plate and luminescence was
recorded on a plate reader (Infinite® 200 PRO series, Tecan). Luminescence was measured in
white 96-well plates (Corning Costar, half area) using a Tecan Infinite 200 PRO series reader
(Männedorf, Switzerland). Data was visualized with GraphPad Prism (La Jolla, CA, USA).
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Chapter 6. Summary and Outlook

Anticancer DNA binding agents are a first-line option to treat several types of tumors. These
drugs react with DNA forming covalently bound DNA adducts, leading to cytotoxicity by
suppression of replication and transcription.1 Prominent examples of DNA binding agents used
in chemotherapy are cisplatin, for the treatment of head and neck, testicular, ovarian, bladder
and epidermoid cancers, and temozolomide for the treatment of brain tumors. 2 The efficacy of
DNA binding agents may be reduced by resistance mechanisms such as DNA repair and TLS.316

Pursuing inhibition of repair mechanisms as an approach to improve chemotherapy led to the

discovery of several drugs that are in clinical development for use in co-treatment with DNA
binding agents.17 Conversely, inhibitors of TLS discovered in recent years are only in very early
stages of development. Besides the discovery of alternatives to potentiate the efficacy of
established chemotherapeutic drugs, new alkylating agents with different toxicity profiles are
being developed such as the minor groove alkylators AFs. Nonetheless, also these new
generation alkylating agents may suffer resistance from DNA repair and TLS.
The overarching aim of the work described in this thesis was to better understand the role of
TLS and DNA repair processes in resistance to minor groove alkylating agents and to
investigate strategies to overcome resistance by TLS inhibition. TLS by DNA Pols was
investigated in vitro with the use of minor groove adduct models. These adduct models were
then used to understand transcriptional stalling by RNA Pol II in relation to DNA repair activation.
Additionally, the project aimed to develop a screening method to identify DNA Pol inhibitors in
high-throughput settings. Finally, new TLS inhibitors were discovered and investigated as
potentiators of anticancer alkylating agent efficacy.
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6.1

Impact of Minor Groove Alkylation on DNA Polymerases

In Chapter 2, stable 3-deaza-3-alkyl-adenosine analogs were used to study the activity of human
DNA Pols in presence of minor groove DNA alkylation. The adenosine analogs 3d-Me-A, 3dPhen-A and 3d-Napht-A, have alkyl groups of increasing size. These probes enable structureactivity analysis by performing biochemical experiments with purified Pols due to the chemical
stability associated with the replacement of N3 with C3 that avoids depurination. The larger
analog 3d-Napht-A has similar size and shape as AF adducts. Therefore it was used primarily as
a model to understand the impact of AF adducts on replication and transcription. From primer
extension reactions, we found that hPol η, κ and ι bypassed the modifications, whereas hPol α
and ζ were blocked. While the fidelity of bypass catalyzed by hPol η decreased in the presence
of the adducts, hPol κ and ι maintained high fidelity. The efficiency of hPol κ-catalyzed DNA
synthesis over the models was only slightly decreased, whereas hPol η and ι efficiency were
reduced to a higher extent. To explain these observations we modelled the larger analog 3dNapht-A in the active site of hPol η, κ and ι, using published crystal structures of these Pols as
starting point. Our modelling data suggest that the hPol η active site has little space on the minor
groove side of DNA and does not accommodate 3d-Napht-A. This constraint leads to a distortion
of the Watson-Crick hydrogen bonding and reduced fidelity. Conversely, hPol κ and ι well
accommodate the adduct in the active site due to a wider space on the minor groove side of
DNA and do not disrupt the alignment between templating nucleotide and incoming dNTP,
maintaining high fidelity.
These results provide evidence for DNA Pol behavior at bulky adducts formed in position 3 of
adenine and suggest that TLS Pols may reduce AF cytotoxicity by adduct bypass as a
mechanism of resistance. Moreover, our results suggest that Pol η may be a main player in the
increased mutation frequency previously observed upon treatment of mammalian cells. 18 To
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further confirm the influence of TLS Pols in resistance and mutagenicity upon AF treatment,
experiments in cell lines lacking either hPol η, κ or ι should be performed.
6.2

