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ABSTRACT. The active site cysteine of humadf-alkylguanine-DNA alkyltransferase (hAGT), Cys145,
was shown to be highly reactive with model electrophiles unrelated to substrates, including 1-chloro-
2,4-dinitrobenzene. The high reactivity suggested that the Cys145 thiolate anion might be stable at neutral
pH. The K, was estimated from plots of UV spectrd:§g) and reactivity toward 4,4’-dithiopyridine vs

pH. The estimated K, for hAGT was 4-5, depending upon the method used, and near that of the
extensively characterized papain Cys25. Rates of reaction with 4,4’-dithiopyridine were similar for the
thiolate forms of hAGT, papain, glutathione, and the bacterial hAGT homologue Ogt thefghe

latter was 5.4). Bound 2 has previously been shown to be required for the catalytic activity of hAGT
(Rasimas, J. J. et al. (200B)ochemistry 42980-990). Zri#™ was shown to be required for the lowKp

of hAGT. The high reactivity of hAGT Cys145 is postulated to be important in normal catalytic function,
in cross-linking reactions involving bis-electrophiles, and in inhibition of the DNA repair function of
hAGT by electrophiles.

The enzymatic repair of chemical damage to DNA is dibromoethane and dibromomethane in bacterial and mam-
necessary to prevent toxicity and mutation. Many proteins malian cells {1-16). A number of possible explanations
are involved in DNA repair. Some of the most direct repair could be proposed to explain this phenomenon. We have
reactions involve the dealkylation at damaged sites by DNA shown that hAGT reacts directly with 1,2-dibromoethane and
alkyltransferases. Mammalian AGITare among the simplest ~ with 2-bromoethanol, and the reaction with 1,2-dibromo-
of these and transfer alkyl groups from DNA to a protein ethane leads to cross-linking of AGT to DNAT).

Cys group {-5). These studies with 1,2-dibromoethane led us to investigate
hAGT has been extensively characterizés-8). The the general reactivity of Cys145 of hAGT, particularly with
protein does not act in a true catalytic sense in that it doesmolecules unrelated to alkylated DNA bases, the traditional
not undergo multiple turnovers. However, considerable substrates. Using a series of spectroscopic and kinetic
evidence supports a critical role in protection of human approaches, we show that the Cys145 in hAGT exists as a
tissues T, 9). The active site residue is Cys145, which is reactive thiolate anion at neutral pH. The loW mf Cys145
activated through a charge relay involving His146 and is dependent upon the bound?Znexplaining the previous

Glul72 @). The X-ray structure also revealed the presence observations on its rolel(Q).
of a bound ZA" ion (8), and biochemical studies have
provided evidence for the role of bound Znin catalysis EXPERIMENTAL PROCEDURES

(10). ReagentsCDNB (Aldrich Chemical Co., Milwaukee, WI)

At'”t?ougg‘ A|(|3<T| *tTaS a ro'te in pre"le”“r‘g ttO_Xig_“y ta”tﬂ  was recrystallized from @sOH. 4-Aldrithiol (4,4"-dithio-
mutation Dy alkylating agents, severa: reports indicate tha pyridine) was purchased from Aldrich and used without
AGT can enhance both the toxicity and mutagenicity of 1,2- further purification

Proteins and EnzymehAGT and the mutant hAGT

T Supported by U.S. Public Health Service Grants R01 ES10546 i _ i i i
(F.P.G.), P30 ES00267 (F.P.G.), RO1 CA18137 (A.E.P.), and RO1 C1455 (with C-terminal (Hig)tags) were expressed in

CA97209 (AE.P.). Escherichia coliand purified as described@, 18, 19). Zn?*-
* Corresponding author. Tel: (615) 322-2261. Fax: (615) 322-3141. depleted and Zi-enriched samples of hAGT were prepared
E-mail: f.guengerich@vanderbilt.edu. as described and contained®.1 and 2.9 g-atoms 2h (mol

*Vanderbilt University. 1 . . : .
s pennsylvania State University. hAGT)™!, respectively, as judged by inductively coupled

I Present address: Abramson Family Cancer Institute, University of Plasma-mass spectrometty0f. hAGT concentrations were
Pennsylvania, 421 Curie Blvd., 438 BRB II/lll, Philadelphia, PA 19104. estimated usingzg = 3.93 x 10* M~ cmt (10, 20).

