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ABSTRACT. Escherichia colMutY is an adenine and a weak guanine DNA glycosylase involved in reducing
mutagenic effects of 7,8-dihydro-8-oxoguanine (8-oxoG). The [4Fe-4S] cluster of MutY is ligated by
four conserved cysteine residues and has been shown to be important in substrate recognition. Here, we
show that the C199A mutant MutY is very insoluble and can be denatured and renatured to regain activity
only if iron and sulfur are present in the renaturation steps. The solubility of C199A-MutY can be improved
substantially as a fusion protein containing streptococcal protein G (GB1 domain) at its N-terminus. Here,
we describe the first biochemical characterization of the purified GB1-C199A-MutY protein which contains
a [3Fe-4S] cluster. The apparent dissociation consté)tvalues of GB1-C199A-MutY with both A/G

and A/8-o0xoG mismatches are slightly higher than that of the wild-type protein. The DNA glycosylase
activity of GB1-C199A-MutY is comparable to that of the wild-type enzyme. Interestingly, the major
difference between the C199A-MutY and wild-type proteins is their trapping activities (formation of Schiff
base intermediates). The GB1-C199A-MutY mutant has a weaker trapping activity than the wild-type
enzyme. Importantly, highly expressed GB1-C199A-MutY and untagged C199A-MutY can complement
mutYmutants; however, GB1-C199A-MutY and untagged C199A-MutY cannot compleméiimutants

in vivo when both proteins are poorly expressed. Therefore, an intact [4Fe-4S] cluster domain is critical
for MutY stability and activity.

Reactive oxygen species (ROS) are mutagens producedsimilarity includes the helixhairpin—helix (HhH) and Gly/
during cellular metabolism as well as exogenous stimuli such Pro...Asp loop motifs. Both MutY and endo Ill contain an
as ionizing radiation and various chemical oxidaris 7,8- iron—sulfur cluster [4Fe-437 (7, 11, 22, 24, 25). The iron-
Dihydro-8-oxoguanine (8-oxoG or GOis one of the most  sulfur cluster of MutY is ligated by four conserved cysteines
stable products of oxidative DNA damage and has the mostat positions 192, 199, 202, and 208 that are spaced ag C-X
deleterious effects because it can mispair with aderitne ( C-X,-C-Xs-C. Attempts to alter the conserved cysteines of
3). In Escherichia coliMutY, MutM, and MutT are involved MutY with other amino acids are hampered by the instability
in defending against the mutagenic effects of GO lesions of some mutant protein26, 27). Golinelli et al. 6) tried
(2, 3). The short patch MutY base excision repair pathway to replace the four conserved Cys individually with His, Ser,
specifically repairs A/IGO and A/G to C/GO and-& and Ala and found that only the C192H, C192S, C199H,
respectively, and corrects A/C to-G and G/GO to C/GO  and C199S mutants were expressed at significant levels. They
mismatches at a much lower rate(12). The major function showed that substitutions of Cys to Ala at positions 192 and
of MutY is to reduce mutation frequency caused by GO 199 resulted in very low expression of the mutant proteins.
lesions B). Adenines are frequently incorporated opposite The X-ray crystal structures of MutY revealed that the region
GO bases during DNA replicatiod, 14) that subsequently  of 1le191-Cys199 forms a surface-exposed loop, referred
lead to GC to T-A transversions {4—17). Thus, MutY to as the iron-sulfur cluster loop (FCL) motif 22). The
provides the defense by removing adenines misincorporatedresidues spacing the conserved cysteines are dominated by
opposite GO or G following DNA replicatior2( 7, 18). positively charged amino acids and are important for DNA

The N-terminal domain of the MutY protein shares recognition 28).

structural similarity with endonuclease Il (endo Ill), AlKA, Thus far, it has not been possible to characterize C192A-
and human 8-0xoG glycosylase (OGG1}(19-23). This and C199A-MutY mutants in vitro because they are unstable
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for homogeneous purification. Here, we have overproduced
and purified the C199A-MutY mutant protein by attaching
62 residues of the B1 immunoglobin binding domain of
streptococcal protein G (GB1) at its N-terminus. The
solubility of the fusion protein is much improved over the
nonfusion protein. In this paper, we describe the first
biochemical characterization of a mutant protein containing
an iron—sulfur cluster ligated by three cysteines. The purified
GB1-C199A-MutY protein contains a [3Fe-4S] cluster and
has a weaker activity to form a Schiff base intermediate than
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the wild-type enzyme. Moreover, GB1-C199A-MutY and One of the clones with the correct orientation, pKK-C199A,
untagged C199A-MutY cannot complementutY mutants was confirmed by DNA sequencing.
in vivo when both proteins are poorly expressed. Therefore, Western Blot Analysi®roteins were resolved on a SBS
an intact [4Fe-4S] cluster domain is critical for MutY stability 10% polyacrylamide gel and transferred to a nitrocellulose
and activity. membrane 32). The membrane was subjected to the
enhanced chemiluminescence analysis system from Amer-
sham Pharmacia International according to the manufactur-
er’'s protocol. The anti-MutY antibodies were affinity purified
by reaction with the membrane-bound MutY prote88)(
Measurement of Mutation Frequendydependent over-
night cultures (0.1 mL) of each strain were plated onto LB

MATERIALS AND METHODS

Bacteria.TheE. colistrains PR8 (SuacZ X74 galU galK
Sm) andmutYmutant PR70 (like PR8 buicA68:Tn10kan)
were obtained from M. S. Fox. The strain CC104 containing

alacz mutation at residue 461 ¢i-galactosidase and its agar plates containing 0.1 mg/mL rifampicin. The cell titer
derivative CC104mutM:mini-kan mutY.:mini-Tn10 were garp g°o.- Mg piein. 6
of each culture was determined by plating 0.1 mL of a®10

generous gifts from J. H. Miller. Strains wifiDE3 lysogen diluti
; . ilution onto LB agar plates. For each measurement, four
were constructed according to the procedures described byndependent culturges V\E)ere plated, and the experiments were

