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ABSTRACT:. O8-Methylguanine-DNA methyltransferase (MGMT), a ubiquitous DNA repair protein, acts

as a monomer in removing the mutagenic DNA adddfealkylguanine (induced by alkylating carcinogens)

via a stoichiometric reaction. The alkyl group is transferred without a cofactor to a specific cysteine
acceptor residue of MGMT, Cys-145 in the case of human MGMT, containing 207 amino acid residues
and thereby inactivates the protein. As a prelude to the investigation of the reaction mechanism of human
MGMT by elucidation of its structure in free and substrate-bound forms via NMR spectroscopy and
X-ray crystallography, two types of MGMT mutants were generated and characterized. First, systematic
deletion analysis of the protein was carried out to determine the smallest size at which it is active or
inactive but forms a stable complex with the substrate and so may be useful for NMR spetroscopic analysis.
Deletion of more than 8 or 31 residues from the amino or carboxyl terminus, respectively, led to the loss
of both activity and substrate binding. Removal of Arg-9 or Leu-176 and distal residues inactivated the
protein, presumably by altering its tertiary structure. On the basis of the criteria of bacterial overexpression
and solubility, the mutant MGMT with deletion of 28 residues at the carboxyl terminus should be suitable
for NMR studies. In the second approach, we examined mutants at the active site (Cys-145) that retain
substrate binding. Inactive C145A and C145S substitution mutants were found to form specific and stable
complexes with arO8-methylguanine (¥G)-containing oligonucleotide substrate. Wild type MGMT

also formed a similar complex, but only as a transient intermediate. Footprinting studies indicated a
strong discriminatory effect of the base adduct on the binding of C145A to substrate DNA;817
nucleotides on the #B-containing strand and 3314 nucleotides in the complementary strand spanning
the base adduct were protected from DNase | digestion by the mutant protein. These results, as well as
the identical protease sensitivity of the wild type and mutant proteins, suggest minimal structural change
due to conservative mutations at the active site. Thus, the mutant proteins may be utilized for solving the
structure and mechanism of human MGMT.

Cellular DNA is subject to attack by a variety of & Lindahl, 1980). MGMT acts as a monomer and does not
environmental alkylating agents, and to endogenous meth-require any cofactor in restoring the original guanine without
ylation resulting in a number of alkylated base adducts DNA synthesis (Demple et al., 1982; Boulden et al., 1987;
(Singer & Grunberger, 1983; Loveless, 1969). Altho@fh Bhattacharyya et al., 1990). MGMT plays a critical role in
alkylguanine is a relatively minor adduct among these cytotoxicity of antitumor alkylating agents that are derivatives
lesions, it is generally accepted as the major mutagenic andof (2-chloroethyl)N-nitrosourea (CNU; Brent et al., 1985).
carcinogenic adduct because of its preference for pairing with Because MGMT removes the primary DNA lesion induced
thymine over cytosine during DNA replication. Thus, this by these drugs, cellular drug resistance is often dependent
lesion may lead to GC~ AT mutation (Loveless, 1969;  on the MGMT level, which varies widely in different normal
Snow et al., 1984, LoeGChIer etal., 1984). A ubiquitous and as well as tumor cells (Mitra & Kaina, 1993).
unusual repair protei@®-methylguanine-DNA methyltrans- The majorEscherichia coliMGMT (the product of the
ferase (MGMT; EC .2'1'1'63)’ rgpaw@‘i—alkylguamne via ada gene, thus also called the Ada protein) was the first
an unusual mechanism in that it accepts the alkyl group on MGMT to be discovered (Foote et al., 1980; Olsson &

a un?que cys_teine resi_due _in a single-step stoichiometric Lindahl, 1980). The 39 kDa protein, with two domains of
reaction, and is thereby inactivated (Foote etal., 1980; OISSOnnearly identical size, also acts as a transcriptional activator

- - - of the genes in theada regulon. While the N-terminal
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1988). E. coli has a second, constitutive MGMT, the 19 MATERIALS AND METHODS

kDa Ogt, expressed at a low level (Potter et al., 1987; Rebeck ) ) )
et al., 1988). The prokaryotic expression vectors pRSET (Invitrogen)

andE. coli BL21 (DE3) pLysS (Novagen) lysogen were used
for the expression of full-length and truncated human MGMT
polypeptides.

Construction of Expression Plasmid3he pKT100 plas-

. . . . mid containing the complete coding sequence for 207 amino
acid sequences of various eukaryotic and bacterial MGMTs acid residues of h(MGMT (Tano et al., 1990) was used as

shows that the methyltransferases dq not have extenswethe template for PCR-mediated construction of expression
sequence homology except for the universal presence of a

. o plasmids for the truncated proteins. Wild type and deleted
pentapeptide sequence, PCHRYV, which includes the a}lkyl coding sequences were amplified with 50 ng of pKT100

DNA template (linearized witfEcdRl) in a 100uL PCR
mixture containing 10 mM Tris-HCI (pH 8.3), 50 mM KCl,
etal.,, 1993). 2.5 mM MgCl, 0.01% gelatin, four dNTPs (each at 20W),