! Abbreviations used: (h)AGT, (human®S-alkylguanine-DNA ; _ ;
alkyltransferase; CDNB, 1-chloro-2,4-dinitrobenzene; GSH, glutathione; E. coli Ada-C and Ogt were prepared from overexpression

HPLC/MS, high performance liquid chromatography/mass spectrom- SyStems using p!asmiqs pQE30-Ad§.—C and pQE30-Ogt (in
etry. E. coli) and purified using the described methodg)(
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Papain (fromPapaya latex was purchased from Sigma ) ' ' ' '
Chemical Co. (St. Louis, Mo) and activated by treatment
with 5 mM tris-(carboxyethyl)phosphin€2) overnight (4
°C) (quantified usingsz7¢” = 25.0 cnt (23)).

Prior to obtaining spectra of proteins or use in reactions,
reductant (dithiothreitol or tris-(carboxyethyl)phosphigg)}
was removed by 34 dialyses (100-fold volume each time)
over 24-40 h (at 4°C) vs 20 mM TrigHCI buffer (pH 8.0)
containing 0.50 M NaCl (and 0.1 mM EDTA except in the
case of ZA*-depleted and -enriched hAGT), thoroughly
purged with N gas (in sealed Erlenmeyer flasks). 0 0‘ 50 100 150 200 260

CDNB ReactionshAGT (6 uM) was added to a cuvette
(volume 1.0 mL) containing 0.10 M potassiuii-(2- [CDNEB], zM

hydroxyethylpiperazinelN'-(2-ethanesulfonate) and allowed FiGURE 1. Rate of reaction of AGT with CDNB. Varying

i ° T concentrations of CDNB were added to AGT 1) and the
to equilibrate at 37°C for 3 min in a Caryl4/OLIS apparent first-order rates of reaction were estimated from plots of

spectrophotometer (OLIS, Bogart, GA). A 1@-aliquot of Ageo Vs time. These rates were plotted vs the CDNB concentration;
each stock solution of CDNB (in £1s0H) was added, and  linear correlation analysis yielded a second-order rate constant of
the change imsso was monitored as a function of time for 1.4 x 1°M~1s%

5 min. The portion of the resulting trace that showed first-

order kinetics (logAsso Vs time) was used to calculate the Titrations (vide supra).. Mpst rates are presented as means
rate. of two or three determinations (from subsequent reactions);

In a separate experiment, hAGT (1.5 nmol in 0.15 mL of N Some cases traces from individual reactions were averaged

the same buffer) was racted with a substoichiometric amountin the instrument before estimation of rates.
of CDNB (1.0 nmol) for 8 min, and preliminary HPLC/MS RESULTS
(electrospray) analysis indicated that modification had oc-
curred. The sample was digested with bovine trypsin  Reaction of hAGT with CDNBCDNB is an electrophile
(Worthington, Freehold, NJ, TCPK grade, 1:10 ratio of that reacts with activated thiol2%). Previous studies have
trypsin to hAGT, w/w) fa 2 h at 37°C in 0.10 M NaHCQ indicated that the thiolate anionic is much more reactive than
buffer (pH 8.0) (7). An aliquot was analyzed by HPLC/ the (protonated) thiol26). The reaction can be monitored
MS under conditions similar to those described previously by the increase ifsgo (25).
(17), except that an LCQ instrument (Finnigan-MAT, San  hAGT was reacted with a substoichiometric amount of
Jose, CA) was used, in the positive ion electrospray mode.CDNB (0.67 mol equiv). HPLC analysis of the tryptic digest
UV Spectral Titrations Following dialysis to remove indicated the presence of a major modified peptifeso
reductants (vide supra), aliquots of hAGT, Ada-C, or Ogt measurements). HPLC/MS analysis of this peptide by
(0.10 mL) were diluted with 0.40 mL of 0.25 M potassium collision-induced dissociation confirmed its identity as the
phosphate of varying pH, and UV spectra were recorded at136—147 peptide with Cys145 as the site of attachment of
23°C in a Cary14/OLIS spectrophotometer (330 to 230 nm, the 2,4-dintrophenyl (see Supporting Information for frag-
10 mm path length, three spectra averaged in the instrumentmentation spectrum arllandy ion assignments). A small
except at pH< 5, at which some samples were less stable amount of modification of peptide 14865 (Cys150) was

