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or substrate discrimination by
E. coli repair enzyme, AlkB†

Namrata Jayanth, a Nirmala Ogirala,a Anil Yadavb and Mrinalini Puranik‡*a

E. coli AlkB, a repair enzyme of the dioxygenase family, catalyses the removal of mutagenic methylated

nucleotides from the genome. Known for substrate promiscuity, AlkB's catalytic mechanism and

conformational changes accompanying substrate binding have been extensively dissected. However, the

structural parameters of various substrates governing their recognition by AlkB still remain elusive. In this

work, through solution-state vibrational spectra of methylated substrates bound to AlkB in combination

with computational analysis, we show that the recognition specificity is dictated by the protonation

states of the substrates. Specificity is conferred predominantly through hydrogen bonding and cation–p

interactions. Furthermore, we report on the interaction of AlkB with normal, unmodified nucleotides,

wherein the presence of an exocyclic amino group serves as an essential criterion for the initial process

of substrate recognition. Taken together, these results provide a rationale for structural determinants of

substrate specificity as well as mode of lesion discrimination employed by AlkB.
Introduction

DNA repair enzymes perform the daunting task of discrimi-
nating between normal nucleobases and their close chemical
analogues, the results of DNA damage, to efficiently repair and
restore DNA. In this, the odds are stacked against the enzymes
since there are a few modied bases in several fold higher
number of normal bases (�10 000 base lesions in �7 � 109 bp
genome).1 An enduring puzzle about DNA repair enzymes is the
mechanism through which they screen DNA to nd rare lesions.
The subsequent steps involving excision or other manner of
damage reversal followed by restoration of the DNA are better
understood.

Several models are proposed for the DNA ‘search’ mecha-
nism.2 In all these models, it is important to know the relative
affinities of the repair enzyme for normal and modied bases.
The specic contacts that the enzyme makes with normal versus
modied bases provide direct information on the mechanism
of recognition. Structures of co-complexes of repair enzymes
with the damaged DNA inform on the contacts between the
lesion and enzyme and are well characterized for several
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enzymes.2 The challenge has been to understand the interaction
between repair enzymes and normal, unmodied DNA because
of the very poor binding of repair enzymes to normal bases.

Alkylating agents act on nucleobases to target exocyclic
nitrogens and oxygens; in addition to the ring nitrogens that
lack hydrogen. These alkyl-modied nucleobases block the
process of replication and are genotoxic.3 O6-methyltranferases
repair damage inicted by SN1 agents while a-ketoglutarate-Fe4-
dependent oxygenases and glycosylases rectify the damage due
to SN2-type alkylating agents. A hallmark feature of repair
enzymes of the later two classes is that they recognize and repair
a wide variety of modied nucleobases.5,6 AlkB belongs to the
dioxygenase family of enzymes which utilizes non-heme
mononuclear iron along with 2-OG to demethylate alkylated
nucleotides, 1-me-dAMP, 3-me-dCMP, 3-dAMP and 6-me-
dAMP.5,7–9

The extraordinary feat of multi-substrate recognition
combined with the distinctive ability to specically recognize
methylated substrates versus normal bases by AlkB have initi-
ated a plethora of studies ranging from X-ray crystallog-
raphy,10–12 NMR,13 computational simulations14 to spectroscopic
characterization using absorption15,16 and uorescence tech-
niques.17 A characteristic feature exhibited by DNA repair
enzymes especially the enzymes of the BER pathway are the
‘ipping’ of lesions into their active-site pocket aer the process
of sampling and recognition.18 Both ALKBH2 and AlkB exhibit
the phenomenon of base ipping.9–11 ALKBH2, the human
homologue of AlkB, chemically cross-linked with 1-me-dAMP, 3-
me-dCMP and 3-dAMP utilizes Phe-102 residue to intercalate
the duplex DNA and ip the methylated lesions into its active-
site pocket. Conversely, AlkB uses a unique mechanism to ip
RSC Adv., 2018, 8, 1281–1291 | 1281
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nucleotides which involves ‘squeezing’ by nucleotides that ank
the alkylated substrate.10,11 The nucleotides adjacent to the
lesion are ‘squeezed’ such that they stack against each other
while enabling the ipping of the lesion. The ipped out
nucleotide is then proposed to be stabilized by specic
hydrogen bond interaction between Asp135 (Glu 175 in
ALKBH2) and the amino group of 1-me-dAMP and 3-me-dCMP
based on the proximity of Asp 135 from the methylated nucle-
otide. An additional key interaction in the active-site of AlkB is
the stacking of the substrate by Trp 69 and His 131 residues
(Fig. 1).10,12 These remarkable structures chalk out the overall
strategy for the stabilization of the damaged DNA-AlkB complex.
With this knowledge of the leading players of the active-site
interactions, we now wish to understand: (i) how AlkB inter-
acts with normal, unmodied bases and (ii) how the active-site
interactions are modulated by the presence of different lesion
nucleobases.

Multiple factors are shown to play a role in deciding the
substrate specicity of repair enzymes.18 Primary among them
is the structural distortion of DNA that results from the pres-
ence of a modied nucleotide. This is predominant in DNA
duplexes as base pairing properties are affected due to nucle-
otide modications leading to disruption of hydrogen
bonding interactions between complementary base pairs, in
turn affecting the overall stability of the lesion containing
duplex.18,19 In fact, the mutagenic potential of most lesions is
attributed to discrepancies in the normal Watson–Crick base
pairing.19–22 This local alteration could serve as a cue for repair
enzymes, which proceed to distort the lesion containing DNA
even further by ipping the lesion into their active-site
pocket.18

1-me-dAMP incorporated into double-stranded10 DNA does
not distort the backbone conformation nor does it disrupt
complementary base pairing interaction with dTMP. 1-me-
dAMP forms a Hoogsteen base pairing interaction
[dTMP(anti) : 1-meAMP(syn)] which causes only a local
change in its sugar pucker and backbone conformation.11,23 3-
me-dCMP does not form hydrogen bonds with complemen-
tary bases but tends to remain intrahelical in duplex DNA.
Hence, recognition of 1-me-dAMP and 3-me-dCMP in duplex
DNA by repair enzymes is hypothesized to be from sensing the
Fig. 1 Crystal structures depicting AlkB active-site amino acids in the
vicinity of nucleotides. (A) 1-me-dAMP [PDB ID 2FD8] and (B) 3-me-
dCMP [PDB ID 3I49].

