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Heterocyclic aromatic amines produce bulky C8 guanine lesions in
vivo, which interfere and disrupt DNA and RNA synthesis. These
lesions are consequently strong replication blocks. In addition
bulky adducts give rise to point and frameshift mutations. The
translesion synthesis (TLS) DNA polymerase η is able to bypass
slowly C8 bulky adduct lesions such as the widely studied 2-amino-
fluorene-dG and its acetylated analogue mainly in an error-free
manner. Replicative polymerases are in contrast fully blocked by
the acetylated lesion. Here, we show that TLS efficiency of Pol η
depends critically on the size of the bulky adduct forming the
lesion. Based on the crystal structure, we show why the bypass
reaction is so difficult and we provide a model for the bypass
reaction. In our model, TLS is accomplished without rotation of
the lesion into the anti conformation as previously thought.
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Aromatic amines are known to be strong carcinogens. After
metabolic activation, aromatic amines react as electrophilic

arylnitrenium ions with nucleophilic functionalities of the DNA
duplex. Preferred reaction sides are the amino groups of adenine
and guanine and particularly the C8-position of guanine (1, 2).
The latter reaction gives rise to the so called C8-bulky adduct
lesions, which interfere with the replication process leading to
mutations (2). Two types of aromatic amine lesions are known.
The nonacetylated lesions depicted in Fig. 1A reduce the replica-
tion efficiency but are in general faithfully bypassed by high-
fidelity polymerases (3). In contrast, the acetylated derivatives
(Fig. 1B) block replicative polymerases (3, 4), but can be bypassed
with special low-fidelity polymerases (5–9). Moreover, if these
acetylated lesions are present in certain repetitive sequences, they
are known to induce frameshift mutations (4, 10–12). Recently, in
vivo experiments revealed that the low-fidelity Y-family polymer-
ase η is able to replicate DNA containing acetylated aromatic
amine lesions such as the acetylated analogue of 2-amino-
fluorene-dG (AF-dG), 2-acetylaminofluorene-dG (AAF-dG)
(13). Replication through the lesion is even for Pol η very difficult
and hence slow, but if it occurs it is typically error free.

The distinct mutagenic properties of the acetylated and non-
acetylated aromatic amine lesions are caused by their different
conformational preferences. While the nonacetylated lesions ex-
ist both in syn and anti conformation (14, 15), the corresponding
acetylated lesions seem to adopt the syn-conformation with high
preference (10, 16, 17). Crystal structures of Ellenberger, Beese,
and Patel, showing the nonacetylated AF-dG-lesion inside differ-
ent polymerases, prove that the lesion is indeed bound in anti
conformation, allowingWatson-Crick base pairing with an incom-
ing dCTP (18–20). While bypass of the nonacetylated lesions by
high-fidelity polymerases is rather well understood, the mechan-
ism that allows low-fidelity polymerases such as Pol η to replicate
through acetylated AAF-dG lesions is still unknown. Computa-
tional modeling studies of the Y-family polymerase Dpo4 sug-
gested that the bypass reaction requires rotation of the lesion

into the base pairing anti conformation (21). In light of the strong
syn preference of the adducted base, this rotation is difficult to
envision. Here we report a crystal structure of yeast Pol η in
complex with DNA containing the two bulky adducts AAF-dG
and 2-acetylaminoanthracene-dG (AAA-dG). The structure
shows why Pol η is blocked if it encounters the lesion but they
also allow us to construct a model that explains how Pol η finally
achieves the bypass. We observe crystallographically that the
primer strand can rotate around the bulky moiety, while the
AAF-dG is kept in syn conformation. In this situation correct
dCTP incorporation opposite the lesion can be envisioned by for-
mation of one hydrogen bond between the dCTP and the lesion.
Our crystallographic results were obtained with the wild-type Pol
η enzyme which crystallizes with an open polymerase associated
domain (PAD) domain. Crystal structures of mutant forms of Pol
η in complex with cyclobutane pyrimidine dimer (CPD) lesions
show that the PAD domain can move towards the DNA duplex
to strengthen the interactions between the duplex and the protein
(22). However, the additional protein-DNA interactions do not
change the situation in the active site. In fact the rmsd between
both protein structures is only 0.6 Å in the vicinity of the lesion,
using the main chain atoms of residues 1–220 as a reference
frame. This deviation is within the error margin of the structures.
Even the side chain of Arg73, which was observed to reorient in
the new structure does so only partially. Half of the Arg73 side
chains occupy a position indistinguishable from the old structure.

