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a b s t r a c t

Reduced DNA repair capacity is associated with increased risk for a variety of disease processes including
carcinogenesis. Thus, DNA repair proteins have the potential to be used as important predictive, prognos-
tic and therapeutic biomarkers in cancer and other diseases. The measurement of the expression level of
these enzymes may be an excellent tool for this purpose. Mass spectrometry is becoming the technique of
choice for the identification and quantification of proteins. However, suitable internal standards must be
used to ensure the precision and accuracy of measurements. An ideal internal standard in this case would
be a stable isotope-labeled analog of the analyte protein. In the present work, we over-expressed, purified
and characterized two stable isotope-labeled DNA glycosylases, i.e., 15N-labeled Escherichia coli formam-
idopyrimidine DNA glycosylase (Fpg) and 15N-labeled human 8-oxoguanine-DNA glycosylase (hOGG1).
DNA glycosylases are involved in the first step of the base excision repair of oxidatively induced DNA
damage by removing modified DNA bases. The measurement by MALDI-ToF mass spectrometry of the
molecular mass and isotopic purity proved the identity of the 15N-labeled proteins and showed that
the 15N-labeling of both proteins was more than 99.7%. We also measured the DNA glycosylase activities
using gas chromatography/mass spectrometry with isotope-dilution. The enzymic activities of both 15N-
labeled Fpg and 15N-labeled hOGG1 were essentially identical to those of their respective unlabeled coun-
terparts, ascertaining that the labeling did not perturb their catalytic sites. The procedures described in
this work may be used for obtaining stable isotope-labeled analogs of other DNA repair proteins for mass
spectrometric measurements of these proteins as disease biomarkers.

Published by Elsevier Inc.

Exogenous and endogenous sources generate oxidatively in-
duced DNA damage with a plethora of lesions [1]. This type of
DNA damage is thought to play an important role in disease pro-
cesses such as carcinogenesis and aging [2]. Elaborate repair path-
ways exist in living organisms that repair DNA damage. DNA repair
is critical for maintaining the genomic stability and thus for pre-
venting disease development including carcinogenesis [2,3]. Oxi-
datively induced DNA damage is mainly repaired by base
excision repair (BER),1 and also by nucleotide excision repair
(NER), albeit to a lesser extent [2]. In the first step of BER, DNA gly-
cosylases hydrolyze the N-glycosidic bond releasing the damaged
base and generating an abasic site, followed by the action of a series
of other BER enzymes [4,5]. Formamidopyrimidine DNA glycosylase

(Fpg, also called MutM) is one of the main DNA glycosylases in Esch-
erichia coli, which specifically excises 4,6-diamino-5-formamidopyr-
imidine (FapyAde), 2,6-diamino-4-hydroxy-5-formamidopyrimidine
(FapyGua) and 8-hydroxyguanine (8-OH-Gua) from DNA containing
multiple lesions [6,7]. In eukaryotes, 8-oxoguanine-DNA glycosylase
(OGG1), which is a functional homolog of Fpg, exhibits a strong spec-
ificity for excision of FapyGua and 8-OH-Gua, but does not act on
FapyAde [8–10].

Reduced DNA repair capacity appears to be associated with
increased risk for a variety of cancers [3,11–13]. Thus, DNA re-
pair proteins are emerging as important predictive, prognostic
and therapeutic factors in cancer [14]. The measurement of the
expression and level of DNA repair proteins may be an important
tool for determining the risk for the development of cancer. Fur-
thermore, this may lead to the use of DNA repair proteins as
cancer and other disease biomarkers. Expression of DNA repair
proteins have been measured mainly by real time quantitative
PCR. The use of the reverse-protein microarray assay has also
been reported to be a useful tool for such measurements [15].
Liquid chromatography–tandem mass spectrometry (LC–MS/MS)
is generally used for separation, positive identification and
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quantification of peptides released from a protein by a proteo-
lytic enzyme such as trypsin [16]. In order to ensure the high
precision and accuracy of quantitative measurements in mass
spectrometry, suitable internal standards must be used. An ideal
internal standard for accurate quantification of a protein would
be its analog fully labeled with stable isotopes such as 15N
and/or 13C. The labeled whole protein will have identical chem-
ical and physical properties as the analyte protein, thus compen-
sating for losses that may occur during all stages of the analysis.
Trypsin digestion can often be inefficient, leading to incomplete
yields of tryptic peptides and consequently to potential measure-
ment bias. Therefore, the fully labeled analog of the analyte
protein is essential as an internal standard for accurate measure-
ments of tryptic peptides resulting from trypsin digestion,
which is performed prior to analysis by LC–MS/MS. A single
labeled tryptic peptide will not meet these important
requirements.