) [
Inwtroge_n. . repeated three times. The ratio of Ritells to total cells
Plasmids. The cloning of pJTW10-12 and pMYW-1

- : . was the mutation frequency.
containing the entirenutY gene in pKK223-2 (Amersham Protein Expression and Purification. E. calirains PR70/

Parmarcia) and pET1la (Novagen) expression VeClOrs,peg harhoring the expression plasmid pET-C199A, pGEV-

respectively, have been describdd, (29). o MutY, or pGEV-C199A were grown in LB broth containing
Mutant C199A'MUtY was COﬂStrUCted by the PCR Sp|lCII’Ig 50 ‘ug/mL amplClllln at 37°C The expreSS|On of protelns

overlap extension metho@@). Plasmid pMYW-1 was used  \yas induced at an Qfg, of 0.6 by the addition of isopropy!

as template. The oligonucleotide pairs containing Chang g_p-thiogalactoside to a final concentration of 0.2 mM to
199A1 (3CGGACAGAGCGAAGCTTTCGGTTTCGAG- e culture at 20C. The cells were harvested 16 h later.

CG3) and Chang 222 (6CGACGCATATGCAAGCGTCG- The GB1-C199A-MutY was purified frork. coli PR70/
CAATTTTC3) were used as primers to amplify the N- pg3 cells harboring the overproduction plasmid pGEV-

terminal region of thenutYgene. The oligonucleotide pairs C199A, similar to the method used with the wild-type MutY
containing Chang 199A2 (EGCTCGAAACCGAAAGCT-  gnzyme (1). All column chromatography steps were con-

TCGCTCTGTCCG3 and Chang 90 (ECCGGAGGATC- ducted in a Waters 650E FPLC system atG} all buffer
CCTAAACCGGCGCGCCAGTGC3 were used as primers  go|ytions were flushed with helium gas, and centrifugation

to amplify the C-terminal region of thenutY gene. Both was done at 150@pfor 30 min. Cells (25 g of cell paste)

purified PCR products were then mixed in a 1:1 ratio and \yere resuspended in 120 mL of buffer T (50 mM Tris-HCI,
used as templates for another PCR reaction containing Changy 7.6, 0.1 mM EDTA, 1 mM dithiothreitol, and 0.1 mM

222 and Chang 90 primers. The PCR product was digestedphenyimethanesulfony! fluoride) and disrupted with a bead
with Nde and BanH| and ligated into theNdd —BarHI- beater (Biospec Products, Bartlesville, OK) using 0.1 mm
digested pET11a vector. A mutant pET-C199A clone was gjass beads. After the cell debris was removed by centrifuga-
first screened for the generation ofandlll site and then o the supernatant was then treated with 5% streptomycin
confirmed by DNA sequencing. sulfate. After being stirred for 45 min, the solution was
Both wild-type and C199A mutantutY genes were  centrifuged, and the supernatant was collected as fraction |
transferred to pGEV13() (obtained from M. Clore) to (160 mL). Ammonium sulfate (64 g) was added to fraction
express MutY as fusion proteins containing streptococcal | to a final concentration of 65%, the solution was stirred
protein G (GB1 domain) at their N-termini. PCR reactions for 45 min, and the protein was precipitated overnight. After

with pMYW-1 and pET-C199A as templates and Chang 348 centrifugation, the protein pellets were resuspended in 15
(5GCGACGGCTAGCATGCAAGCGTCGCAATTTTCS mL of buffer T and dialyzed against two changdsld. of

and Chang 349 (BCCGGACTCGAGCTAAACCGGCG-  the same buffer for 1.5 h each. The dialyzed protein sample
CGCCAGTGCY) as primers were performed. The PCR was centrifuged, and the supernatant was diluted to 150 mL
products were digested witklhd and Xhd and ligated into (fraction 1I) with buffer A (20 mM potassium phosphate,
the Nhd —Xha-digested pGEV1 vector3(), a derivative  pH 7.4,0.1 mM EDTA, 10% glycerol, 0.5 mM dithiothreitol,
from pET21a (Novagen). The sequences of pGEV-MutY and 0.1 mM phenylmethanesulfonyl fluoride) containing 25
(containing the wild-typemutY gene) and pGEV-C199A  mM KCI. Fraction Il was loaded onto a 30 mL phospho-
(containing the C199A mutamhutYgene) were confirmed  cellulose column, which had been equilibrated with buffer
by DNA sequencing. ThenutYgene and its derivatives in A containing 25 mM KCI. After being washed with 75 mL
the plasmid pET11a and pGEV1 were under the control of of equilibration buffer, proteins were eluted with a 300 mL

the T7 promoter.

The C199A mutantmutY gene was transferred to
pKK223-—3 (Amersham Pharmacia) for expression under
the tac promoter. PCR amplification with pET-C199A as
template and Chang 191'BCCGAATTCGGAGATGC-
TATGCAAGCGTCGCAATTTTC3) and Chang 96 (&C-
CGGAGAATTCCTAAACCGGCGCGCCAGTGC3 as

linear gradient of KCI (0.0250.55 M) in buffer A. Fractions

eluted at about 0.25 mM KCI were pooled (fraction Ill, 39
mL). Fraction Il was loaded onto an 18 mL hydroxylapatite
column equilibrated with buffer B (0.01 M potassium
phosphate, pH 7.4, 10 mM KCI, 0.1 mM EDTA, 10%
glycerol, 1 mM dithiothreitol, and 0.1 mM phenylmethane-
sulfonyl fluoride). The flow-through and early elution

primers was performed. The PCR product was digested with fractions were pooled (43 mL) and diluted to 93 mL with

EcaRl and ligated into thé&caRI-digested pKK223-3 vector.