The structure of the 19 kDa C-terminal half of the Ada and 50 pmol of two oligonucleotide primers. The primer
protein was recently elucidated by X-ray crystallography sequences corresponded to distinct hMGMT coding se-
(Moore et al., 1994). Although this structure has provided quences. The sense primer contained MNdd linker
some insight into the mechanism of MGMT, detailed sequence at the'Serminus, and the antisense primer
information about substrate recognition and the alkyl transfer contained theBanHl linker, along with an ochre (TGA)
reaction is still lacking, particularly for mammalian MGMTs. nonsense codon sequence. The sequences of the oligonucle-
The mammalian proteins are significantly different from the otides are shown below; the mutant proteins are named to
bacterial protein in their ability to recognife®-benzylgua- denote the number of amino acid residues deleted at the
nine as a substrate (Dolan et al., 1991). amino (N) or the carboxyl (C) end. For exampleAR

Although it reacts inefficiently with fre@6-alkylguanine denotes the mutant with deletion of 7 amino acid residues
base, MGMT's biological substrate is the base adduct in &t the N terminus. sense full length\GH'A CGA ATT
DNA (Dolan et al., 1991). In order to recogniz@®- CAT ATG GAC AGG GAT3; antisense full length,
alkylguanine in DNA, the protein needs to scan DNA by STACATG GAT CCT TAT GCA CAT ACT CAG TT3;
binding to it reversibly. The mechanisms of this binding NA7, SCAA GGG AAT TCA TAT GAA ACG CAC C3;
and translocation are not understood. Chan et al. (1993)NA8, SGGA TCC TCA TAT GCG CAC CAC ACT G3
calculated that the difference in the affinity of human MGMT NA9, SGGA TCC TCA TAT GAC CAC ACT GGA C3
(hMGMT) for substrate vs control DNA was about 3-fold. CA28, 3GCT CGG ATC CTA TCA TGG CTT CCC3
Such a small discrimination makes it difficult to elucidate CA31, SCAA CGG GAT CCT TCA CAA CCG GTG3
the mechanism of MGMT from physicochemical studies of CA32, 3GCC T—C'_‘G ATC CTA T,CA CCG GTG GC¢3
the protein-DNA complex. Ndd andBanHl sites, underlined in the sense and antisense

. . ) ... oligonucleotides, respectively, were used for PCR clonin
We decided to isolate h(MGMT mutants that retain specific ¢ b y ¢

I . . ; .~ of full-length and truncated proteins. Amplification was
substrate recognition and are suitable for biophysical studies, ., riad out with 2 units of Taq DNA polymerase (Boeh-

using two approaches. First, we carried out a systematicringer) for 24 cycles using a program of 1.5 min at @
investigation of active truncation mutants of h(MGMT and for denaturation, 1 min at 55 for annealing, and 1 min at
also inactive mutants that may still retain specific substrate 7 o tor DNA réplication. After the predicied size of the
binding. Size reduction has a significant advantage in the pcg product was confirmed by electrophoresis in 1%
elucidation of structures of the free protein and protein agarose, the DNA was purified using the “Spin-Bind” PCR
DNA complex by NMR spectroscopy (Wrich, 1996).  ification system (FMC). Amplified DNAs were then
Earlier studies showed that removal of 10 and 36 res'duesdigested withNdd and BanHI, subjected to a second cycle
from the amino and carboxyl terminus of h(MGMT inacti-  of puyrification, and then ligated to the pRSETB expression
vated the protein but that 28 residues at the carboxyl terminusyactor linearized witiNdd andBanHl. The identity of the
were dispensable for activity (Crone et_ al., 1_994; I\_/Iqrgan et expected coding sequences was confirmed by DNA sequenc-
al., 1993). However, correlauo_ns of size with activity and ing and physical mapping. This plasmid construction
substrate binding were not studied. In the second approachstrategy allowed expression of wild type and truncated
we decided to examine hMGMIDNA interaction by  recombinant h(MGMT proteins as nonfusion products.
identifying inactive mutants that retain specific substrate Construction of Site-Specific Mutants of hMGMThe

recognition and can be investigated by X-ray crystallography ., ;tants R9A, L176A, C145S, and C145A were generated
and NMR spectroscopy. Because the alkyl acceptor Cys-,qing stratagene’s Chameleon Double-Stranded Site-Directed
145 is the active site residue in the 207-amino acid hMGMT, \;iagenesis Kit. This kit is based on a modification of the
we e_x_ammed active site mutant_s for their ability to form unique site elimination mutagenesis procedure described by
specific and stable complexes with the substrate DNA. Deng and Nickoloff (1992). Here we altered the uniGeoe

Here we report that in truncation mutants activity and site in theampgene of the vector. The primer used to mutate
substrate binding could not be separated, although an 19 kDahe Scd site was 5CTG GTG AGT ATT CAA CCA
active, truncated protein may be suitable for NMR studies. AGT3'. The underlined base was changed so that the codon
However, the active site mutants C145A and C145S form GAG was changed to GAA without affecting its specificity.
stable complexes with the substrate and would be suitableThe other mutagenic primers werdl833C CAG TGT GGT
for structural studies of proteirfDNA interaction. GGC TTT CAT TTC ACAS3 for R9A, 5GAC CAC TCT