In the present study, we aimed to develop methods for the over-
expression, purification and characterization of stable isotope-la-
beled DNA repair proteins. We chose Fpg and hOGG1 as examples.
We over-expressed, isolated and purified 15N-labeled Fpg and 15N-
labeled hOGG1. In addition, we determined the isotopic purity of
these labeled proteins and measured their DNA glycosylase activi-
ties to ascertain that the labeling does not perturb the respective
catalytic site.

Materials and methods

Materials

Restriction endonucleases, T4 DNA ligase, T4 polynucleotide ki-
nase, and Calf intestinal alkaline phosphatase were purchased from
New England Biolabs (Beverly, MA). Acrylamide, bisacrylamide,
protease inhibitor cocktail tablets, and calf thymus DNA were ob-
tained from Sigma–Aldrich (St. Louis, MO). Deoxynucleoside tri-
phosphates were purchased from Pharmacia LKB Biotechnology
Inc. (Piscataway, NJ). SeaKem GTG Agarose and NuSieve GTG Aga-
rose were purchased from FMC BioProducts (Rockland, ME). Nickel
agarose resin, PCR purification kit, gel extraction kit, and plasmid
purification kit were from Qiagen (Valencia, CA). Diethylaminoeth-
yl (DEAE) cellulose (DE52) was from Whatman Inc. (Clifton, NJ).
Shodex carboxymethyl cellulose HPLC preparative column
(2 cm � 20 cm) was from Phenomenex (Torrance, CA). Dye-dide-
oxy terminator cycle sequencing kits were purchased from Applied
Biosystems Inc., Perkin–Elmer Cetus (Foster City, CA). Modified
DNA bases, their stable isotope-labeled analogs and other materi-
als for gas chromatography/mass spectrometry (GC/MS) were ob-
tained as described [17]. Oligodeoxynucleotides were from
Operon (Huntsville, AL).

E. coli strains, plasmids and preparation of minimal medium

The pET11a expression vector, which was used for the native
protein production of Fpg based on the IPTG induction, was ob-
tained from Novagen (Madison, WI). The relevant strains for clon-
ing and expression were E. coli Novablue (K12) and BL21(DE3),
respectively. The hogg1 cDNA sub-cloned into the expression vec-
tor pET15b for His-tagged production of the protein was kindly
provided by Dr. Dmitry Zharkov (SB RAS Institute of Chemical Biol-
ogy and Fundamental Medicine, Novosibirsk, Russia). Minimal
medium was prepared as described [18]. The composition of the
medium was: 6 g NaH2PO4, 3 g K2HPO4, 0.5 g NaCl, and 1 g 15N-
NH4Cl, 5 g glucose, 246 mg MgSO4�7H2O per L. Ampicillin was
added to a final concentration of 50 lg/mL.

DNA procedures

E. coli Novablue (K12) harboring a recombinant plasmid was
grown at 37 �C overnight in 10 mL Luria–Bertani medium contain-
ing ampicillin (50 lg/mL) [19]. Minipreparations of plasmid DNA
were purified using a Qiagen kit. Digestion of DNA with restriction
enzymes was performed according to the manufacturer’s recom-
mendation. DNA fragments were separated by electrophoresis on
SeaKem GTG agarose or NuSieve GTG agarose. DNA was purified
using a Qiagen kit. Ligation of DNA fragments and transformation
of the E. coli strains were performed as described [20].

