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ABSTRACT. Human O8-alkylguanine-DNA alkyltransferase (MGMT) repairs potentially cytotoxic and
mutagenic alkylation damage at thé-position of guanine and the“(osition of thymine in DNA. We

have used random sequence mutagenesis and functional complementation to obtain human MGMT mutants
that are resistant to the MGMT inhibito@f-benzylguanine [Encell, L. P., Coates, M. M., and Loeb, L.

A. (1998)Cancer Res. 58.013-1020]. Here we describe screening®tbenzylguanine-resistant mutants

for altered substrate specificity, i.e., for an increased level of utilizati@tehethylthymine (MiT) relative

to that ofO8-methylguanine (¥G). One mutant identified by the screen, 56-8, containing eight substitutions
near the active site (C150Y, S152R, A154S, V155G, N157T, V164M, E166Q, and A170T), was purified
and characterized kinetically. The second-order rate constant for repaifTafyrthe mutant was up to
11.5-fold greater than that of WT MGMT, and the relativémspecificity, k(m*T)/k(m®G), was as much

as 75-fold greater. In competition experiments with both substrates present, the mutant was 277-fold
more sensitive to inhibition by fit than WT MGMT. This mutant, and others like it, could help elucidate

the complex relationship between adduction at specific sites in DNA and the cytotoxicity and mutagenicity

of alkylating agents.

Alkylating agents produce a multitude of DNA alterations
that are mutagenic in the absence of repdir Z). O°-
Methylguanine (rfG)* is the most abundant mutagenic lesion
induced by simple methylating agen8.(O*Methylthymine
(m*T) is less frequently formed, but is more mutagenic in
both prokaryotic and eukaryotic celld-{9). m°G and nfT
residues in DNA induce G- A and T — C mutations,
respectively, and a role for both adducts in initiating

m®G more efficiently than fT, although the magnitude of
this substrate preference has varied in recent studies
(21-23).

We have previously employed random sequence mutagen-
esis to create a large library>{0° clones) of MGMTs
containing mutations near the active site cysteitig 24).

The library was expressed in alkyltransferase-deficiest
cherichia coli,and cells were treated with the methylating

carcinogenesis has been proposed on the basis of theigagent N-methylN'-nitro-N-nitrosoguanidine (MNNG) to-
persistence in animals that develop tumors following treat- gether with the competitive MGMT inhibito©-benzyl-

ment with alkylating agents10—13). Because the two
adducts exhibit similar mispairing proficiencies in viti4,
the greater mutagenicity of 4 has been ascribed to lack

of repair, and this is in accord with the longer persistence of

m*T adducts in the DNA of repair-proficient cells and
animals (5, 16). In humans, both adducts are repaired by
Ob-alkylguanine-DNA alkyltransferase (MGMT, EC 2.1.1.63).
MGMT, also called AGT 17, 18), repairs these adducts by
a direct stoichiometric transfer of the alkyl group to the repair
protein (L9). A unique cysteine residue accepts the alkyl
group, forming a stable, thioether linkaggd(21). MGMT

guanine (BG). In this way, we selected mutants that are
highly resistant to BG yet maintain the ability to protect
against killing by MNNG.

The mechanism(s) by which MGMT protects cells from
damage by alkylating agents has been difficult to establish
because these agents produce numerous alterations in DNA,
any of which could be rate-limiting for survival or mutagen-
esis. MGMT’s primary role may be in limiting mutations
because its two substrates®@and nT, have mispairing
potential. However, MGMT also reduces cytotoxiciB5(

26). The presumptive lethality of % and/or mMT is believed

is frequently classified as a suicide protein because theiy pe due to strand scissions induced by repeated, futile