and only a single spectrum was recorded). The rAfig/ also noted.

Asgo Was used with the knowmygo of hAGT (3.93 x 10° hAGT was reacted with CDNB at pH 7.6. Rates of the
M~ cm™1) (10, 20) to calculatecysq, which was plotted vs  pseudo- first-order reaction of CDNB with hAGT were
pH. measured and plotted vs the CDNB concentration to yield a

Data points were fit with Graphpad Prism (Graphpad, San second-order rate constant of x410° M~* s™* (Figure 1).
Diego, CA) using nonlinear regression fitting to the equation UV Spectral Titration of Cys145 of hAGThe high
Y = [(Ymin 207%) + (Ymax 107PK3]/(107X + 107PKd) (24), with reactivity of hAGT with CDNB (vide supra) suggested that
SE calculated by the software program and indicated asa thiolate anion (of Cys145) might exist at neutral pH and

== react, because thiolates (R%re several orders of magnitude
Rates of Reaction with 4;Dithiopyridine. Either hAGT more reactive than the respective protonated thiols (RSH)

or the hAGT C145S mutant (1-9.2.5uM), Ogt (12 uM), (27—29). Thiolate anions can be distinguished from proton-

papain (100uM), or GSH (100uM) in 20 mM Tris'HCI, ated thiols by increased absorbance at-23%0 nm @0).

pH 8.0 (under M) was transferred to one syringe of an OLIS Preliminary analysis of hAGT, devoid of exogenous
RSM-1000 stopped-flow spectrophotometer (OLIS, Bogart, stabilizing thiols, showed a pH-dependent change in absorb-
GA). The other syringe contained 1M 4,4 -dithiopyridine ance (see Supporting Information for difference spectra).
(200 uM in cases of papain and GSH) dissolved in 0.20 M Analysis of the spectra as a function of pH yielded a
potassium phosphate buffer of the desired pH. Aliquots from sigmoidal plot with a K, of 6.7 (Figure 2). The change was
each syringe were mixed, and the changeA, was not seen in the hAGT C145S mutant (until pH 9.1, when
monitored in the fixed-wavelength mode (28). Data were other thiols are also titrated). Th&eosg was ~4.5 x 10°

fit to biphasic plots (monoplasic with slower low pH M~!cm?, similar to that reported for other thiolates, (e.g.
reactions). The rates of the fast-phase reactions wereGSH=GS + H *, 5.2 x 10® M~* cm1)(30).

measured using the OLIS software and plotted vs pH, fitting  Reaction of hAGT and Other Thiols with 4[3ithio-

to the same equation as presented under UV Spectralpyridine Protein thiols can be titrated with disulfide reagents
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FIGURE 2: pH titration of AGT @) and AGT C145S £) monitored FiIGURE 4: Reactivity of AGT @), papain @), and GSH ¥) with

by UV spectra. UV spectra were measured as described under4,4-dithiopyridine as a function of pH. Apparent first-order rates

Experimental Procedures (see also Supporting Informatiya). of reaction were estimated using stopped-flow spectrophotometric

was plotted vs pH to yield aky value of 6.7+ 0.2 for AGT. The measurements as described under Experimental Procedures and

program yielded an estimate of 8.2 for AGT C145S, but this value Figure 3. The slower ratek{) from the AGT reaction (Figure 3)

is probably an underestimate, as suggested in the subsequent figuresvas also plotted. The estimates dfjwere: AGT, 5.3+ 0.2
papain, 4.6+ 0.3; GSH, 8.9+ 0.1.