Cloning of Fpg into pET11a vector, and production and purification of
15N-labeled Fpg

The coding sequence for E. coli Fpg gene from the plasmid pFpg,
gift from Dr. Timothy R. O’Connor (Beckman Research Institute of
the City of Hope, Duarte, CA), was amplified by PCR with Pfu poly-
merase using a 50 end primer (50-GGAATTC CAT ATG CCT GAA TTA
CCC GAA G-30) and a 30 end primer (50-CCG CTC GAG TTA CTT CTG
GCA CTG CCG AC-30). The 50 end primer sequence contained the
NdeI restriction recognition sequence CATATG wherein ATG served
as the initiation codon for protein expression. The 30 end primer
contained the TAA translation stop codon. The amplified product
was digested with NdeI to produce the gene with 50 NdeI protrud-
ing end and 30 blunt end. The DNA fragment was purified from a 1%
agarose gel, and cloned into the NdeI and BamHI (first digested
with BamHI, filled in with DNA polymerase to make this blunt
end, then digested with NdeI) sites of the pET11a expression vec-
tor. A recombinant plasmid pET11a/Fpg was isolated from E. coli
Nova Blue cells. E. coli BL21(DE3) was transformed with the recom-
binant plasmid to induce protein expression with IPTG. The Fpg
portion of the plasmid was sequenced and found to have no
mutations.

E. coli BL21(DE3) harboring pET11a/Fpg recombinant plasmid
was grown at 37 �C for 20 h on LB agar plate containing 100 lg
ampicillin/mL. A colony was carefully (without touching into the
LB medium) transferred into 10 mL minimal medium containing
1 mg 15N-NH4Cl/mL and 50 lg ampicillin/mL. Cells were grown
for 1 h at 37 �C at 250 RPM in a 50 mL tube. This inoculum was
transferred to 140 mL minimal medium, in a 500 mL baffled flask,
containing 15N-NH4Cl and ampicillin as above. This culture was
grown at 37 �C for 16 h. Next, 3 � 50 mL of this seed culture was
transferred to 3 � 450 mL of minimal medium containing 15N-
NH4Cl and ampicillin in 3 � 2 L baffled flasks. IPTG was added to
a final concentration of 30 lM to induce Fpg production at 37 �C
for 1 h. Next, the culture was shifted to 42 �C for 5 h to continue
Fpg production. Cells were harvested at 6000g for 20 min and
washed with 25 mM Tris buffer (pH 7.5). The wet weight of cells
obtained in this procedure was �3 g.

The cell pellet was suspended in 40 mL of 50 mM Tris buffer (pH
8.0), 10 mM b-mercaptoethanol, 1 mM EDTA, and 50 mM NaCl (ly-
sis buffer 1) containing one tablet of protease inhibitors. Cell sus-
pension was passed through a French Press at 7 � 104 kPa. The
cell-free extract was centrifuged at 10,000g for 20 min. The super-
natant was mixed with 5 g of DE52 anion exchange resin equili-
brated with the lysis buffer 1 in a 500 mL bottle at 80 RPM for
1 h at 4 �C and then poured into a column. The flow through con-
taining nearly all the Fpg and fewer cellular proteins was collected.
The resin was washed with 10 mL of the lysis buffer 1 and added to
the flow through. The Fpg enriched pool (50 mL) was dialyzed
overnight against 1 L of 20 mM K-phosphate buffer (pH 7.4). The
dialyzed pool was centrifuged at 100,000g for 1 h to remove any
particulate material. The supernatant fraction was chromato-
graphed on a HPLC-Shodex carboxymethyl cellulose column
(2.0 cm � 20 cm) equilibrated with 20 mM K-phosphate buffer
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(pH 7.4). The column was washed with 100 mL of 20 mM K-phos-
phate buffer, pH 7.4 until the A280 stabilized. Then Fpg was eluted
with a 0–0.5 M KCl gradient (250 mL each) in 20 mM K-phosphate
buffer (pH 7.4). Pure Fpg was eluted as a sharp peak at �0.3 M KCl.
Fractions containing Fpg were pooled, concentrated on YM3 mem-
brane filter, and dialyzed overnight against 500 mL of 50% glycerol,
20 mM Tris, 1 mM EDTA, and 10 mM b-mercaptoethanol (pH 7.5).
Protein concentration was determined by the Lowry method using
BSA as a standard [21].