TEG buffer (0.05 M Tris-HCI, pH 7.6, 0.1 mM EDTA, 10%
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glycerol, 1 mM dithiothreitol, and 0.1 mM phenylmethane-
sulfonyl fluoride) containing 25 mM KCI (fraction V).
Fraction IV was loaded onta 6 mL heparin column
equilibrated with TEG buffer containing 25 mM KCI. After
being washed with 12 mL of equilibration buffer, the column
was developed with a 60 mL linear gradient of KCI (0.625
0.65 M) in TEG buffer. Fractions containing the GB1-
C199A-MutY, which eluted at about 0.3 M KCI, were pooled
(15 mL) and diluted to 75 mL with TEG buffer containing
25 mM KCl to yield fraction V. Fraction V was then applied
to a 1 mLMonoS column (Amersham Pharmacia Biotech)
that had been equilibrated in TEG buffer containing 25 mM
KCI. After being washed with 10 mL of equilibration buffer,
the protein(s) was/were eluted with a 20 mL linear gradient
of KCI (0.025-0.5 M) in TEG buffer. Fractions containing
the GB1-C199A-MutY protein, which eluted at about 0.2
M KCI, were pooled (fraction VI, 2.5 mL), divided into smalll
aliquots, and stored at80 °C.

The GB1-MutY was purified front. coliPR70/DE3 cells
harboring the overproduction plasmid pGEV-MutY, similar

Lu and Wright

containing strand (G- or GO-strand). Both the 19-mers and
40-mer heteroduplexes were labeled at tren@ with jo-32P]-
dCTP on the A-strand and were converted to 20-mers and
44-mer, respectively, after the sticky ends were filled in with
the Klenow fragment of DNA polymerase | as described by
Lu et al. (L8).

MutY Binding Trapping and Cleaage AssaysThe MutY
activity assays with labeled oligonucleotide substrates were
performed as described by Lu et al36] with some
modifications. The MutY enzyme was diluted with diluent
(20 mM potassium phosphate, pH 7.4, 50 mM KCI, 1.5 mM
dithiothreitol, 0.1 mM EDTA, 200ug/mL bovine serum
albumin, and 50% glycerol) before use. The MutY binding
reaction mixture contained 20 mM Tris-HCI, pH 7.6, 80 mM
NaCl, 1 mM dithiothreitol, 1 mM EDTA, 2.9% glycerol, 20
ng of poly(dI-dC), and 1.8 fmol of labeled DNA in a total
volume of 20uL. After incubation at 37C for 30 min, the
mixtures were supplemented withi® of 50% glycerol and
analyzed on 8% polyacrylamide gels in 50 mM Frtsorate
(pH 8.3) and 1 mM EDTA. To determine th& values, nine

to the method described above for the GB1-C199A-MutY (different MutY enzyme concentrations were used to bind

enzyme except that the MonoS column was omitted. Protein DNA substrates, at a fixed concentration, and experiments

concentration was determined by the Bradford met!3al (  were repeated at least three times. Bands corresponding to
Denaturation and Renaturation of Untagged C199A-MutY. enzyme-bound and free DNA were quantified from Phos-

The denaturation and renaturation of the C199A-MutY phorimager images, an#dy values were obtained from

protein were performed according to the procedures describedanalyses by a computer-fitted curve generated by the Enzfitter
by Tsai-Wu et al. 11). PR70/DE3 cells expressing C199A- program 87).

MutY were expressed and lysed as above. The cell debris  cqyalent complexes of MutY with 20-mer DNA substrates
(11 g) was dissolved in 20 mLfd M guanidine hydro- — rapping assays) were formed in adireaction containing
chloride in dialysis buffer (0.05 M Tris-HCI, pH 7.6, 0.15 50 mm Tris-HCI, pH 7.6, 1 mM dithiothreitol, 1 mM EDTA,

M NqCI, 2% glycerol., and 2 ml\ﬁ-mercaptoethan.ol). The 5 gy glycerol, and 0.1 M NaBH A NaBH, (1 M) stock
solution was left rotating fo2 h at 4°C, and the undissolved ¢ tion was freshly prepared and was added immediately

material was removed by centrifugation. The supernatant gfier the enzyme was added. After incubation a@7for
containing denatured proteins was renatured by dialysis 3q min 5« dye buffer (25% glycerol, 5% SDS, 155 mM

aga.in$2 L of dialysis buffer containing 0.2 mM ammonium Tris-HCI, pH 6.8, 5%p-mercaptoethanol, and 0.5 mg/mL
sulfide and 0.2 mM ferroug ammonium sulfa}te fqr 16 h, bromophenol blue) was added to the samples, which were
followed by a second dialysis against 2 L of dialysis buffer asted at 90°C for 2 min and separated on a 12%

containing 0.1 mM ammonium sulfide and 0.1 mM ferrous v acrviamide ael in the presence of SDS according to
) . . polyacry g p g
ammonium sulfate for 8 h. The dialyzed protein sample was | ;ammii @9).

centrifuged, and the supernatant was divided into small
aliquots and stored at80 °C.

Iron Assaylron analysis was measured by the method of
Kennedy et al. 35). The iron standard was purchased from
Sigma-Aldrich Chemical Co. The protein samples<3b
ug) and iron standards (2300 ng) were diluted with water
to 0.1 mL and mixed with 0.1 mL of reagent A (4.5% SDS onto 146 7 M urea sequencing gels. For timeourse
. 0 . .
e sl s e ot Ses, T recto cotaiing nzyme 20 Tr-

' ; ! . . ) {-ICI, pH 7.6, 1 mM dithiothreitol, 1 mM EDTA, 2.9%
saturated sodium acetate). The mixtures were incubated a . ;

N . . glycerol, and 50ug/mL bovine serum albumin was per-
30 °C for 15 min and supplemented withi& of reagent C f d. and 10.L of th ; . ithd
(1.8% Ferene). The absorption at 593 nm was measured ormed, anc O of the reaction mixture was withdrawn

: : " at different time points. Samples (14L) were heated at 90

the:OIrIr?iznmuaictfr(l)- t('f)i tiiLrI\ l:i);trz?]tgi J:g dﬁu?lei%t;dssse%q#] e?hﬁgssg d °C for 30 min in the presence of 0.1 N NaOH, supplemented
9 P Ywith 5 uL of formamide dye, and heated at 90 for 2 min,

were as follows: and 5uL of the mixture was loaded onto %7 M urea
sequencing gels.