Several eukaryotic MGMT cDNAs have been cloned and
characterized (Tano et al., 1990; Hayakawa et al., 1990).
These proteins are similar in size to Ogt and the C-terminal
fragment of the Ada protein. A comparison of the amino

scattered throughout the proteins (Moore et al., 1994; Morgan
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GTG GCT CGG GAT GAG GAT3for C145S, 5GAC NaCl. The average yield (except C145S) of nearly homo-
CAC TCT GTG GGC CGG GAT GAG GAT3or C145A, geneous proteins was-B mg per 5-6 g of packed cells;
and 5GCC TGG CTT CCC AGC CCG GTG GCC TTC3  the yield of C145S was-23 mg from the same amount of
for LL76A, where the mismatches are underlined. R9A and cell. On the basis of the stoichiometry of methyl acceptor
L176A mutations were created both in full-length and in activity, 60—~70% of purified MGMT molecules were active.

minimal-length (M8CA31) constructs; when N8CA31 Electrophoretic Mobility Shift Assay (EMSARA 27-mer

was used as the template, the mutagenic primer Wa$G  gjigonucleotide containing a sing@-methylguanine at the
CAG TGT GGT GGC CAT ATG TAT ATC3forR9Aand  17th position was purchased from National Biosciences; the

S'GAG CTC GGA TCC ATC CCG GTG GCC TTC3or sequence of the modified oligonucleotide wa6GA GTG

L176A. The sequence corresponding to the entire (MGMT AAT TCC CGG G MfGA TCC GTA GAC3. The comple-
amino acid coding region was checked by DNA sequencing mentary strand contained cytosine opposite the guanine
to ensure that only the desired mutations were present.  aqduct. An oligonucleotide with the identical sequence
Expression and Assay of Recombinant Wild Type and except for substitution c®®-methylguanine by guanine was

Mutant h(MGMT PolypeptidesE. coli BL21 (DE3) pLysS-  ysed as a control for testing nonspecific binding in EMSA.
conta:cnmg hMth)\/I'fI' exprggsmn plasmids were grown to an The oligonucleotides were labeled wi® at the 5termini
Asso of 0.4—0.5 before adding IPTG to 0.5 mM, except to : 3 . X

. . ) using [y-*?P]JATP and polynucleotide kinase and then an-
cultures.wnh M.SCA31 and N\9CA31 expression plasmids. nealed to the complementary strand in a buffer containing
We decided to induce the latter mutants with:8@ IPTG, 77 mM Tris-HCI (pH 7.8) and 2.3 mM MgGl The specific

which have very low expression i coli, at a slower rate - . .

) . .. _~._and nonspecific DNA-protein complexes between the oli-
than the other mutants on the basis of prior optimization leoti it h . |
studies. The cells were allowed to grow for6 h at room gonucleotide anq di ergnt M.GMT proteins were ana yzed
temperature after addition of IPTG and then collected by by electrophoretic mppmty Sh'ft assay (EMSA; Dqsanjh et
centrifugation. Extracts were prepared from the cells after Zl‘b'ulf?j%o;f)eczﬁf;::; b'gg 'rr:]ng?_'iCtE; (was;g)rng% (r)nUI;[/Im
resuspension at T in buffer A [20 mM Tris-HCI (pH 7.5), EDTA. 05 mM DTT 5% mM NaCIp ang 1OEV ' I.cerol
1 mM DTT, 1 mM EDTA, and 5% glycerol] containing 100 -~ ’ S 070 gly

along with 8-10 fmol of labeled oligonucleotide, 2.5 pmol

tr)nMclglsﬁ:chfogtci)(\;\;e(;tbééo?ét;ailg nrﬁigeali dlesb(r)lcs)gw?]getlrl]eeted of unlabeled oligonucleotide, 4g of poly(dl-dC), and 100
y Y oS . pmol of purified full-length protein (WT, C145S, or C145A)
supernatants were assayed for (MGMT activity by measuring or partially purified inactive truncated mutantsANCA32
the transfer of fhethyl®H]label from calf thymus DNA (150-200 pmol) and MICA31 (125-150 pmol). Quan-
(methylated by reaction wittfiH]-N-methylN-nitrosourea) -~ : T
. . . .., titation of these proteins was based on comparative band
to hMGMT itself. The methylated protein was digested with intensity in Western blotting, with homogeneous WT hMG-

proteinase K, and radioactivity was recovered in the alcohol- . .
soluble fraction (Boulden et al., 1987; Waldstein et al., 1982). M.T being us_ed as the standard. Unlabeled duplex competitor
oligonucleotides (25 pmol) were added, when necessary,

Because ofE. coli host used was MGMT-positive, the . : .
SO - before the labeled oligonucleotide, which was added last to
activity in BL21 (DE3) pLysS cells containing the empty . . e
the reaction mixture. The association constants were deter-

vector was subtracted for each assay. One unit of methyl- _. . .
. mined by measuring the free and bound probe as described
transferase was defined as the amount that causes the removal

of 1 pmol of methyl groups fron®%-methylguanine in DNA. earlier (Sto'ne etal., 1991). o .
SDS-PAGE and Western Blot Analysi§our micrograms To examine further t_he speC|f|C|ty of complex forma_t|on,
of protein in the total soluble extract & coli containing  the supershift assay with WT protein was carried out in the

each deletion mutant was resolved by 15% sodium dodecyl Presence of anti-hMGMT polyclonal antibody. After 10 min
sulfate-polyacrylamide gel electrophoresis (Laemli, 1970) ©f incubation of WT protein with the labeled probeyP of

and transferred to a nitrocellulose membrane (Schleicher & antiserum was added and the sample was incubated further
Schuell). The hMGMT band in the blot was visualized with for 10 min at 20°C. For control experiments, nonimmune
anti-hMGMT polyclonal antibody raised in rabbits (1:400 rabbit serum was used instead of immune serum. The
dilution) by the ECL technique (Amersham), used according antibody was also test_e_d for any binding to the labeled probe
to the manufacturer’s protocol. under the same condition.