Production and purification of 15N-labeled hOGG1

E. coli BL21(DE3) harboring pET15b/hOGG1 recombinant plas-
mid was grown at 37 �C for 20 h on LB agar plate containing
100 lg ampicillin/mL. A colony was carefully (without touching
into the LB medium) transferred into 100 mL minimal medium
containing 1 mg 15N-NH4Cl/mL and 50 lg ampicillin/mL. Cells
were grown overnight (16 h) at 37 �C at 250 RPM in a 250 mL baf-
fled flask. This inoculum was transferred to 1000 mL minimal med-
ium, in a 2 L baffled flask, containing 15N-NH4Cl and ampicillin as
above. This culture was grown at 37 �C for 1 h and briefly cooled
in ice water to room temperature. Next, IPTG was added to a final
concentration of 100 lM to induce hOGG1 production at 24 �C
overnight. Cells were harvested at 6000g for 20 min and washed
with 25 mM Tris–HCl (pH 7.5). The wet weight of cells obtained
in this procedure was �2 g.

The cell pellet was suspended in 20 mL of 50 mM Tris–HCl, pH
8.0, 10 mM b-mercaptoethanol, 300 mM NaCl, and 10 mM imidaz-
ole (lysis buffer 2) containing one tablet of protease inhibitors. Cell
suspension was passed through a French Press at 7 � 104 kPa. The
cell-free extract was centrifuged at 40,000g for 1 h. Meanwhile,
2 mL of nickel-agarose slurry (1 mL resin) was washed with the ly-
sis buffer 2 in a 30 mL Bio-Rad polypropylene column. The super-
natant was added to the resin and mixed on a rocker for 2 h at
4 �C. The flow through was collected, and the column was washed
successively with three 10 mL aliquots of the lysis buffer 2. Next,
the resin was washed three times with 3 mL aliquots of the lysis
buffer 2 containing an additional 20 mM imidazole (total
30 mM). Next, the hOGG1 was eluted with five 5 mL aliquots of
the lysis buffer 2 containing 100 mM imidazole. The first 5 mL con-
tained about 50% of hOGG1 (�95% pure) with minor contaminants
as judged by SDS–PAGE. The subsequent four elutions contained
the remaining hOGG1 with higher purity (�98%). All the five elu-
tions containing hOGG1 were pooled, concentrated on YM3 mem-
brane filter, and dialyzed overnight against 500 mL of 50% glycerol,
20 mM Tris, 1 mM EDTA, and 10 mM b-mercaptoethanol, pH 7.5.
Protein concentration was determined by the Lowry method using
BSA as standard [21].

Molecular mass determination of unlabeled and 15N-labeled Fpg and
hOGG1 by MALDI-ToF mass spectrometry

MALDI-ToF mass spectra were collected and analyzed using an
Applied Biosystems 4700 Proteomics Analyzer (Foster City, CA)
with a nitrogen laser (337 nm) operated in linear, high mass mode.
Mass spectra were collected in positive ion mode using a source
voltage of 20.0 kV. The grid voltage, linear detector voltage and
low mass gate were set to 18.4 kV, 2.0 kV and 0.0 m/z, respectively.
Each sample spectrum was obtained by averaging 3000 laser shots
from three sequential sample accumulations. Three sample spec-
trums were acquired for each sample. The default instrument mass
calibration was utilized for all data acquisitions.