Results
In order to investigate the mechanism of how bulky adduct
lesions block Pol η and how finally bypass of acetylated bulky
DNA adducts is achieved, we synthesized DNA strands, contain-
ing both the AAF-dG and AAA-dG lesions at a predefined site
(23, 24). Both lesions were incorporated into 20mer oligonucleo-
tides via automated DNA synthesis (25). The oligonucleotides
were finally purified by HPLC to a purity of >99%. The so ob-
tained DNA strands were used in primer extension studies with
yeast Pol η at concentrations ranging from 100–300 nM and in the
presence of one or all four deoxynucleoside triphosphates (Fig. 2).
The enzyme fully extends undamaged template DNA (Fig. 2A,
lane 6). In the presence of AAF-dG and AAA-dG, bypass is in-
deed possible albeit with strongly reduced efficiency (Fig. 2A,
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lanes 3, 4, and Fig. S1). In both cases fully extended primer
strands are however clearly observed, showing that Pol η is able
to read through both lesions. The experiment depicted in Fig. 2A
and Fig. S1 shows that bypass is more difficult when the size of the
aromatic adduct is increased and that bypass is finally impossible
if a large pyrene unit forms the adduct. To determine the base
pairing partner of the adducted guanine during bypass, the pri-
mer extension experiments were repeated adding 2′,3′-dideoxy-
nucleotides individually to the reaction mixture. As depicted in
Fig. 2B, Pol η incorporates, correctly and with high specificity,
a dC opposite the AAF-dG and AAA-dG lesions despite the pre-
sence of the aromatic unit attached to C8 (Fig. 2B and Fig. S2).
Again, in a control experiment with all dNTPs, slow full extension
was observed (Fig. 2B, lane 10).

To elucidate the mechanism of the observed faithful replica-
tion across the AAF/AAA-dG adducts by Pol η, we crystallized
primer-template constructs of AAF-dG and AAA-dG with Pol
η from Saccharomyces cerevisiae. Nucleotide insertion through
the enzyme was prevented by using a primer strand ending with
a dideoxy nucleotide which pairs with the nucleobase located
directly 3′ of the lesion. Crystals of both complexes diffracted
X-rays to about 2.7 Å spacing. The structures were solved by mo-
lecular replacement (for details on data collection and structure
refinement see SI Text and Table S1). As previously observed for
the enzyme, there are two molecules in the asymmetric unit cell of
both crystals (26–28), showing the enzyme-DNA complexes in
two different states (A and B, Fig. 3 C andD). In the crystal struc-
ture, the AAF and AAA moieties of the AAF/AAA-dG lesions
are well defined in both complexes in the electron density. In both
structures, the aromatic C8-adduct of the fluorene as well as
the anthracene are found at structural equivalent positions in re-
spect to the active site of the protein (Fig. 3, Fig. 4, and Figs. S2
and S3). In the two complexes A, the aromatic amine units stack
on top of the Watson-Crick base pair formed by the primer ddC
and the −1 dG. For both lesions, the bulky aromatic units there-
fore fully block the active site for the incoming dCTP (complex
A) (Fig. 3C). In complex B the situation is surprisingly different
(Fig. 3D). First of all, a relatively small movement of the DNA
template strand compared to complex A is observed. However,
the primer DNA strand is rotated in complex B relative to the

aromatic moiety by about 6 Å. Due to this strand rotation the
location of the primer end is strongly different in both complexes
A and B. This primer rotation brings the dG part of both lesions
despite their prevalent syn-conformation closer into the active
site. In consequence of the primer motion, the dG-lesion packs
above the Watson-Crick base pair formed by the primer end and
the template strand. The primer strand displacement results in a
partial opening of the active site for the putative dCTP to bind
(Fig. 3D and Fig. S4). Nevertheless, one can envision that, based
on the observed primer movement, a rather small further move-
ment of the DNA along the trajectory complex A → complex B
results in a situation in which the triphosphate can finally bind
and nucleotide incorporation can occur (Fig. 3E).