cysteine sulfhydryl moiety is not regenerated, resulting in
irreversible inactivation. Wild-type (WT) MGMT repairs
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attempts of the mismatch repair system to remove the adducts
(27). Neither G nor nfT appears to be a strong block to
replication, since each is readily copied past by purified DNA
polymerasesag, 29). 3-Methyladenine is probably the adduct
most responsible for cytotoxicity, apparently due to its
potency in blocking DNA polymerases during replicati@0, (
31); however, 3-methyladenine is not a substrate for MGMT.
Creating mutant MGMTs with altered specificities against
m*T and n¥G could provide us with powerful probes for
understanding the relative contribution by each of these DNA
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adducts to the biological effects of alkylating agents. In the concentration of 10%, and aliquots were stored-80 °C.
absence of agents that specifically alkylate DNA at tHe O Protein concentrations were determined by the Bradford dye-
position of thymine, it is difficult to directly select mutants binding procedure with BSA as a standa8b)(
that exhibit enhanced repair of“m However, we reasoned Purification of Alkyltransferased.o construct vectors for
that among our mutants that are resistant to BG there wouldoverexpression of WT and mutant MGMTs, the appropriate
be some with altered substrate specificity, because the BG-cDNAs were subcloned from the pUC118-based vectors into
resistant phenotype most likely results from a structural pET28a by using PCR to amplify the insert and to introduce
alteration near the active site that prevents entry of the bulky unique restriction sites near the ends for cloning. The PCR
BG group (8). Indeed, by screening BG-resistant variants, primers were 5GAT GCC CAT ATG GAC AAG GAT
we were able to identify mutants that preferentially repaired TGT G-3 (forward) and 5CCG CTA AAG CTT CAT ACT
m*T. One such mutant, with eight amino acid substitutions CAG TTT CGG CCA G-3(reverse). Underlining indicates
near the active site, is analyzed here in detail. Ndd and HindlIl restriction sites, respectively. The PCR
products were digested with these restriction enzymes, gel-
EXPERIMENTAL PROCEDURES purified, and ligated into pET28a at the appropriate site. The
Materials. E. coliGWR111 (ada 0gt32) was a gift from resulting pET28a-based vectors encoded WT or mutant 56-8
L. SamsonE. coliNM522 (Stratagene) was used for cloning. MGMT fused at the N-terminus to 20 amino acids, including
E. coli BL21(DE3) (Novagen) was used for expression and a hexahistidine sequence. Vectors were transformed into
purification of alkyltransferases.xX1LYT medium @3) with electrocompetent BL21(DEJ. coli cells, and cells were
the indicated antibiotics was used for bacterial growth unless grown at 37°C in 500 mL of 2x YT medium supplemented
otherwise noted. pUC118-MGMT vectors were constructed with 50 ug/mL kanamycin. When th8sy reached 0.4, IPTG

as described previousil 7, 34) from pKT100 @5), which was added to a final concentration of 0.5 mM and the cells
was generously provided by S. Mitra. Vector pET28a and were grown for an additional 5 h. Cultures were harvested
the His tag protein purification kit were from NovageDf- at 4°C, and the pellets were resuspended in 30 mLf 1

Methyldeoxyguanosine ard*-methyldeoxythymidine phos-  binding buffer [20 mM Tris-HCI (pH 7.9), 0.5 M NacCl, and
phoramidites were from Glen Research, and oligonucleotides5 mM imidazole] containing lysozyme (0.4g/mL) and
were from Midland Certified Reagent Cq:-f?P]-ATP was frozen at—80 °C for 12 h. Cells were lysed by slowly
from Amersham. All enzymes were from New England thawing on ice over a period of 5 h, and the lysates were
Biolabs, and all other reagents were from Sigma unless centrifuged (2700g) at 4°C for 30 min. The hexahistidine-
otherwise noted. tagged MGMT fusion proteins were then purified at@
Oligonucleotide SubstratesSynthetic oligonucleotides, via a single-step metal chelation chromatographic procedure
obtained from Midland, were synthesized by using the by using Nf* affinity resin and the appropriate buffers for
modified phosphoramidites and purified by PAGE The washing and eluting, according to the supplier. The super-
sequences of the 23-mer oligonucleotides were as follows: natant was applied to a charged 10 mL His bind column
m®G-1, 3-GAACTG*CAGCTCCGTGCTGGCCC-3m*T- (1 cm x 10 cm), and the column was extensively washed
1, 5-GAACT*GCAGCTCCGTGCTGGCCC-3 and nfT- and then eluted at a flow rate of 20 mL/h; 1 mL fractions
2,5-GAACGGCAGCT*GCAGGCTGGCCC-3G*and T* were collected. Nearly all of the recovered MGMT eluted
represent #G and niT, respectively, and the underlining in the first 5 mL, as determined by analysis of the fractions
indicates sequences that are substrates for cleavaBstby by 12% PAGE. Fractions containing MGMT were combined
in the corresponding, unmethylated DNA duplexes. Methy- (2 mL) and dialyzed against 50 mM Tris-HCI (pH 7.5), 1
lated oligonucleotides (20 pmol) werkl&beled with {-32P]- mM EDTA, 200 mM NacCl, and 10% glycerol for 16 h and
ATP (30 pmol) and separated from unincorporated ATP by then against the same buffer containing 1 mM DTT for an
using G-50 fine NICK spin columns (Pharmacia). Each additional 8 h. The total amount of protein was again
labeled oligonucleotide (10 pmol) was annealed to a comple-determined by the Bradford procedure, and the MGMT
mentary oligonucleotide of the same length to form a duplex concentration was calculated by estimating the purity from
containing cytosine opposite®@ or adenine opposite 1h. Coomassie Blue-stained gels. Aliquots were stored &Q
Annealing was carried out in the presence of 15 pmol of °C.
complementary oligomer (to ensure complete hybridization DNA Repair AssayTo measure the extent of repair of
of the labeled oligomer) by heating to 96 and then slowly ~ mSG and T, we utilized®?P-labeled, duplex oligonucleotide
cooling to room temperature. substrates containing the adducts within uni&sé restric-
Preparation of Bacterial Lysate&WR111 cells harboring  tion sites. Following incubation with MGMT, the substrate
WT or mutant MGMT in pUC118 vectors were grown at was incubated witlPst and the products were analyzed by
37 °C in 5 mL of 1x YT medium supplemented with 50 PAGE. In this assay, unrepaired substrate is not cleaved by
ug/mL carbenicillin and 2%g/mL chloramphenicol. When  Pst and migrates as a 23-mer; substrate that is repaired
the Asgoreached 0.7, IPTG was added to a final concentration migrates as an 8-mer. Repair was visualized by autoradiog-
of 0.5 mM and the cultures were grown for an additional 3 raphy and quantitated by phosphor image analysis (Molecular
h. Cells were harvested at°€, resuspended in 250 of Dynamics) of the resolved bands. This methodology has been
alkyltransferase buffer [50 mM Tris-HCI (pH 7.5), 5 mM used to measure alkyltransferase activity in vite2, (34,
EDTA, and 5 mM DTT] containing lysozyme (0.4 mg/mL), 37, 38).