Impact of Minor Groove Alkylation on RNA Polymerase II

In Chapter 3, we characterized effects on transcription at minor groove alkylation by performing
primer extension reactions with purified RNA Pol II and DNA constructs containing the 3-deaza3-alkyl-adenosine analogs presented in Chapter 2. Pol II bypassed the smaller adducts 3d-Me-A
and 3d-Phen-A but stalled at the larger adduct 3d-Napht-A, with the efficiency decreasing as the
size of the adduct increased. Extension of RNA following the DNA damage was inhibited in a
size-dependent manner and was completely inhibited in the presence of 3d-Napht-A.
The stalling at 3d-Napht-A suggests that Pol II may also be blocked by AF adducts formed in
cells. To confirm this hypothesis we performed a cell-based assay aiming to measure
transcription levels in cells treated with AFs. Upon treatment of a colon carcinoma cell line with
HMAF, we observed a significant reduction of transcription. Conversely, treatment of cells with
the methylating agent MMS, which forms adducts expected to be efficiently bypassed by Pol II,
did not reduce transcription levels. AF cytotoxicity was previously shown to be reduced in cell
proficient in TC-NER, a DNA repair pathway activated by Pol II stalling. 15 Therefore, our results
support the hypothesis that TC-NER-induced resistance to AF treatment may be caused by Pol
II stalling and subsequent activation of the repair pathway.
The potential of minor groove alkylation to induce transcriptional mutagenesis (TM) remains
unknown. TM arises from the error-prone bypass of DNA damage during transcription and may
promote tumorigenesis. Mutations in mRNA transcripts may result in malfunctioning proteins
encoded by oncogenes and tumor suppressor genes and contribute to tumor development.19 In
support of this hypothesis, Pol II misincorporation of AMP opposite 8-oxo-G induced mutations
that were linked to Ras oncogene activation in mammalian cells.20,21 Similarly, Pol II
misincorporation of UMP opposite O6-Me-G led to the production of altered proteins.22 Recently,
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evidence of TM induced by N3-carboxymethyl-T and O4-carboxymethyl-T was reported, with
misincorporation of UMP and GMP respectively.23 We therefore propose to investigate TM
induced by 3-deaza-3-alkyl-adenosine analogs, which would be relevant to understanding risks
associated with minor groove alkylating agent treatment. The study of TM by these analogs can
be achieved by transfection of mammalian cells with a plasmid containing a single modified
base, followed by amplification of purified mRNA transcripts and LC-MS/MS analysis as
previously described.24
6.3

Development of a fluorescence assay to screen for Pol inhibitors

In Chapter 4, we developed a fluorescence-based assay to evaluate Pol activity. The motivation
for this effort was to support the discovery of Pol inhibitors to potentiate the toxicity of anticancer
alkylating agents. The assay couples primer extension reactions to detection of pyrophosphate
released by the Pol upon dNTP incorporation. It can be applied in high-throughput settings, with
virtually any type of Pol, natural or modified DNA templates, and it is feasible to screen
nucleotide analog inhibitors.
This assay was validated by comparing the nucleotide incorporation kinetics of the archeal Yfamily Pol Dpo4 derived on the basis of pyrophosphate released with a standard gel-based
assay. We then tested nucleotide analogs as modulators of hPol η activity, and showed how the
assay can detect even small differences in Pol activity. Finally, the assay was tested in highthroughput settings, with the primer extension reaction and pyrophosphate detection performed
in a 96-well plate. The reproducibility of the assay was tested by determination of the Z-factor,
based on ten control reactions performed in high-throughput settings and subsequent application
of the equation Z  factor  1  [(p  n) / p  n ] , where the means (μ) and the standard
deviations (σ) of positive (p) and negative (n) controls are taken into account. These results were
positive in a half-area 96-well plate with final volumes of 50 μL, therefore we consider that the
assay could be adapted in high-throughput settings for the discovery of new Pol inhibitors. To
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improve assay throughput and reduce costs of the screening, the assay should be tested in 384well plates with lower volumes. The screening may be performed with compound libraries
including nucleiside and nucleoside analogs (i.e. Biochemia and ChemDiv libraries) as well as
natural products (i.e. Analyticon and TimTec libraries), since both classes of compounds have
high potential to be good Pol inhibitors. The assay presented here, based on a chain reaction
composed of four enzymes, is more complex compared to other assays developed and
previously applied for the identification of Pol inhibitors. Nonetheless, it is universal in terms of
Pol and compound library. Furthermore, since it is based on pyrophosphate detection, it can be
applied to screen for Pol inhibition by nucleotide analogs specifically incorporated opposite a
DNA lesion. This approach is relevant to the discovery of inhibitors active only during TLS and
would increase the specificity of inhibitors.
6.4