In order to visualize how Pol η copies through the AAF/AAA-
dG lesions, we modeled the complex with the bound dCTP
(Fig. 3E). Therefore, the primer was shortened by one base and
the dC-triphosphate was inserted. In all so far obtained crystal
structures of Pol η with a bound triphosphate, the position of
the triphosphate is invariant (Fig. S5) (22, 26–28). Indeed, the
triphosphate fits perfectly into the active site when the primer
is shortened. We then moved the AAF-dG-lesion into the -I posi-
tion. In this way, we simulate Pol η moving one base pair forward
(Fig. 3E). After these manipulations, the mechanism of how the
difficult bypass is achieved can be envisioned. In our model, the
extension of the template rotation as described above is sufficient
to fully open the active site for the incoming dCTP. The dCTP
placed in the active is in this model able to form one hydrogen
bond with the dG of the lesion. Thus, the crystal structure
(Fig. 3 C and D) in combination with the model (Fig. 3E) allows
us to decipher the basis for faithful bypass of acetylated bulky
adduct lesions. Here, the acetylated bulky adduct lesions do not
have to rotate into the anti-conformation to enable Watson-Crick
base pairing. Instead, the DNA primer strand rotates, which
allows Pol η to decode the bulky dG adduct with dCTP. One cri-
tical hydrogen bond is established between the N4 of the tripho-
sphate and the O6 of the dG part of the lesion (Fig. 3E). A similar
single H-bond based decoding was recently also observed to allow
Pol η to bypass the cisplatin GG lesion (26).

In the bypass hypothesis, Pol η keeps the bulky adduct of the
lesion at the same position, but rotates the primer strand around

Fig. 1. (A) Syn and anti conformation of the nonacetylated C8-dG adducts. (B) The acetylated C8-adducts are restricted to syn-conformation.
(C) Synthesized C8-dG adducts: AAB-dG ¼ N-(2′-deoxyguanosin-8-yl)-acetylaminobenzene, AAN ¼ N-(2′-deoxyguanosin-8-yl)-2-acetylaminonaphthalene,
AAF-dG: N-(2′-deoxyguanosin-8-yl)-2-acetylaminofluorene, AAA-dG ¼ N-(2′-deoxyguanosin-8-yl)-2-acetylaminoanthracene, AAP-dG: N-(2′-deoxyguanosin-
8-yl)-1-acetylaminopyrene.
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the lesion in order to bring the dG of the lesion into a templating
position. The major energetic penalty of this rotational process is
the required destacking of the aromatic bulky adduct unit and the
last formed Watson-Crick base pair between the primer and the
template strand. In complex A, the fluorene and anthracene units
stack almost perfectly on top of the base pair (Fig. 4). This stack-

ing interaction is fully sacrificed in complex B. We reasoned that
this situation would allow us to obtain biochemical support for
our mechanistic proposal by measuring the translesion synthesis
process depending on the size of the aromatic unit, which deter-
mines the amount of the stacking interaction. The idea behind the
experiment is that the required destacking forces should increase
with increasing size of the flat aromatic adduct, thus slowing
down the bypass process. For the experiment, we prepared three
additional bulky adduct lesions with either a small benzene, a lar-
ger naphthyl, or an even larger pyrene unit. The primer extension
results are depicted in Fig. 2A (lanes 1–5). We indeed observe
that the TLS efficiency is strongly reduced if the size of the aro-
matic adduct is increased. Whereas bypass is surprisingly efficient
for the small benzene unit, bypass is impossible when the benzene
was replaced by a large pyrene unit.