1282 | RSC Adv., 2018, 8, 1281–1291
weakened stability of the non-Watson Crick base pairing
exhibited by the alkylated lesions.9 However, AlkB and related
human homologues, the ALKBH family, act mostly on single-
stranded (ss) DNA and RNA wherein base pairing discrep-
ancies do not exist. Hence, the mechanism of recognition of
methylated substrates in ssDNA and RNA by AlkB still remain
ambiguous.

The other important criteria that factor in efficient recogni-
tion are the inherent structural properties of the modied
bases, such as their protonation state, tautomerism and/or syn-
anti conformation due to glycosidic bond rotation19. Presence of
methyl groups confers a positive charge on the nucleotides
which could be the cue recognized by AlkB. The stacking of Trp
69 with the methylated substrates as seen from the crystal
structures has been attributed to p–cation interactions.10,12 A
recent study by Maciejewska, A. M. et al., reports on the
favourable substrate preference displayed by AlkB towards
protonated exocyclic adducts.24

However, information on the protonation states of the
substrates bound to AlkB and the hydrogen bonding strengths
still remain to be deduced. In the current work, we provide ner
structural details of the interaction of AlkB with methylated
DNA, in solution, with particular emphasis on the structural
distortion of substrates upon enzyme binding. We have studied
the methylated nucleotides, 1-me-dAMP and 3-me-dCMP con-
taining DNA trimers, present free in solution and when bound
to AlkB to understand the nature of the enzyme–substrate
interaction. We compare the effect of enzyme active-site on the
cognate (methylated) versus normal, unmodied nucleotides to
understand the mechanism of discrimination between the two.
This is accomplished using UV resonance Raman spectroscopy
on the free and enzyme-bound substrates. We utilized the fact
that AlkB and methylated nucleotides have complementary
electronic absorption spectra in the ultraviolet region (ESI
Fig. S1†). As a consequence of this, while methylated and
normal nucleotides have a high Raman cross section at 260 nm
excitation employed here, contribution from the protein is
negligible (ESI Fig. S2A†). In addition, since the Raman excita-
tion is in resonance with the nucleobase, there is minimal
contribution from the sugar and phosphate groups present in
a nucleotide. Hence, the observed UVRR spectra report exclu-
sively on the changes occurring in the nucleobase upon binding
to AlkB.

We show that protonation states of the methylated nucleo-
tides are the deciding criterion for recognition of the methyl-
ated nucleotides in ssDNA by AlkB. We have obtained detailed
structural information on the protonation states of the
substrates when bound in the active-site of AlkB. We present
evidence of the predicted non-covalent interactions, namely the
stacking of the methylated substrate between His 131 and Trp
69 residues of AlkB. In addition, we report on the complex of
AlkB with oligomers containing non-cognate nucleotides, dAMP
and dCMP. We nd that the discrimination between normal
and methylated nucleotides stems from the presence of a posi-
tive charge on the molecule along with the requirement for an
exocyclic amino group.
This journal is © The Royal Society of Chemistry 2018
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Experimental procedures
AlkB purication

E. coli AlkB was puried using E. coli BS127 competent cells
containing the pBAR54 plasmid with alkb gene insert. The
protein containing amino-terminal His6 tag was puried as
described by Sedgwick et al.25 In brief, the E. coli cells were
grown at 37 �C until an O.D. of A600 0.9 was reached. The protein
was over-expressed using 1 mM IPTG. Cells were harvested,
washed with PBSA and resuspended in lysis buffer containing
50 mMHepes-KOH, pH 8.0 (Himedia), 300 mMNaCl (Himedia),
5% glycerol (Qualigens), 2 mM b-mercaptoethanol3 and 2 mM
EDTA3 and subjected to sonication. Cellular debris was pelleted
by centrifugation at 12 000 rpm at 4 �C. Cell extracts were
loaded onto Ni-NTA column (Qiagen) aer column equilibra-
tion with lysis buffer containing 1mM imidazole.3 The resin was
then washed with lysis buffer containing 40 mM and 60 mM
imidazole. The protein eluted out in buffer containing 250 mM
imidazole. Puried AlkB was dialysed in storage buffer con-
taining 30 mM potassium phosphate (pH 7.5), 2 mM DTT, 10%
glycerol and 300 mM NaCl. Enzyme concentrations were
determined from UV absorbance measurements at A280 (Ultra-
spec 4000 UV/Visible spectrophotometer from Pharmacia
Biotech) using an extinction coefficient of 31 720 M�1 cm�1.
AlkB enzyme activity assay

The activity of E. coli AlkB was tested by using a standard assay
utilising 14C-methylated substrates (American Radiolabeled
Chemicals Inc, USA) as described by Sedgwick et al.25 AlkB (1
mM) was added to 14C-poly (dA) substrate (2 mg) in a reaction
mixture containing 50 mM Hepes, pH 8.0, 1 mM a-ketogluta-
rate,3 75 mM ferrous ammonium sulphate (FAS)3 and were
incubated at 37 �C for 15 minutes. The reaction was stopped by
the addition of 10 mM EDTA.3 The substrate was precipitated by
the addition of 100 mM NaCl and calf-thymus DNA (Bangalore
Genei, India). 2 volumes of ethanol were added and the mixture
was incubated at �70 �C for 45 minutes. The mixture was
centrifuged at 12 000 rpm for 15 minutes. 80% of the super-
natant was monitored for the amount of formaldehyde released
using a liquid scintillation counter (Wallac 1409).
Nucleotides and oligonucleotides

