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ABSTRACT: A recent crystallographic study of recombinant hur@8ralkylguanine-DNA alkyltransferase

(hAGT) revealed a previously unknown zinc atom [Daniels et al., (2@0BO J. 191719-1730]. The

effects of zinc on the properties of hAGT are reported here. In bacterial expression systems, recombinant
hAGT was produced in increasingly larger quantities when growth media are supplemented with up to
0.1 mM ZnCp. Metal-enriched hAGT samples had a 5-fold increase in repair rate constant over
conventionally purified protein samples and a 60-fold increase over metal-stripped hAGT. In addition,
mutants of the zinc-binding residues had decreases in zinc occupancy that correlated with reductions in
repair rate. Zinc modulation did not abolish the repair capacity of a fraction of the hAGT population, as
evidenced by the stoichiometric reaction with an oligodeoxyribonucleotide substrate. Zinc occupancy
had a similar effect on the rate of reaction w@@f-benzylguanine, a free base substrate, as on the repair

of methylated DNA. Differentially zinc-treated hAGTs showed the same affinity for binding to native
DNA and substrate oligodeoxyribonucleotides. Metal content manipulations had little effect upon the CD
spectrum of hAGT, but fluorescence studies revealed a small conformational change based upon metal
binding, and zinc occupancy correlated with enhanced hAGT stability as evidenced by resistance to the
denaturing effects of urea. These results indicate that the presence of zinc confers a mechanistic enhancement
to repair activity that does not result from an increase in substrate binding affinity. Zinc also provides
conformational stability to hAGT that may influence its regulation.

08-Alkylguanine-DNA alkyltransferase (AGT) is an Until the incidental discovery of metal bound within
important DNA repair protein that protects cells from the crystals of hAGT, no prior experiments suggested that the
mutagenic, carcinogenic, and apoptopic events induced byhAGT might be a metalloprotein. AGTs from microbial and
a variety of endogenous and exogenous alkylating agentsmammalian sources including hAGT have been studied quite
(reviewed in refsl—5). AGT is a small monomeric DNA  extensively, and there is no evidence that a metal cofactor
repair protein whose homologues are found in a wide variety is needed for them to perform their DNA repair function,
of prokaryotic and eukaryotic organisms. It is responsible and none are present in their crystal structures of the
for the repair of potentially mutagenic and cytotoxic alkyl Escherichia coliAda C-terminal domain AGT8) or the
and haloalkyl adducts of DNA, primarily at tf@-position ~ AGT from Pyrococcus kodakaraeng(§). In fact, transition
of guanine. Unlike many proteins that are responsible for metals have been viewed only as a potential source of
maintenance of genomic integrity, AGT is not an enzyme, !nterfe_rence with human hAGT function since various metals
but instead, restores DNA by irreversible transfer of adduct including Zrf* as well as C#', Ci#*, Hg?", and Ag" were
substituents to an internal active-site sulfur atom [Cys145 found to inhibit activity (0, 11). _ _
in human AGT (hAGT)]. Two crystal structures of hAGT There is, however, compelling evidence that zinc plays

have recently been published, and while the overall structures?!®@! roles in other DNA repair processes. These include

reported are similar and both provide insight into the formamldopyrlmldlne-DNA glycqsylase 12’. 13), the XP-A .
mechanism of this repair reaction, they differ on one specific component Of. the HUCIEO.“de excision repair system that Te"es
aspect of the protein’s structure. One model suggests the PN & zInc finger proteinig), and the N-terminal domain
resence of a zinc atom bound within a coordination sphere of Ada, which brings about methylphosphotriester repair and
gf four amino acid residues (Cys5, Cys24, His29, and HFi)585) mediates the transcriptional activation leading to the adaptive
near the N-terminusej, while th}e/z ot'he)r/sho;/vs thes'e residues esponse through the function of its larger N-terminal domain

NS . ; ; . . (2). In the latter case, autocatalytic activation of the nucleo-
in similar orientation but lacking the transition metal iaf). ( philic cysteine residue that accepts the alkyl group by a

tightly coordinated zinc ion is crucial to the protein’s DNA
t Supported by NIH Grants GM-48517 (M.G.F.), CA-18137 (A.E.P.), repair function {5, 16).