To further support the proposed TLS mechanism, we per-
formed additional experiments with zebularine triphosphate
(dZTP). Because the bypass process was found to rely on the
formation of one hydrogen bond between the incoming dCTP
and the dG part of the lesion, lesion bypass should be impossible
with dZTP where this H-bond cannot form. In agreement with
the postulated mechanism, dZTP indeed cannot be incorporated
by Pol η opposite the lesion (Fig. 2C, lane 5). In a control experi-
ment with undamaged template DNA, dZTP incorporation
opposite dG is observed, albeit with reduced efficiency compared
to a dCTP (Fig. 2C, lane 7).

Discussion
Aromatic amines have a high mutagenic and strong carcinogenic
potential due to the formation of DNA adducts after their
metabolic activation. The compounds react particularly with the
C8-position of dG bases and result in C8-dG bulky adducts (2).
Two different bulky adduct types (acetylated vs. nonacetylated)
with distinct mutagenic properties are known. In this study,
lesions derived from aminofluorene and aminoanthracene served
as model compounds to investigate the mechanism behind the
error-free bypass.

The nonacetylated AF-dG-lesion strongly reduces the effi-
ciency of replicative bypass, but read through by high-fidelity
polymerases is accomplished because these lesions can rotate
around the glycosidic bond into the anti-conformation (16, 18,
19). Thus, the dG-unit can correctly pair with an incoming dCTP
in the active site by forming aWatson-Crick base pair (14, 18, 19).
The acetylated bulky adducts in contrast, are not bypassed by
high-fidelity polymerases because these lesions are fixed in the
syn-conformation (10, 16, 17, 29–32), independent of the size
of the aromatic unit attached to the C8 portion of the dG base
(29). Faithful bypass of the acetylated lesions in vivo is achieved
by low-fidelity TLS polymerases, with Pol η playing a major role
(5–7). We obtained two crystal structures of DNA containing the
two different acetylated bulky adduct lesions AAF-dG and AAA-
dG in complex with Pol η. Both structures show the primer-tem-
plate constructs in two different positions (complex A, Fig. 3C
and B, Fig. 3D). Complex A features the bulky adduct in the
active site, blocking the dCTP from entering. In this complex
the bulky adduct fully stacks on top of the last primer-template
base pair. Complex B in contrast shows the bulky adduct in
the process of being bypassed. Here, the enzyme has rotated
the DNA primer strand, while keeping the aromatic C8-adduct
at a structural equivalent position. This rotational motion partly
unblocks the active site but a dCTP can still not enter, which ex-
plains why bypass of these lesions is so difficult even for Pol η. A
modeling study, in which further movement along this trajectory
was performed, shows how the active site might open to enable
the nucleotide triphosphate binding in the active site (Fig. 3E).
The model shows that a bound dCTP might be able to form one
H-bond between the C4-NH2 group of the dCTP and the C6═O
group of the AAF/AAA-dG. The starting point of our model is