The nucleotides, 1-methyl-deoxyadenosine-50-monophosphate
(1-me-dAMP), 3-methyl-deoxycytidine-50-monophosphate (3-
me-dCMP), deoxyadenosine-50-monophosphate (dAMP) and
deoxycytidine-50-monophosphate (dCMP) were obtained from
ChemGenes, USA. Trimers 50-dT-1-me-dA-dT-30 and 50-dT-3-me-
dC-dT-30and pentamer 50-dC-dT-1-me-dA-dT-dC-30 were ob-
tained from Biosynthesis, USA. 50-dT-dA-dT-30, 50-dT-dC-dT-30,
50-dT-dG-dT-30 and 50-dT-dU-dT-30 were purchased from Sigma.
Computational methods

Quantum mechanical calculations were performed on nucleo-
tides used in experiments to assign the experimental observed
Raman wavenumber shis to the corresponding Raman
This journal is © The Royal Society of Chemistry 2018
frequencies. Density functional theoretical calculations were
performed with Gaussian 09 suite of programs using B3LYP
parameterization.26–28 The basis set used was Gaussian 6-31G**
with additional polarisation functions on the hydrogen atoms.
Geometry optimisation of the nucleotide structures were carried
out taking the solvent effect into consideration by using polar-
izable continuum model (PCM). The potential energy distribu-
tions (PEDs) were computed using Vibrational Energy
Distribution Analysis (VEDA) 4.0 program.29

Since the Raman experiments were carried out at 260 nm
laser excitation, wherein only the bands from the nucleobases
are resonance enhanced with minimal contribution from the
protein in an enzyme–substrate complex, the Raman frequen-
cies were computed exclusively for nucleobases. Detailed
vibrational band assignments for the substrates have been re-
ported earlier by us.30 Raman frequencies were calculated from
the geometry optimised nucleobase structures. Charge distri-
bution, bond distances, interaction energies and electrostatic
potential energy maps were calculated from the geometry
optimised structures of nucleobases and nucleotides. The
structures of the energy-minimised molecules, charge distri-
bution and bond lengths were visualised using Chemcra
(http://www.chemcraprog.com).

Electrostatic potential energy surfaces (EPS) of the nucleo-
bases were obtained from the geometry optimised structures of
the nucleobases. The EPS was calculated from the electrostatic
potential of the nucleobases computed from the total electron
density (SCF density matrix). The electrostatic potential maps
were visualised using GaussView (version 3.0).31
Sample preparation for UVRR spectroscopy experiments

For the UVRR spectroscopy experiments, the nucleotide and
oligomer stocks (10 mM) were prepared in 50 mM Hepes-KOH,
pH 8.0. Stocks of the co-factors, FAS and 2-OG were prepared in
50 mM Hepes, pH 8.0. For the UVRR experiments, 0.5 mM FAS,
1 mM 2-OG were added to 200 mM of AlkB in storage buffer
followed by the addition of 1 mM nucleotide or 0.5 mM of the
trimer or pentamer in reaction buffer containing 50 mMHepes-
KOH, pH 8.0 and 5 mM sodium dithionite. All stock solutions
were kept in gas-tight tubes and purged with high purity Argon
to remove oxygen. Experiments which required the pH to be
maintained at 6.0, the reaction mixture contained 50 mM MES
buffer. In order to obtain a stable AlkB-substrate complex,
anaerobic conditions were maintained to prevent oxidation of
Fe4 leading to catalysis, during sample preparation and data
collection. For this, the samples were prepared in an NMR tube
which was sealed using rubber septa and purged with ultra pure
argon prior to and aer mixing the enzyme and substrate
components for 20 minutes to ensure complete removal of
oxygen before data collection. 30 mM sodium nitrate (NaNO3)

3

was added to all the samples just before spectral recording for
use as an internal standard reference for further data
processing.

For the Hydrogen/Deuterium (H/D) exchange experiments,
all samples were in buffers prepared in D2O. The nucleotide and
oligomer stocks were prepared using 50 mM Hepes-KOH, pH
RSC Adv., 2018, 8, 1281–1291 | 1283
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8.0 in D2O. AlkB in storage buffer was exchanged using Amicon
Ultra Centrifugal lter (Millipore) with D2O buffer containing
50 mM Hepes, pH 8.0, 2 mM DTT, 10% glycerol, and 300 mM
NaCl.
Data collection and processing

The detailed ultraviolet resonance Raman set up has been
described in earlier publications.30,32,33 In brief, resonance
Raman spectra were obtained by excitation with 260 nm light.
This is the third-harmonic output of a nanosecond-pulsed Nd-
YLF laser pumped Ti–S laser (Indigo, Coherent Inc.) operated
at 1 KHz. Typical average power at the sample was less than
�600 mW. Re-absorption of the scattered light was minimized
by using back-scattering collection conguration. Light was
collected using home-built optics and analyzed with a single
grating (3600 grooves per mm) monochromator (Jobin-Yvon).
The detector used is a 1024 � 256 pixel, back-illuminated
CCD camera (Jobin-Yvon). Spectra were collected by averaging
three 14 minute measurements. The spectra were calibrated
using standard solvents cyclohexane, acetonitrile, isopropanol,
trichloroethylene, and indene. To aid in measurement of the
relative wavenumbers changes, the spectra were recorded
without changing the spectrometer position. All spectral pro-
cessing was carried out using the soware SynerJY (Jobin-Yvon),
a version of Origin 7.0. Lorentzian line shapes were used to t
the calibrated Raman spectra of the samples to obtain wave-
number positions of the observed Raman bands. Band posi-
tions were determined by tting Lorentzian line shapes to the
bands in the observed spectra. Equation for Lorentzian line
shape:

y ¼ yo þ 2A

p

 
w

4ðx� xcÞ2 þ w2

!

yo is the base line of the peak, A is the area under the curve, w is
the width of the peak at half maximum and xc is the centre of
the peak.

