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Summary, - The formamidopyrimidine-DNA glyco-
sylase (Fapy-DNA glycosylase) of Escherichia coli (E.
coli) was overexpressed by cloning the fpgt gene on a
nudticopy plasmid and placing this gene under the
conirol of the lac promoter. The lac promoter con-
tributed significantly to the overall expression of the fpg
gene only after the deletion of an inverted repeat
sequence located immediately upstream from the fpg
promoter. The biological purpose of the inverted repeat
sequence may be associated with the termination of an
adjacent gene transcribed in the same direction as the fpg
gene in B. coli. Cells harboring the fpg gene under the
control of the lac promoter were able to produce the
Fapy-DNA glycosylase as at least 17% of the total
soluble proteins. Such strains allow the preparation of
milligram quantities of pure protein for use in the study
of its catalytic properties and three dimensional crystal
Structure,

Riassanto (Riparazione nel DNA delle purine con un
anello  imidazolico aperto: alta produzione della
formamidopirimidina-DNA glicosilasi di E. coli usando
plasmidi contenenti il gene fpgt). - E' stata osservata
alta espressione dell'enzima formamidepirimidina-DNA
glicosilasi (Fapy-DNA glicosilasi) di Escherichia coli
(B. coli) clonando il gene fpg+ in un plasmide mul-
ticopie sotto il controllo del promotore lac. Il promotore
lac ha contribuito in modo significativo aill’espressione
del gene fpg solo dopo delezione di una sequenza
invertita ripetuta e localizzata strettamente a monte del
promotore di fpg. Il significato biologico della sequenza
invertita ripetuta potrebbe essere associato con la
terminazione di un gene adiacente trascritto nella stessa
direzione del gene fpg in E. coli. Le cellule che con-
tengono il gene fpg sotto il controllo del promotore lac
producono la Fapy-DNA glicosilasi in quantita equi-
valenti ad almeno il 17% delle proteine solubili totali.
Questi ceppi rendono possibile la preparazione di
milligrammi di proteina pura permettendo quindi lo
studio delle sue proprietd catalitiche e della struttura
cristallina tridimensionale. '

Introduction

N7-methylguanine is the major product in DNA
treated by chemical carcinogens such as N-methylnitro-
sourea or N-methyl-N'-nitro-N-nitroso-guanidine [1].
This lesion does not seem to be harmful to the cell as it
does not interfere with DNA synthesis in viro [2-4].
However, N7 alkylation favors the cleavage of the
glycosidic bond or the cleavage of the imidazole ring,
which yields 2-6 diamino-4-hydroxy-5-N-methylfor-
mamidopyrimidine (Fapy) [5]. Several observations
suggest that the imidazole ring-opened form of N7-
methylguanine might play a significant role in proces-
ses leading to mutagenesis and/or cell death by alkylat-
ing agents. In vitro DNA synthesis experiments show
that Fapy residues inhibit DNA synthesis by E. coli
DNA polymerase I [2]. Furthermore, the termination
pattern of the in vitro DNA synthesis showed that E.
coli DNA polymerase I stops one base before the Fapy
residues [4]. Since DNA synthesis terminates one base
before N3-methyladenine lesions [3], and this lesion is a
major cell killing lesion after treatment with alkylating
agents [6], by analogy, Fapy residues would be expected
to be involved in cell death. The occurence of a DNA
glycosylase which excises the ring-opened form of N7-
methylguanine either in E. coli [7-9] or in mammalian
cells [10] implies that this enzyme may play a role in
the overall maintenance of. genetic material. Study of
this enzyme, however, has been limited as a result of its
low expression level in E. coli wild type strains. There-
fore, we cloned the Fapy-DNA glycosylase gene (fpg) of
E. coli on the pBR322 plasmid [9]. The fpg* gene was
sequenced and found to code for a protein corresponding
to the appropriate size (30.2 kDa) and amino acid
composition of the Fapy-DNA glycosylase [9]. The
fpg+ gene was further subcloned in the pUCI8 and
pUCI9 plasmids to yield pFPG50 and 60, respectively.
Despite the 60-fold overproducer character of the cells
harboring the pFPG60 plasmid, the Fapy-DNA
glycosylase did not exceed 1% of the total soluble
proteins. This relatively low expression of the gene was
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mainly due to the inefficiency of the transcription from .

the lac promoter of the pFPG60 plasmid. In this paper
we report experiments which show that this low
expression level of the cloned Fapy-DNA glycosylase in
plasmids using the lac promoter is associated with a
palindromic sequence which is located upstream from
the fpg promoter, Deletion of this palindromic sequence
allowed the level of Fapy-DNA glycosylase to increase
to 17% of the total soluble cellular proteins,

Materials and methods

DNA. - Plasmid DNA used twas isolated and treated
as recommended by Maniatis ef al. [11].