K1 4.8+0.3 s 251
] 2.0

L Io_w ko 0.19 £0.03 51 -
® 15+

x
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Ficure 3: Reaction of AGT with 4,4'-dithiopyridine. AGT (12.5 0

uM in 0.20 M potassium phosphate buffer, pH 8.0, under an N
atmosphere) was mixed with 2QMM 4,4'-dithiopyridine in the
stopped-flow instrument, and the changeAin, was recorded Vs Figure 5: Reactivity of E. coli Ogt with 4,4-dithiopyridine as a
time andlflt to a biphasic plotlusmg the OLIS softwaig: = 4.8 function of pH. The measurements were made as for Figures 3
+03s% k=019+0.03 s and 4. The estimatedkp value was 5.4+ 0.1.

that generate chromophores upon reaction (i.e. release of thiol
or thiolate chromophore). 4Dithiopyridine was selected
for use from preliminary trials with that reagent, 2,2
dithiopyridine, and 5,5dithio-bis(2-nitrobenzoic acid) (Ell-
man’s reagent)31). Reaction of 4,4dithiopyridine with
hAGT vyielded a biphasic plot at pH 8.0 (Figure 3), with the
change inAsy4 in the fast phase corresponding to reaction
with a single sulfhydryl. The first reaction was not observed
in the hAGT C145S mutant.

Rates of reaction of hAGT with 4 4lithiopyridine were
T e O o342t the Ot reacton was oy sl lss 25 57 thar
rate of the slow phase of the reaction did not increase until or ' o
>pH 9 and was insignificant compared to the fast phase. Effect of ZA™ on pk; of hAGT Other work indicates that
For comparison, the reaction with GSH yieldedka, pf 8.9 the catalytic activity of hAGT is dgpendent upon the presence
(Figure 4). The well-characterized cysteine protease papain,Of Zn?* (10)., but the reason for this effect was not eIucu_jated.
with the reactive Cys25, yielded &pof 4.6, similar to the ~ 1he experiments with hAGT presented thus far (Figures
value of 4.1 reported by Shaked et &9(. The maximum 1-4) were done W!th hAGT that had beerj isolated W!thout
pseudo-first-order rates measured with hAGT and papain attention to changing the presence of’Zin the protein,
were similar ¢3.5 s%) and only slightly less than those which is generally found at a slightly less than stoichiometric
measured for GSH (maximuns 5 s9). amount (0).

Estimates of pKValues of Bacterial Alkyltransferases. The amount of ZA/hAGT was adjusted to either0.1
Bacterial homologues of hAGT were studied to determine (Zn*-depleted) or 2.9 (Zi-enriched) atoms/molecule by a
if they also showed low I, values.E. coli has twoO°- denaturation/renaturation procedutd)( Plotting the UV
alkylguanine-DNA alkyl transferases, the constitutive Ogt spectra €39 vs pH yielded a K, of 4.3 for Zr#™-enriched
and the inducible Ada32, 33). The Ada protein has two  hAGT, but a spectral change was not seen for thé&"Zn
active sites, one of which is located in the C-terminal domain depleted protein (Figure 6). A plot of the rates of reaction
and carries out repair aD®-methylguanine in DNA. The  with 4,4-dithiopyridine vs pH yielded alf, of 3.8 for Zr?*-
Ada-C protein representing this domain has been widely enriched hAGT (Figure 7). The rate did not increase with
studied as an AGT, and its crystal structure is kno®4j.( Zn?*-depleted hAGT until high pH (8, ~ 8.7) (Figure 7).