Purification of h(MGMT Polypeptides and Mutant Proteins Nonspecific binding was carried out with three different
Several colonies of freshly transformedcoli BL21 (DE3) purified hMGMT (WT, C145S, and C145A) proteins without
pLysS with expression plasmids for WT or different mutant poly(dl-dC) in a 15«L reaction volume using a control oligo
proteins were each inoculatedar? L of L-broth containing of the same sequence, except for substitution QSt
200 ug/mL ampicillin and grown with vigorous shaking at methylguanine with guanine. Each reaction mixture con-
37 °C to anAsso of 0.7—0.8 before IPTG was added. The tained 220 pmol of protein. After incubation for 10 min at
cultures were continued overnight (245 h) at 22-23 °C. 37 or 20°C, as indicated, a 10L aliquot for specific binding
The cells were harvested by centrifugation, and hMGMT was and 7.5 uL for the nonspecific binding reaction were
purified from sonicated extracts in a series of steps starting electrophoresed in TBE buffer [0.09 M Tris-borate (pH 8.0)
with the removal of nucleic acids with polymin P as and2mM EDTA] at 150 V. The gel was prerun at constant
previously described (Roy et al., 1995; Shiota et al., 1992; voltage (150 V) for 40 min before the samples were applied.
von Wronski et al., 1991), except that the final DNA cellulose After completion of electrophoresis, the gel was fixed in 10%
affinity chromatography step was replaced by FPLC on a methanol and 10% acetic acid, dried, and then exposed to
MonoS column, resulting in a nearly homogeneous prepara-X-ray film (Kodak, Biomax). The amount of radioactivity
tion. Approximately 10 mg of protein was loaded onto a in the unbound and bound oligonucleotide was quantified
MonoS column equilibrated with buffer A containing 50 mM by exposing the gel to a phosphorimager.
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Controlled Proteolysis Digestion of 5ug of wild type

hMGMT C145A and C145S mutant proteins was carried out 4

with 0.05ug of trypsin in a buffer (15«L) containing 25 A ) 2 B o
mM Tris-HCI (pH 8.0) and 0.1 M NaCl at 22C. Aliquots € 5 - E .85 Ig § E:
of the digested products were analyzed at various times by 3 ©c8259g £33
SDS-PAGE in 20% polyacrylamide, followed by staining Esx555832 €5 g

with Coomassie brilliant blue.
DNase | Footprinting ReactionsA 45-mer oligonucle-
otide containing a singlé%-methylguanine at the 22nd
position was purchased from National Biosciences, Inc. The
sequence of the oligonucleotide wa&E&T CCC TCT GAA
GGC TCC AGG miGAA GAG TGT CCT CTG CTC CCT ' ‘e < Bound
CCG3. The complementary strand contains cytosine op-  goung —» - h
posite the guanine adduct. An oligonucleotide with the
identical sequence except for substitutiorQStmethylgua-
nine by guanine was used as a control strand for testing any
nonspecific protection during footprinting.
DNase | footprinting was performed essentially as de- Free —p
scribed by Leblanc and Moss (1994). The oligonucleotide

C_ontalnlng rﬁGszwas S-end-labeled W.It.h T4 polynU(O:Ieotlde MGMTSs' binding to a 27-mer §G-containing duplex oligonucle-
kinase and }-*P]JATP and was purified on a 10% poly-  gtide. Unlabeled duplex oligonucleotides containing eithéGm
acrylamide gel. An equimolar amount of complementary or G, paired with C opposite ¥ or G, were used as competitors
strand was annealed to produce a duplex oligonucleotide for(in parentheses) (ab, anti-hMGMT antibody). The positions of free
DNase | digestion. The binding reaction (28.) was (free) and protein-bound DNA complex (bound) are indicated. (A)

’ 32 i : : Specific substrate binding to wild type (WT) and not to inactive
performed with -2 fmol of *2P-end-labeled oligonucleotide truncated mutant (N7CA32 and N\OCA31) proteins. (B) Binding

(5000-6000 cpm), 1.7 pmol of cold oligo, 4g of poly- of méG-containing oligonucleotide to WT protein. Labeled@n
(dI-dC), and 25-50 pmol of C145A mutant protein in a  containing oligonucleotide (266250 fmol) was mixed with 5.5
buffer containing 20 mM Tris-HCI (pH 8.0), 1 mM EDTA, pmol of unlabeled oligonucleotide and incubated with 200 pmol
1 mM DTT, 100 mM NaCl, and 10% glycerol. After of WT protein in the presence of 3 nmol of poly{dC) in a 50uL