5 T32 GM-08601 (J.J.R.), and 1 T32 ES-07312 (J.J.R.). This mechanism is unlikely to apply to hAGT since the
. *C.CI’”eSF"ig'”g a“éhor' Tel: (717) 531-8152. Fax: (717) 531-7157. cys145 acceptor site is not one of the residues complexed
-mail: ae Su.eau. : . . .
E: Depart,ﬂempof Biochemistry and Molecular Biology. ywth zinc, and it was uncl_ear whether_ the bound zinc found
8 Department of Cellular and Molecular Physiology. in the structure by Daniels et al6)(is an experimental
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artifact, a normal but nonfunctional component of the protein
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accomplished using the pQE-3BGT vector 3) as

structure, or plays a key functional role. We have therefore described 24).
examined the structural and functional consequences of the The construction of (Hig)tagged mutant proteins C5A,

relative zinc occupancy of the protein’s putative zinc binding
site. Assays for expression, activity, DNA binding affinity,

C24A, H29A, H85A, C62A, and C150A was accomplished
by polymerase chain reaction with the modified pQE-30

and structural changes were performed while varying the vector as template and appropriate mutagenic primers using

protein’s exposure to metal. Purified preparations of hAGT
were handled meticulously to avoid unwanted metal con-
tamination. Zinc content was modulated using equilibrium

methods described previousB4&]. The primers not described
previously @5) were as follows: 5CATCACGGATC-
CATGGACAAGGATGCTGAAATGAAACG-3' (sense) for

dialysis methods as described below without the addition of C5A, 3-ACGTCCCCTTGCCCAGGAGCTTTATTTCGTGC-
harsh redox reagents or chelators that might alter protein AGACCCTGCTCACGACCAG-ACAGCTC-3 (antisense)

chemistry. Alterations of zinc occupancy at the specific metal

for C24A, 3-CCCCTTGCCCAGGAGCTTTATTTGGC-

binding site were achieved via site-directed mutagenesis of CAGACCCTGCTCACAACC-3 (antisense) for H29A,
the four coordination sphere residues indicated by the crystal5’-CCTGACGCGTGAACGACTCTTGCTGGAAAACGG-
structure. Studies were also done using mutants of otherGATGGGCAAGCGCTGGCAC-3 (antisense) for H85A,
cysteines, including the active-site Cys145 and a nearby5-CCTGATGCAGGCCACAGCCTGG-3 (sense) and its

residue Cys150. Our results indicate that hAGT is, indeed,

antisense compliment for C62A, andeGCGTGCCACA-

a metalloprotein whose structural stability is enhanced by GAGTGGTGGCCAGCAGCGGAGC-3(sense) for C150A.

the presence of zinc in its N-terminal binding site. Further-

The entire coding sequence was checked to ensure that only

more, higher zinc occupancy is associated with more efficient the desired mutations introduced by the codons denoted in

rates of alkyl transfer by hAGT when using both methylated

bold were present.

DNA and free base substrates. This enhancement in repair AGT Purification and Quantitation AssayRecombinant

rates is independent of DNA binding and correlates with only
minor perturbations in protein structure. The implications
of these in vitro results and the potential significance of
hAGT zinc occupancy in vivo are discussed.

MATERIALS AND METHODS

Materials T, polynucleotide kinase was acquired from
New England Biolabs. ATBE3?P] was purchased from
DuPont-New England Nuclear. Acrylamidg¢,N'-methylene
bisacrylamide, ZnG| EDTA, and imidazole were purchased
from Aldrich. Ultrapure urea was purchased from ICN
Biomedicals, Inc. Dithiothreitol (DTT) and mineral oil were
obtained from Sigma. All chemicals were reagent grade,

unless otherwise denoted. A 16-residue oligodeoxyribonucle-

otide (B-GACTGACTGACTGACT-3) and its compliment
were purchased from Gibco-BRL. A substrate oligodeox-

wild-type and C145A hAGT proteins without (Hislags
were prepared as previously described using Polymin P
precipitation, ammonium sulfate fractionation, and FPLC
(19). His-tagged proteins were purified from cell lysates using
TALON affinity resin (Clontech), in accordance with manu-
facturer’s instructions and protocols previously detailg).(
Protein samples were homogeneous as judged by electro-
phoresis. Standard samples were dialyzed against 50 mM
Tris buffer (pH 7.6) containing 5 mM DTT and stored frozen
at —80 °C until needed. Zinc-supplemented samples were
produced by dialyzing purified proteins against the above
buffer containiig 8 M urea and 10@M ZnCl, (the solubility

limit for zinc under these buffer conditions) for 24 h.
Renaturation was accomplished by gradually decreasing the
urea concentration in the dialysis buffer as follows: 12 hin
6 M urea, 12 hm 4 M urea, 12 hn 1 M urea, and 24 h in

yribonucleotide with the same sequence and a methyl buffer without urea. Dialysis was carried out ugifh L of

substitution at thé®-position of the guanine in position 13
(shown in bold) was purchased from Synthegen LLC
(Houston, TX) Synthesis of substrate 16-mer oligodeoxyri-
bonucleotide (SAACAGCCATATGGCCC-3) where the
guanine shown in bold is methylated at th&position was
described previouslyl(). Samples of substrate oligo were
repurified by HPLC, as required8). O®-Benzylguanine was
generously provided by Dr. R. C. Moschel (ABL-Basic
Research Program, National Cancer InstittReederick

