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ABSTRACT. The multifunctional 39 kDd&scherichia coliAda protein O8-methylguanine DNA methyl-
transferase) (EC 2.1.1.63), product of tdagene, is a monomeric globular polypeptide with two distinct
alkylacceptor activities located in two domains. The two domains are of nearly equal size and are connected
by a hinge region. The Ada protein accepts stoichiometrically the alkyl group ®&alkylguanine in

DNA at the Cys-321 residue and from alkyl phosphotriester at the Cys-69 residue. This protein functions
in DNA repair by direct dealkylation of mutagen@®-alkylguanine. The protein methylated at Cys-69
becomes a transcriptional activator of the genes iratifeeregulon, including its own. Each of the two
domains functions independently as an alkyl acceptor. The purified homogeneous protein is unstable at
37 °C and spontaneously loses about 30% of its secondary structure in less than 30 min concomitant with
a complete loss of activity. However, sedimentation equilibrium studies indicated that the inactive protein
remains in the monomeric form without aggregation. Furthermore, electrospray mass spectroscopic analysis
indicated the absence of oxidation of the inactive protein. This temperature-dependent inactivation of
the Ada protein is inhibited by DNA. In the presence of increasing concentrations of urea or guanidine,
the protein gradually loses more than 80% of its structure. The two alkyl acceptor activities appear to be
differentially sensitive to unfolding and the phosphotriester methyltransferase activity is resistant to 7 M
urea. The partial or complete unfolding induced by urea or guanidine is completely reversed within
seconds by removal of the denaturant. The heat-coagulated protein can also be restored to full activity
by cycling it through treatment wit8 M urea @ 6 M guanidine. These results suggest that the nascent

or unfolded Ada polypeptide folds to a metastable form which is active and that the thermodynamically
stable structure is partially unfolded and inactive.

The 39 kDa, monomeric Ada protei®{methylguanine- two distinct functional domains. The Cys-69 residue in the
DNA methyltransferase, also abbreviated as MGMEC N-terminal half of the protein as a phosphotriestBNA
2.1.1.63), the product of thada gene, plays a central role methyltransferase (PMT) accepts alkyl groups fré@n
in alkylation damage repair iBscherichia coli The protein diastereoisomers of alkylphosphotriester residues. Cys-321
is also unique in acting as a stoichiometric alkyltransferase in the C-terminal half with theO®-methylguanine-DNA
for two different substrated(2). These activities reside in  methyltransferase (MGMT) accepts alkyl groups fr@

alkylguanine and*-alkylthymine in DNA @). These alkyl
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of the protein linked by a protease-hypersensitive hinge CA. Urea (AR, Mallinckrodt) was further recrystallized
region @, 8). The tertiary structure of the full-length protein  from hot ethanol to eliminate possible cyanate ion contami-
has not been elucidated although the X-ray crystallographic nations 21). Guanidine hydrochloride (Gdn-HCI) (8 M,
structure of the 19 kDa C-terminal half with MGMT activity ~Sequence grade) was a gift from Pierce. Urea or Gdn-HCI
was publishedd). More recently, Verdine, Wagner, and even at the highest concentration did not show any absorption
their collaborators elucidated the solution structure of the or emission spectra over that of the buffer solution during
10 kDa N-terminal region of the Ada protein, which has the optical measurements.

PMT activity but lacks the sequence-specific DNA binding  Purification of Ada Protein. The construction and char-
domain (0, 11). Their studies have shown that this fragment acterization of high-leveddaexpression plasmid pSM41 has
has a tightly bound Zt that is necessary for proper folding been described by Tano et al22f. The purification

of the protein. Furthermore, functional switch from a procedure of Ada protein from thedg. coli cells was
methyltransferase to a transcriptional activator involve¥Zn ~ essentially that of Bhattacharyya et &8) except that the
binding to the methylcysteine residuk?. Another unusual ~ composition of the buffer used in the final gel-filtration step
feature of the Ada protein is that, unlike many other known was 20 mM Tris-HCI (pH 8.0) containing 1 mM DTT, 0.1

activators and repressors, it is present as a monomer in nativénM EDTA, 1% glycerol, and 20 mM NaC1 (buffer A). The
state both with or without methylatior8), gelfiltration column fractions containing Ada corresponding

to the band of 39 kDa in SDSPAGE were concentrated
10-fold in a Speedvac vacuum centrifuge. The protein-(10
15 mg/mL) produced by this treatment was highly active
(>90%). This preparation was free from protease activity
as judged by the integrity of the 39 kDa band in SEFAGE
'even after incubation at 37C for 6 h. Densitometric