Enzymes, - All commercial enzymes (restriction
endonucleases, T4 DNA ligase, and calf intestine
phosphatase) used were purchased from Bochringer-
Mannheim and used as recommended.

DNA sequencing. - DNA sequencing was performed
by generating clones of the appropriate plasmid in M13
and sequencing the single stranded phage as previously
described [9].

Preparation of PH]-poly(dG-dC}, contairing Fapy re-
sidues. - The poly(dG-dC), containing [3H]-Fapy resi-
dues was prepared as previously described [12].

Bacterial strains. - HB101 and JM105 were used
from laboratory stocks.

Preparation of crude lysates. -20 ml of LB broth,
containing 50 pg/ml ampicilin, was inoculated with 0.2
ml of ovemlght cultures and grown at 37 °C until the
oDl .s0omm = 2-0. The cultures were cenirifuged, and the
pellet resuspended in 0.5 ml of lysis buffer (300 mM
Tris-HC1 pH 8.0, 5 mM Na,EDTA). The cell suspen-
sion was lysed and centrifuged as previously described
[9] to yield a crude lysate.

Enzymatic assay for Fapy-DNA glycosylase
activity. - The assay for Fapy-DNA glycosylase activity
has been previously described [9]. Briefly, [3H]-Fapy-
poly(dG-dC),(2000 cpm/assay) in 70 mM Hepes-KOH,
pH 7.6, 100 mM KCl, 2 mM Na,EDTA, 5% glycerol
was incubated with limited amounts of crude lysate for
10 min at 37 °C. Following the incubation, an equal
volume of carrier DNA and BSA solution was added and
the ethanol soluble radioactivity determined. Dilution of
the crude lysate in the reaction buffer was performed
when the assay was saturated. Total soluble protein was
determined and SDS polyacrylamide gel electrophoresis
was performed on the crude lysates as previously
described [9].

Overproduction of the Fapy-DNA glycosyldse using
IPTG. - JMI105 cells hosting either the pFPG210 or

220 plasmid were grown at 37 °C until O.D.4om =
1.0. At this stage, the cultures were made 1 mM in
IPTG, and grown for an additional 17 h at 37 °C.

Densitometry. - Densitometry was performed by di-
rectly scanning the protein gel using a Joyce-Loebel
scanning densitometer, Peak areas were determined by

-weight.

Results
Plasmid construction

To overproduce the Fapy-DNA glycosylase, the fpg+
gene of E. coli was cloned into a multicopy plasmid.
After subcloning, a 1.7 kb (Sall/EcoRI) DNA fragment
of the pFPG40 plasmid was isolated which contained
1.4 kb of E. coli DNA carrying the fpgt gene and two
flanking regions of pBR322 DNA [9]. This 1.7 kb
fragment was cloned into the pUCIS and 19 plasmids
yielding pFPG50 and 60 (Fig. 1) [9]. The nucleotide
sequence of the fpg+ gene was determined and shown to
consist of an 807 base pair open-reading frame [9]. The
cloned Fapy-DNA glycosylase was purified to homo-
geneity, From this purified protein, the sequence of the
25 first amino acids at the NH,-terminus was determined
to be identical to the amino acid sequence predicted from
the nucleotide sequence (Boiteux et al., unpublished
data). The last observation demonstrates that we have
cloned the structural gene for the Fapy-DNA glyco-
sylase.
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Fig. 1. - Structure of varicus plastmcls containing the fpgt gene
of E. coli. The left side of the figure lists the plasmids which
have the fpg gene transcribed in the opposite direction from that
of the lac promoter, whereas the right side of the figure lists the
plasmids which have the fpg gene transcribed in the same
direction as the lac promoter. *Several of the important
restriction sites are also indicated. The coding region for the fpg
gene of E. coli is indicated by the cross-hatched area (P2 ). The
black region () depicas DNA from pBR322 and the white region
() indicates E. coli DNA. The inverted repeat structure just
before the coding region is shown as a cruciform strucre.
Although this cruciform structure exists as isolated from the cell
on the plasmid, we do not wish to imply that the DNA adopts
only this structure.