The samples for spectral recording taken in septum sealed
NMR tubes (fused silica Suprasil grade, Wilmad Lab Glass, USA)
were kept spinning during the entire spectral acquisition to
prevent sample degradation. Spectra were collected by aver-
aging three measurements, with each measurement corre-
sponding to an average of 40 frames of 20 seconds laser
exposure. The reported spectra are an average of all the 40
frames from the three measurements. In experiments where
relative shis are measured, the Raman spectra were measured
without changing the spectrophotometer position and are
accurate to �2 cm�1 for the free nucleotides and �3 cm�1 for
enzyme$substrate complexes.

The laser power impinging on the samples was �0.6 mW at
260 nm laser excitation and the power impinging on the
samples was 1 mW when the laser excitation wavelength was
225 nm. To ensure that there was no photo-damage of the
samples during spectral acquisition, the spectrum obtained
from the rst frame was compared with the spectrum of the last
frame. Relative intensity changes of the Raman bands in the
spectrum, appearance of new bands or disappearance of bands
1284 | RSC Adv., 2018, 8, 1281–1291
during the entire recording period, which are all hallmarks of
photo-damage were monitored for during spectral acquisition.

An excitation wavelength of 260 nm was used to study the
changes occurring in the amino forms of 1-me-dAMP and 3-me-
dCMP in complex with AlkB. There is minimal contribution
from the protein to the vibrational spectrum of AlkB in complex
with the nucleotides as the protein is not in resonance at
260 nm laser excitation. Spectral contributions from unbound
nucleotides, oligomers and AlkB was removed from the UVRR
spectrum of the AlkB$nucleotide/oligomer complex to obtain
the spectrum of bound nucleotide/oligomer (ESI Fig. S2D†).
Methodology employed for study of UVRR spectra of bound
substrates to AlkB

At laser excitation of 260 nm wavelength, the vibrational modes
of nucleotides are enhanced in comparison to the protein in an
enzyme–substrate complex as nucleotides exhibit absorption
maxima at around 260 nm (ESI Fig. S1†).

The obtained UVRR spectral data were analysed using the
following protocol for complexes of AlkB$substrate complexes:

Spectra of (1) AlkB$substrate complex in the reaction buffer,
(2) substrate in reaction buffer, (3) AlkB in reaction buffer and27

reaction buffer with the co-factors (FAS and 2-OG) were recor-
ded. In case of experiments done in D2O, all the above
mentioned samples were prepared in D2O. To obtain spectrum
of the substrate bound to AlkB, individual contributions from
unbound AlkB, substrate and buffer were subtracted from the
spectrum of AlkB$substrate complex using the internal stan-
dard, NaNO3 as the reference. The subtraction procedure
employed is depicted below in ESI Fig. S2.†

The difference spectrum obtained (ESI Fig. S2D†) is the
spectrum of the substrate bound to AlkB with all contributions
from unbound AlkB and unbound substrate removed. The
difference spectrum of a substrate bound to an enzyme were
obtained as follows:

Buffer contribution was removed from the spectrum of
protein by using the NaNO3 band at 1049 cm�1 as reference. The
subtraction of the buffer from the AlkB spectrum was carried
out until the NaNO3 band reached baseline, to ensure complete
removal of any contribution by the buffer. The difference
spectrum of the complex of protein$substrate was obtained by
rst subtracting the spectrum of protein [AlkB minus buffer]
from the protein$substrate complex. Following this, the
contribution from unbound substrate (nucleotide or oligomer)
was then removed from the protein$substrate minus [AlkB-
buffer] spectrum until the bands corresponding to free nucle-
otide were removed.

The Raman bands of the difference spectrum were t
using Lorentzian line ts to obtain wavenumbers (cm�1) of
bands of the substrate bound to AlkB. These wavenumbers
were then compared with the wavenumbers obtained from
the UVRR spectrum of the free (unbound) substrate to obtain
Raman wavenumber shis. These wavenumber shis were
then used to deduce the specic interactions of AlkB with the
substrate.
This journal is © The Royal Society of Chemistry 2018
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The band tting protocol employed for the determining
band positions in the difference spectrum of the enzyme$sub-
strate complex was done as follows:

The spectrum of the free (unbound) substrate was t using
the Lorentzian line tting procedure detailed earlier. Parame-
ters such as the bandwidths, positions and areas of each band
were noted down. The Raman bands in the difference spectrum
were t using the Lorentzian line tting procedure but the
width of each band was constrained by xing the band widths of
the Raman bands in the difference spectrum with the band
widths obtained from the free substrate. This was followed by
relaxing the width constraints of the each of the bands in the
difference spectrum, one at a time and checking to ensure the
best possible t that could be obtained for the overall spectrum.
The consistency of the ts was checked for experiments done
across days using the above mentioned protocol. The reported
relative shis for enzyme$substrate complexes throughout this
study were obtained from an average of 3 or more data sets and
are accurate to �3 cm�1.
Results
AlkB selectively binds to the protonated, amino form of 1-me-
dAMP

The ideal substrates for AlkB are single-stranded DNA and RNA
[kcat/Km 8.6 min�1 mM�1 for methylated poly (dA)].8,34 The
minimal substrate for AlkB is the mononucleotide, 1-methyl-
adenosine-50-monophosphate.8 There are no reported structural
studies of the interactions of AlkB with amethylated nucleotide.
We examined the complex of AlkB and 1-me-dAMP in solution
to infer the interactions of AlkB with its minimal substrate.