Cancer Research and Development Center, Frederick, MD).

08-Benzyl[8=H]guanine (0.34 mCi/mmol) was prepared by
catalytic tritium exchange dd®-benzylguanine with tritiated
water by Amersham Corp. and was purified as previously
described 19). Samples of rat intestinal fatty-acid binding
protein (IFABP) and spermidine/spermim¢-acetyltrans-
ferase (SSAT) were available in our laboratory from
published procedure0, 21).

AGT Proteins Plasmids for expression of recombinant
hAGT (wild-type and C145A mutant proteins) without
(His)e-tags from the pCX35 vector?) have been described.
The construction of modified pQE-30 vectors encoding
C-terminally (His}-tagged wild type, C145A, and C145S
mutant hAGT proteins for expression i&. coli was

buffer for sample sizes of 0-10.5 mL at 4°C with medium
replacement every 6 h. Correct refolding was confirmed by
circular dichroism (CD) analysis and assays of AGT activity
(see below). Zinc-stripped samples were produced by dialyz-
ing purified proteins against standard buffer with the addition
of 8 M urea and 5 mM EDTA. EDTA was removed by
equilibrium dialysis before the protein was allowed to refold
by decreasing the urea concentration. Again, CD and activity
assays were performed following refolding.

AGT concentrations were measured both by the BCA dye-
binding assayZ6) and spectrophotometrically using a molar
extinction coefficient, Asgg = 3.93 x 10* M~1 cm?,
calculated from reR7. Values ofAz19Azg0 = 8.2 andAgsd
Acxso = 0.63 were obtained from UV spectra; extinction
coefficientsAzis = 3.2 x 10°P Mt cm™t and Agso = 2.5 x
10* Mt cm! were calculated from these ratios. Results of
the two methods of protein estimation yielded concentrations,
which agreed, in all cases, within 3% (results not shown).

Metal Content DeterminationGlassware was washed
extensively, and samples were handled with care so as to
avoid introduction of exogenous metal ions. Metal content
was determined by the highly sensitive method of inductively
coupled plasma-mass spectrometry (HIPS) at Centre
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Analytical Labs (State College, PA). Samples were analyzed N-[2H]methyl-N-nitrosourea but omitting EDTA from all
for the following metals: Zn, Ni, Cd, Co, Cr, Cu, Fe, and reaction buffers. ZnGlwas added to reaction mixtures at a
Mg. In each case for standard, supplemented, and strippedconcentration of 10@M (the highest soluble concentration
samples, final dialysis buffers were used as blanks to allow in Tris buffer at pH 7.6) where appropriate to test the effect
for quantitation of metal-associated protein. From these of free zinc on AGT activity. Assay protocols were again
measurements, binding stoichiometries were extracted byfollowed as described, except for the omission of EDTA from
relating molar estimates of metal to molar estimates of reaction buffers or the appropriate addition of Zn(31).
protein concentration. Second-order rate constants for these repair reactions were
Imidazole Staining for Identification of Zinc Metallopro- calculated as previously describe8l). Similarly, hAGT
tein. A procedure was devised by adaptation of the technique proteins were assayed for activity against the small molecule
relying on the ability of zinc ions to form insoluble substrate Of-benzylguanine. Proteins were incubated in
precipitates with imidazole at acidic pla§) to identify zinc various amounts witk5-[8-2H]benzylguanine in 50 mM Tris
metalloproteins resolved by gel electrophoresis. Purified (pH 7.5) and 5 mM DTT in a volume of 0.25 mL, and time
protein samples were subjected to native polyacrylamide gelpoints were taken by halting reaction aliquots with buffer
electrophoresis (PAGE), and the gel was subsequentlycontaining excess unlabeled substrate and guanine. Aliquots
incubatedm 2 M imidazole adjusted to pH 5.0 with glacial  were separated by reverse-phase HPLC, and the eluate was
acetic acid for 72 h at 23C. Formation of a white precipitate  monitored for radioactivity by mixing with 3.5 volumes of
often occurs sparsely throughout the gel during the first 24 Flow Scint Ill and passing through a Radiomatic Flo-One
h, but later, following HO washes, it remains only in fixed  Beta A A-140A radioactivity monitor. The rate constant was
bands corresponding to zinc metalloproteins. We have found calculated as describe83). The C145A and C145S mutants

that a densitometric scan of the gel superimposed upon ajack the active-site acceptor residue and are therefore not
dark background followed by inversion of the image allows active in alkyl transfer in either assag4 34).

for the easiest visualization of white-stained protein bands.