Fig. 2. Translesion synthesis of different bulky dG DNA adducts catalyzed
by Pol η. The primer extension reactions were carried out with fluorescence
labeled primers and extension products resolved on a denaturing PAA-gel.
(A) Bypass of various bulky adducts in the same sequence context. Reaction
conditions are: 300 nM Pol η, 1 μM template DNA, 200 μM dNTPs
each, 1 ¼ AAB-dG, 2 ¼ AAN-dG, 3 ¼ AAF-dG, 4 ¼ AAA-dG, 5 ¼ AAP-dG, 6 ¼
undamaged template strand, and m ¼ marker. (B) Incorporation of indivi-
dual nucleotides with AAF-dG containing oligonucleotides and lesion-free
oligonucleotides (200 nM Pol η, 1 μM template DNA, 200 μM of each dideox-
ynucleotide or all four dNTPs; 1, 6 ¼ ddATP, 2, 7 ¼ ddTTP, 3, 8 ¼ ddGTP, 4,
9 ¼ ddCTP, and 5, 10 ¼ all four dNTPs). (C) Left: Primer extension reaction
with 2'-deoxyzebularine-5'-triphosphate (dZTP) and AAF-dG containing
oligonucleotides (100 nM Pol η, 1 μM template DNA, 200 μM of each deoxy-
nucleotide of all four dNTPs and dZTP; 1 ¼ dATP, 2 ¼ dTTP, 3 ¼ dGTP,
4 ¼ dCTP, and 5 ¼ dZTP); Right: Primer extension reaction with undamaged
template DNA, 6 ¼ dCTP, 7 ¼ dZTP (200 nM Pol η)
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the fact that the triphosphate occupies in all known structures
exactly the same position, which allows us to simulate the dCTP
bound structure when the primer and the template have move
forward (Fig. S5). The formed critical H-bond could provide
the basis for Pol η to correctly insert a dC opposite the lesion.
Purine triphosphates can not bind due to their larger size. The
alternative pyrimidine base dTTP would fit sterically and can in-
deed be modeled into the active site, but dTTP would be unable
to form the critical H-bond. The importance of this hydrogen
bond was proven with the artificial triphosphate dZTP lacking
the C4-amino group. The dZTP triphosphate is not inserted
opposite the lesion, therefore supporting the proposed bypass
model (Fig. 2C). Further support comes from a chemical biology
study, in which we systematically changed the size of the aromatic
adduct, thereby modulating the stacking interactions between the
lesion and the last primer-template base pair. Here we observe
that smaller sized adducts which establish smaller π-stacking
forces are more efficiently bypassed (Fig. S5), even though the
rotation barrier around the glycosidic bond is unchanged (29). By-
pass of the large pyrene unit is in consequence so strongly blocked
because of the large size of the stacking interaction (33, 34).

Two recent crystal structures of Pol η reading through a CPD
lesion have shown that if particular crystal contacts are removed
by site directed mutagenesis, a further closing of the PAD domain
occurs. Closing of the PAD domain, however does not change the

situation in the active site, particularly not of the base paring mo-
tifs (22, 35), proving that our structures provide a correct insight
into the TLS process.

In summary, we conclude that efficient destacking of the
aromatic unit on top of the primer-template base pair is a key
prerequisite for the efficient bypass reaction by the low-fidelity
polymerase Pol η.

Materials and Methods
DNA Preparation. The AAF-dG phosphoramidite containing an isopropylphe-
noxyacetyl group at the N2 position for solid phase DNA synthesis was
prepared as previously published (23, 24) and incorporated into DNA using
ultra mild conditions for DNA synthesis (24). The AAB-dG, AAN-dG, AAA-dG
and AAP-dG phosphoramidites were synthesized analogous to Rizzo and
coworkers and Gillet, and Schärer and coworkers (23–25) and incorporated
into DNA using ultra mild conditions. The oligonucleotides were purified via
HPLC, desalted, and characterized by MALDI-TOF mass spectrometry and
enzymatic digestion analysis.

Cloning, Protein Expression, and Purification of Pol η. S. cerevisiae DNA poly-
merase η was cloned, expressed and purified as previously described (26, 28).
In brief, the sequence coding for residues 1–513 of the enzyme was cloned
into pDEST007, expressed in E. coli (Rosetta, Novagen) and purified as an ami-
no-terminally tagged Strep-Tag II fusion protein using a Streptactin affinity
column (IBA Biotechnology). The protein was further purified using a heparin
affinity column. After purification, the enzyme was stored in 20 mM Tris-HCl
pH 7.6, 50 mM KCl, 10 mM β-mercaptoethanol, 10% glycerol at 80 °C.