: . . . . reaction volume at 37C for 30 min to remove the methyl group
incubation for 10 min at 37C, the DNA was digested with 016G Eight to ten femtomoles of repaired oligonucleotide

5 uL of 0.01 kuuL DNase | (Sigma) for 2 min before  was used for gel shift analysis as described in Materials and
extraction with phenol/chloroform. DNA was then precipi- Methods.

tated with ethanol and resolved on a sequencing gel cotaining
10% polyacrylamide. for the first time, the specific and reproducible binding of
Kinetics of the Methyl Transfer ReactioriThe kinetics ~ purified wild type hMGMT to an rfG-containing oligo-
of methyl group transfer were determined by monitoring the nucleotide (Figure 1). This binding presumably represents
amount of [82H]guanine generated in a synthetic substrate, the protein-substrate complex formed as an intermediate prior
poly(dC-dG-[8-3Hlm®dG), as described earlier (Foote & to the alkyl transfer reaction. Figure 1A shows the binding
Mitra, 1984). The initial concentration of the active meth- of full-length of A(MGMT to a 27-mer oligonucleotide probe
yltransferase was determined from a separate experiment incontaining niG after incubation for 10 min at 20C before
which an aliquot of the protein preparation was allowed to gelloading. This binding was specific, because the complex
react with a 5-fold excess of substrate over an extendedwas effectively competed with by a 10-fold excess (25 pmol)
period of time (60 min) until the reaction was complete. of unlabeled (rfG) oligonuleotide, but not by the same
Because the methyltransferase reaction is irreversible, theamount of unlabeled control oligonucleotide. To further
amount of the methylated protein corresponded to the initial confirm the specificity, EMSA was performed in the presence
amount of the active methyltransferase. In all measurementsof an anti-hMGMT antibody. The antibody interacted with
aliquots of reaction mixtures were taken out at various times hMGMT and formed a more slowly migrating “supershifted”
and the reaction was stopped by adding Sarkosyl NL97 to complex with MG oligonucleotide. In contrast, either
0.5% before vortexing the solution with a mixture of phenol preimmune serum or antibody in the absence of hMGMT
and chloroform (1:1) (Boulden et al., 1987). The reaction did not cause any supershift of the h(MGMT-bound complex
rate constant was calculated from the second-order rate(Figure 1A). Further evidence for specificity was the lack
equation (Frost & Pearson, 1961). of binding of inactive truncated mutant MGMTs ANCA32
Other Methods Proteins were gquantitated by the bicin- and NA9CA31 (Figure 1A). The properties of these mutants
choninic acid procedure with bovine serum albumin as the are described later.
standard (Smith et al., 1985). Radioactivity in liquid samples
was quantitated in a Beckman liquid scintillation counter.
Oligodeoxynucleotides were synthesized in an Applied
Biosystems model 394 DNA/RNA synthesizer.

Supershift—»

< Free

Ficure 1: Gel mobility shift analysis of wild type and mutant

In order to establish that the wild type MGMT complex
with the substrate was a transient reaction intermediate,
labeled MG oligonucleotide was incubated with wild type
hMGMT at 37 °C for 30 min prior to EMSA, and no
RESULTS complex was formed (Figure 1B). Furthermore, a 16 bp

oligonucleotide fragment was released after digestion of the

Specific, Transient Complex between WT MGMT and incubation mixture wittBanH|I (data not shown) as expected
Substrate OligonucleotideWe were able to demonstrate, from restoration of sensitivity t8anH| following demeth-
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MGMT coding Predicted Specific activity ,:
sequence molecular mass (Units/mg protein} —_ ™
(kDa) 5 4
wT ! 207 39
27 370 o N - - Q =2
3 233 3% © <
<
N 8 207 0o O O 0 QO £ g S ¥ ©
v 33552355383 % w
Z O Zz Z2 Z2 Z o 4 @ 4 (6] (6]
1 179 — — —31.0
CA28 19.7 449 *—
- " - _— -,
NA7GA28 8 179 189 200 - - —_— o
14.3
NABCAST o 176 185 Ficure 3: Expression of deletion mutants i coli, analyzed by
) o Western blotting. Blots oE. coli extracts containing hMGMT
. 175 mutants were probed with an anti-hMGMT antibody. The positions
Na7Cas2 185 ND of rainbow protein markers (1431 kDa, Amersham) are
indicated.
NA9GA31 12 176 18.4 ND

Table 1: Second-Order Rate Constants and Association Constants
ron i 207, 250 of WT, Inactive Full-Length, and Truncated MGMTs

association constant (M)

, oA o rate constant
L176A ' 27 278 protein (M~ min™%) specific nonspecific
on s wild type 5.2x 1077 — 3.8x 10°
ROA(NABCA3) 185 ND CA28 6.1x 107 - -
NA7CA28 1.8x 107 - -
. 176n C145A - 1.3x 10° 42x 10°
L176ANABCAST) 185 NP C145S - 0.8x 10° 3.1x 10