For the MALDI-ToF MS Analysis of Fpg, the acquisition mass
range, focus mass and laser intensity were set to 10,000 m/z–
40,000 m/z, 30,000 m/z and 5800 (arbitrary units), respectively.
The laser intensity mode, search pattern and search pattern source

were set to fixed, uniform and random, respectively. The MALDI
matrix solvent was 1:1 (volume fractions) water/acetonitrile in
0.1% trifluoroacetic acid. The MALDI matrix was a saturated solu-
tion (10 mg/mL) of sinapinic acid dissolved in matrix solvent. The
15N-labeled (3 lg/lL) and unlabeled (5 lg/lL) Fpg samples were
initially prepared in 50% glycerol, 20 mM Tris–HCl, 1 mM EDTA,
10 mM b-mercaptoethanol, pH 7.5 buffer. Each Fpg sample was
prepared for MALDI-ToF MS analysis by premixing 10 lL of the
sample with 90 lL of MALDI matrix. An aliquot (1 lL) of each pre-
mixed sample was deposited onto a stainless steel MALDI target.
Each deposit was allowed to air dry at room temperature for
10 min before MALDI-ToF MS analysis.

The acquisition mass range, focus mass and laser intensity at
20,000 m/z–80,000 m/z, 40,000 m/z and 5800 (arbitrary units),
respectively, were used for the MALDI-ToF MS Analysis of hOGG1.
The laser intensity mode, search pattern and search pattern source
were set to fixed, center bias and random, respectively. The MALDI
matrix solvent was 1:1 (volume fractions) water/acetonitrile in
0.1% trifluoroacetic acid. The MALDI matrix was a saturated solu-
tion (20 mg/mL) of sinapinic acid dissolved in matrix solvent. The
15N-labeled (1.5 lg/lL) and unlabeled (1.5 lg/lL) hOGG1 samples
were prepared in a buffer (pH 7.5) containing 50 mM Tris–HCl,
100 mM NaCl, 100 mM imidazole, 100 mM b-mercaptoethanol.
Each hOGG1 sample was initially desalted using Zeba™ Spin
(7 kDa molecular mass cutoff) desalting columns (Thermo Scien-
tific) following the column manufacturer’s suggested protocols.
Each sample was subsequently prepared for MALDI-ToF MS analy-
sis by premixing 3 lL of sample with 3 lL of MALDI matrix. An ali-
quot (0.5 lL) of each premixed sample was deposited onto a
stainless steel MALDI target. Each deposit was allowed to air dry
at room temperature for 10 min before MALDI-ToF MS analysis.

Preparation of DNA samples, enzymic assays and gas chromatography/
mass spectrometry

Calf thymus DNA was dissolved in 10 mM phosphate buffer (pH
7.4, 0.3 mg/mL) at 4 �C, saturated with N2O and irradiated in a 60Co
c-source at a dose of 5 Gy (dose rate 10 Gy/min). After dialysis
against water for 18 h at 4 �C, aliquots of 50 lg of DNA samples
were dried in a SpeedVac under vacuum. DNA samples (50 lg)
were dissolved in 50 lL of an incubation buffer consisting of
50 mM phosphate buffer (pH 7.4), 100 mM KCl, 1 mM EDTA, and
0.1 mM dithiothreitol. Aliquots of FapyAde-13C,15N2, Fapy-
Gua-13C,15N2 and 8-OH-Gua-15N5 were added as internal stan-
dards. Samples were incubated with 2 lg of an unlabeled or
labeled protein for 1 h at 37 �C in a water bath and then processed
and analyzed by GC/MS for the identification and quantification of
FapyAde, FapyGua and 8-OH-Gua released by Fpg and hOGG1
[17,22].

Results and discussion

Production and purification of 15N-labeled E. coli Fpg

We have previously described an efficient production of Fpg and
a method for its rapid purification [17]. The production protocol
employed a heat inducible lambda PL promoter based expression
vector pRE [23], and an E. coli strain MZ1 that carries a temperature
sensitive repressor [24]. This expression system was suitable for
production of unlabeled Fpg by growing cells in LB medium. How-
ever, the pRE expression system is unsuitable for production of
15N-labeled Fpg because the MZ1 strain has a deletion for his ilv
biosynthetic pathway and growth in minimal medium containing
ammonium chloride is not achievable. Hence, we sub-cloned
E. coli fpg gene into an IPTG inducible native expression vector
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pET11a that utilizes E. coli BL21(DE3) cells for protein production.
Just a brief reminder that Fpg production in expression vectors
such as pET15b that would result in addition of a His tag is detri-
mental to the activity because any modification at the amino ter-
minus of Fpg will interfere with the catalytic function at the
residue Pro2 [17]. Hence, Fpg production in native expression vec-
tor was chosen as the correct path.