In the course of physicochemical studies of the Ada
protein, we observed that its methyltransferase activities were
not completely inhibited by high concentrations of urea,
which warranted a detailed investigation of its unfolding
properties. Such a study is all the more important because

while biochemical evidence suggests that the Ada protein scanning of the gel containing purified Ada protein showed

con5|st_s of two mOdmeS funchonm_g independently, X-ray that the preparation was over 95% pure with a trace amount
scattering analysis suggested that it has an overall globular

d i ! 7 of high molecular weight contaminants. In the case of
shape 8). In this paper, we investigated the correlation of 9 9

S . : samples for sedimentation equilibrium and mass spectro-
I(;Stshgfs/ﬁgil: and PMT activities with the overall unfolding scopic analysis, the protein was further purified by FPLC

on a Mono S column (Pharmacia). The protein was eluted
The principles and mechanisms of folding of linear at 0.5 M NaCl. Concentration of the protein was measured

polypeptide chains into biologically active and native tertiary either by using its extinction coefficiedt*,g0,m= 5.3 ©)

configuration have been extensively studied but are still not or using the Pierce BCA protein assay reagent with bovine

completely understood.). Many of the proteins currently  serum albumin as standarg3j.

under investigation as model systems are small, secretory Preparation of Substrate and Actily Assay Systems: (a)

proteins containing disulfide bridges and usually contain a Of-Methylguanine-DNA Methyltransferase Synthetic poly-

single domain. Emphasis has been focused on the role of(dC,dG,d[82H]m®dG) substrate was used for this purpose.

disulfide bridges and proline isomerization in the proper Preparation of this substrate and related assay procedure have

folding of unfolded molecules (for reviews, see raf— been described by Foote et dl, @4).

16). However, most of the intracellular monomeric proteins  (b) MethylphosphotriestertDNA MethyltransferaseCalf

do not have SS bonds and many of them have more than thymus DNA (CT DNA) was methylated witfHi]MNU and

one domain. The correct folding of such molecules obvi- heated to removi-alkylpurines. The resulting DNA, after

ously involves a complex process. Several models have beeralcohol precipitation and dialysis, containéd-label in

proposed to explain the rapid folding of unfolded molecules nearly equal proportion ir0%-methylguanine and meth-

to active form. Fersht proposed that small protein molecules ylphosphotriester residues and accounted for more than 90%

may fold by a nucleation mechanism that is characterized of the total radioactivityZ, 25. This methylated DNA was

by the lack of detectable intermediatds Panchenko et then further treated with exce&’-methylguanine- DNA

al. (18) suggested that foldons, quasi-independent folding methyltransferase purified from human placeri( The

units, can fold simultaneously as modules and thus reducehuman methyltransferase is specific fof-methylguanine

the time needed for correct folding. Until recently, it was residues and does not react with methylphosphotries26)s (

generally believed that folding is under thermodynamic Therefore, the residual radioactivity in CT DNA was

control and that the active protein conformation correlates primarily present in phosphotriesters. Assay of phospho-

to a global energy minimum. However, several studies have triester repair was carried out according to Karran eta). (

recently shown that some proteins fold to a metastable but The compositions of both substrates were checked by acid

active state; those are subsequently converted to a thermohydrolysis followed by chromatography on an Aminex A-6

dynamically stable but inactive formi9, 2Q. The results ~ column @4).

described in this report suggest that the Ada protein also Circular Dichroism MeasurementsCD spectra were

folds to a metastable active form. The protein is subse- typically scanned at 23C between 205 and 260 nm using

quently converted into a stable form that is inactive. a Cary 61 spectropolarimeter, equipped with a thermostat,
in a 3-mL cuvette with 1-cm path length. Protein concentra-

MATERIALS AND METHODS tion was 0.064 mg/mL. Samples were scanned immediately
Materials. [*H-CHs]-N-methyl-N-nitrosourea (MNU) (4 2Urea obtained from other sources, even after recrystallization,