Assays for hAGT Expressioultures of bacterial cell
lines containing wild-type hAGT expression plasmids were
grown in LB media supplemented with varying concentra-
tions of ZnC}. Both XL-1 Blue cells containing a pQE
plasmid for the expression of the C-terminal (Hitggged
protein and POP cells containing the pXC-35 native hAGT
plasmid were tested for the effect of zinc levels in growth
media on the expression level of the protein. Following
appropriate growth and induction phases as previously
described 19, 29), 100 uL aliquots of each culture were
removed and centrifuged at 22 @@r 1 min at 21°C.
Following removal of the supernatant, 20 of 0.125 M
DTT was added to each pellet, and the samples were vortexe . . X
for 2 min. Samples were then heated to°@for 5 min and ashl_on, t.h'S assay serves as a measure of th?‘ fraction of
subjected to PAGE in the presence of sodium dodecyl sulfateepPalr-active AGT molecules within a given protein sample.
(SDS). Coomassie Blue staining was followed by densito- ~ Electrophoretic Mobility Shift Assays (EMSA). 16-
metric quantitation of bands corresponding to the expressionresidue oligodeoxyribonucleotide’-6ACTGACTGACT-
of recombinant hAGT. The level of expression for each set GACT-3 was used as a single-stranded ligand. Annealed
of growth medium conditions was calculated as a ratio of With its complement31), it was used in studies requiring
the hAGT band intensity corresponding to each sample to double-stranded substrates. DNA samples were labeled with
that from an uninduced culture using the same media. %P as described3f). DNA concentrations were measured

A 5 mL aliquot of each of the cultures was used to generate Spectrophotometrically, usingeo = 1.3 x 10* M~ cm!
crude protein lysates. Each culture was centrifuged at§000 (per base pair) for duplex samples ango = 1.04 x 10
for 10 min at 21°C, and the supernatant was decanted. To M~* cm™* (per base) for single-stranded samples. Binding
the pellet was added 200 of B-PER Lysis Buffer (Pierce). ~ reactions were carried out in 10 mM Tris (pH 7.6), 1 mM
The mixture was vortexed and incubated on ice for 10 min. DTT, and 10ug/mL bovine serum albumin for 30 min at 21
Following centrifugation at 22 0@dfor 10 min at 4°C, the =+ 1 °C. Duplicate samples incubated for longer periods gave
supernatant was collected, and from each of these lysatesidentical results, indicating that binding equilibrium had been
50 ug total protein was subjected to SBBAGE. Western  attained. Samples were analyzed on native 10% polyacry-
blot analysis was performed as previously described using alamide gels as describedd). Autoradiographs were obtained
polyclonal antibody directed against a region of the protein’s with Kodak X-Omat Blue XB-1 film, exposed at . Gel
N-terminus 80). Fluorometric analysis of band intensities segments containing individual electrophoretic species were
served as a measure of protein expression for each samplexcised using the developed film as a guide and counted in
corresponding to a given concentration of Zp@ the a scintillation counter by the Cerenkov method. Both the
supporting bacterial growth medium. serial dilution 36) and the direct titration37) methods were

Assay of Alkyltransferase Aditly. The recombinant human  used to obtain data for the estimation of association constants
protein and mutants C5A, C24A, H29A, and H85A were (Kj). Association constantKf) were evaluated from the
assayed for AGT activity essentially as describ&t) (1sing dependence of binding density)(on [hAGT] according to
calf thymus DNA that had been methylated by reaction with the following equation:

Determination of Repair StoichiometrlAGT proteins
were assayed for their ability to dealkylate oligodeoxyribo-
nucleotides containin@®-methylguanine in accordance with
the procedures previously outlineg3j. Measured quantities
of purified hAGT samples were incubated withd§AAC-
AGCATATmMéGGCCC)-3in 50 mM Tris-HCI (pH 7.5) and
0.5 M DTT for 60 min. SDS was then added to 1%, and the
mixture of oligodeoxyribonucleotides was separated by
reverse-phase HPLC. Quantitative detectidasf) of the
alkylated substrate and unalkylated product oligodeoxyri-
bonucleotide provided a measure of the total repair capacity
of each of the hAGT proteins tested. As AGT brings about
he stoichiometric transfer of alkyl adducts in an irreversible
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v= [hAGT]* A Imidazole Stain  Coomassie Stain
(K%,) + [hAGT]*

Monomer-equivalent association constants are equal to the
value of 1/[hAGT] atY = 0.5.