The glycosylase assays were carried out similarly to the
trapping assay except no NaBttas added. After incubation
at 37 °C for various times the reaction mixtures were
lyophilized, resuspended in @ of formamide dye (90%
formamide, 10 mM EDTA, 0.1% xylene cyanol, and 0.1%
bromophenol blue), heated at 9G for 2 min, and loaded

19-mer 5’ CCGAGGAATTAGCCTTCTG 37
3’  GCTCCTTAAXCGGAAGACG 57

40-mer 5’ AATTGGGCTCCTCGAGGAATTAGCCTTCTGCAGGCATGCC 3 RESULTS
37 CCCGAGGAGCTCCTTAAXCGGAAGACGTCCGTACGGGGCC 5/

Denaturation and Renaturation of the C199A-MutY Pro-
where X= G or GO. The top strand is referred to as the tein. Several attempts to purify the C199A-MutY protein
mismatched adenine-containing strand (A-strand), and thewere unsuccessful because the majority of the mutant protein
bottom strand is referred to as the mismatched G- or GO- is expressed as inclusion bodies. This is consistent with the
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Ficure 1: (A) Trapping activities of C199A-MutY from the
insoluble fraction by denaturation and renaturation steps. A/GO-
containing 20-mer DNA was incubated withyl of a 10-, 50-,
and 250-fold dilution of the renatured protein sample at@7or

30 min. In lanes 24, the sample was dialyzed with buffer
containing ammonium sulfide and ferrous ammonium sulféfg (
and in lanes 57, the sample was dialyzed without ammonium
sulfide and ferrous ammonium sulfate’)( Wild-type MutY (72
fmol) was used as a control in lane 1. The positions of free DNA
(F) and the covalent complex (C) are indicated. (B) Binding
activities of C199A-MutY from the insoluble fraction by denatur-
ation and renaturation steps. A/GO-containing 20-mer DNA was
incubated with MutY at 37C for 30 min. Wild-type MutY (4 fmol)
were incubated with A/GO-containing DNA in lane 1. Lanes32
used 1uL of a 25-, 50-, 100-, and 200-fold dilution of the renatured
C199A protein sample dialyzed with buffer containing ammonium
sulfide and ferrous ammonium sulfaté)( Lanes 6 and 7 used 1
uL of a 25- and 50-fold dilution of C199A dialyzed without
ammonium sulfide and ferrous ammonium sulfate).( The
positions of free DNA (F) and the Mut¥YDNA complex (B) are
indicated.

results of Golinelli et al. Z6). To determine the function of
the C199A-MutY protein, we first tried to renature the mutant
protein from insoluble cell debris according to the procedures
described by Tsai-Wu et all{). Two renaturation buffers
were used: one with ammonium sulfide and ferrous am-
monium sulfate and one without. As shown in Figure 1, only
the enzyme renatured in the present of iron and sulfur had
trapping and binding activities on A/GO-containing DNA.
The glycosylase activity of the renatured protein was not

easily detected because some other nucleases were present

in the extracts (data not shown). The results of Figure 1
indicate that the presence of iron in the refolding process is
important to the C199A-MutY activity.

Expression and Purification of the GB1-Tagged MutY
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FiGure 2: SDS-polyacrylamide gel analysis of GB1-C199A-MutY
and C199A-MutY. The proteins were separated on a 10% poly-
acrylamide gel in the presence of SDS and stained with Coomassie
Blue. (A) Purification of GB1-C199A-MutY. The positions of
protein markers (New England Biolabs, broad range) are indicated
with arrows. Lanes 16 are fractions | (1Jg, post streptomycin
sulfate), Il (10 ug, post ammonium sulfate), 1l (39, post
phosphocellulose), IV (1.bg, post hydroxylapatite), V (2g, post
heparin), and VI (2«9, post MonoS), respectively. (B) Purification

of GB1-MutY. Lanes 15 are fractions | (1kg, post streptomycin
sulfate), Il (8 ug, post ammonium sulfate), 11l (3.;g, post
phosphocellulose), IV (2.&g, post hydroxylapatite), and V (3.8
ug, post heparin), respectively.
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Ficure 3: UV—visible absorption spectra of GB1-MutY (thick line)
and GB1-C199A-MutY (thin line). The inset is the enlarged visible
absorption spectra.

Protein To more fully characterize the properties of the C199A-MutY protein required one additional column step
C199A-MutY protein, the stability of the protein needs to (MonoS) to be purified to homogeneity. There was a
be improved for purification. We then tried to express the substantial portion of the GB1-C199A-MutY protein which
mutant protein as fusion proteins. We employed the strategydid not bind to the phosphocellulose column.

described by Huth et al3(Q) to express the mutant MutY as The Iron=Sulfur Cluster of the GB1-C199A-MutY Protein
a fusion with the binding domain of streptococcal protein G The color of the purified GB1-C199A-MutY protein was
(GB1) at its N-terminus. The 62 amino acid residues of the slightly pink as compared to the brown color of the wild-

GB1 domain are MQYKLALNGKTLKGETTTEAVDAA-
TAEKVFKQYANDNGVDGEWTYDDATKTFTV-
TEPGGPAS. As expected, the solubility of the GB1-C199A-
MutY protein was improved substantially. We were able to
purify 1.5 mg of the mutant protein from 24 g of PR70/
DE3/pGEV-C199A cell paste. In contrast, 125 mg of the
GB1-tagged wild-type MutY was purified from the same
amount of cell paste. As judged on a 10% SHflyacry-
lamide gel, both GB1-C199A-MutY and GB1-MutY proteins
were purified to>98% homogeneity (Figure 2). The GB1-

type protein. The absorption spectrum of GB1-C199A-MutY
was different from that of the wild-type enzyme (Figure 3).
The visible absorption of GB1-C199A-MutY peaked at 415
nm while that of the wild-type enzyme peaked at 400 nm (a
red shift at about 15 nm). In addition, the visible absorption
of GB1-C199A-MutY was much weaker than that of the
wild-type enzyme (see the inset in Figure 3). Iron analyses
of the purified GB1-C199A-MutY and GB1-MutY by
chemical methods yielded 2.7 and 3.8 Fe per protein
molecule, respectively. Because the 62-residue GB1 domain



3746 Biochemistry, Vol. 42, No. 13, 2003 Lu and Wright

contains no Cys and His, iron in this domain is extremely (A) A/G-20
unlikely. Therefore, the GB1-C199A-MutY protein contains
a 3-Fe iron-sulfur cluster.