and frozen at-80 °C for approximately 12 h. Cells were Repair in Crude Lysatedror screening mutants, crude
lysed by slowly thawing on ice for a period of 2 h, and the lysates of bacteria expressing WT or mutant MGMTs were
lysates were centrifuged (270§)0at 4 °C for 30 min. incubated with radiolabeled oligonucleotides containirtGm

Supernatants were removed; glycerol was added to a finalor m*T in alkyltransferase buffer for 30 min at 3T in a
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FicurRe 1: Repair of MT and nmfG by lysates ofE. coli
overexpressing WT or mutant MGMTs. Lysates were incubated
for 30 min at 37°C with 32P-labeled duplex oligonucleotide
substrates containing a singléh(eight lanes at left) or AG (eight
lanes at right). Following digestion wittiPsi, samples were

electrophoresed on a 20% polyacrylamide gel. The lower bands in

the autoradiogram are 8-mers producedHsi cleavage of the
substrates after removal of the methyl group by MGMT. There was
no evidence of a lower band in control reactions without alkyl-
transferase (data not shown). Samples were (1) WT MGMT, (2)
V139F, (3) V139F/P140R/L142M, (4) mutant 56-8, (5) C150Y/
A154G/Y158F/L162P/K165R, (6) S152T/G160L/E166D/A170l, (7)
S152N/Y158H/L162H/W167L, and (8) G156A/G160R.

volume of 100uL. The reactions were stopped by the
addition of an equal volume of phenol. Following extraction
with phenol, and extraction with equal parts phenol/
chloroform—isobutanol (24/1) and chloroform/isobutanol (24/
1), the oligonucleotides were precipitated by centrifugation
from ethanol/300 mM sodium acetate (pH 5.2). The pre-
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Ficure 2: Time courses of AT-1 and NG repair by purified WT
and mutant 56-8 MGMT. MGMT (0.10 pmol) was incubated with
labeled MT-1 or nfG substrates (0.13 pmol) for increasing periods
of time at 37°C. Following digestion withPst, samples were
electrophoresed on a 20% polyacrylamide gel. The lower band in
the autoradiograms represents repair of the methyl adduct. (A)
Mutant 56-8 acting on AT-1: (1) no alkyltransferase control and
repair for (2) 10 s, (3) 20 s, (4) 50 s, (5) 1.3 min, (6) 2 min, (7) 2.5
min, (8) 3 min, (9) 6 min, and (10) 10 min. (B) Mutant 56-8 acting
on nfG: (1) no alkyltransferase control and repair for (2) 20 s, (3)
50 s, (4) 1 min, (5) 1.3 min, (6) 2 min, (7) 2.5 min, (8) 3 min, (9)

6 min, and (10) 10 min. (C) WT MGMT acting on4f1: (1) no
alkyltransferase control and repair for (2) 20 s, (3) 45 s, (4) 1 min,

cipitates were washed with 70% ethanol and redissolved in (5)2 min, (6) 3 min, (7) 5.3 min, (8) 10 min, and (9) 20 min. (D)

25 ulL of H,0. DNA (2 uL) was then digested witlPst
(0.5 unit) in a volume of 2@L for 1 h at 37°C. Radioactivity
was determined by scintillation counting so that equal

amounts could be loaded and resolved by 20% PAGE.

Phosphor imaging was used to quantitate repair.

Repair by Purified ProteinsPurified WT or mutant
MGMT (56-8) was incubated with labeled oligonucleotides
containing MiG or ntT as described above, and reactions

were stopped at various times for kinetic analysis. Rate
constants were calculated from the following second-order

rate equation39)
kt = (1/B, — A) IN[(By — X)AJ/(Ag — X)By]

wherek is the rate constanB, andA, are the concentrations
of reactants at time zero, ar®h — x and Ay — x are the
concentration of the reactants at timeA plot of In[(By, —
X)Ad/ (Ao — X)Bg] as a function of time should be linear, and
k can be calculated from the slope of the k@, — Ao).