Ci/mmol) was purchased from Moravek Biochemicals, Brea, irreversibly inactivated the Ada protein.
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or after 16-24 h incubation with the denaturant<8 M
urea or -6 M Gdn-HCI) in 0.05 M sodium phosphate 0
buffer, pH 7.5. The ellipticity at 225 nm was used to
measure the fraction of native structure remaining in each
denaturing condition. Each spectrum was corrected for
baseline. The molar mean residue ellipticity at wavelength
4, [6]1°€ in degrees centimetedecimole’, was obtained
from
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wheref = experimentally observed ellipticity in degrees at
wavelength, | = path length in centimeters, = protein
concentration in grams per milliliter, and MRW¥ mean TR — TS e—
residue weight of 112 calculated from the amino acid Anm) Anm)
composition of the Ada proteir2g). Ficure 1: Circular dichroism spectra of native, denatured, and
Fluorescence MeasuremenAll fluorescence measure- renatured Ada proteins. (A) Native Ada protein scanned im-
ments were carried out in a ISS Greg PC photon counting mediately after dilution with 0.05 M sodium phosphate buffer, pH
spectrofluorometer (ISS, Champaign, IL) equipped with an 7.5, or after incubation at room temperature4d (N). D represents

the scan of Ada protein after denaturation in 8 M urea in 0.05 M
AT&T PC6300 computer. Quartz cells of 1-cm path length sodium phosphate, pH 7.5, immediately after denaturation or after

was used in exp.eri.ments with 0.3 mg/mL Ada protein iN 4 h incubation. R represents the scan of Ada protein after
buffer A. The emission spectra were corrected for instrument denaturation wh 8 M urea followed by 30-fold dilution with the
response and for the background signals from the buffer. phosphate buffer both immediately and a#teh ofincubation. No

iz ati ; _significant difference was observed between the two measurements.
ELL:Z(TZS%Z%G nrﬁlgxiltiagigit(;iigzp;?gg%n nrrismues was mea (B) Spectra were obtained as described in panel A except that 6 M

. . L Gdn-HCI was the denaturant. Final protein concentration was 0.064
Sedimentation Equilibrium.The quaternary structure of  mg/mL in all experiments.

native, inactivated, and renatured MGMT was monitored by

sedimentation equilibrium in a Beckman XL-A analytical repeated three times. Demethylation of the substrate was

ultracentrifuge. The high-speed, meniscus-depletion proce-measured as described earlier. It was shown that the Ada

dure was employed@). The loading protein concentrations  protein reacts extremely rapidly with poly(dC,dG8imé-

were about 0.5 mg/mL. Data were acquired by averaging dG) even at (°C, with a rate constant of 1.% 10° M~!

10 scans after reaching equilibrium at the speed of 30 000min-1 (8). Because of the low solubility of urea at low

rpm and 4°C. The equilibrium data were fit to a model of temperature, this rate was determined again at@%nd

a single homogeneous sedimenting species. The partiakhe rate constant was found to be 4410° M~1 min-1

specific volume of MGMT was calculated using the amino (Figure 3).

acid compositionZ8) and the procedure of Cohn and Edsall |3 some experiments, the fraction of active molecules,

(30. _ . . rather than the rate of reaction of the Ada protein, was
Denaturation and RenaturationAda protein was dena-  getermined after treatment with urea or Gdn-HCI. In these

tured by addition of stock solutions of 8.8 M urea or 7 M ¢ases, reactions were carried out in the presence of excess

Gdn-HCI at pH 7.5 and at _ZEC for 1 min or between 16 poly(dC,dG,[83H]m6dG) or methylated CT DNA. The
and 20 h before any physical measurement was done. INrgactions were allowed to go to completion following
typical renaturation studies, 1@ of the Ada protein was  jhcubation fo 4 h at 37°C.