Efforts to measurek, values from UV spectracfsq) were
difficult because of the turbidity that developed rapidly at
pH values<7. The titration of Ada suggested &pof ~5.1
(results not shown), but this value is compromised by the
limited spectral data at low pH values. Efforts to record
spectra of Ogt at low pH values were completely un-
successful. However, the rapid reaction of the protein
thiols with 4,4’-dithiopyridine permitted the measurement
of rates prior to development of turbidity<( s time, Figure

3). Ogt yielded a K, of 5.4 (Figure 5). The maximum rate
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T T . T experiments with hAGT C145S provide support that the
pKy 43=0.2 - changes are due to the protonation state of Cys145 (Figure

_— . 2). More accurate estimates dfpwere obtained using the
pH dependence of the pseudo-first-order rates of reaction

with 4,4’-dithiopyridine (Figure 4). Shaked et aR9) have

o S discus_sed the advantages of using rates of disulfide exchange

g D to estimate W, values of proteins compared to other

minus Zn2+ reactions. This kinetic approach yieldedi&,(5.3) somewhat
T TR lower than the first estimates derived from the UV spectra

25 35 45 55 65 75 85 95 (Figure 2). The [, of the Cys145 of hAGT is-4 units less

pH than that of GSH (Figure 4). Thekp values of papain (4.6,

FIGURE 6: pH titrations of Z&*-fortified (M) and Zr#*-depleted cf. 4.1 for Shaked et al.20)) and hAGT (5.3 in this
(d) AGT monitored by UV spectrophotometric measurements. The experiment) are similar and suggest that the reactivity of

631

591

551

511

€239, mM-1 cm-1

47+ .
o

43

estimated K, value was 4.3+ 0.2 for Zr¢*-fortified AGT. Cys145 of hAGT may be comparable to that of the well-
—,— characterized Cys25-thiolate anion of papain. The rates of
4.5- 1 reactions were relatively similar for hAGT, papain, the
a5l | bacterial transferase Ogt, and the GSH thiolate (Figures 4,
- ) 5). However, the point should be made that factors other
n 2.5F . than K, can also modulate the nucleophilicity of a thiolate
< .l | anion @8, 29).

Crystal structures are now available for three AGIES (

0.5 5 4 coli Ada-C, human, an&yrococcus kodakaraen$i, 34—
P PKa 8.720.1 36). These structural studies have indicated that the protein
S 5 6 7 8 9 contains two domains. The role of the N-terminal domain,
pH which is represented by residues85 in hAGT, is unclear

A 7. Reactivities of ZAt-fortified (@) and Zr¥*depleted 1) but it is essential for AGT stability and for the correct
IGURE 7 eactvities o -fortne an -deplete : . : . ~ .
AGT with 4,4dithiopyridine as a function of pH. Rates were orientation of the carboxyl terminal domain. The C-terminal

estimated as described (Figures 3, 4, 6). In the case®tirtified domain of the AGT contains the active site binding pocket
AGT, three individual rates were collected, and the results are and the DNA binding domain, which is a winged hetix

shown as the mea#t SD. With Zr?*-depleted AGT, the results of  turn—helix motif. The cysteine acceptor site of AGTs is

three individual reactions were averaged in the OLIS software, and pyried in the protein, and in order for reaction with a DNA
the averaged values were used. The estimatédvplues were: X

Zre+fortified AGT, 3.8+ 0.1; Zr?+-depleted AGT, 8.7 0.1, substrate to take place, the substi@ealkylguanine must
P be displaced from the DNA helix3{). Such displacement
DISCUSSION places the substrate close to the cysteine acceptor site. The

crystal structures indicate that this cysteine is part of a

The DNA repair protein hAGT was shown to have a highly network of amino acids and a bound water linking it to
reactive Cys in the active site, Cys145. This residue is highly His146, Arg147, and Glu173(34—36). This network may
reactive not only with the norm&@®-alkylguanine substrates, facilitate proton abstraction to the lowKpof Cys145. The
DNA-bound and free bases, but also with other electrophiles residues forming this network are conserved in all AGTs.
such as 1,2-dibromoethane, as shown recently in work from  Previous crystallography work has demonstrated the pres-
our laboratoriesX7). We report here that this high reactivity ~ence of ZA" in hAGT (8), and the importance of bound
is related to a low K., as shown by the pH dependence of zn2* for catalytic activity has been documenteid), The
both the UV spectra and rates of reaction with 4,4- effect appears not to be due to any gross effects on protein
dithiopyridine. The low K. of hAGT is related to the  structure (as judged by fluorescence, CD, and comparison
presence of Z# in the enzyme, a relationship which can of crystal structures( 10, 37)) or DNA affinity (10). The
explain the previously reported requirement of?Zrior effect is seen in catalytic activity toward the non-DNA
catalytic activity (L0). substrateO%-benzylguanine and therefore relates to alkyl