DNA Binding Actiity of the GB1-C199A-MutY Protein 40 - WT —3
With the purified GB1-C199A-MutY protein, we compared °
the binding affinities of the mutant protein to that of the wild-
type protein. Using gel retardation assays, the apparent
dissociation constanKg) values of the GB1-C199A-MutY
protein with A/G- and A/GO-containing 20-mer DNA were
measured to be 26.2 and 0.173 nM, respectively (Table 1).
The Ky values of the GB1-MutY protein with A/G- and
A/GO-containing 20-mer DNA were 21.9 and 0.119 nM,
respectively. Thus, thi, values of the GB1-C199A-MutY 0 0 2 4 6
protein with DNA are slightly higher than those of the wild- MutY (nM)
type enzyme. Compared to untagged MutY whithvalues
of 5.3 and 0.066 nM18), the GB1-tagged wild-type MutY  (B) A/GO-20
has 4- and 2-fold higheKq values with A/G- and A/GO-
containing 20-mer DNA, respectively.

Catalytic Actiities of the GB1-C199A-MutY Proteifio 25 1
test whether mutant MutY with a modified ireisulfur
cluster is catalytically active, we measured its adenine
glycosylase activity on A/G and A/GO mismatches. As
shown in Figure 4, at lower protein concentrations (enzyme
to DNA ratios less than 1), the GB1-C199A-MutY protein
had slightly lower glycosylase activities toward both A/G
and A/GO mismatches than the wild-type enzyme. However, 5
at concentrations higher than 3 and 0.2 nM, both enzymes
had similar activities with A/G and A/GO mismatches, 0

respectively. MutY (nM)

Because of the slow turnover rate of Mut$Y 40), the F i I . .
S . IGURE 4: Glycosylase activities of wild-type (WT, circles) and
steady-state kinetics of the MutY reaction, as measured atcigga mutant (squares) GEV-MutY. A/G- (A) and A/GO- (B)
37 °C for 30 min, may not reflect the true reactivity. Thus, containing 20-mer DNA (1.8 fmol) was incubated with different
we used single-turnover glycosylase kinetics to compare theprotein concentrations in a 14 reaction at 37°C for 30 min.
activities of GB1-MutY and GB1-C199A-MutY. A minimal  After the reaction, the products were dried, resuspended in

P - formamide dye, heated at 9C for 2 min, and analyzed on a 14%
kinetic mechanism of MutY has been proposé@)( MutY denaturing sequencing gel. Data were from Phosphorlmager

first binds to DNA substrate with binding constakt, quantitative analyses of gel images over three experiments. Percent-
removes the adenine base from the substrate to form aages of DNA cleaved were plotted versus protein concentrations.

product containing an apurinic/apyrimidinic (AP) site with

rate constank,, and then dissociates from the product with In the trapping assay in the presence of sodium borohy-
dissociation constark. Time—course studies with enzyme  dride, GB1-C199A-MutY protein produced about 2-fold less
concentrations higher than the DNA concentration and aboveof the covalent proteirRDNA complex on A/G-containing
the Kg were used to determine the extent of glycosylase DNA than GB1-MutY at all protein concentrations tested
activity on both A/G and A/GO substrates. Because the (Figure 6A). With A/GO mismatch, when GB1-C199A-
cleavage rates on A/GO-containing DNA with GB1-MutY MutY to DNA ratios were less than 1, the extent of protein
and GB1-C199A-MutY are too fast for manual measurement, DNA covalent complex formation was less than that of GB1-
the reactions were carried out at@. Because some fractions MutY (Figure 6B). However, the trapping activities of both
of DNA molecules of the mismatch-containing 20-mer enzymes were nearly identical with A/GO-containing DNA
oligonucleotides become single stranded, only-830% of when enzyme to DNA ratios were higher than 1 (Figure 6B).
DNA are cleaved by MutY (for example, see Figure 4). To  In Vivo Complementation Actity of C199A-MutY and
avoid DNA being single stranded, the 44-mer DNA sub- GB1-C199A-MutYThe E. coli mutYmutant is a mutator
strates were used in these single-turnover kinetic experimentshecause it fails to correct replication errors. It has been shown
in the presence of bovine serum albumin. As shown in Figure that mutY mutants have higher mutation frequencies than
5 and Table 1, the rates of cleavage of both A/G- and A/GO- wild-type cells @1) as measured by rifampicin resistance
containing DNA for GB1-C199A-MutY (squares) and GB1- and Lac reversion 8, 9). Rifampicin-resistant cells contain
MutY (circles) are comparable. Thus, GB1-C199A-MutY has mutations in the gene of RNA polymerase. In the absence
normal glycosylase activities on A/G- and A/GO-containing of functional MutY, a high level of mutations in the
DNA, as compared with GB1-MutY. The results of Figure rifampicin binding site of RNA polymerase renders the cell
5 do not contradict with those of Figure 4 because thetime resistant to rifampicin. As shown in Table 2, PRTOuUtY)
course analyses were performed with proteins at higherhad a 52-fold higher mutation frequency than wild-type PR8
concentrations (enzyme to DNA ratios higher than 14) and cells. Expression of GB1-MutY or GB1-C199A-MutY from
at lower temperatures than those in Figure 4. plasmids in PR70/DE3jutY) cells significantly reduced the
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FIGURE 6: Trapping activities of wild-type (WT, circles) and C199A
0 y T T T T T T ” mutant (squares) GEV-MutY. A/G- (A) and A/GO- (B) containing
0 2 4 6 8 10 12 14 16 18 20-mer DNA (1.8 fmol) was incubated with various amounts of
Time (min) proteins in the presence of NaBhit 37°C for 30 min. The samples

Ficure 5: Time—course studies of glycosylase activities of wild-
type (WT, circles) and C199A mutant (squares) GEV-MutY. (A)
A/G-containing 44-mer DNA (1.8 fmol) was incubated with 720
fmol (72 nM) of proteins at 22C, and (B) A/GO-containing 44-
mer DNA (1.8 fmol) was incubated with 14.4 fmol (1.44 nM) of
proteins at £C. After the reaction, the products were treated with
0.1 N NaOH as described in Materials and Methods and analyzed

on a 14% denaturing sequencing gel. Data were from Phospho-

rimager quantitative analyses of gel images over three experiments
Percentages of DNA cleaved were plotted as a function of time.