denatured with 9QuL of 8.8 M urea @ 7 M Gdn-HCI

followed by 30-fold dilution with 0.05 M sodium phosphate RESULTS

buffer, pH 7.5. For reactivation studies the denaturant was

further diluted 10-fold to prevent any possible inhibition of =~ Native State of Ada Protein.The circular dichroism

methyltransferase arising from the ionic strength of the spectrum of the Ada protein in the UV region (26860

solvent @5, 31). nm) is shown in Figure 1. The-helix andj-sheet contents
Kinetics of Methyltransferase Reactiofihe second-order ~ Of the protein as calculated from this spectra were 19.8%

rate constants of methyl group transfer of Ada protein using and 20.8%, respectively. The fluorescence emission spec-

the synthetic poly(dC,dG,[84]m°dG) was measured at 25  trum of the Ada protein following excitation at 297 nm is

°C in the presence of-88 M urea. The concentrations of ~shown in Figure 2A. It ha#maxemat 337 nm. When excited

Ada protein &) and substratebj were as follows: between at 280 and 295 nm, th&maxemWas shifted to 300 and 334

0 and 3 M ureaa= 0.388x 10°°M andb=0.124x 10° nm, respectively (results not shown). This suggests that,

M: at 4 M ureaa= 0.388x 10°M andb = 0.264x 10°° when excited at 297 nm, the fluorescence was mostly due

M; at5 M urea,a= 1.94x 10°M andb = 0.94 x 10°° to tryptophans rather than tyrosines. This was expected as

M: and between 6 ah8 M urea,a = 1.94 x 10°M andb Ada protein contains five tryptophan and six tyrosine residues
= 2.375x 109 M. Reactions were followed up to 1 and (4, 28.
60 min for sets 64 M and 5-8 M urea, respectively, and Denatured State of Ada ProteinThe Ada protein was

stopped by adding 1% SDS. Because of very fast reactions,denatured 8 M urea @ 6 M Gdn-HCI at pH 7.5 either for
experiments with samples containing up4 M urea were 30 s or for 16-24 h and the circular dichroism spectra of
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Ficure 2: Fluorescence properties of native, denatured, and palt

renatured Ada proteins at 2. (A) Emission spectra of tryptophan ~ FiGURE 3: Effect of urea on the second-order rate constant of CH
fluorescence of Ada protein: native (N), denaturgdg8M urea group transfer fronD%-methylguanine to Ada protein®) Native
(D), and renatured by 30-fold dilution with phosphate buffer (R). protein; @) protein after de_naturatlon/renaturatlon treatment. Details
The spectra were corrected for baseline. (B) Fluorescence intensityof experiments are described in Materials and Methods.

at 335 nm as a function of urea concentration. (C) Emission maxima

(nanometers) as a function of urea concentration. (D) Polarization R Al = B
at 345 nm in the presence of urea. AU, arbitrary units. In all gmo § 1o

experiments 0.060.12 mg/mL protein was used and the excitation s <5 g

wavelength was 297 nm@j Native protein; ©) Ada protein after E 80 %;» E 801

denaturation and renaturation by dilution of urea. g o ;g g d 60

the protein under these two denaturing conditions have been  F éf &

shown in Figure 1. Longer incubation did not further affect £ 40 L Eawp

the profile observed after 30 s of incubation. In either case, % 5’”-? 4§ *

the profiles resemble the character of random coils. Inthe 3 2 g Fr

case of treatment with urea, a 20% residual molar ellipticity & . L 1 £ * . L

at 225 nm was observed while with Gdn-HCI treatment it 0 2 4 6 8 0 2 4 6 8

Urea (M) Gdn-HCI (M)

was reduced to 12%. This indicated an almost complete _ _ ] _
FiGure 4: Reversible denaturation of Ada protein and its methyl-

collapse of the secondary structure of the protein. The -V e
fluorescence properties of the Ada brotaing M urea are acceptor activity. (A) Methyl acceptor activities fromﬁ-meth—