We carried out optimization of the production of Fpg in mini-
mal medium with respect to IPTG concentration, time and temper-
ature of induction. The following conditions were tested: induction
at 20 �C, 24 �C, 37 �C, and 42 �C for various times (16 h, 32 h, 42 h)
after addition of IPTG to 10 lM, 30 lM, 100 lM and 300 lM con-
centration. Although induction with 100 lM IPTG and growth at
any of the temperatures and times produced �20% of the total cel-
lular protein as Fpg, only 2–3% represented the soluble Fpg and the
remaining was in ‘‘inclusion bodies’’. After reviewing our expres-
sion conditions in the heat inducible pRE/MZ1 expression system,
it was determined that the Fpg production was at 42 �C and
�15% of the total cellular protein was soluble Fpg [17]. Thus, we
tested Fpg production in minimal medium at 42 �C with 30 lM
IPTG and found that this growth condition yielded �7% of the total
cellular protein as soluble Fpg. A probable reason for the produc-
tion of more soluble Fpg at 42 �C may be that heat inducible chap-
erones produced at 42 �C help fold Fpg into its native
conformation. For scale up production and purification of 15N-la-
beled Fpg, we selected the induction with 30 lM IPTG and growth
at 42 �C for 5 h.

15N-labeled Fpg was purified by a rapid procedure (Fig. 1).
Briefly, Fpg enriched soluble extract was mixed with DEAE cellu-
lose resin. Since Fpg has a high isoelectric point (Pi = 8.7), Fpg
would have a polycationic character and would not bind to the
DEAE resin; however, numerous other E. coli proteins in the prep-
aration would bind strongly to the resin and thus eliminated. The
second step employed strong Fpg binding to carboxylmethyl cellu-
lose and elution with salt gradient. This procedure yielded 1 mg of
nearly homogenous Fpg/L culture. Purified 15N-labeled Fpg was
more than 95% pure and contained some low molecular mass pro-
teins as contaminants.

Production and purification of 15N-labeled hOGG1

There are several isoforms of hOGG1 (http://www.uniprot.org/
uniprot/O15527). Two main isoforms, the isoform 1A, also called
a-hOGG1 with 345 amino acids and the isoform 2A, also called
b-hOGG1, with 424 amino acids are located to the nucleus and
the mitochondrion, respectively [8,25–29]. These two isoforms re-
sult from an alternative splicing after the transcription of the hogg1
gene, which is localized on chromosome 3p25 [27]. Starting from
the N-terminus, these proteins have an identical sequence with
316 amino acids, with the rest of the molecules exhibiting a differ-
ent sequence [27]. As a result, the 30 theoretical tryptic peptides of
both a-hOGG1 and b-hOGG1 that would result from trypsin diges-
tion are identical. a-hOGG1 is the most abundant among the iso-
forms [30]. In the present work, a recombinant clone of a-hOGG1
in pET15b expression vector, which would result in an N-terminal
His-tag, was used for production and purification of the protein.
Unlike Fpg, the addition of the His-tag at the amino terminus of
hOGG1 does not affect the activity of hOGG1, since this enzyme
uses Lys249 as the catalytic residue [31,32]. The theoretical molec-
ular mass of a-hOGG1 (called hOGG1 from here on) is 38782.2 Da.
The His-tag MGSSHHHHHHSSGLVPRGSHMEL replaces Met at the
N-terminal of the protein, giving rise to a molecular mass of
41187.8 Da.