In a prior study we found that the mononucleotide, 1-me-
dAMP with a pKa of 7.2, exists as a mixture of positively
Fig. 2 Resonance Raman spectra of AlkB bound to 1-me-dAMP, pH 6.0.
me-dAMP complex with contributions from unbound AlkB and unbound
me-dAMP in MES buffer (D2O). (D) Difference spectrum of AlkB$1-me-d
me-dAMP removed. The result was multiplied by a factor of 4. The spectr
31G**level of theory) wavenumbers are shown in parentheses. Lorentzia

This journal is © The Royal Society of Chemistry 2018
charged amino and neutral imino forms at physiological pH.30

AlkB exhibits optimum activity for methylated DNA at pH
(8.0).35 At pH 8.0, where the neutral imino form predominates,30

the vibrational spectrum of AlkB$1-me-dAMP shows no pertur-
bations in 1-me-dAMP bands (ESI Fig. S3†). At pH 6.0, wherein
the amino form of 1-me-dAMP is the primary tautomer, several
changes are observed in the spectrum of 1-me-dAMP in complex
with AlkB (Fig. 2). Low intensity bands at 1643 cm�1 and
1594 cm�1 comprising signicant contribution from the
exocyclic amino group modes all exhibit upshis upon binding
to the enzyme and show increase in Raman band intensities.
Downshis in the wavenumbers of bands at 1565 cm�1 and
1426 cm�1 which correspond to C2–H stretching modes indi-
cate that the substrate is distorted by the overall active-site
environment. The two bands at 1330 cm�1 and 1503 cm�1

comprising of the purine ring modes coupled to the methyl
modes exhibit downshi of 2 cm�1 in wavenumbers.

Deuteration enhances the overall intensities in the 1-me-
dAMP spectrum in comparison with the spectrum obtained in
water. The positions of bands show signicant inuence of
binding with AlkB. The methyl bending modes coupled to the
purine ring stretching modes exhibit substantial changes:
bands at 1584 cm�1, 1500 cm�1, and 1474 cm�1 all exhibit
upshis. The methyl modes (1500 cm�1 and 1474 cm�1) show
alteration in intensity. The amino group bending mode
observed as a band at 1272 cm�1 shows a signicant upshi of
9 cm�1 to 1281 cm�1. Thus, these shis indicate that the
protonated amino form of 1-me-dAMP binds to AlkB and the
key players in this interaction are the amino and methyl
groups.36,37 Detailed descriptions of mode assignments of 1-me-
dAMP are given in ESI Table S1.†

TAG I, an E. coli glycosylase involved in base excision repair
of methylated bases has been shown to recognize the neutral
(A) 1-me-dAMP in MES buffer (H2O). (B) Difference spectrum of AlkB$1-
1-me-dAMP removed. The result was multiplied by a factor of 10. (C) 1-
AMP complex with contributions from unbound AlkB and unbound 1-
a were obtained using laser excitation of 260 nm. Computed (B3LYP/6-
n band fits are shown as dashed lines.
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form of 3-me-dAMP in preference to the positively charged 3-
me-dAMP.38 To test whether AlkB binds to the neutral, imino
form of 1-me-dAMP as well, we examined the AlkB$1-me-dAMP
complex at pH 8.0, wherein the imino form of 1-me-dAMP
dominates. For this particular set of experiments, we chose
a Raman excitation wavelength of 225 nm. We have shown in
previous work that this results in selective enhancement of
bands from the imino form of 1-medAMP.30 We nd that the
presence of AlkB shis the equilibrium between the two
tautomers to favour the amino form. This is manifested as a loss
of the intensity of the bands of the imino form. The absence of
any perturbations in the positions of the Raman bands of the
imino form conrms that it does not bind to AlkB. ESI Fig. S4†
and accompanying discussion provide the analysis of these
spectra.
Hydrogen-bonding and cation–p interactions stabilize AlkB-
trimer complex

In contrast to the nucleotide, 1-me-dAMP in a DNA trimer exists
exclusively in the amino form at pH 8.0.30 This phenomenon of
change in pKa of a nucleotide when incorporated into an olig-
omer is known39 and is ascribed to the sequence-specic
nearest-neighbor stacking interactions of nucleotides.39 Major
changes in the trimer spectra upon AlkB binding map to the
amino group, methyl moiety,and the purine ring modes of 1-
me-dAMP (Fig. 3). Perturbations are also observed for the C2–H
stretching mode seen as a band at cm�1. Shis are observed for
bands at 1582 cm�1 (H2O) and 1584 cm�1 (D2O), corresponding
to the amino group bending vibrations, which upshi by 2 cm�1

and 6 cm�1 respectively. Perturbations of modes involving the
Fig. 3 Resonance Raman spectra of AlkB bound to 50-dT-(1-me-dA)-d
Hepes buffer (H2O). (B) Difference spectrum of AlkB$dT-(1-me-dA)-dT co
dA)-dT removed. The result was multiplied by a factor of 4. (C) 50-dT-
spectrum of AlkB$dT-(1-me-dA)-dT complex with contributions from un
was multiplied by a factor of 2.5. The spectra were obtained using laser e
modes are depicted in bold. Lorentzian band fits are shown as dashed line
in parentheses.

1286 | RSC Adv., 2018, 8, 1281–1291
amino group bending vibrations upon binding to AlkB are
indicative of the specic interaction of the exocyclic NH2 group
with the active-site residues of AlkB. Crystal structure data
shows that Asp 135 is within hydrogen bonding distance from
the amino group of 1-me-dAMP.10,12 Extensive biochemical
characterisation and computational simulations of AlkB with 3-
me-dCMP and exocyclic adducts have deduced the interaction
of Asp 135 with the amino group of the substrates of AlkB.24

However, in addition to Asp 135, there is also a water molecule
within hydrogen bonding distance of the methylated bases as
observed from the crystallographic data (ESI Fig. S10†). Hence,
the perturbations observed in the NH2 bending vibrational
modes of the nucleotides could also be attributed to the water
molecule.