RESULTS

Repair of G and mMT by Bacterial Crude Lysate§he
ability of WT and 14 mutant MGMTSs to repair 4@ and
m*T was examined by overexpressing the proteins in
alkyltransferase-deficiert. coliand incubating lysates with
the nfG and mT-1 substrates. Lysates (2&g of total
protein) were incubated with 0.2 pmol of oligonucleotide
substrate in a total volume of 100 for 30 min at 37°C,
and the oligonucleotides were then digested VA, and
examined by 20% PAGE. Figure 1 shows results for WT
MGMT (sample 1) and seven of the mutants (sampte8)2
Two of the mutants were created in an earlier libre3¥) (

WT MGMT acting on n§G: (1) no alkyltransferase control and
repair for (2) 10 s, (3) 22 s, (4) 33 s, (5) 45 s, (6) 56 s, (7) 1.5 min,
(8) 2 min, and (9) 4 min.

provide enhanced protection against MNNG (V139F; sample
2) or resistance to BG (V139F/P140R/L142M; sample 3)
when expressed iB. coli (34, 40). As indicated by the gel,
WT MGMT repaired "G more efficiently than rfr-1.
However, several mutants repairedTvil more efficiently
than WT MGMT, particularly mutant 56-8 (C150Y, S152R,
A154S, V155G, N157T, V164M, E166Q, and A170T,
sample 4). Whereas WT MGMT repaired less than 10% of
the nfT substrate (lane 1), mutant 56-8 repaired more than
90% (lane 4); in contrast, there was no detectable difference
in the levels of repair of AG. It should be noted that some
of the mutants repaired -1 less effectively than WT
MGMT (samples 3 and 8). On the basis of a series of
screening assays such as those presented in Figure 1, we
chose to purify mutant 56-8 for a more detailed characteriza-
tion.

Cloning and Qerexpression of Alkyltransferase®/T
MGMT and mutant 56-8 were cloned into pET28a and
overexpressed in BL21(DE3), and the hexahistidine-tagged
fusion proteins were purified by one-step ?Niaffinity
chromatography. The purity was estimated to>#0% by
visual inspection of Coomassie Blue-stained gels.

Kinetics of DNA RepairThe kinetics of MiT-1 and n§G
repair by mutant 56-8 were studied at 37. Gels showing
the time course of reactions with 0.10 pmol of protein and
0.13 pmol of MT-1 or nfG substrate are presented in Figure
2, and the data obtained by phosphor image quantitation are
plotted in Figure 3A. On the basis of the second-order rate
equation (see Experimental Procedures), theBinff x)Ad/

and were included in the screen because they are known td(A, — X)Bg] versus time was plotted, as shown in Figure
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FiGURE 3: Kinetics of nfT-1 and MG repair by purified WT and mutant 56-8 MGMT. (A) Time courses of repair obtained by phosphor
image analysis of gels shown in Figure 2)(mutant 56-8 acting on fif-1, (v) mutant 56-8 acting on f&, (o) WT MGMT acting on

m*T-1, and @) WT MGMT acting on MG. (B) The data depicted in panel A were replotted according to the second-order rate equation
(see Experimental Procedures).was the initial concentration of substrate @ythe initial concentration of alkyltransferase, afydand

B; were the concentrations of substrate and alkyltransferase at,timgpectively. Symbols are as described for panel A.

Table 1: Mutant 56-8 and WT AGT Rate Constarkl-{ 8.0
k(m*T-1)/ k(m*T-2)/ )
k(mSG)  k(MPT-1)  k(m®G) Kk(m*T-2)  k(mfG) 7.5

mutant 56-8  6.0< 10° 9.2x 10° 1.5 1.9x 10° 0.3
WT AGT 35.5x 10°¢ 0.8x 1P 0.02 0.5x 10° 0.01
mutant/WT 0.2 115 75 3.8 30

@ Rate constants were calculated from the slopes of the lines in Figure
3b, unless otherwise noted (units of Ms™* at 37°C). ? The error in
these values is estimated to be less than 20% on the basis of the variation
of individual data points from the best-fit line in Figure 3BFrom
Arrhenius plot (Figure 4).

7.0

6.5

6.0

log k(M 'sec’ ")

5.5

3B. Because the slopes are equivalenk(®, — Ao), the

0 PR SR T NN SR S S I SR SR SR I S |

rate constants could be calculated, and these values are shown 5

in Table 1. Data for repair of the two substrates by WT 3.2 3.3 3.4 3.5 3.6
MGMT under the same conditions are also shown in Figures 1/T (x 10%)

2 and 3k(m*T-1) for the WT protein, calculated as described

above, is shown in Table 1. The repair of@Gby WT Ficure 4: Relationship between the second-order rate congdtant (