. ) prop . p ylguanine @) and phosphotrieste®) were measured in the Ada
shown in Figure 2. When excited at 297 nm, thgxem protein in the presence of urea. Residual ellipticity of native protein
was shifted from 337 to 350.4 nm with over 100% enhance- (®) or urea denatured-renatured prote®).((B) Denaturation of

ment of emission intensity at 335 nm. This result suggests Ada with Gdn-HCI. Details of experimental procedures are given
that the tryptophan residues are exposed from a morein Materials and Methods. All results were expressed as percentage
; . . of control values.
hydrophobic medium to a more polar medium as a result of
urea addition. The polarization value of tryptophan fluo- renatured enzyme reacts with the synthetic substrate with a
rescence, measured at 345 nm when excited at 297 nm, alssecond-order rate constant= 3.3 x 10° M~ min~* at 25
changed from 0.28 to 0.16. Interestingly, the Ada protein °C, which is, within limits of error, the same as that of the
can carry out repair oB®-methylguanine and methylphos- native protein (Figure 3). These results show the complete
photriester even in the presendeédvl urea. The rates were,  reversibility of the denaturation process. Thus, valid ther-
however, 18 and 2-fold slower compared to that in the modynamic parameters can be derived from these denatur-
absence of denaturant for the two processes, respectivelyation studies.
(Figures 3 and 4). Kinetics of RenaturationThe kinetics of renaturation was
Renatured State of Ada ProteifRenaturation by dilution  found to be fast. Even at €C, the restoration off]]225nm
with buffer from 8 M urea 0 6 M Gdn HCl instantly restores  was quantitative in less than 30 s, the minimum time needed
the secondary structure of the Ada protein to a state that isfor CD spectral analysis (Figure 4). The fluorescence
almost indistinguishable from the native state (Figure 1). A properties of the renatured enzyme are also changed to the
blue shift of Amaxemfrom 350.4 to 339 nm together with a  full extent within that time interval. From the limit of
43% quenching of fluorescence intensity at 335 nm compareddetection, the first-order rate constant for conversion of the
to that of the denatured state was observed upon exciting atdenatured state to the native state is estimated to @&
297 nm. This and the change of polarization from 0.16 to s™. Determination of the kinetics of reactivation was not
0.31 indicate that the exposed tryptophan residues were oncepossible without a stopped-flow device. Nevertheless, a
again shielded in a nonpolar environment (Figure 2). The sample renatured for 30 s showed identical kinetics of
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D) Ficure 6: Unfolding of Ada by urea. The extent of folding of the

FiIGURE 5:  Estimation of AG of unfolding of Ada. AG, was Ada protein was calculated from fluorescence anisotr@pyand
calculated from the fraction unfolded in various concentrations of ~p (ata ®) as a function of urea concentration as described in

urea @) or Gdn-HCI ©) as described in the text. the text.

methyltransfer as the native protein. Identical results were gjgnjficant to note that, within experimental uncertainities,
obtained with both urea- and guanidine-denatured proteins.poth sets of data extrapolate toAB,° of 1.7 + 0.3 kcall
Equilibrium of the Chemical Denaturation and Renatur- | although the slopes are significantly different. A steeper
ation ProcessesHaving established the reversibility of the slope for the Gdn-HCI data reflects the more cooperative
denaturation process, we employed multiple physical tech- natre of unfolding induced by this denaturant. The con-
niques to define the mechanism of unfolding of this multi- vergence of both data sets to the same valueAG{°

domain protein. Different physicochemical properties, €.9., jngicates that the same denaturation process is induced by
[0]225nm tryptophan fluorescence intensity at emission maxima poth denaturants.

of 225 nm with excitation at 297 nm, polarization of  gimilar results on reversibility are obtained from the

tryptophans, an@°-methylguanine-DNA and phosphotri-  fjygrescence measurements, except that a minor deviation
ester repair activities of the partially denatured states were, 55 opserved in samples in less than 2 M urea (data not
used for their characterization (Figures 2 and 4). The partly shown). The intermediate unfolded states could be reached
unfolded states were generated either by exposing the nativgyithin seconds of denaturation or renaturation. The rationale
protein to varying concentrations of urea or Gdn-HCI' ot employing different physical techniques to monitor the

(forward reaction) or by reducing the concentration of the chemjcal denaturation process of Ada, a multidomain protein,
denaturant after the protein was exposed®tM urea or 7 s 5 probe the cooperativity of unfolding in order to detect