The reactivity of Cys145 of hAGT was shown previously group transfer rather than DNA bindind@). We found a
in the reactions with 1,2-dibromoethane and 2-bromoethanol, strong effect of bound Z1 on the K, of hAGT, as judged
where the Cys145-modified tryptic peptides were identified by the pH dependence of UV spectra and rates of reaction
by mass spectrometrnyl{). The general reactivity of this  with 4,4’-dithiopyridine (Figures 6, 7). Theka of the Zr#'-
Cys residue was shown here in the reaction of hAGT with enriched sample (3.8) was lower than that of any of the
the electrophile CDNB (Figure 1). The estimated second- previous hAGT preparations examined. The preparation used
order rate of the reaction was within a factor of 3 of a in our studies that was saturated with 2Znhad three
previously reported rate measured with GSH thiolate (pH molecules of the metal per molecule of hAGT. The critical
11) (26). The high reactivity of hAGT suggested that the Zn?" atom is probably that one which is bound at an internal
thiolate anion of Cys145 might exist at neutral pH and might site within a coordination sphere of four amino acid residues
explain the reactivity of hAGT. (Cysb, Cys24, His29, and His85) near the N terminus of the

A low pK, value of hAGT was initially established using protein @). The presence of this 2h stimulates catalytic
UV spectral measurements (Figure 2), in a procedure usedactivity 60-fold (L0). One of the other two Zi atoms is
earlier to estimate thely of GSH bound to GSH transferase very loosely bound to the protein surface and possibly to
(30). The estimated\ezy (4.5 x 10 M~ cm™1) and control Cys150, which is in the active site, and is weakly inhibitory
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to AGT activity. The presence of Zhin the assay buffer

Biochemistry, Vol. 42, No. 37, 20030969

ent UV difference spectra of hAGT. This material is available

inhibits catalytic activity (the effect was not tested in the free of charge via the Internet at http://pubs.acs.org.

pKa determinations), and this effect was blocked by mutation
of Cys150 (0). The third Z#" is bound to the polyhistidine
tag used for purification and has no effect on catalytic activity
(10). The internal ZA™ atom is likely to play a key structural

role in maintaining the structure of the N-terminal domain 2.

and hence the interaction between the two domains of the
protein. This in turn may be needed to maintain the
interactions between the amino acids at the active site

described above. The crystal structures with and withogit Zn S.

are identical in the active site regio8, 37), but the resolution
is not sufficient to be certain that there is not a small change
which could have a profound effect on the network involving 7

has been established for the metal in activating methylphos-
photriester repair by the N-terminal domain of tBe coli

Ada protein (N-Ada) 83, 38, 39). In this case, the reactive
cysteine (Cys69) is actually one of the ligands of the bound

Zn?* in N-Ada and directly activates alkyl transfer. 11.

The high reactivity of Cys145 raises some important issues
for hAGT (and other low K, DNA alkyltransferases). In
principle, the protein could be a target for reactive electro-
philes. It might be expected to appear in proteomics/
toxicogenomics screend(), although this is a relatively low-
abundance protein and might not be prominent. Another issue
we have already raised is the ability to react with bis-
electrophiles and generate cross-linking eveht. (t is also
likely to contribute to the inhibition of hAGT byOS-
benzylguanine41, 42) although in this case the ability of
the substrate analogue to bind and react in the active site
pocket via interaction with residues that normally recognize
08-methylguanine also plays a role. 8

[any

10.

3.

14.

16.
17.
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