Structural Analysis by CDhAGT proteins were assayed
for structural consequences of zinc occupancy by CD. A
Jasco J-710 spectropolarimeter was used to probe for spectral
changes in the far-UV (256212 nm) using a thermostated
0.1-cm path length cell. Spectral measurements of/dgJ0
mL protein samples in 20 mM sodium phosphate buffer (pH hAGT SSAT IFABP hAGT SSAT IFABP
7.6) were made in triplicate at both 25 and 7.

Protein Stability Studies by Fluorescencenfolding

o8]

experiments were done at equilibrium to determine the 3j M Standard [ Supplemented Stfippm__
stability of the wild-type protein and single-site mutant é

proteins C5A, C24A, H29A, and H85A in the presence and » 2° 3
absence of zinc. Denaturant stock solutions (10 M urea) used g 2 E
in unfolding experiments were prepared as previously S15 1
described 20). A 9 M urea solution, containing the buffer g

components listed below, was prepared fresh from the frozen & 1 1
stock on the day of an experiment. All buffers contained 20 g o0.5 g
mM NaPQ, 50 mM NaCl, andt0.1 mM ZnC}, pH 7.6. N 0 L
Immediately before use, DTT was added to the buffer and WT CH45A WT C5A C24A H29A HE5A C145A C145S C150A C62A
urea solutions for a final concentration of 1 mM. Ap- <~ (His)tagged ———

proximately 30 min before the start of an experiment, AGT Protein

identical concentrations of protein were added to the buffer Ficure 1: Qualitative and quantitative zinc analysis of hAGT
and 9 M urea solutions. Actual urea concentrations for all samples. (A) Purified protein samples of hAGT, SSAT, and IFABP

solutions were determined by refractive index with a Milton gt%ggqjgﬁa)/ ;‘{Z{ﬁezugfgitﬁg é; irr‘]ac‘ﬂ‘t’)‘z tilfbﬁgll\z/ll i?nr;gatzhoelegf(ca)lr was
Roy Abbe-3 refractometer at 2& as previously described 72 h at 21°C as described in Materials and Methods. The standard

(39). Coomassie Blue staining is shown at the right and imidazole staining
Equilibrium unfolding transitions as a function of denatur- on the left. (B) ICP-MS was used to quantitate hAGT samples
ant concentrations were monitored by fluorescence with awi;ifglr?dcv?/ﬂ}weonji chi!dtgr%?ng’ﬁ((lgﬁ-:— ;?f?nﬁl;‘:/ﬁ z\a,\llle(;tehgt”rir:iuetg r?tgth
PTI annta Masfter Lumlnescence S_pectrom_efcer N CONIUNC-ghown are (Hisytagged. The firit twoycolglmns correspond to
tion with a Hamilton Microlab 40C titrator. Initially, 2 ML ontagged proteins, and the remaining nine proteins have a
of a buffer solution containing the native protein was placed purification tag. Standard, supplemented, and stripped samples were
in a 1 x 1 cm fluorescence cuvette containing a stir bar. prepared and quantified as outlined in Materials and Methods.
This solution was overlaid with 200L of mineral oil to Binding stoichiometry is shown as the number of zinc atoms bound
. : . _per molecule of protein.
prevent losses in solution volume because of evaporation
and to prevent the solutions from creeping up the walls of
the cuvette. All titrations were carried out at constant volume
and constant protein concentration using the titrator and the
automated software provided for the instrument. One syringe
of the titrator was used to withdraw an aliquot of the solution regyLTS
contained in the cuvette. The other syringe was used to add
an equal volume of an identical concentration of protein in ~ AGT Is a Zinc MetalloproteirBecause of the discrepancy
9 M urea. The resulting solution was mixed and equilibrated between the two published crystal structur&s7) and the
for 10 min prior to collection of the fluorescence spectrum. lack of any prior evidence to the finding that hAGT is a
The system was shown to be at equilibrium by obtaining metalloprotein, preliminary experiments were devised to
identical results after doubling the equilibration times. This confirm the presence of the potential zinc cofactor. As shown
process of withdrawal of solution from the cuvette followed in Figure 1A, recombinant hAGT produced from the pXC-
by addition of an equal volume of protein in denaturant 35 plasmid vector separated by PAGE stained strongly in a
gradually increased the concentration of urea in the cuvette.test for zinc proteins28). IFABP, which has been exten-
The urea concentration increment was calculated for eachsively studied by a variety of structural methods and contains
addition using the program Savuka9j. At least 45 cycles  no metals 40—43), was used as a negative control and
were done for each protein, increasing the urea concentrationshowed no staining (Figure 1A). These results clearly
from 0 M to 7.5-8.5 M urea, depending on the volumes demonstrate that zinc is present and firmly attached in hAGT
used for each cycle. The final urea concentration in the samples in significant quantities in accordance with the
cuvette was determined using refractometry as describedcrystal structure reported by Daniels et &).
above. In all cases, the measured final urea concentration ICP—MS was used to quantitate the metal content of
was less than 1% different from the calculated concentration. hAGT preparations. In addition to being highly sensitive and