The fpgt gene was further subcloned by the creation
of plasmids pFPGI30 and 140 (Fig. 1) which were
constructed by isolating the EcoRI/Sall fragment of
pFPG60, restricting with Narl, and cloning the fragment
into the EcoRI/Accl site of pUC18 and 19.

The final two subclones shown in Fig. 1, pFPG210
and 220, were constructed by isclating the 290 bp
Bglll/HindIl fragment of pFPG6E0, restricting with
Mnll and then cloning the fragment of 190 bp into the
BglTl/Hindll cut pFPG30 or 60.

Overproducer character of plasmids containing the fpg
gene

For each of the plasmids in Fig. 1, the amount of the
Fapy-DNA glycosylase produced in HB101 was csti-
mated by the glycosylase activity assay and the intensity
of the 31 kDa band visualized by SDS-electrophoresis of
crude lysates. The results of the assays for each of the
plasmids are shown in Figs 2 and 3. Fig. 2 shows that
cells hosting pFPG50 and 60 exhibited approximately
60- and 70-fold more enzyme activity than the HB101
hosting only pUC19. In concordance with the increase
in glycosylase activity, the SDS polyacrylamide gel of
the soluble crude lysate proteins in Fig. 3 shows a new
band at 31 kDa, which is the same molecular weight as
the Fapy-DNA glycosylase. Sequencing showed that
transcription from the lac promoter and the fpg promoter
are in the same direction in the pFPG60 plasmid.
Surprisingly, we do not observe a significant effect of
the orientation on the fpg gene expression when the
gene in pFPG60 is in the same orientation as the lac
promoter. Previously we also observed that only a
modest increase (~2-fold) in Fapy-DNA glycosylase
production occurs when JMI105 cells hosting the
pFPG60 plasmid are incubated with IPTG. These two
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Fig. 2. - Production of the Fapy-DNA glycosylase in HB101
cells hosting different plasmids by the glycosylase assay. The
prodL}ction is indicated as Fapy-DNA glycosylase units/mg of
profein in the omude lysate. The plasmid constructions are
indicated in Fig. 1 and further details are given in the "Materials
and methods”, One unit of Fapy-DNA glycosylase enzyme
released 1 pmol of Fapy in 5 min at 37 °C.
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Fig. 3. - Production of the Fapy-DNA glycosylase in HB101

cells hosting different plasmids by SDS polyacrylamide gel

electrophoresis of soluble crude protein lysates, Lanes 1 and 6

are control lanes with molecular weight markers. The plasmids

are indicated at the top of the figure. The location of the Fapy-

DNA glycosylase is shown by an arrow. The dark band at the
bottom of the gel comesponds to lysozyme.

observations suggest that transcription from the lac
proemoter does not contribute significantly to the expres-
sion of the fpg* gene.

Since the lac promoter is located upstream from the
putative fpg promoter in pFPG60, we hypothesized that
some sequence in the ~350 bp separating the two pro-
moters was responsible for the attenuation of the expres-
sion (Fig. 4). A first deletion was performed to elimi-
nate the possibility that a sequence of pBR322 DNA
between Narl and Sall (positions 413 and 650, respec-
tively, from pBR322) caused the lower expression of the
fpg gene (Fig. 1). The deletion of the Narl/Sall {ragment

_to form pFPGI30 and 140, does not significantly alter

the fpg gene expression compared to that observed using
the parental pFPG50 and 60 as shown in Figs 2 and 3.
Therefore, these two observations suggest that the lower
expression levels are most likely not associated with
pBR322 DNA sequences.

Sequence analysis of the 100 bp of E. coli DNA im-
mediately upstream from the fpg coding region showed
that there is a palindromic sequence just before the
putative -35 fpg promoter sequence as shown in Fig. 4.
The two plasmids which lack half of the palindromic
sequence, pFPG210 and 220, eliminate the formation of
possible secondary structures in DNA or RNA which
involve the inverted repeat sequence (Figs 1 and 4).
Analysis of the glycosylase activity in Fig. 2 shows
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Fig. 4. - DNA sequence of the fpg promoter region of the fpg
gene from E. coli in the pFPG60 plasmid. The sequence of
pBR322 conmsisting of approximately 275 bp and the Iac
promoter region just before the pBR322 sequence are not shown.
The putative promoter (-35 and -10) regions, the Shine-Dalgamo
(8.D.) region, the MnI deavage site, and the direcion of
transcription of the lac promoter are indicated. The arrows
designate the inverted repeat sequence. The Methionine (Met)
codon for the start of the fpg gene is also shown.