MGMT was extemely rapid at S7C. reaching S0% 2 lemperatecTh o nar ot o bY WEMENT, T i
completion within seconds. To ‘_"?”fy the accuracy of thls_ he temperature dependence%f a specific rate constant. From this
rate constant measurement, additional reactions were carriegot, the activation energyeg) for the reaction was calculated to
out at 31°C, and at four lower temperatures. In these be 132 kJ/mol.
reactions, 0.10 pmol of WT MGMT was incubated with 0.20
pmol of nfG substrate for various times. The rate constants additional kinetic studies using the same conditions, but with
at 31, 25, 20, 14, and 1T were determined, and the lég a different MfT-containing substrate, fi-2. The time courses
for each was plotted as a function of the reciprocal of the of repair by mutant 56-8 and WT MGMTs are shown in
absolute temperature in an Arrhenius plot (Figure 4). A linear Figure 5, and the rate constants are listed in Table 1. Both
relationship was observed, allowing us to estimatek(h€G) MGMTs repaired the AT-2 substrate less efficiently than
at 37 °C for WT MGMT by extrapolation (Table 1). A m?*T-1. The mutant was again more efficient than WT
similar approach for determining ttémSG) for WT MGMT MGMT (3.8-fold), and the ratiok(m*T)/k(m8G) for the
at lower temperatures has been described previoddly (  mutant was 30-fold greater than for the WT protein. The
The foregoing measurements, summarized in Table 1,fact that the preference of mutant 56-8 fofThwas not as
indicate that mutant 56-8 has a very different substrate great with the rir-2 substrate as with fii-1 suggests a
preference compared to WT MGMT. The mutant repaired potential role for sequence context in the recognition 6f m
the nfT-1 substrate 11.5-fold more efficiently than the WT by MGMT.
protein. The mutant repaired thé@substrate nearly as well Competition Assaylo further compare the relative reac-
as nfT-1, although repair of G was>5-fold less efficient tivities of WT MGMT and mutant 56-8 toward i residues
than that by WT MGMT. Importantly, the rati&(m?*T)/ in DNA, we used a competition assay where botfT rand
k(m®G) for mutant 56-8 was 75-fold greater than for WT mSG substrates were present simultaneoust®).( The
MGMT. radiolabeled ¥G substrate was added to all reaction mixtures
Kinetics of Repair of a Second*mSubstrate Since the at the same concentration. The unlabeled competitdr m
efficiencies of many DNA repair processes are dependentsubstrate (fir-1) was added in increasing concentrations to
upon sequences neighboring the damd@ (ve carried out inhibit repair of the G substrate. Reactions were initiated
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FIGURE 5: Kinetics of repair of rfiT-2 by mutant 56-8 and WT

MGMTSs. Time courses of repair were obtained by using phosphor E.
image analysis to quantitate electrophoretically resolved reaction

products, as described in the legend of Figure @) rautant 56-8 [m3¥TYmEG] C 0 1 5§ 10 20 50 150

and @) WT MGMT.
@™ = coe-e

by addition of substoichiometric amounts of MGMT and the

mixtures incubated for 30 min at 3. The molar excess

of total substrate (fG and n4T) was intended to render the

assay more sensitive to competition; previous experiments

had suggested that the specified conditions would permit

reactions to proceed to near completion. As shown in Figure

6, increasing concentrations of theé'Trsubstrate inhibited T X X LE B
repair of the riG substrate by both mutant 56-8 (panel A)

and WT (panel B) MGMT, but importantly, the mutant was

much more sensitive to inhibition. Data obtained by phosphor FIGURE 6: Competition assays. Inhibition of repair of@by nfT.

: . e WT MGMT or mutant 56-8 (0.23 pmol) was added3®-labeled
image analysis of the gel _prquCtS_are shown In Figure 7. mSG substrate (0.30 pmol) in the presence of increasing concentra-
For mutant 56-8, a substoichiometric concentration 6T M {ions of an unlabeled fii-1 substrate. Reaction mixtures were

(m*T/mSG = 0.6) was required to inhibit repair of the®@ incubated at 37°C for 30 min. Following digestion witHPst,
substrate by 50%. In contrast, a much higher concentrationiampleshwere elg_ctrophor?]sed ona 20"/? pO'VQCFWamhide gel. Lane
of m4T (m4T/mBG — 166) was necessary to y|e|d 50% In each autora logram s ows a control reaction without proteln:
inhibition of the n¥G substrate repair by WT MGMT. (A) mutant 56-8 and (B) WT MGMT.