M Gdn-HCI (reverse reaction). As indicated by the change {he presence of interdomain interaction. The fluorescence
of [6]22snmas a function of denaturant concentration (Figure pojarization data were, therefore, further processed to define
4), the unfolding and refolding profiles were nearly identical e fraction folded at each denaturant concentration. Fluo-
and superimpose on each other. Thus, the unfolding pathwayrescence polarization data accurately reflect the unfolding

appears to be completely reversible, involving the same nrqcess only if the fluorescence intensities of the folded and
structural intermediates. The CD denaturation data Were nfolded forms are identicaB@). However, it is evident

further analyzed to determine the equilibrium constant of ,m Figure 2A that this requirement is not met in this
unfolding at various denaturant concentrations within the system. Thus, a correction factér, needs to be introduced

transition zones. The plateau values at low and high 5 convert the fluorescence polarization data to fraction of
denaturant concentrations were taken to reflect the folded pq3 in folded statef :

and unfolded states, respectively. At each denaturant

concentration, the equilibrium constant of unfoldiig, can F (€ — €unfolded
be estimated by f=
€rolded — € T F(€ = €4nfolded
1—f
Ku= f whereF is the ratio of fluorescence intinsities of the folded

and unfolded states ardesoiged, aNdeuntoigeqa@re the observed
wheref is the fraction in the folded stateK, is converted polarization at a denaturant concentration and the polarization
to AG,, free energy change of unfolding, &G, = —RTIn for folded and unfolded states, respectively. The folded
K. AG°, the free energy change of unfolding in the absence fraction of Ada as a function of urea concentration as
of denaturant, can be determined by the linear extrapolationdetermined by fluorescence anisotropy and CD is shown in

procedure 32), which states that Figure 6. In accordance to the fluorescence data, it appears
that unfolding of Ada occurred with two transition states.
AG,= AG,” — m[D] The transition beley 3 M urea may not be interpreted to

reflect a 80% unfolding since the CD data only indicate a
wheremis the slope and [D] is the denaturant concentration. loss of about 30% residual ellipticity (Figure 4A). It might
Results of such an analysis are shown in Figure 5. It is actually imply a dissociation of domairdomain interaction
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FiGure 7: Inactivation of the Ada protein. Ada (0.064 mg/mL)
was incubated at 37C in the presence of 0.05 M sodium phosphate Table 1: Apparent Weight-average Molecular Weight of Ada
buffer, pH 7.0, for various times before measuring circular

Log % ellipticity at 225 nm (e)

Log % activity (a.)

E
g
E

dichroism signal. Aliquots of the samples were used for measuring sample My x 1074

the methyltransferase activity in buffer A as described in Materials native 3.5(3.5, 3.6)
and Methods. Biphasic kinetics of thermal denaturation as measured inactivated 3.16 (343.2)
by the loss of ellipticity at 225 nn®) and loss of methyltransferase renatured 343.4,3.5)

activity for O5-methylguanine in the absencs)(and in the presence

2 - - p -
of 100 ug/mL CT DNA (a) are shown. Error in parentheses are expressed in terms of 95% confidence

intervals.

that leads to an acquisition of higher local mobility around
the tryptophan residues. The lack of superimposable dataprotein as described later.
obtained by two different spectroscopic techniques indicate We routinely added DTT to 1 mM to the stored enzyme
that the unfolding of Ada does not proceed as a two-state and in reaction mixtures in order to prevent oxidation of
process. cysteine, the active-site residue. However, DTT did not
Our studies with the partly unfolded molecules showed affect protein denaturation with urea or Gdn-HCI. If left
that the rate constant of methyltransferase was not signifi- overnight at 25°C for 24—36 h, a considerable drop in
cantly affected by upat4 M urea. On the basis of circular activity (70—90%) was observed. This inactivation could
dichroism measurement, the protein molecules retainednot be prevented by including 5 mpgtmercaptoethanol in
15.8%a-helix and 20.3%3-sheet structureni4 M urea. A the incubation buffer or by flushing the solution with nitrogen
sharp drop inO8-methylguanineDNA methyltransferase  or by adding bovine serum albumin (12@/mL), which is
activity was observed in the presence of morethavl urea. expected to protect dilute Ada from surface denaturation.
Surprisingly, methylphosphotriester methyltransferase activ- The inactivation patterns were basically the same in the
ity was more resistant to urea-induced unfolding. It is native and in the refolded protein. Thus this activation was
interesting that the loss of PMT activity corresponded with not due to spontaneous oxidation of the protein. However,
the transition in high urea concentration (Figure 6). It should the inactivation could be prevented if Ada protein was
be noted here that while urea weakens the duplex structureincubated in the presence of excess CT DNA (Figure 8).
of DNA, complete strand separation does not occur evenin  When heated at 70C the Ada protein immediately
8 M urea at room temperature. Furthermore, the data oncoagulated, and most of the protein was in the precipitate.
the extent and not the rate of methyltransfer are shown in A small fraction (10%) of the protein was recovered in the
Figure 4 and these should not be affected by changes in thesupernatant and was also inactive. The coagulated protein
DNA duplex structure. was dissolvedrni 6 M Gdn-HCI| @ 8 M urea. Dilution of
Stability of Ada Protein. At 37 °C, the purified Ada the solution with buffer A completely restored the methyl-
protein was much more unstable than at°25in terms of transferase activities (results not shown).
both its activity and secondary structure. It was completely Sedimentation Equilibrium Analysis of Ada ProteiA