The data were corrected for the background signal of the
buffer and urea. Final protein concentrations ranged from
0.023 to 0.030 mg/mL, depending upon the protein used.
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specific @4—47), this technique was not influenced by A
presence of DTT, which may interfere with metal assays
rely upon chelating chromophores such as dithizone. — — — — N A S

ICP—MS assay also allows for simultaneous analysi
multiple elemental species, but only zinc was presel
significant quantities. Small amounts (less than a molar
of 1:20) of Fe, Mg, and Co were found (results not sho ___4
The latter was presumed to originate from the TAL hAGT

affinity resin (Clontech) used to purify (Hisjagged protein: marker [ZnCl]

as it was only found in detectable amounts in those sar

produced using this resin.

Zinc was present in much more substantial amounts than 141 B
these metals in the recombinant hAGT proteins (Figure 1B).
However, the recombinant hAGT preparations were not fully 131 :
saturated with zinc as a substantial increase in zinc content 12

was observed when the unfolded protein was renatured in
the presence of excess zinc. Under these conditions, wild-
type hAGT bound almost two zinc atoms per molecule of
protein. The presence of a (Hjgffinity tag further increased
the binding stoichiometry by one additional metal ion (Figure J 1 1 \ J J
1B). SSAT, a protein tha; contains no zinc in its normal state, 0 100 200 300 400 500
does have a bound zinc when a recombinant plasmid UM ZnCl

encoding the protein with a (Hisjag was used for produc- 2

tion (Figure 1A). Itis likely that one of the bound zinc atoms FGURre 2: Effect of ZnCh on recombinant human wild-type hAGT

in the hAGT proteins purified using (Hishffinity tags was expression irE. coli. Panel A: ZnCj content in culture media was

L : varied over a range of-0500uM. Equal quantities (5@g) of total
du_?hto :gel:f:/lssomatlon of the rtnetal with the_ t?g't ith th protein from XL-1 Blue cell lysates were separated by SPAGE
€ measurements were consistent wi € and analyzed for hAGT expression by Western blotting. hAGT

importance of key residues implicated in zinc binding by induction was quantitated by densitometric analysis of the band
the crystal structuregj. Single alanine mutants were made demarcated by the hAGT standard (leftmost lane). Panel B shows
of each of the four residues believed to comprise the relative hAGT expression as a function of media Zn&incentra-

. . . tion. Expression levels were normalized to that obtained with
N-terminal zinc coordination sphere of hAGT. Each of the unsupplemented media. Error bars represent the standard deviation

residues appears to contribute to zinc binding, as the molarof six experimentsthree using XL-1 Blue cells and three using
ratio of metal to protein is lower for each of the mutants as POP cells.