Inhibition of translesion synthesis by SQDGs

In Chapter 5, we tested four synthetic SQDG analogs containing fatty acid chains of increasing
length (5 to 10 carbons) as DNA Pol inhibitors and discovered that the two SQDGs composed of
longer fatty acid chains inhibited hPol η in the micromolar range. These SQDGs also inhibited
TLS hPol ι, ζ and the replicative hPol α. Interestingly compound 3, which was slightly more
potent than compound 4 for inhibition of the TLS Pols η, ι and ζ, showed lower inhibition of hPol
α, suggesting a certain extent of selectivity toward TLS Pols that may be advantageous in the
co-treatment of cells with cisplatin. We then tested whether inhibitory properties of compound 3
and 4 could enhance cisplatin toxicity in a hepatocellular carcinoma cell line, although no
potentiation of cisplatin toxicity was observed in the settings tested.
Further experiments involving other cell lines and different DNA binding agents such as AFs may
be performed in order to identify cell lines that are responsive to co-treatment. Cell lines may
respond very differently to SQDGs as previously shown by Mizushina and co-workers using a
monogalactosyl

diacylglycerol

structurally

related

to

SQDGs.25

This

monogalactosyl
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diacylglycerol was tested in combination with the replication inhibitor gemcitabine and
potentiation of gemcitabine toxicity was observed only on three pancreatic cell lines but not in
lung, prostate, cervix, liver and breast cancer cell lines.25 Therefore, we suggest as a next step
testing these pancreatic cell lines (BxPC-3, MIAPaCa2 and PANC-1) with SQDGs 3 and 4 in
combination with cisplatin.25 In case of a responsive cell line is identified, mechanistic studies
involving knock downs of TLS Pols in these cell lines should be performed to confirm that the
increased toxicity derives from TLS Pol inhibition.
6.5

Conclusion

Data presented in this thesis provide mechanistic information regarding the impact of minor
groove alkylation on replication and transcription, helping to understand cytotoxicity induced by
minor groove alkylating agents and mechanisms of resistance. This knowledge is expected to
support the development of new anticancer alkylating agents and the improvement of the
existing ones, as well as to help predict toxicity from exposure to alkylating agents present in the
diet or the environment. Moreover, this work is expected to stimulate the discovery of new and
more selective inhibitors of TLS polymerases involved in resistance to therapy with alkylating
agents based on the fluorescence assay developed herein and the investigation of the synthetic
SQDGs discovered to be inhibitors of isolated TLS Pols. Inhibition of TLS is a candidate
approach to improve chemotherapy with alkylating agents, although no inhibitors of TLS Pols are
used in the clinic with this purpose yet. A main limitation of the inhibitors discovered so far is the
low selectivity towards TLS Pol vs. replicative Pols. Improving selectivity towards TLS could
increase targeted toxicity towards tumor cells overexpressing TLS Pols compared to healthy
cells therefore the identification of inhibitors by high-throughput methods should be followed by
an evaluation of Pol selectivity.
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Figure S1. Quantification of single nucleotide incorporation opposite the 3-alkyl adenosine analogs. Reactions were
performed in presence of a single NTP (1mM) and were quenched after 20 min. The average of primer extension is
represented with standard deviation (N=2).
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Figure S2. DAPI fluorescence signal in SW480-PTGR1 cells after 6 h of exposure to HMAF (0.5 and 1 µM) or MMS
(500 and 1 µM).The average of fluorescence is represented with standard deviation (N=3).
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Figure S3. Cell viability of SW480-PTGR1 cells after 6 h of exposure to increasing concentration of HMAF (0-1000
nM) or MMS (0-1000 µM) and 24 of post-incubation. Cell viability was determined with the CellTiter Glow assay.
Average of cell viability is represented with standard deviation (N=3).
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