Table 1: Apparent Dissociation Constanig)(and Rate Constants
(K2) of MutY Mutants for Mismatch-Containing DNA

AIG AIGO
enzyme K¢ (nM) k® (min—2) K (M) ko (min~1)
GB1-WT 21.9+6.1 0.082+0.020 0.119+0.018 0.88t 0.12

GB1- 26.2+5.6 0.076+:0.018 0.173:0.049 0.72:0.13
C199A

aKq values were determined from three experiments using nine
protein concentrations with 20-mer oligonucleotidek, rate constants
were determined from three single-turnover experiments as in Figure
5A using 72 nM MutY and 0.18 nM 44-mer A/G-containing DNA at
room temperaturé’.k, rate constants were determined from three single-
turnover experiments as in Figure 5B using 1.44 nM MutY and 0.18
nM 44-mer A/GO-containing DNA at 4C. The errors reported are
the standard deviations of the averages.

mutation frequencies (Table 2, lines 4 and 5). Thus, GB1-
C199A-MutY like wild-type GB1-MutY is able to comple-
ment the chromosomahutY mutation. The CC104dutY-
mutM cells with double mutations autYandmutM genes
have a very high mutation frequency) (Table 2, line 7).

were heated at 90C for 2 min and separated on a 12%
polyacrylamide gel in the presence of SDS. Data were from
Phosphorlmager quantitative analyses of gel images over three
experiments. Volumes of covalent complexes were plotted versus
protein concentrations. The percentages of covalent complexes could
not be calculated because the free DNA and fee@P]dCTP were

not separated far enough in the gel.

Surprisingly, when the same plasmids (pGEV-MutY and
pGEV-C199A) were transformed into the CC 1@t mutM

DES cells, the wild-type GB1-MutY could, but GB1-C199A-
MutY could not, complement the mutator phenotype (Table
2, lines 9 and 10). Another surprising finding is that the
proteins were not well expressed in this strain. Both GB1-
C199A-MutY and GB1-MutY proteins were not visible by
Coomassie Blue stain (not shown) and could only be detected
by Western blotting (Figure 7, lanes 2 and 3). Because
CC104mutYmutMis lacl~, T7 RNA polymerase is consti-
tutively expressed from théDE3 lysogen, and the gene
under the control of the T7 promoter is expected to be
constitutively expressed. Further investigation revealed that
the ADE lysogen was not properly established in the CC104/
mutYmutMstrain. The tester T7 phage with a defective T7
RNA polymerase could only form very tiny plagues on the
cells. Repeated isolation of a better lysogen was unsuccessful,
and the reason is not clear. Because the expression of GB1-
fusion proteins was controlled by the T7 promoter, improper
ADE lysogen resulted in poor expression of the proteins. By
comparison to a known amount of purified MutY, GB1-
C199A-MutY and GB1-MutY were expressed as approxi-
mately 1000 and 25000 molecules per CChdty mutM
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Table 2: Mutation Frequencies &. coli MutY and MutYmutM
Mutants Expressing Mutant MutY Proteins

mutation
frequency
(RifR colonies/ increase
line strairt 1C cells) (fold)e
1 PR8(WT) 0.65+ 0.2 1
2 PR70 (mutY 34+5 52
3 PR70/pGEV1 (vector) 18 3 28
4 PR70/pGEV-MutY (WT) 1505 2
5 PR70/pGEV-C199A (mutant) 1804 2
6 CC104 (WT) 2+ 0.8 1
7 CCl04mutYmutM 1385+ 696 693
8 CC104mutYmutMpGEV1 279+ 97 140
(vector)
9 CC104mutYmutMpGEV-MutY 44+0.7 2
(WT)
10 CC104mutYmutMpGEV-C199A 204+ 75 102
(mutant)
11  CC104mutYmutMpET1la 555+ 263 278
(vector)
12 CC104mutYmutMpMYW1 2+0.9 1
(WT)
13 CC104MmutYmutMpET-C199A 559+ 138 280
(mutant)
14  CC104mutYmutMpKK223-3 452+ 57 226
(vector)
15 CC104mutYmutMpJTW10-12 642 3
(WT)
16 CC104mutYmutMpKK-C199A 2+0.6 1
(mutant)

aE. coli strains PR8 and CC104 contain the wild-typetY gene,
PR70 has a mutatechutY gene, and CC10dfutYmutMis a double
mutant ofmutYandmutM All strains contaiDE3 lysogen, but the
lysogen in CC104 derivatives is not properly establisiéthe in vivo
activity of MutY is measured by the frequency of rifampicin-resistant

colonies by an average of at least three separate experiments. The error,

reported are the standard deviations of the averddesid increase
compared with the respective wild-type (WT) strains.

cell, respectively. The expression of the MutY protein from
its own promoter in the chromosome was about 1400
molecules per CC104 cell (Figure 7, lane 9). Thus, the
expression level of GB1-C199A-MutY is 25-fold lower than
that of GB1-MutY but is only slightly lower than the wild-
type CC104 cell. The incapability of GB1-C199A-MutY to
function in vivo may be due to its low expression inside the
cell or other factors.