compared to wild-type hAGT for both standard sample
preparation and after metal enhancement. Mutation of Cys5expression of hAGT as the ZnCtoncentration was in-
resulted in the most significant decrease in zinc content ascreased to 10&M (Figure 2). Above that level of zinc,
compared to wild-type hAGT, and C24A, H29A, and H85A expression of hAGT decreased, possibly because of toxic
show progressively less profound effects on zinc occupancyeffects of zinc on the growth of bacteria. Experiments of
(Figure 1B). The C5A mutant clearly has one less bound this type were performed using both POP cells containing
zinc atom than wild-type hAGT, providing strong support the heat-shock inducible pXC-35 expression vector for hAGT
for the structure identified by Daniels et aB)( and XL-1 Blue cells containing the pQE-30 expression vector
The nature of the apparent third binding site is at present for C-terminally (His)-tagged hAGT. Protein levels as
unclear. Mutations at Cys145 and at Cys150 had a modestmeasured by Western blotting varied consistently with ZnCl
effect on zinc occupancy (Figure 1B). It is therefore possible concentration in each case (Figure 2). Data obtained from
that despite their relatively inaccessible location in the active- Coomassie Blue stained SBEAGE gels of whole-cell
site cleft, these residues can also bind zinc, particularly whenlysates from both of these expression systems gave similar
the protein is exposed to a high concentration of the metal results when the band corresponding to hAGT was quantified
and other binding sites have been occupied. (not shown). Standard purified wild-type hAGT samples
Regardless of the presence of mutations or affinity tag, produced from culture media containing 100 ZnCl, had
all hAGT proteins were effectively stripped of virtually all a molar ratio of zinc/protein of 0.8& 0.07:1, representing
their bound zinc by treatment with EDTA and urea as a slight enhancement over that for wild-type hAGT expressed
described under Materials and Methods, effectively reducing from unsupplemented cultures which had a molar ratio of
the level of that ion to the range of all the other trace metals 0.66+ 0.04:1. These results indicate that the availability of
assessed by ICPMS (Figure 1B). zinc during culture may influence hAGT protein expression
Enhancement of Recombinant hAGT Expression by Zinc.and/or stability.
Since purified recombinant hAGT samples have incomplete  Effect of Bound Zinc on Rate of DNA RepaiAGT
zinc occupancy, experiments were performed to investigate proteins were tested for DNA repair activity as a function
the effect of zinc-supplementation on the bacterial expressionof zinc occupancy. Second-order rate constants were deter-
systemsE. coli cultures were grown and induced to generate mined for the alkyl transfer reaction with methylated DNA
wild-type hAGT in media containing various concentrations substrate by wild-type and mutant proteins (Figure 3A). In
of ZnCl,. Western blotting of cell-free extracts derived from every instance, the repair rate correlated with the zinc content
the different cultures demonstrated enhancement in theof the sample tested (cf. Figure 1A). A 5-fold enhancement

Normalized hAGT expression
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E 3: Effects of zi tent on DNA ir activity rate of Ficure 4: Effects of zinc content on the reaction of hAGT with
AGT. h, rotein (.60 no) was i repair activity raté of - o6 henzylguanine. Proteins were incubated in various amounts with
hAGT. hAGT protein (3-60 ng) was incubated at 3T with 7 O5-[8-H]benzylguanine in 50 mM Tris (pH 7.5) and 5 mM DTT
ug of [*H]-methylated calf thymus DNA in 50 mM Tris (pH 7.5)

) ; - in a volume of 0.25 mL, and time points were taken by halting
and 5 mM DTT in a total volume of 1 mL. Time points were taken o o aliquots with buffer containing excess unlabeled substrate
by halting reactions with buffer contairgr8 M urea, and the rate

tant lculated d ibed in Material d Method and guanine. Aliquots were analyzed for guanine formation, and
constant was calcuiated as described in Matenas and Vetods..,o rate constant was calculated as described in Materials and
Studies with zinc-stripped samples were carried out only with wild-

i hAGT i A f d in the ab Methods. Studies with zinc-stripped samples were carried out only
ype A pdrepara lons. ssallyg w?roe 1perl\<zrrzne0| In the abSence,ith wild-type hAGT preparations. Assays were performed in the
(panel A) and presence (panel B) of 0.1 mM Zp absence (panel A) and presence (panel B) of 0.1 mM ZnCl

in repair rate was observed for the zinc-supplemented wild- (Figure 3). However
type hAGT over that for standard preparations. Stripping the ' ’

protein of zinc result;:d in a jO—foIo!I decrease in the rﬁte the rate constant was only slightly slower for C150A in the
constant as compared to standard wild-type hAGT. Further- 5 oqance of zinc as compared to zinc-free assay conditions.