FiIGURe 2: Schematic diagram of active, inactive deletion, and point
mutants of hAMGMT. The numbers of the first and last amino acid ) . . )
residues of h(MGMT are shown at the ends of the open boxes; Of expression of these proteins. Western blot analysis (Figure
numbers in the middle indicate the site of mutagenesis. Predicted3) of the total soluble protein showed thanBICA31 and
rr:olecular masse? and specificfacti(\j/ities”olf the mutant groteins aaeNAQCA31 mutant proteins, as well as R9A and L176A
also given. Specific activities of crude cell lysates were determine . P

in three or four experiments, and the mean values are listed. ND mutants in truncated form, were expressed poork.iooli,
means not detectable. whereas wild type and N7, CA28, R9A, and L176A

mutants had high levels of expression as full-length proteins.

ylation of the MG, located at the 17th position of the Kinetics of the Methyl Transfer ReactiorThe second-
oligonucleotide. order rate constant of the AYCA28 mutant was ap-

Analysis of Deletion Mutants of MGMTA series of proximately 3-fold lower than that of the A28 deletion
deletion constructs (Figure 2) were made in the human mutant, which reacted at a rate comparable to that of the
MGMT cDNA, and the proteins were expresseddncoli wild type protein (Table 1). These data suggest that a small
BL21 (DE3) pLysS. The cell-free extracts were used to test structural alteration was induced inANCA28 but not in
hMGMT activity; the specific activities of different plasmid-  the CA28 truncated mutant. The A28 mutant may be
encoded mutant MGMT after correcting for the background appropriate for NMR studies because of its size, activity,
activity are shown in Figure 2. It is evident that 8 and 31 and high level of expression in soluble formEn coli that
amino acid residues could be deleted from the N and C will facilitate its large scale purification.
terminus, respectively, without concomitant loss of activity ~ Stable Complexes of Substrate and A&tSite Mutants
of the protein. It should be noted that the low specific Site-specific mutation at the conserved active site (C145S
activity (in whole cell lysate) of the N8CA31 mutant and C145A) in full-length hMGMT completely eliminated
protein in E. coli extract was due to its low level of the activity, as expected. However, both inactive mutants
expression. Removal of an additional residue from either retained specific binding activity to substrate oligonucleotide,
end, i.e. Arg-9 at the N terminus and Leu-176 at the C and the complexes were stable even af@7unlike in the
terminus, reduced the hMGMT activity below the detectable case of wild type hMGMT (Figure 4). In addition, wild type
level. and C145S and C145A mutants showed comparable non-

In order to test the possibility that Arg-9 and Leu-176 specific binding to a control duplex oligonucleotide having
participate directly in the methyl transfer reaction, site- the same sequence as the 27-m&® mligonucleotide duplex
specific mutants R9A and L176A were generated in full- except for the replacement of@ with guanine (Figure 4B).
length and minimal-length constructs and expresseH.in The binding constants of C145A and C145S mutant
coli. The bacterial cell-free extracts containing R9A or proteins for the substrate ®@-containing oligonucleotide
L176A in the full-length protein had specific activity were comparable (Table 1). Although these were apparently
comparable to that with the full-length wild type protein. In  about 3-fold higher than that for the binding of wild type
contrast, cell-free extracts of the same mutants in minimal- and the mutant MGMT to control oligonucleotide, these
length (NABCA31) hMGMT had no detectable activity values cannot be compared because the specific binding
(Figure 2). This observation suggests that neither Arg-9 nor assay, unlike for nonspecific DNA binding, was carried out

Leu-176 is essential for MGMT activity. in the presence of a very large excess of competitor poly-
Expression of Wild Type and Mutant MGMTBecause (dI-dC). The wild type hMGMT and site-specific mutants
the lack of hMGMT activity in cell-free extracts &. coli showed comparable nonspecific binding affinity to control

harboring mutant plasmids may be due to poor expressionoligonucleotide, suggesting that the mutations did not cause
of the mutant proteins, it was important to check the level a major structural change in the protein (Table 1). However,
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FiIcure 4: (A) Specific binding of purified WT, C145A, and C145S ' e
proteins at 37°C. The oligonucleotide competitors were as p-

described in Figure 1. Other details are given in Materials and = =

Methods. (B) Nonspecific binding of WT, C145A, and C145S

proteins to a 27-mer control oligonucleotide. Each reaction mixture

(15 pL) contained & 10 fmol of *P-labeled oligonucleotide, 10 5 o 6: DNase | footprinting of the MGMTsubstrate DNA
pmol of unlabeled oligonucleotide, and 220 pmol of pure protein complex. Oligonucleotides (45-mer) containingGnin the sub-

in the absence of poly(eiC). After 10 min ag 37°C, the  grate or G in the control DNA at the 22nd position were annealed
nucleoprotein complexes were resolved in a 6% nondenaturing it the same complementary strand after labeling one of the strands
polyacrylamide gel. with 32P at the 5end, and the DNA was incubated with 250
Time in Mindtes pmol of C145A mutant before DNase | digestion and subsequent
denaturing PAGE as described in Materials and Methods. (A) Lane
0O 30 60 120 O 30 60 120 O 30 60 120 kD 1,32P-labeled control DNA alone; and lane 2, after incubation with
" - — 31.0 50 pmol of protein. (BJ2P-labeled rfG-containing strand. Lanes
WR— R i_ 15 1-3, with no protein and 25 and 50 pmol of protein, respectively.
: Lanes 4 and 5 represent G andtGA Maxam—Gilbert sequencing
—_— = : — 143 reactions, respectively. (CfP-labeled complementary strand in
6.5 control (lanes 1 and 2) or ¥G-containing duplex (lanes-%). Lane
1, no protein; lane 2, 50 pmol of protein; and lanes53 0, 25,
wT C145A C1458 and 50 pmol of protein, respectively. Lanes 6 and 7 represent G

FIGURE 5: SDS-PAGE assay for trypsin sensitivity of hMGMT. and G+ A Maxam—Gilbert sequencing reactions, respectively.