To investigate the effect of the GB1 tag on MutY function
in vivo, untagged MutY and C199A-MutY were expressed
in the CC104mhutYmutMstrain from either the T7 promoter
or tac promoter. When plasmids pMYW1 and pET-C199A
were transformed into the CC10dUtYmutMDE3 cells, the
wild-type MutY could, but C199A-MutY could not, comple-
ment the mutator phenotype (Table 2, lines 12 and 13).
However, both wild-type MutY and C199A-MutY could
complement the mutator phenotype of CC104{Y mutM
DE3 cells when they are controlled tbgc promoter (Table

Lu and Wright
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Ficure 7: Expression levels of MutY and GB1-MutY in the
CC104mutYmutMDE3 strain. TheE. coli cells were grown
overnight in LB media with appropriate antibiotics. Cell paste from
1 mL of the culture was resuspended in cracking dye (60 mM Tris-
HCI, pH 6.8, 10% glycerol, 1% SDS, 1% mercaptoethanol, and
0.01% bromophenol blue) (0.1 mL per OD unit) and boiled for 10
min. Cell lysates (lanes-29) and purified MutY were fractionated
by 10% SDS-polyacrylamide gel electrophoresis, and MutY
protein was detected by Western blotting with polyclonal antibodies
against purified MutY. Lanes: 1, 25 ng of purified MutY:Z,
extracts of CC1lOutYmutMDE3 containing plasmid pGEV-
C199A, pGEV-MutY, pET-C199A, pMYW1, pKK-C199A, or
pJTW10-12, respectively; 8 and 9, extracts of CCh4¥ mutM
and wild-type CC104, respectively. Lanes 6 and %I contain
10% of the total protein of those loaded onto lane$28, and 9
(10 uL). The positions of MutY and GB1-MutY are indicated. By
comparison to the amount of purified MutY in lane 1, the molecules
of MutY and GB1-MutY proteins per cell were estimated. The data
of high (H) and low (L) mutation frequencies of the cells were
taken from Table 2. In a separate gel,/l0of the cell lysates of
each culture was loaded, stained with Coomassie Blue, and shown
to contain an equal amount of proteins (data not shown).

In all cases, C199A-MutY was expressed at least 6-fold
fess than the wild-type MutY (Figure 7, compare lanes 2, 4,
and 6 to lanes 3, 5, and 7). Thus, the C199A mutation may
cause the protein to be unstable in vivo. Addition of the GB1
domain at the N-termini of MutY and C199A-MutY in-
creased the expression or stability by more than 20-fold as
compared to that of untagged proteins (Figure 7, compare
lane 2 to lane 4 and compare lane 3 to lane 5). Interestingly,
the GB1-C199A-MutY (Table 2, line 10) could not, but wild-
type MutY (Table 2, line 12) could, complement CC104/
mutYmutMDE3; even GB1-C199A-MutY was expressed at
a higher amount than wild-type MutY (Figure 7, compare
lanes 2 and 5). Therefore, other factors such as solubility
and activity besides expression level may attribute to the in
vivo activity of C199A-MutY.

DISCUSSION

This paper describes the first biochemical characterization
of a mutant protein containing an iretsulfur cluster ligated
by three cysteines. This is possible with purified protein by
expressing the mutant MutY as a fusion protein containing
the GB1 domain. Although GB1l-tagged C199A has im-

2, lines 15 and 16). Western analyses revealed that proteingroved solubility, it is still expressed far less than the wild-

are expressed about 1000-fold better fromtémepromoter

type protein. Without the GB1 domain, the untagged C199A-

than from the T7 promoter (Figure 7, compare lanes 4 and MutY is low expressed and very insoluble, but a small
5to lanes 6 and 7). This differential expression is due to the fraction of that can be renatured to active enzyme containing

improperADE lysogen in the CC104utYmutMstrain. Our
results in Table 2, lines 1416, are consistent with the report
of Golinelli et al. 6) that untagged C199A-MutY can
complement CC1044utYmutMn vivo from atac promoter.

an iron—sulfur cluster. Because the side chain of Ala is not
sufficient to coordinate the iron, the iremsulfur cluster

ligated with three cysteines may dissociate very easily from
the apoprotein that is destabilized and folded improperly.
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[4Fe-4S]** [3Fe-4S]'* [3Fe-4S]™*
C-X,-C-X,-C-X,-C C-X¢-A-X,;-C-X-C C-X-C-X,-C-X;-C
Ficure 8: Proposed irorrsulfur cluster in C199A-MutY. (A) The
normal cubane [4Fe-48] cluster is ligated by four cysteines in
wild-type MutY. (B) A modified cuboidal [3Fe-45%F is ligated by
three cysteines in C199A-MutY. (C) An oxidized cuboidal [3Fe-

4ST is ligated by four cysteines. Irons are in orange, inorganic
sulfides are in blue, and cysteinate sulfurs are in green.

The GB1 domain may promote a stable and folded MutY
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wild-type enzyme are comparable. Our results suggest that
the overall structure of GB1-C199A-MutY is not significantly
modified although it contains a [3Fe-4S] cluster. The FCL
containing the conserved cysteines and positively charged
amino acids has been shown to be important for DNA
recognition 28). Therefore, the FCL may be flexible enough
to accommodate A199 when the GB1 domain is at a position
to prevent the loss of the irersulfur cluster. The major
difference between the GB1-C199A-MutY and wild-type
proteins is their trapping activities (formation of Schiff base
intermediates). The GB1-C199A-MutY mutant has a weaker
trapping activity than the wild-type enzyme with A/G
mismatches at all protein concentrations and with A/8-0xoG
mismatches when enzyme to DNA ratios are less than 1.
This may be due to the lower affinity of GB1-C199A-MutY

to DNA substrates than that of GB1-MutY (Table 1) or due
to the instability of GB1-C199A-MutY at lower concentra-

protein by filling the space of the missing cysteine. Because tions. We and others have shown that K142 is the primary
the GB1 domain does not contain a cysteine residue, it mayresidue to form the Schiff base with DNARY, 44, 45). Thus,

function as a cap to prevent the ireaulfur cluster from
dissociation from the protein. According to the X-ray
structure, the N-terminus of MutY is located close to the
iron—sulfur cluster 22); thus, the tagged GB1 domain at
the N-terminus may fold over to the irersulfur cluster.