The most signicant change in the UVRR spectrum of 1-me-
dAMP in the trimer upon binding to AlkB is the radical decrease
in intensity of bands at 1334 cm�1 and 1345 cm�1, which
correspond to the purine ring modes. The origin is accredited to
the stacking interactions of 1-me-dAMP and the likely residues
are Trp 69 and His 131 (Fig. 1). This stacking effect is more
pronounced in the trimer containing 1-me-dAMP than in just
the methylated nucleotide. Thus, the anking nucleobases are
important for the appropriate orientation of the methylated
nucleotide between the two hydrophobic residues, in addition
to the positive charge on 1-me-dAMP, contributing to the
cation–p interactions.

The band at 1511 cm�1 corresponding to methyl group
bending mode coupled to the purine ring stretching vibrations
also shows a reduction in intensity. The change in the methyl
group bending mode could be due to the interaction of the CH3

moiety with 2-OG and decrease in intensity from the stacking
T-30 trinucleotide, pH 8.0. (A) 50-dT-(1-me-dA)-dT-30 trinucleotide in
mplex with contributions from unbound AlkB and unbound dT-(1-me-
(1-me-dA)-dT-30 trinucleotide in Hepes buffer (D2O). (D) Difference
bound AlkB and unbound dT-(1-me-dA)-dT (D2O) removed. The result
xcitation of 260 nm. The wavenumbers corresponding to 1-me-dAMP
s. Computed (B3LYP/6-31G**level of theory) wavenumbers are shown

This journal is © The Royal Society of Chemistry 2018
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effect on ring mode vibrations as discussed earlier. In fact, the
key contribution of co-factors, 2-OG and Fe2+, to substrate
recognition by AlkB is gauged from our experiments wherein
AlkB does not bind to the 1-me-dAMP trimer in their absence
(ESI Fig. S5†). The decrease in the intensity of the band at
1511 cm�1 comprising of the methyl bending mode and change
in the NH2 group bending vibrational modes are well perceived
upon isotope exchange of the AlkB$1-me-dAMP complex (seen
at 1514 cm�1 in D2O). The decrease in the intensities and
changes in the C2–H stretching seen as bands at 1480 cm�1 and
1428 cm�1 are duplicated in the spectrum upon deuteration
(Fig. 3D).
3-me-dCMP in the active-site of AlkB

Identical active-site amino acids are observed in the vicinity of
both 1-me-dAMP and 3-me-dCMP12 (Fig. 1). Hence, the active-
site chemistry of AlkB appears to be similar for both the
methylated substrates. From the vibrational spectrum, inter-
action of the exocyclic amino group of 3-me-dCMP in the active-
site of AlkB is evident from the signicant shi for NH2 bending
vibrations (Fig. 4). This band at 1549 cm�1 comprising of major
contribution from the amino group of 3-me-dCMP, shows
a downshi of 10 cm�1 (ESI Table S2† and Fig. 4). As mentioned
earlier with 1-me-dAMP in the active-site of AlkB, the hydrogen
bonding interaction can either be between the NH2 group of 3-
me-dCMP and Asp 135 or with the water molecule present in the
active-site. The 1270 cm�1 band shows a decrease in intensity
with a 3 cm�1 downshi in wavenumber. The primary
contributor to this band is the methyl group bending vibrations
coupled to pyrimidine ringmodes, C2–N3 stretching and C4–N4
stretching vibrations, with minor contribution from the amino
group bending vibrations. An interesting result is the
Fig. 4 Resonance Raman spectra of AlkB bound to 50-dT-(3-me-dC)-d
Hepes buffer (H2O). (B) Difference spectrum of AlkB$dT-(3-me-dC)-dT c
dT-(3-me-dC)-dT (H2O) removed. The result wasmultiplied by a factor o
Difference spectrum of AlkB$dT-(3-me-dC)-dT complex with contrib
removed. The result was multiplied by a factor of 5. The spectra were
sponding to 3-me-dCMPmodes are depicted in bold. Lorentzian band fit
wavenumbers are shown in parentheses.

This journal is © The Royal Society of Chemistry 2018
perturbation of methyl mode (1455 cm�1) of 3-me-dCMP
observed as a downshi of 8 cm�1 upon AlkB addition.

Upon deuteration, the stacking effect of 3-me-dCMP is
evident by the decrease in intensity observed for the 1270 cm�1

band comprising of the ring stretching modes along with
a substantial downshi of 7 cm�1. However, the decline in
intensity of the ring modes is comparatively lower than that
observed for dT-(1-me-dA)-dT. This difference can be explained
in terms of the surface area occupied by 1-me-dAMP as
compared to 3-me-dCMP. Larger surface area enables better
accommodation of bulkier 1-me-dAMP than 3-me-dCMP. The
most signicant change is in the spectrum of 3-me-dCMP
bound to AlkB is in the amino group vibrations seen at
1537 cm�1 which upshi by 15 cm�1 to 1552 cm�1 (Fig. 4D).
Recognition cue of AlkB deduced from studies of AlkB bound
to non-cognate nucleotides

Crystal structures of non-cognate enzyme-DNA complexes have
provided meaningful insights into mechanisms of enzyme
recognition and catalysis. The crystal structures of only
a handful of such complexes are currently available. BamHI and
EcoRV, both restriction endonucleases which are highly selec-
tive in their recognition utilize different mechanisms for
recognition of cognate and non-cognate bases.40–42 However
there are no studies reporting the interaction of AlkB with non-
methylated DNA. This interaction is of relevance as it provides
vital clues about the initial process of substrate discrimination
by AlkB.