The optimization of the production of hOGG1 in minimal med-
ium containing 15N-NH4Cl was carried out as described for Fpg. Of
all the conditions tested: such as induction at 24 �C overnight,
37 �C for 5 h, and 42 �C for 5 h after addition of IPTG to 10 lM,
30 lM, and 100 lM concentration, induction with 100 lM IPTG
and growth at any of the temperatures and times produced
20–30% of the total cellular protein as hOGG1. However, only
induction at 24 �C produced hOGG1 as mostly soluble protein
amounting to about 20% of the total cellular protein. Induction at
37 �C or 42 �C produced hOGG1 as inclusion bodies. The optimal
temperature of induction for the production of soluble hOGG1,
24 �C, is quite opposite to the optimal temperature (42 �C) of
induction for the production of soluble Fpg. Hence, the conditions
for the optimization of overproduction of recombinant proteins in
soluble form must be tested for every protein of interest. 15N-
labeled hOGG1 was purified to near homogeneity (�99%) from

1 2 3 4 5 6

Fpg

kDa

32.5

25.0

Fig. 1. Purification of 15N-labeled E.coli Fpg. Sodium dodecylsulfate–13% polyacryl-
amide gel electrophoresis analysis. Lane 1: 21 lg protein of the extract of
BL21(DE3) cells harboring pET11a plasmid (control); Lane 2: 31 lg protein of the
extract of BL21(DE3) cells harboring Fpg/pET11a plasmid induced with IPTG; Lane
3: 26 lg protein of 10,000g supernatant; Lane 4: 8.6 lg flow through from DEAE
cellulose column; Lane 5: 8.5 lg Fpg eluted from CM cellulose column; Lane 6:
Molecular mass markers from top to bottom in kDa – 175, 83, 62, 47.5, 32.5, 25, 16.5
and 6.5.

1 2 3 4 5 6

hOGG1

kDa

47.5

32.5

Fig. 2. Purification of 15N-labeled hOGG1. Sodium dodecylsulfate–10% polyacryl-
amide gel electrophoresis analysis: Lane 1: 20 lg protein of the extract of
BL21(DE3) cells harboring pET15b plasmid (control); Lane 2: 21 lg protein of the
extract of BL21(DE3) cells harboring hOGG1/pET15b plasmid induced with IPTG;
Lane 3: 17 lg protein of 48,000g supernatant; Lane 4: 15.5 lg protein from Ni-
agarose flow through; Lane 5: 8.3 lg hOGG1 eluted from Ni-agarose column; Lane
7: Molecular mass markers from top to bottom in kDa – 175, 83, 62, 47.5, 32.5, 25,
and 16.5.
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the soluble extract in a single step on nickel agarose resin (Fig. 2).
The yield of hOGG1 was 5 mg protein/L of the culture.

Mass spectrometric analysis of labeled proteins

MALDI-ToF mass spectrometry was used to check the isotopic
purity of 15N-labeled Fpg and hOGG1. We performed three mea-
surements of the molecular mass of unlabeled and 15N-labeled
Fpg and hOGG1 proteins. As examples, Fig. 3A and B illustrates
the ion-current profiles the protonated molecular ion (MH+) of
unlabeled and 15N-labeled Fpg proteins, respectively. The theoret-
ical average molecular mass of Fpg is 30,290 Da. For unlabeled Fpg,
a mean value of 30,086 ± 6 Da (the uncertainty is the standard
deviation) was found. This is 99.3% of the theoretical value. 15N-la-
beled Fpg contains 383 nitrogen atoms and thus its theoretical

average molecular mass is 30,673 Da. The measurement yielded a
value of 30,442 ± 2 Da, which is 99.2% of the theoretical value.
Thus, the 15N-incorporation into Fpg was approximately 99.9%.
The measured molecular mass of hOGG1 was 41,440 ± 12 Da. The
His-tagged hOGG1 has a theoretical average molecular mass of
41,187.8 Da, which amounts to 99.4% of the measured value. This
protein contains 548 nitrogen atoms and the average molecular
mass of 15N-labeled hOGG1 would be 41,735.8 Da. We found a va-
lue of 41,847 ± 14 (the uncertainty is the standard deviation). The
theoretical average molecular mass of 15N-labeled His-tagged-
hOGG1 amounts to 99.7% of the measured value. The calculation
using these values showed that the 15N-incorporation into hOGG1
amounted to approximately 99.7%. As examples, the ion-current
profiles of the MH+ of unlabeled and 15N-labeled hOGG1 proteins
are shown in Fig. 4A and B, respectively. These results suggest that

Fig. 3. (A) Ion-current profile of the protonated molecular mass ion of Fpg. (B) Ion-current profile of the protonated molecular mass ion of 15N-labeled Fpg.
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Fig. 4. (A) Ion-current profile of the protonated molecular mass ion of hOGG1. (B) Ion-current profile of the protonated molecular mass ion of 15N-labeled hOGG1.