Five micrograms of WT, C145A, and C145S mutant proteins were
digested with 0.0 of trypsin and aliquots taken out atindicated 5 gorc GCTCTGAAGECTCOAGGRS GAAGAGTGTC CRETACT Coc Toca
times for SDS-PAGE. Other details are described in Materials CGAGGGAGACTTCCGAGGTCC CT TCTCACAGGAGACGAGGGAGGC 5
and Methods. L_.__.__]

FIGURE 7: Site-specific binding of C145A MGMT to ff5-
the specific binding affinity constant could not be determined containing sequence as obtained from DNase | footprinting shown
for the wild type protein, due to its rapid reaction at X7 in Figyre 6. Protected residues are brack_eted. Residues hyper-
with méG in the oligonucleotide. sensitive to DNase | are marked with asterisks.

Similar Protease Sensifty of Mutant and Wild Type
MGMTs Limited proteolysis was used as a probe to detect
any major structural alteration in C145S and C145A mutants
as a result of mutation. After treatment of wild type AMGMT
and C145S and C145A mutants with trypsin at room
temperature for up to 2 h, three major peptide fragments o - ) ) . .
discrete and identical sizes were seen with all three proteinsIS a_specmc interaction. Figure 7 shows the oligonucleotide
(Figure 5). Although the C145A mutant preparation con- region protected by C145A MGMT.
tained some minor contamination of _smaller pep'tides, this DISCUSSION
result strongly suggests that conservative substitution of Cys-

145 with Ser or Ala did not cause any major change in the  The ubiquitous nature of MGMT, a highly unusual protein
tertiary structure of hAMGMT. because of its stoichiometric alkyl transfer reaction, under-

Footprinting Analysis of C145A MGMT-Bound Substrate scores its importance in removing endogenous and induced
The DNase | footprint for C145A mutant proteins bound to OS%-alkylguanine residues from DNA. The sequence of
m®G oligonucleotide is shown in Figure 6. When théGn MGMT is not globally conserved among bacteria, yeast, and
containing strand was labeled, a footprint of-118 nucle- mammals, except in distinct regions of the protein, in
otides was observed spanning théQrsite. Seven nucle-  particular that surrounding the alkyl acceptor cysteine residue
otides on the 5side of n"¥G and 10 nucleotides on thé 3 (Moore et al., 1994). Thus, although the structure of the 19
side of i¥G were protected from DNase digestion (Figure kDa MGMT domain of theE. coli Ada protein was recently
6B). But when the complementary strand was labeled, a solved by X-ray crystallography, it is important to elucidate
footprint of 13 nucleotides was observed (Figure 6C). the structure and reaction mechanism of mammalian MGMTs

Protection from DNase | was definitive on both strands, but
the terminal nucleotides on both' mnd 3 ends were
considerably less protected. No DNase | footprint was
observed for the unmodified oligonucleotide, a further
n indication that the binding of C145A to%@ oligonucleotide
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because of their distinct biochemical properties relative to our conclusion about the structural alteration in the mutants
the bacterial protein (Dolan et al., 1991). lacking 9 or more residues from the amino end of the protein.

Using EMSA, we demonstrated for the first time that wild ~ Our second approach was to examine whether active site
type hMGMT forms a specific complex with4@-containing mutants retain specific substrate recognition, and thus, their
oligonucleotide at 20°C, because the binding was not interaction with the substrate can be studied by NMR
competed for by a G-containing oligonucleotide having the SPectroscopy and X-ray crystallography. We showed earlier
same sequence as the substrate. Furthermore, the compleiat the C145A mutant binds nonspecifically to DNA
appears to be a transient intermediate for the methyl transfer{kanugula et al.,, 1995). We have now established that the
reaction because preincubation of the substrate with MGMT inactive C145A and C145S mutants also retain specific
abolished the binding. Such a transient intermediate is Substrate recognition. Thus, unlike the WT protein, their

obviously not suitable for structural studies of the MGMT  SPecific complexes with the substrate are stable at@G7
substrate complex. This result suggests that conservative substitution of the

active site residue did not cause a significant alteration of
the protein’s tertiary structure. This conclusion was further

tants that should h inimal structural perturbati supported by the similar protease sensitivity of the WT and
mutants that should have minimal structural perturbation as ., 1oy proteins. Although both C145A and C145S mutants
a result of mutation. We used two approaches to generate

h mutant v deleti ‘ ; q i are expressed in soluble form k coli, expression of the
such mutants, namely, deletion mutagenesis and consevalVg e 1 45 ytant was consistently lower than that of the Ala-
substitution of the active site residue. The rationale for