100
DISCUSSION [

-]
o

Even when a crystal structure is available, our ability to
predict the results of single-amino acid substitutions on the

2
substrate specificity of enzymes is limited. Desighing mutants 'E
with multiple substitutions is an even more daunting task, g g 00
particularly if a conformational change in the protein occurs ¢ 40| 80
upon substrate binding. Directed molecular evolution tech- QE L ng
nigues can circumvent these problems. By using positive 20 s
genetic complementation, it is possible to select mutants with [ wl - :
specific properties from large libraries of bacteria that express 0 W IAEdrerararerararare s WP
mutated enzymes. Screening can also identify mutants with 0 25 50 75 100 125 150
desired characteristics, albeit less efficiently. [m*TY[m*G]

In the work presented here, we used directed molecular . . 7. o aniitation of the competition betweeriTr. and niG
eVO'Ht'O” to increase the activity of MGMT toward'm a substrates for WT MGMT and mutant 56-8. The electrophoretically
relatively weak substrate for the WT protein. Several mutants resolved reaction products shown in Figure 6 were quantitated by
previously selected irE. coli for their ability to protect using phosphor image analysis. The level of repair 66mvas
against killing by MNNG and BG were screened for normalized to that observed in the absence 6T-t1_1 (Figure 6,
enhanced repair of synthetic oligonucleotides containifig m 'ane 0): @) mutant 56-8 andM) WT MGMT. The inset shows

. . o = inhibition at low nmfT-1 concentrations observed for mutant 56-8.
at a single site. A mutant with increased activity towarfim
that contained eight amino acid substitutions (mutant 56-8) reported values2@, 23, 41). The value of the rate constant
was identified by using bacterial lysates (Figure 1) and was for repair of a MT substrate with a similar sequence*{m
purified for kinetic analysis. 1) was 0.8x 10° M~1 51, demonstrating that WT MGMT

The value of the second-order rate constant we obtainedrepairs MT 44-fold less efficiently than G in this assay.
for repair of §G by purified WT MGMT at 377C was 35.5 ~ WT MGMT repaired a different AT substrate (fT-2) 71-

x 10° M~ts™1 (Table 1), in good agreement with previously fold less efficiently than #G. n?*T-1 is the more appropriate
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substrate for comparison, however, because of its similarity proximity of the modified base to the-Bnd of the oligo-
to the nfG substrate in sequence and in the position of the nucleotides may also be involved in recognition and repair
adduct with respect to the ends of the oligonucleotide of the adduct.
substrate. Our values for relative substrate preference are in Al eight of the amino acid substitutions in mutant 56-8
agreement with a previous repo2?y, in which WT MGMT may not be necessary for the alteration in specificity. The
repaired G 35-fold more efficiently than fT. A greater  eight changes are at sites that are not evolutionarily
relative preference for #G was observed in another study conserved, which may explain why the protein can tolerate
in which PH]-N-methylN-nitrosourea (MNU)-treated poly-  so many mutations. Interestingly, each of the eight changes
(dT) hybridized to poly(dA) was used as &Tnsubstrate s located at a position where sequence homology between
(23). In this work, WT MGMT repaired dT with 1/5000th  \WT MGMT and theE. coli alkyltransferase, Ada, is lacking
the efficiency found for #G. Poly(dT)poly(dA) does not  (18). Seven of the changes are at positions where WT
assume the B-form structure dominant in DNA in solution, MGMT differs from the otheiE. coli alkyltransferase, Ogt.
so the greatly reduced level of‘inrepair may have been  Although it is not consistent with previous reports), Ada
due, atleast in part, to poor recognition of the homopolymer was recently shown to have no preference féGrover niT
duplex. The G-position of thymine is the most reactive (22). In contrast, Ogt was shown to repaif r84 times faster
toward MNU, but the presence of less frequently formed than Ada ¢6), and reportedly has a preference fofThover
adducts at the ® and N3-positions may have also inhibited méG (21, 45, 46). The bacterial alkyltransferases are similar
recognition and repair of fif. In summary then, our data  to mutant 56-8 in that they are also resistant to B@ 48).
are consistent with the general observations of others thatit is tempting to argue that we have created a mutant that is
m*T is a substrate for WT MGMT, but is repaired less more like its bacterial counterparts, at least functionally,
efficiently than miG. because it has better activity againstinand is resistant to
The value of the second-order rate constant for repair of BG. Unfortunately, we still lack a crystal structure for the
m*T-1 by mutant 56-8 was 9.% 10° M~! s™* (Table 1),  human AGT with or without bound DNA.
approximately 12-fold greater than that for the WT protein. |t has been proposed that 4TrA base pair increases the
The rate constant for repair of*@ was only slightly lower  gegree of local curvature in DNA and that this may be
at 6.0 x 10° M™* s™%. The enhanced fil repair was  yegponsible for the lower activity of WT MGMT on 4%
accompanied by a moderate decrease in the level&f m (49 |t is possible that the active site of mutant 56-8 may
repair, the rate constant being approximateyof that of  5ccommodate an increased degree of curvature, and that the

WT MGMT. The ratiok(m*T)/k(m°G) for the mutant was  gtryctural changes permitting this accommodation can also

the very sy_bstantial phange if‘ substrate specificity. On the basis of the strong mutagenic potential dTTm
Competition experiments with both‘fand nfG present and the fact that it is a more persistent adduct tha@ nit

In reaction mixtures suggested an even greater alteratlonis possible that AT is as biologically significant as or even