that the activity is 140-fold greater than the background
in cells hosting the pFPG220 and only 10-fold above
background in cells containing pFPG210. In fact,
removing the sequence with the inverted repeat increases
the expression of the fpg gene in cells hosting
pFPG220 to such an extent that the Fapy-DNA
glycosylase is one of the major soluble cellular proteins
as suggested from Fig. 3. These results suggest that the
inverted repeat sequence was responsible for the attenu-
ation of the fpg gene expression from the lac promoter.
In addition, the expression of the fpg+ gene without the
fac promoter is higher when the palindromic sequence is
present as indicated by a comparison of the Fapy-DNA
glycosylase level observed for the pFPGS0 and 210
(Fig. 2). The fpg promoter in pFPG210 does not appear
to be deleted as suggested by the nucleotide sequence and
the fact cells harboring pFPG210 still overproduce the
Fapy-DNA glycosylase 10-fold.

Overexpression of the Fapy-DNA glycosylase

Since the presence of the pFPG220 plasmid in
HB101 cells has a deleterious effect on cell growth, we
transformed JM105 cells harboring a Iac Is mutation
with pFPG220. In order to further stimulate the produc-
tion of the Fapy-DNA glycosylase, we added IPTG, a
non-metabolizable inducer of the lac promoter, to cells
in log phase growth. These cells expressed the Fapy-
DNA glycosylase at very high levels as demonstrated by
the densitometric scans of the polyacrylamide gels as
shown in Fig. 5. Without IPTG the Fapy-DNA glyco-
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Fig. 5. - Densitometric scans of the polyacrylamide gels for the
overproduction of the Fapy-DNA  glycosylase following
treatment with IPTG in JM105. The portions of the scans which
indicate the overproduction of the Fapy-DNA glycosylase are
Iabeled. Another region which maintaing a relatively constant
amount of protein is shown for comparison. The percentage of
Fapy-DNA glycosylase compared to the total soluble cellular
proteins in the crude lysates as estimated from densitometry and
the number of Fapy-DNA glycosylase units per milligram of
total protein are also indicated in the figure. The molecular
weight range of a region with constant levels of protein bands
are indicated in kilodaltons.

sylase is overproduced as indicated by the band at 31
kDa, but when IPTG is added, the Fapy-DNA glyco-
sylase is 17% of the total soluble proteins,

Discussion

In this paper we have shown that a naturally oc-
curring, inverted repeat DNA sequence of E. coli located
upstream from the fpg promoter has a regulatory effect
on the expression of the fpg gene when it is cloned in
the pUC18 and 19 systems as i) a strong attenuator of
the expression when the lac promtoter is used for tran-
scription and ii) a possible stimulator of the fpg’ pro-
moter. If there is another gene transcribed in the same
direction as the fpg gene, this palindromic sequence may
act as a transcription terminator of the previous gene's
RNA synthesis. This may be a zeasonable explanation if
the preceding gene is transcribed at a high level. Alter-
natively, the effect of the inverted repeat sequence on the

, gene expression may be the result of the formation of a

cruciform, which is a non-B DNA secondary structure
[13, 14]. In fact, the pFPG60 plasmid as isolated from
the cell has an S1 hypersensitive site which maps to the



palindrome (T. O'Connor, unpublished data), which is
one of the criteria for the existence of a cruciform struc-
ture [13, 14]. Moreover, we hypothesize that the forma-
tion of a cruciform structure could inhibit transcription
while under control of the lac promoter and stimulate
transcription from the native fpg promoter. The stimu-
Jation of transcription may result from the formation of
an entry point for RNA polymerase. However, the as-
sessment of the precise role of the palindromic sequence
on the fpg promote; in this plasmid await the mapping
of the transcription start for the fpg gene and analysis of
the in vitro transcripts from the different plasmids.

In conclusion, JM105 cells hosting the pFPG220
plasmid showed an increase in Fapy-DNA glycosylase
content following treatment with IPTG to such an ex-
tent that this protein becomes the major soluble cellular
protein. This overproduction of the Fapy-DNA glyco-

3

sylase should be important in the isolation of milligram
quantities of pure protein for the study of catalytic
properties and three dimensional structure.
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