) . . . .. 145 or of wild type MGMT. Therefore, the C145A mutant
|sotl)at|ng dsleéllon mutarr:ts of le MT that relramed sbplguﬁc qmay be appropriate for elucidating the structure of both free
su strate inding was t .at small size as well as stability and 5 4 gupstrate-bound MGMT. Whether the C145A28

high solubility of a protein are critical factors for structural double mutant will provide a further advantage for NMR
determination by NMR spectroscopy. We have recently been spectroscopic analysis remains to be tested. In this context,

sNucceisflul in isoIIDa'\tlizg ilnaCtiV? truncate?] muktants IEf lmquse we should point out that other residues such as Arg-128 and
-methylpurine- glycosylase, another key alkylation Tyr-114 were also shown to be critical for MGMT activity

adduct repair protein,_ Wh.iCh binds to the substrate DNA _(R' (Kanugula et al., 1995); however, we have not tested whether
Roy et al., manuscript in preparation). Although earlier o jnactive mutants at these sites also form specific
studies showed that h(MGMT retains activity after deletion complexes with fG-containing DNA.

of 31 amino acid res_idues _from the C tefmi”a' (Crone et a_I., The final evidence for specific DNA interaction of the
1994), no systematic studies were carried out to determmeC145A mutant was provided by the footprinting studies
the minimum size needed for activity by deleting residues (Figure 6) which showed that MGMT prevents DNase |
from both termini. We have now shown that 8 and 31 yyaqtion of a defined number of bases, spannifig in a
residues can be deleted from the N and C terminus of full- duplex substrate DNA. Comparison of lanes 1 and 3 in panel

Iength MGMT’_ respectively,_ but dele_ti_on of one additional g ¢ Figure 6 suggests higher DNase | sensitivity of residues
residue from either end abolished activity as well as substraterc16 "3 to the protected region in the MGMIDNA

binding. Itis als_o surprising that the level of expression of complex than in the control. This preliminary result is
mutant MGMTS inE. coli was strongly affected by a small qngjstent with the expectation that protein binding induced
change at the N terminus. For example, expression of Doth g yyist in the nG strand beyond the bound region, resulting
NA7CA28 and N\7CA32 mutant proteins is comparable t0 i jncreased exposure to DNase. Elucidation of the tertiary
that of the wild type hMGMT. However, removal of one  gcture of the MGMT-DNA compex will identify interac-
or more residues from the N terminus caused a drastic dropijons petween specific amino acid residues with the bases.
in expression of the truncated proteins. Furthermor2& v siress that this protection from DNase was not due to
had reaction kinetics 3-fold faster than those &fCA28.  saquence-specific binding of MGMT, whose recognition of
Thus, on the basis of expression level, activity, and solubility he supstrate lesion should not be sequence-dependent.
of the recombinant protein if. coli, the 19 kDa A28 Although we have not analyzed footprinting of other
mutant, while not the minimum size active protein, is the gequences, the fact that we could detect no protection of the
protein of choice for structural studies by NMR. control oligonucleotide having the identical sequence except
The observation that truncated mutants, lacking Arg-9 and for substitution of G with G strongly argues against
Leu-176 were inactive raised the possibility that these MGMT recognition of a specific sequence. Furthermore, a
residues may be involved in the alkyl transfer reaction. different oligonucleotide sequence was used to show interac-
However, that possibility was precluded by the observation tion with MGMT in EMSA (Figures 1 and 4).
that mutations of these residues to Ala in the full-length  The affinity of MGMT for substrate DNA was calculated
protein did not affect activity. Because the lack of activity earlier to be only about 3-fold higher than that for nonspecific
of truncated mutants was not due to poor expressioB.in  DNA (Chan et al., 1993). Although our results appear to
coli, we concluded that Arg-9 and Leu-176 residues are support this observation (Table 1), a comparison of the
involved in maintaining the structural integrity of the protein. affinity constants for specific and nonspecific DNA binding
While their contribution is not essential in the full-length in our studies is inappropriate. This is because binding to
protein, it becomes critical in the absence of distal residues.the substrate oligonucleotide was allowed in the presence
Crone et al. (1996) have recently shown that the WT protein of a large excess of competitor DNA [poly¢dC)], while
and C145A mutant are quite stable when expressel. in  nonspecific binding to the control oligonucleotide was carried
coli (half-life of >12 h), whereas mutants lacking 10 or 19 out in the absence of the competitor. Thus, the initial
residues from the amino end are unstable, with half-lives of concentration of free MGMT in substrate-specific binding
90 and 48 min, respectively. This result is consistent with was far less than the nominal value because a large fraction

We thus decided to identify the stable and specific dead-
end complex of ¥G-containing DNA with inactive MGMT
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of the protein was tied up by poly(diC). Furthermore, our
recent results indicate that nonspecific binding of MGMT
to DNA may be cooperative with oligomeric protein in
contrast to equimolar specific binding (Fried et al., 1996).
Multimeric binding of the protein to control DNA was also

suggested in our studies by the mobility of the nonspecific

DNA complex in EMSA being lower than that of the
protein—substrate complex (Figure 4B). Finally, the speci-
ficity of the C145A mutant in substrate binding, as indicated
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