inactivated after 30 min, with a first-order rate constiant possible mechanism of spontaneous inactivation of the Ada
1.2 x 102 s71. Under identical conditions, the loss of protein is that a dynamic equilibrium exists between the
secondary structure was biphasic, with a fast plkase3.6 native and partially unfolded, inactive molecules. Aggrega-

x 1074 s7! followed by a slower phase (Figure 7). This tion of the latter leads to complete transfer of the protein to
inactivation was partially dependent on the protein concen- the inactive state. We, therefore, tested the possibility of
tration. Higher concentration of proteir~11 mg/mL) aggregation of spontaneously inactivated protein by equi-
prevented inactivation to some extent (30% activity after 30 librium sedimentation analysis. Table 1 summarizes the
min). The inactive protein and the native protein were eluted molecular weight data of native, inactivated and refolded
from both an Ultrogel-A54 gel-filtration column and reverse- protein. The values d¥ly appindicate that MGMT exists as

phase HPLC on a {g reverse-phase column at identical monomer under these experimental conditions. There is ho
positions, suggesting lack of aggregation of the inactive indication of larger aggregates up to a protein concentration
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of 3 mg/mL. Itis interesting to note that the valueNds, app binding site on the native enzyme. This was consistent with
for the inactivated sample is lower than that of either the conformational differences demonstrated by other physico-
native or renatured forms. The lower value is not a chemical observations obtained from CD and fluorescence
consequence of heterogeneity because there is no speespectroscopy. All containers for the proteins used in the final
dependence in the observiel), .,p In calculatingM, it was HPLC purification step and during ES-MS analysis avoided
assumed that all samples have the same value for partialglass.

specific volume; i.e., all protein species are folded into the

same tight motif. This assumption is probably valid for the DISCUSSION

native and renatured sample. However, if the inactivated . .
MGMT assumes a less tightly folded motif, then the value . The 39 kDaE. coli MGMT, alsa C?‘"ed the Ada_ protein,
is more complex than the mammalian MGMTs in that it is

for partial specific volume should increase to reflect a more larger than the 2223 kDa mammalian proteins and has a
loosely folded structure. In that case, the value N&fapp g d alkvl t tivity f th FI) hosphotriesters i
will be greater than 3.2 10* and approaches that of the second alkyl acceptor activity for methylpnospnotriesters in
native form. DNA, which are also mducgd_by S|mple_ alkylating agents.
The Ada protein has two distinct domains connected by a

Absence of Oxidation during Inaetition of Ada Protein. hinge region which is extremely susceptible to proteades (
We subsequently addressed the question of whether revers; ge reg y P P e

N S ) . - 8). The domains are independently active. The methyl
ible inactivation of the Ada protein results from its oxidation. ; : .
. . A acceptor cysteine residues for methylphosphotriester©énd