(Figures 6 and 7). A [fT}/[m°G] ratio of 166, I.€., _a_166- more biologically significant than #6. The mutagenicity
fold molar excess of AT, was necessary to inhibit WT of different DNA alterations produced by alkylating agents
MGMT repair of n‘FG_by. 50% while a ratio of only 0.6 could be important in the emergence of secondary leukemias
was requwed_ for 50% |nh|b|t|p n .Of P repair by the mutant. after treatment of patients with chemotherapeutic alkylating
The competition data thus indicate that mutant 56-8 has agents §0). Use of human MGMT has been proposed for
277'f.0|d greater preference for“frlf)over nfG _than the WT_ the protection of bone marrow against these drugd. (
protein. AIthO.UQh the competition experiments pr_oy|de_ Mutant MGMTs that enhance repair of specific lesions (e.g.,
convincing evidence of a change in substrate specificity, it u1y offer an advantage if the specific lesions are responsible
should be pointed out that the relative amounts 6f msed for the toxic, mutagenic, or carcinogenic effects of a

"? thgse studies do not accurately represent an in yivo particular alkylating agent. If the initial mutations responsible
situation where DNA is exposed to a simple methylating ¢, yhe secondary leukemias could be uncovered, mutant
agf\.‘/ln,EI.NFé)r examp_le, unldelro%o?ﬂgl?ns %_exfposurg tﬁ MNU vGMTS that repair the critical lesion(s) more efficiently
or » approximately -fold lessmis formed than could be created, and gene therapy could be used to introduce

6
m G.(S)' . such mutant enzymes to patients at risk.
It is known that the surrounding sequence can modulate

the efficiency of MiG repair by WT MGMT, perhaps dueto  ACKNOWLEDGMENT
stacking interactions or steric hindrance. We observed less
efficient repair of MT by both mutant and WT MGMT with

the nfT-2 substrate than with fi-1. Previous studies have
shown that the basé @ the methylated nucleotide can affect
the repair of A(G by MGMT (43), although this bias was
not observed for the bacterial alkyltransferase, G@).(
Substrates AT-1 and mMT-2 both contain cytosine im-
mediately 5 of the methylated base, indicating that the
decreased efficiency we observed fofT"2 may be due to

We thank Ann Blank, Al Mildvan, and Hisaya Kawate
for helpful discussions and critical comments, as well as the
reviewers of the manuscript for their valuable suggestions
for revision. We also thank Sarah Sager for excellent
technical assistance.

REFERENCES

1. Singer, B., and Grunberger, D. (1983)e Molecular Biology

other sequence differences. It has been shown that MGMT
interacts with eight base pairs in DNA4Y). Although
sequence may play a role in the repair of th reubstrates

by both WT MGMT and mutant 56-8, differences in the

of Mutagens and CarcinogenBlenum Press, New York.

2. Loechler, E. L., Green, C. L., and Essigmann, J. M. (1984)
Proc. Natl. Acad. Sci. U.S.A. 86271-6275.

3. Beranek, D. T. (1990Mutat. Res. 23111—-30.



Altering the Substrate Specificity of MGMT

4. Abbott, P. J., and Saffhill, R. (197 Nucleic Acids Res.,4
761-769.

5. Preston, B. D., Singer, B., and Loeb, L. A. (1988pc. Natl.
Acad. Sci. U.S.A. 838501-8505.

6. Dosanjh, M. K., Singer, B., and Essigmann, J. M. (1991)
Biochemistry 307027-7033.

7. Klein, J. C., Bleeker, M. J., Roelen, H. C. P. F., Rafferty, J.
A., Margison, G. P., Brugghe, H. F., van den Elst, H., van
der Marel, G. A., van Boom, J. H., Kriek, E., and Berns, A.
J. M. (1994)J. Biol. Chem. 26925521-25528.

8. Altshuler, K. B., Hodes, C. S., and Essigmann, J. M. (1996)
Chem. Res. Toxicol., ®80-987.

9. Pauly, G. T., Hughes, S. H., and Moschel, R. C. (1998)

Carcinogenesis 1957—-461.

Kleihues, P., and Margison, G. P. (1934Natl. Cancer Inst.

53, 1839-1841.

Nicoll, J. W., Swann, P. F., and Pegg, A. E. (19R&}ture

254, 261-262.

10.
11.

29.

30.

31.

32.

33.

34.

35.

36.
37.

12.
13.
14.

15.
16.

Sukumar, S., Notario, V., Martin-Zanca, D., and Barbacid, M.
(1983) Nature 306 658-661.

Belinsky, S. A., Devereux, T. R., Maronpot, R. R., Stoner, G.
D., and Anderson, M. W. (198%ancer Res. 4%5305-5311.
Singer, B., and Dosanjh, M. K. (199®utat. Res. 23345~

51.

Singer, B. (1986 ancer Res. 464879-4885.

O'Toole, S. M., Pegg, A. E., and Swenberg, J. A. (1993)

38.

39.

40.

Cancer Res. 533895-3898.