Fig. 5. Measurement of the glycosylase activities of Fpg and 15N-labeled Fpg. Excision of FapyAde (A), FapyGua (B) and 8-OH-Gua (C). 1: no enzyme; 2: Fpg; 3: 15N-labeled
Fpg. Uncertainties are standard deviations.
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an almost complete 15N-labeling of both Fpg and hOGG1 was
achieved, which makes the labeled proteins highly suitable inter-
nal standards for the mass spectrometric measurements of Fpg
and hOGG1.

DNA glycosylase activities of 15N-labeled Fpg and hOGG1

A stable isotope-labeled protein to be used as an internal stan-
dard must have the identical properties as its unlabeled counterpart
such as the possession of the enzymic activity. For this reason, we
determined the DNA glycosylase activities of 15N-labeled Fpg and
15N-labeled hOGG1, and their unlabeled analogs by using GC/MS
with isotope-dilution as described previously [17]. Fpg removes
FapyAde, FapyGua and 8-OH-Gua from DNA containing multiple
lesions [6,7], whereas hOGG1 acts on FapyGua and 8-OH-Gua, but
not on FapyAde [8–10]. The data showed that 15N-labeled Fpg
was as active as unlabeled Fpg and efficiently removed FapyAde,
FapyGua and 8-OH-Gua from DNA as illustrated in Fig. 5A–C,
respectively. Similarly, the glycosylase activity of 15N-labeled
hOGG1 was preserved as evidenced by the efficient excision of
FapyGua and 8-OH-Gua from DNA (Fig. 6A and B). These results
unequivocally show that the 15N-labeling does not affect the enzy-
mic activities of Fpg and hOGG1.

Conclusions

We described a procedure for the efficient production, isolation
and purification of large quantities of two 15N-labeled DNA repair
proteins. Mass spectrometric measurements showed that these
proteins were labeled to a degree of more than 99.7%. We also
demonstrated that the labeling did not affect the glycosylase activ-
ities of these enzymes. A fully labeled analog of the analyte protein
possesses identical properties and can be added to a sample in the
first step of the experimental procedure. This will compensate
material losses that may occur during all stages of the analysis, en-
abling accurate quantification. The use of a labeled tryptic peptide
as an internal standard would not meet these requirements. This is
especially true in the case of the use of two-dimensional gel elec-
trophoresis to isolate a protein prior to analysis by LC–MS/MS.
Thus 15N-labeled Fpg and 15N-labeled hOGG1 can be used as ideal
internal standards for the measurement of E. coli Fpg and hOGG1
by mass spectrometric techniques such as LC–MS/MS with iso-
tope-dilution. Moreover, the tryptic peptides expected from tryp-
sin digestion of the major isoforms a-hOGG1 and b-hOGG1 are
identical up to the first 316 amino acids of the N-terminal. This
means that 15N-labeled a-hOGG1 would serve as an ideal internal
standard for identification and quantification of both isoforms by
LC–MS/MS following trypsin digestion. This is also valid for other
minor isoforms, whose N-terminal sequences to a great extent
are identical to that of a-hOGG1. The procedures described in this

work are likely to be applicable to the over-expression, isolation,
purification and characterization of stable isotope-labeled analogs
of other DNA repair proteins for use as suitable internal standards.
However, the protein expression must be optimized for each pro-
tein. The availability of such labeled protein standards would facil-
itate the in vivo measurement by mass spectrometric techniques of
DNA repair proteins as possible predictive, prognostic and thera-
peutic biomarkers for cancer and other diseases.
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