K142 in GB1-C199A-MutY may be more distant to the
active site than that in the wild-type enzyme.

David and co-workers have investigated the effects of
iron—sulfur cluster on MutY activity. They reported that
C199S and C199H have catalytic activities similar to those

Therefore, with some modification, MutY does not need a of the wild-type enzyme26) and that MutY with an oxidized

completely coordinated [4Fe-4S] cluster for overexpression. [3Fe-4S] cluster has kinetic properties similar to those of
The C199 to A mutation apparently causes a major the wild-type proteinZ7). They were unable to characterize
modification of the cluster coordination, as we observed a the C199A-MutY mutant because it could not be purified.
red shift of about 15 nm of the visible spectrum. Iron analysis By tagging with GB1 domain at the N-terminus of C199A-
indicates that the GB1-C199A-MutY protein contains a 3-Fe MutY, we were able to characterize this unusual protein.
iron—sulfur cluster. We propose that the protein has an [3Fe- Although the addition of the GB1 domain reduces slightly
4ST* cluster as in Figure 8B. Further EPR analysis is the MutY affinity to DNA, the catalytic activity of the fusion
required to confirm this. In this cuboidal cluster, each Fe is protein remains essentially the same. Our results are con-
ligated by three inorganic sulfides and one cysteinate sulfur. sistent with theirs in that MutY with a [3Fe-4S] cluster is

Three sulfides bridge two Fe atomsx{S type), and one
sulfide bridges three Fe atomas{S type). This cluster is
probably different from an oxidized [3Fe-4S]which is

ligated by four cysteines (Figure 8QG)34). Alternatively, one

of the other three cysteines of MutY, C148, C260, or C314,

may be used as a ligand to bind the ireulfur cluster in
the GB1-C199A-MutY protein. This ligand swapping has
been reported iAzotobactewinelandiiferredoxin in which

active and the apoprotein has no activigb The C199A
mutant we characterized here is different from the reported
C199S and C199H MutY mutant7) because Ser and His
can serve as ligands to coordinate the irsalfur cluster.
Because Ala is not sufficient to coordinate the iron, using
Ala to replace the second cysteine in MutY is novel in iron
sulfur proteins.

The C199A mutation causes protein instability in vivo

a free cysteine, C24, is swapped to the cluster when ligandbecause C199A-MutY and GB1-C199A-MutY were ex-

C20 is mutated to Ala43). The X-ray crystal structure of
the N-terminal domain of MutY reveals that the region of

pressed at least 6-fold less than the wild-type MutY. Addition
of the GB1 domain at the N-termini of MutY and C199A-

lle191-Cys199 forms a surface-exposed loop, referred to MutY increased the expression or stability by more than 20-

as the irona-sulfur cluster loop (FCL) motif, which is
anchored by C192 and C192%). Of the four conserved

fold as compared to that of untagged proteins. When GB1-
C199A-MutY and untagged C199A-MutY are highly

cysteines, C199 of MutY is the most exposed to the outer expressed, they can complememitYmutants (Table 2 and

solvent @2). It is interesting to note that H199 can ligate an
iron but 15-30% of the C199H-MutY protein contains a
[3Fe-4S] clusterZ7). The overall structure of the N-terminal
domain of C199H is very similar to that of the wild-type
fragment and shows no evidence of ligand swappig. (
However, we cannot rule out the possibility of ligand
swapping in the GB1-C199A-MutY protein.

Surprisingly, the binding and catalytic activities of GB1-
C199A-MutY are not significantly different from those of
the wild-type enzyme. The apparely values of GB1-
C199A-MutY with both A/G and A/8-oxoG mismatches are
slightly higher than that of the wild-type MutY protein. The
DNA glycosylase activities of GB1-C199A-MutY and the

Figure 7). However, GB1-C199A-MutY and untagged
C199A-MutY cannot complementutY mutants in vivo
when both proteins are poorly expressed. This new finding
about the in vivo activity of C199A-MutY has not been
acknowledged by Golinelli et al26). Because the apoprotein
form of MutY has no activity 25) and the absence of iron
in the refolding process cannot restore C199A-MutY activity
(Figure 1), the in vivo activity observed in the highly
expressed C199A-MutY is probably derived from some
folded protein molecules which contain a 3-Fe cluster. By
guantitative Western blotting analysis, we estimate that there
are about 1400 molecules of MutY per wild-type cell.
However, 600 copies of MutY per cell are sufficient to
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defense against the mutagenic effect of GO lesions. When 13
GB1-C199A-MutY is expressed at about 1000 copies of
MutY per CCl04mutYmutMecell, it cannot complement
mutY mutation. Therefore, other factors such as solubility
and activity besides expression level may attribute to the in
vivo activity of C199A-MutY. In view of the low solubility
and instability of C199A-MutY, the C199A mutation in the
chromosomalmutY gene will probably lead to a mutator
phenotype. It turns out that the impropdDE3 lysogen of
CC104mutYmutMwill offer a more sensitive assay for in
vivo complementation because proteins from the T7 promoter
are expressed less in this cell than that fromringY own
promoter in a wild-type cell.

Atypical coordination of iror-sulfur clusters has been
found in natural MutY/endo Il enzymes. His and Asp can
be found at the second position in these proteins. The side
chains of His and Asp are long enough to accommodate the
iron. Two endo Ill proteins in theChlamydia genera
(Genbank Accession Numbers AAC68292 and D72029)
contain lle at the second position. These two proteins may
have an iror-sulfur cluster like that in GB1-C99A-MutY
although aliphatic lle has a longer side chain than Ala.
However, in a closer inspection, the spacer between the third
and fourth cysteines is only two residuesdhlamydiaendo
Il proteins, and the corresponding spacer is five residues in
all of the MutY family. There are two His residues between
the first and third cysteines i@hlamydiaendo Il proteins,
so it is likely that the iroa-sulfur cluster in those proteins
may be ligated by three cysteines and one histidine.
Nevertheless, using a small residue such as Ala to replace
the second cysteine is novel in iresulfur proteins.

-
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