Encell, L. P., Coates, M. M., and Loeb, L. A. (1993ncer
Res. 581013-1020.

18. Pegg, A. E., Dolan, M. E., and Moschel, R. C. (19P%)g.
Nucleic Acid Res. 51167—223.

Pegg, A. E., Roberfroid, M., von Bahr, C., Foote, R. S., Mitra,
S., Bresil, H., Likhachev, A., and Montesano, R. (19B®)c.
Natl. Acad. Sci. U.S.A. 7%162-5165.

Koike, G., Maki, H., Takeya, H., Hayakawa, H., and Sekiguchi,
M. (1990)J. Biol. Chem. 26514754-14762.

Sassanfar, M., Dosanjh, M. K., Essigmann, J. M., and Samson,
L. (1991)J. Biol. Chem. 2652767-2771.

Paalman, S. R., Sung, C., and Clarke, N. D. (1#@¢hem-
istry 36, 11118-11124.

Zak, P., Kleibl, K., and Laval, F. (1994) Biol. Chem. 269
730-733.

Encell, L. P., Landis, D. M., and Loeb, L. A. (1998at.
Biotechnol. 17 143-147.

Moritz, T., Mackay, W., Glassner, B. J., Williams, D. A., and
Samson, L. (1995Cancer Res. 552608-2614.

Wang, G., Weiss, C., Sheng, P., and Bresnick, E. (1996)
Biochem. Pharmacol. 511221-1228.

Karran, P., and Bignami, M. (199B)oEssays 16833—839.
Dosanjh, M. K., Galeros, G., Goodman, M. F., and Singer, B.
(1991) Biochemistry 3011595-11599.

17.

19.

20.
21.
22.
23.
24.
25.
26.

27.
28.

41.

42.
43.

44,

45.

46.

47.

48.

49.

50.

Biochemistry, Vol. 38, No. 37, 19992103

Dosanjh, M. K., Menichini, P., Eritja, R., and Singer, B. (1993)
Carcinogenesis 1,41915-1919.

Boiteux, S., Huisman, O., and Laval, J. (19&BO J. 3
2569-2573.

Larson, K., Sahm, J., Shenkar, R., and Strauss, B. (1985)
Mutat. Res. 15077—84.

Rebeck, G. W., and Samson, L. (1991)Bacteriol. 173
2068-2076.

Sambrook, J., Fritsch, E. F., and Maniatis, T. (1988)ecular
Cloning: A Laboratory Reference Manya2nd ed., Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, NY.
Christians, F. C., Dawson, B. J., Coates, M. M., and Loeb, L.
A. (1997) Cancer Res. 5720072012.

Tano, K., Shiota, S., Collier, J., Foote, R. S., and Mitra, S.
(1990) Proc. Natl. Acad. Sci. U.S.A. 8686-690.

Bradford, M. M. (1976Anal. Biochem. 72248-254.

Wu, R. S., Hurst-Calderone, S., and Kohn, K. W. (1987)
Cancer Res. 476229-6235.

Pieper, R. O., Morgan, S. E., and Kelley, M. R. (1994)
Carcinogenesis 151895-1902.

Cornish-Bowden, A. (1995) iffundamentals of Enzyme
Kinetics pp 1-17, Portland Press Ltd., London.

Christians, F. C., and Loeb, L. A. (199Bjoc. Natl. Acad.
Sci. U.S.A. 936124-6128.

Chan, C.-L., Wu, Z., Ciardelli, T., Eastman, A., and Bresnick,
E. (1993)Arch. Biochem. Biophys. 30Q@93—-200.

Singer, B. (1996[Regul. Toxicol. Pharmacol. 22—-13.

Dolan, M. E., Oplinger, M., and Pegg, A. E. (19&3rcino-
genesis 92139-2143.

Vidal, A., Abril, N., and Pueyo, C. (1997 nviron. Mol.
Mutagen. 29180-188.

Graves, R. J., Li, B. F., and Swann, P. F. (1989)cino-
genesis 10661—-666.

Wilkinson, M. C., Potter, P. M., Cawkwell, L., Georgiadis,
P., Patel, D., Swann, P. F., and Margison, G. P. (18&&}eic
Acids Res. 1,78475-8484.

Dolan, M. E., Pegg, A. E., Dumenco, L. L., Moschel, R. C.,
and Gerson, S. L. (1990arcinogenesis 12305-2309.
Pegg, A. E., Boosalis, M., Samson, L., Moschel, R. C., Byers,
T. L., Swenn, K., and Dolan, M. E. (199Bjochemistry 32
11998-12006.

Cruzeiro-Hansson, L., and Goodfellow, J. M. (19G4ycino-
genesis 151525-1533.

Levine, E. G., and Bloomfield, C. D. (1998emin. Oncol.
19, 47-84.

.Koc, O. N, Allay, J. A, Lee, K., Davis, B. M., Reese, J. S.,

and Gerson, S. L. (1996emin. Oncol. 2346—65.
B19913606