It is proposed that AlkB recognizes 1-me-dAMP and 3-me-
dCMP in preference to 1-me-dGMP, 3-me-dTMP or dUMP via
the position of the NH2 group.12 The Asp 135 residue of AlkB is
within hydrogen bond distance from the amino group of the 1-
T-30 trinucleotide, pH 8.0. (A) 50-dT-(3-me-dC)-dT-30 trinucleotide in
omplex complex with contributions from unbound AlkB and unbound
f 10. (C) 50-dT-(3-me-dC)-dT-30 trinucleotide in Hepes buffer (D2O). (D)
utions from unbound AlkB and unbound dT-(3-me-dC)-dT (D2O)
obtained using laser excitation of 260 nm. The wavenumbers corre-
s are shown as dashed lines. Computed (B3LYP/6-31G**level of theory)
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me-dAMP and 3-me-dCMP as seen from the crystal structure
data.12 In case of 1-me-dAMP pertaining crystal structures, the
distance of exocyclic amino group and Asp 135 residue ranges
from 3.2–3.5 Å (ESI Fig. S10†). The Asp135A AlkB mutant
protein displays approximately 16% wild-type activity towards
ss DNA containing 1-me-dAMP.43 Furthermore, mutation of Asp
135 to residues Asp135I and Asp135N leads to reduction in
demethylation activity toward the 1-me-dAMP,44 the Asp135
mutant shows 13% increase in activity towards 1-me-dGMP as
compared to the wild-type AlkB,14 highlighting the fact that the
presence of carbonyl group at the N6 position deters lesion
recognition by AlkB, thus emphasizing the prominence of
amino group in recognition. We provide conclusive evidence for
this identication cue utilized by AlkB to differentiate between
various nucleotides during damage recognition. When AlkB is
added to 50-dT-dA-dT-30, only the modes arising from the
exocyclic amino group are perturbed. Fig. 5A shows a downshi
of the 1604 cm�1 band corresponding to the NH2 bending mode
of dAMP, by 5 cm�1 to 1599 cm�1 upon AlkB binding. The other
mode containing NH2 contribution is seen as a band at
1509 cm�1 which downshis to 1506 cm�1. Perturbations are
not observed for any other bands in the dAMP spectrum
implying the interaction of only the amino group of dAMP with
AlkB.

Similar result is observed in case of the trimer containing
dCMP upon AlkB binding (Fig. 5D). In the case of dCMP there is
no change in terms of wavenumber of the amino group upon
interaction with AlkB. However, there is a signicant increase in
intensity of the band corresponding to NH2 mode at 1598 cm�1.
Changes in the ring vibrational modes along with the NH2

vibrational modes are also observed in complexes of AlkB with
50-dT-dA-dT-30and with 50-dT-dC-dT-30. The NH2 vibrational
modes are coupled to the N3C4 ring vibrational modes. Upon
Fig. 5 Resonance Raman spectra of AlkB bound to 50-dT-dA-dT-30 trinuc
dT-dA-dT-30 trinucleotide in Hepes buffer (H2O). (B) Difference spectrum
unbound dT-dA-dT removed. (C) 50-dT-dC-dT-30 trinucleotide in Hepes
contributions from unbound AlkB and unbound dT-dC-dT removed. The
laser excitation of 260 nm. The wavenumbers corresponding to dAMP an
lines. Computed (B3LYP/6-31 G**) wavenumbers are shown in parenthe

1288 | RSC Adv., 2018, 8, 1281–1291
deuteration, the NH2 group which is involved in hydrogen
bonding interaction, decouples from the ring modes, providing
further evidence for the binding of AlkB to dA and dC con-
taining trimers (ESI Fig. S6, Tables S3 and S4†). In case of
trimer, dT bands do not show any shi upon binding to the
enzyme, ascribed the limited interaction to dA and dC.

The relevance of NH2 group in recognition by AlkB is further
emphasized from the experiments of AlkB with trimers con-
taining dGMP and dUMP. AlkB does not bind either dGMP or
dUMP DNA trimers (ESI Fig. S7†), which contain a carbonyl
group at the N6 and N4 position respectively, in place of the
amino group.
Criterion for substrate recognition – charge distribution in
nucleotides, deduced from computational prediction

From our results, we nd that AlkB binds to the positively
charged methylated substrates and there is a substantial
decrease in the ring modes of the methylated nucleotides upon
AlkB binding. We attribute the binding of AlkB to the positively
charged nucleotides and stacking of themethylated bases in the
active-site of AlkB to cation–p interactions.

Cation–p interactions are important non-covalent bonding
interactions contributing to protein stability, receptor-ligand
recognition and in protein–DNA interactions.45 A number of
experiments and theoretical data have established that it is
a strong interaction, with several studies demonstrating it to be
nearly comparable in energy to a hydrogen bond.45 The N-
alkylated heterocyclic compounds are effective cations in
a cation–p interaction.46 In addition, tryptophan possessing the
highest electrostatic potential for binding cations, is reported to
be the most favorable amino acid for cation–p interactions.47

Previous studies suggest that AlkB enzyme preferentially binds
leotide and AlkB bound to 50-dT-dC-dT-30 trinucleotide, pH 8.0. (A) 50-
of AlkB$dT-dA-dT complex with contributions from unbound AkB and
buffer (H2O). (D) Difference spectrum of AlkB$dT-dC-dT complex with
result was multiplied by a factor of 4. The spectra were obtained using
d dCMP are depicted in bold. Lorentzian band fits are shown as dashed
ses.

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Computed (B3LYP/6-31G** level of theory) electrostatic
potential energy surfaces. (A) Adenine. (B) 1-Methyl-adenine, amino
form. (C) 1-Methyl-adenine, imino form. (D) Cytosine. (E) 3-Methyl-
cytosine, amino form. The color bar at the bottom depicts the color
gradient representing the charge. Blue represents the most positive
charge and red depicts the most negative charge.
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to cationic base over neutral base to perform repair
mechanism.24

We have used ab initio quantum mechanical calculations to
substantiate our experimental results of the presence of positive
charge on the nucleotides, thus providing basis for the cation–p
interaction. Computed charge distribution shows that the
positive charge on 1-me-dAMP and 3-me-dCMP is largely
localized on the pyrimidine ring (ESI Fig. S8†). Our results from
the Raman experiments show a substantial decrease in the
intensity of ring modes of 1-me-dAMP in comparison to 3-me-
dCMP. This is in agreement with the crystal structure data
that show a distance of 3.790 Å between 1-me-dAMP and Trp 69
and a distance of 4.365 Å between 3-me-dCMP and Trp 69 (ref.
12). Furthermore, the electrostatic potential energy surface
(EPS) maps reporting on the charges of molecules were calcu-
lated (Fig. 6). These depict the distribution of positive charge on
the overall surface of 1-methyladenine and 3-methylcytosine
whereas the non-cognate bases, adenine and cytosine, display
a trend towards the negative charge.