Fig. 3. Crystal structure of S. cerevisiae DNA Pol η in complex with the AAF-dG. (A) Overall folding topology with the enzyme as cartoon representation and
the DNA as stick model (gold), with the AAF-dG adduct in orange. The different domains typical for Y-family DNA polymerases are highlighted by different
colors. (B) Difference-omit electron density map (Fobs-DFcalc) of the AAF-dG-lesion with the surrounding protein residues. (C–E) Model for AAF-dG bypass by Pol
η. (C) In complex A, the fluorene moiety of the AAF-dG adduct stacks on the previous Watson-Crick base pair, blocking the active site for the incoming nucleo-
tide. (D) In contrast, the DNA in complex B is rotated in respect to the aromatic unit, with the adducted dGmoved towards templating position, partially freeing
the active site. (E) Hypothetical model of the AAF bypass by Pol η. The dG : dC basepair 3′ of the lesion in the AAF-dG-Pol η complex B was replaced by the AAF-
dG adduct and the dCTP triphosphate. The dCTP was placed in the active site according to the structure of Pol η in complex with the cisplatin GG lesion (PDB
code 2R8J). Thus the active site for the incoming dCTP opens, which forms one critical hydrogen bond to the adducted nucleobase in syn conformation.
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In Vitro Bypass of the Bulky DNA Lesions. A fluorescent labeled 13mer primer
(Metabion) was annealed (95 °C for 4 min followed by cooling down to 4 °C
over a period of 45 min) to the unlabeled 20mer template DNA strand, either
undamaged or containing the bulky DNA lesion in a 1∶1.5 molar ratio in the
reaction buffer [10 mM Tris-HCl, 50 mM NaCl, 10 mM MgCl2, 1 mM dithio-
threitol (DTT), pH 7.9]. The final concentration of the primer in the primer
extension studies was 1 μM. Primer extensions studies using Pol η were in-
itiated by addition of the nucleotide (final concentration 200 μM, dZTP
was purchased at TriLink Biotechnologies) and incubated at 30 °C for
5 min. Reactions were terminated by addition of a solution sodium ethyle-
nediaminetetraacetic (EDTA) (100 mM, 1∶1 volume ratio). The primer exten-
sion products were resolved on 22% polyacrylamide-urea gels and visualized
using a LAS-3000 imaging system.

Cocrystallization. For cocrystallization, Pol η (4.5 mg∕mL) was incubated with
double stranded DNA containing the template with the AAF-dG or the
AAA-dG-lesion annealed to primer with a 2′,3′-dideoxybase at the 3′ end
(5′-GTG GAT GAGdd) in a 1∶4 molar ratio. Crystals were grown by mixing
an equal volume of protein-DNA complex with 11%–15% (w∕v) PEG 3350,
150–200 mM CaCl2, 100 mM dCTP using the hanging-drop vapor diffusion
method. The crystallization plates were incubated at 4 or 18 °C and crystals
appeared after 10 to 60 d. Crystals were frozen in artificial mother liquor
containing 20% (v∕v) butanediol and stored in liquid nitrogen until data
collection.

Collection and Processing of X-ray Diffraction Data, Phase Determination, and
Structure Refinement. Diffraction data were measured at the PXI beam line at
the Swiss Light Source (SLS), Villigen, Switzerland. The crystals diffracted
X-rays to 2.7 Å spacing. The data were processed with the programs XDS
and XSCALE (36) and the crystals belong to the same space group, with com-
parable unit cell constants as the apo-enzyme (27) and cocrystals containing
the cisplatin lesion (26, 28). The structures were solved by molecular replace-
ment [PHASER (37)] using the coordinates of the apo-enzyme as search mod-
el. In order to reduce model bias, the temperature factors were reset to the
Wilson B-factor. Prior to model building in COOT (38) a simulated annealing
omit map, removing the area around the lesion, was calculated with PHENIX
(39). Restrained refinement was carried out with PHENIX and REFMAC (40),
excluding the same set of free reflections as for the previously reported
Pol η -DNA complex structures (26, 28). Data processing and refinement
statistics are summarized in Table S1. Structural figures were prepared with
PyMol (Delano Scientific). The atomic coordinates and structure factors (PDB
codes 2XGP and 2XGQ) have been deposited in the PDB at the EBI Macromo-
lecular Structure Database (http://www.ebi.ac.uk/pdbe).
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