Although we have shown by sedimentation analysis that the hvl ; | dinthe N inal and inal
inactive protein remains as a monomer and that the presenc methylguanine are located in the N-terminal and C-termina
of 1 mM DTT did not affect denaturation/renaturation of %alves, respectivelyi( 11). X-ray scattering data indicated

o . ; - that the protein is globular with an axial ratio of less than 2
the protein, it is possible that the protein can be oxidized

spontaneously at one or more of its cysteine and methionine(s)' h h i thi dv that. based ity th
residues in a situation analogous to that observed with the We have shown in this study that, based on activity, the
c-Jun protein34, 35. Oxidation of c-Jun was reversed or two halves of the Ada protein exhibit differential susceptibil-

prevented only by high concentration of DTT. Reversible ity to chemical d_engturation. CD spe_ctra_ as well as
oxidation and reduction of cysteine can significantly affect fluorescence data indicate that the unfolding is gradual and

the folded state36). We tested this possibility directly by IS @ function of concentration of urea. In-8 M urea, the
determining the molecular mass of the active and inactivated © -Methylguanine acceptor activity dropped sharply while
proteins by electrospray mass spectrometry. The recombi-the methylphosphotriester acceptor activity fenjamed. unaf-
nant protein was inactivated by incubation for 45 min at 37 fected. Although the Ada protein reacts s§0|ch|om§tr|cally
°C. Both active and inactive preparations were purified by @nd the extent rather than the rate of its reaction was
reverse-phase HPLC on aCcolumn. The active and measur_ed in the exp_enr_n_ents described in Figure 4, the rate
inactive species were eluted using acetonitrile gradient nearly©f réaction was not significantly affected by up4 M urea
identically at 46% acetonitrile/0.1% trifluoroacetic acid. After ~ (Figure 3). o _
removal of the solvent in a vacuum centrifuge, the proteins  The fact that MGMT and PMT activities were differen-
were dissolved in 50% methanol and 0.25% acetic acid andidlly inactivated by urea is consistent with the previous
subjected to mass analysis (M-Scan, Inc.), using myoglobin Observation on the association of these activities with distinct
as calibration standard. The mass of the active and inactivedomains. It appears likely that the N-terminal half containing
proteins were calculated to be 39 377.6 and 39 356.3 Da,the active site (alkyl acceptor Cys-69) of PMT is more
respectively. Although the molecular weight was somewhat 'esistant to unfolding by urea and that the residual structure
different from the mass of 39 409 Da based on the predicted!eft in the Ada protein in the presencé®M urea may be
amino acid sequence of a cloneatla gene R8), the located in the N-terminal half.
difference is likely due to polymorphism of the protein. Elegant studies have been carried out on the cooperative
Importantly, the fact that the mass of the inactive protein folding of small proteins with a single domain, e.g., apomyo-
was actually lower by 21.3 mass units than that of the active globin. Partially folded states have been identified and their
protein precludes the possibility of oxidation of the Ada Structures have been characteriz8d( However, most of
protein during inactivation. Such oxidation would add at the folding data are available for only a few and largely
least 16 mass units of an oxygen atom to the protein. We single-domain proteins; the two-domain structure of the Ada
believe that the presence of a bound itathe active protein ~ protein adds to the complexity of the folding process with
is the reason for its higher molecular weight. the possibility of additional intermediate states. Nevertheless,
The binding of N to native form of Ada was not entirely it appears reasonable that the core structure, resistant to
unexpected given that during the penultimate purification step denaturation ¥ 8 M urea ¢ 6 M Gdn-HCI, acts as the
the protein was eluted from an FPLC ion-exchange column nucleation site for the fast and correct refolding of Ada
with buffer containing 0.5 M NaCl. The Naadduct on the molecules 17). Further studies are needed to characterize
native protein was not removed by subsequent C18 reversethe structure of this core. The folding process may occur in
phase HPLC; however, in the case of the inactive protein @ successive assembly of “subdomains” in both directions
the Na was removed. The mass difference between the of the core structure3(, 3§. Thus the overall folding may
native and inactive forms of Ada was 21.3, approximating not be a cooperative two-state process.
that of a Nd ion. The fact that both proteins were treated  The folding of proteins is generally believed to be under
identically suggests that the differential Nainding may thermodynamic control in that it leads to the production of
be related to conformational differences between the nativeactive protein which has a stable conformation in the lowest
and inactive Ada forms that give rise to a high-affinity'™Na  energy state. The free energy of folding of average globular



Reversible Folding of Ada Protein

protein is 5-15 kcal/mol @9, 40. The calculated free
energy of folding of the Ada protein of 1.7 kcal/mol,
significantly smaller than the average value, appears to be
reliable because of the closeness of humbers obtained fron}
two distinct experiments using different denaturants and
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