Thus the presence of a positive charge on the nucleotides is
one of the deciding factors utilized by AlkB to single out
methylated bases amongst other normal nucleotides.
Discussion

AlkB recognizes methylated purines and pyrimidines in addi-
tion to bulky etheno adducts like ethenodA, making it one of the
most promiscuous repair enzymes of the dioxygenase family. In
order to deduce the structural changes occurring in the posi-
tively charged methylated substrates rather than the confor-
mational changes in AlkB, we have employed UV resonance
Raman spectroscopy to study the complex of AlkB with its
substrates in solution. The specic excitation wavelength of
260 nm enables us to monitor the changes occurring exclusively
in the methylated nucleotides in the protein–DNA complex.
This journal is © The Royal Society of Chemistry 2018
Our results show that AlkB binds the protonated amino form
of 1-me-dAMP in preference to the neutral imino form. Our data
emphasizes the role of protonation state of the substrates as
a crucial factor governing their affinity to AlkB. We show that
hydrogen bond formed between the amino group of the meth-
ylated substrates with the active-site residues of AlkB, distorts
the NH2 bending mode of 1-me-dAMP (Fig. 2–4), manifested as
shis in Raman wavenumber of bands corresponding to the
NH2 group vibrations. Stacking interactions between the
substrates and active-site amino acids of AlkB are inferred by
the signicant decrease in intensities of bands corresponding
to the purine ring modes. Positively charged 1-me-dAMP and 3-
me-dCMP are accommodated suitably in the active-site pocket
of AlkB between the amino acids, Trp 69 and His 131.

We ascribe the affinity of AlkB to protonated substrates with
an overall positive charge, to cation–p interactions. Many
enzymes involved in the repair of methylated substrates appear
to acquire their substrate specicity through favorable stacking
interactions between their active-site residues and substrates.
ABH2, the human homologue of AlkB which recognizes 1-me-
dAMP has Phe 124 and His 171 stacked against the charged
nucleotide.

AlkB binds to the protonated methylated nucleotides with
higher affinity than to neutral 3-dAMP, most likely due to the
absence of cation–p interaction in case of 3-dAMP.12 p–p

stacking interactions are weaker than cation–p interactions and
enzymes utilizing p–p stacking compensate for the weak
stacking interaction by forming multiple hydrogen bonds with
the substrate, thus stabilizing the substrate in the active-site
pocket. These enzymes, such as AAG, usually prefer the
bulkier substrates like 3-dAMP48 or in case of FTO49 and TAG38

that recognize neutral 3-me-dTMP and 3-me-dAMP, there are 3
and 4 hydrogen bonding partners, respectively, conferring
specicity as compared to only one hydrogen bond in case of
AlkB and its methylated substrates. Yi et al.14 have calculated
the natural bond orbital (NBO) charge for 3-me-dCMP and have
ascribed the AlkB recognition factor to be the positive charge on
the two methylated substrates (1-me-dAMP and 3-me-dCMP).
The exocyclic amino group holds a positive change and shows
interaction with anionic Asp135 (ref. 14). Protonation of purine
has been shown to enhance the p-orbital overlap between the
methylated base and aromatic amino acid leading to favorable
stacking interaction.4,50–52

Energetic evaluation of favorable cation–p interactions pre-
dicted from ab initio calculations of structures of various
proteins, have shown tryptophan to be the most likely aromatic
amino acid to be involved in cation-p interaction.53 The
importance of Trp in the cation–p interaction predicted for
AlkB with methylated substrates has also been established from
mutagenesis experiments of Trp 69 (W69A), that abolishes the
activity of AlkB.43 In addition, the stacking interactions between
the nucleotides and aromatic amino acids decrease in the order
of tryptophan, tyrosine and phenylalanine.51 Furthermore, from
our data, the absence of stacking interactions in non-
methylated substrates exemplies the presence of cation–p
interactions in the active-site of AlkB with methylated
nucleotides.
RSC Adv., 2018, 8, 1281–1291 | 1289
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To our knowledge we provide the rst report of the stable
complex of AlkB with non-methylated oligomer containing
dAMP and oligomer with dCMP. We nd that the only contacts
established by AlkB with these normal, unmodied nucleotides
are with the amino group. dUMP and dGMP that possess
carbonyl group instead of an amino group are not recognized by
AlkB. The presence of Asp 135 residue renders the presence of
the carbonyl group at the N6/N4 position unfavorable for
binding. Hence, the exocyclic amino group is a preliminary
criterion for recognition of potential substrates by AlkB.
Through our experiments of AlkB with normal, unmodied
oligomers, dT-dA-dT, and dT-dC-dT, we provide a rationale for
the DNA sampling and recognition by AlkB. In addition, we
demonstrate the presence of a carbonyl group at N6 or N4
positions for purines (dGMP) or pyrimidines (dUMP) respec-
tively, acts a deterring factor for recognition by AlkB.

The presence of neighboring nucleotides further contributes
to the proper positioning of the nucleotide in the active-site as
observed from the spectra of nucleotide versus the trimer;
wherein the decrease in intensities of bands corresponding to
the ring modes of the methylated substrates are less prominent
in case of the nucleotide versus the trimer, suggestive of higher
stacking interactions between amino acids of AlkB with 1-me-
dAMP containing trimer (ESI Fig. S9†).

Our experiments show that the combination of positive
charge coupled with increased surface area along with the
presence of amino group provide additional stability along with
specicity and render 1-me-dAMP followed by 3-me-dCMP
suitable substrates for AlkB.
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