more, the (Hisytagged mutant hAGTs repaired DNA 1y 5 the binding of zinc to Cys150, which is close to the
substrate less efficiently than similarly prepared (ktiagged 5 tiye-site Cys145, may be reiated to zinc-mediated inhibi-
wild-type hAGT, with lower zinc occupancy yielding slower ’
rates of repair in each case. These findings suggest that the Eﬁect of Bound Zinc on Rate of Reaction with-O
presence of zinc bound within the N-termi_nal structure of BenzylguanineThe free baseQf-benzylguanine, is a sub-
hAGT influences the alkyl transfer reaction with DNA = g0 for hAGT that transfers the benzyl group to Cys145
desplte .the lack of proximity of th_e metal to the C-terminal (19). Second-order rate constants for debenzoylation of this
active site and DNA-binding motifsd]. base are presented graphically in Figure 4. Although, as
Activity assays were also performed for the same hAGT previously reported33), the overall rates of repair were
proteins in the presence of a high Za@bncentration to  sjgnificantly slower than with methylated DNA substrates,
examine the effect of solution zinc on the DNA repair the trends observed with respect to zinc occupancy were
reaction. In agreement with previous reports of the inhibition sjmilar. Reaction withOf-benzylguanine proceeds more
of AGT activity by metals {0, 11), rate constants in every  rapidly when catalyzed by hAGT samples with higher zinc
case except C150A were decreased with 0.1 mM ZnCl occupancy whether zinc levels had been modulated by
added to reaction mixtures (Figure 3B). Despite the inhibition preparation methods and/or mutation. This increase in repair
of wild-type hAGT and the mutants by free zinc, however, efficiency as a function of hAGT zinc content suggests that
the trend of repair efficiency increasing with AGT zinc  the enhancement is mediated through an effect on the alkyl
occupancy remained. transfer reaction itself rather than upon other factors in AGT
Within experimental error, the repair rate constants for repair function such as DNA binding. In parallel experiments
mutants C62A and C150A are identical to those of wild- with 0.1 mM ZnC} added to reaction mixtures, the effects
type hAGT in standard and zinc-supplemented preparationswere, again, similar to those observed with methylated DNA

although the C62A protein was
inhibited by ZnC} to the same degree as wild-type hAGT,
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A Table 1: Binding of Zinc-Modulated hAGT Proteins to DRA
a b ¢ d e f g h i j Monomer-Equivalent Formation
B T e e Constantsx 1076 M
Protein Preparation
zinc- zinc-
AGT protein standard supplemented  stripped
wild-type hAGT 1.00£0.05 1.11+0.06 1.00+0.02
» : C145A hAGT 0.83+0.05 0.91+0.06 0.83+0.04
F w ¥ (His)s-tagged 217+023 182£022 2.50+0.27
wild-type hAGT
(His)e-tagged C5A 1.6 0.13 1.43+0.05
1F ' ' ' ' 1 (His)s-tagged C24A 124016 1.82+0.15
B (His)-tagged H29A  2.13:0.24  1.90+0.17
08| WT 1 (His)s-tagged H85A  1.54-0.11  1.65+ 0.06
(His)s-tagged C145A 1.8+ 0.28 1.43+0.09 1.66+0.12
0.6 | i (His)e-tagged C145S 2.9 0.38  2.65+£0.23  2.65+ 0.10
> a Equilibrium binding reactions were carried out in 10 mM Tris (pH
041 1 7.6), 1 mM DTT, and 1Q«g/mL bovine serum albumin at 2C for 30
CSA min. ® Monomer-equivalent formation constants, equal 1/[hAGT] at
0.2 1 half-saturation of the 4:1 complex of hAGT with double-stranded 16-
mer oligodeoxyribonucleotide. Error ranges represent the standard
0f . , . . i deviation for three replicate experiments.
2.0 4.0 6.0 8.0
7
[AGT]/Mx 10 Table 2: Binding of Zinc-Modulated hAGT Proteins to DNA

FIGURE 5: EMSA analysis of hAGT binding to DNA. Panel A; ~ ContainingO®Methylguaniné

Binding to a double-stranded 16-mer was carried out at21°C

in 10 mM Tris (pH 7.6), 1 mM DTT, and 1@g/mL bovine serum
albumin. All samples contained 8.6 107 M DNA; samples in
lanes aj contained increasing concentrations of conventionally

Monomer-Equivalent Formation
Constantsx 10°°M

Protein Preparation

purified (His)-tagged C5A hAGT. Electrophoresis was performed zinc- zinc-
as described in Materials and Methods. Bound DNA (B) and free AGT protein and DNA  standard supplemented stripped
DNA (F) are indicated. Panel B shows binding isotherms based C145A hAGT+ 208L009 196L013 204L01
upon the gel data shown in panel A and gel data from a similar 05-MeG ssDNA ' ’ ' ' ' ’
experiment using conventionally purified (Higagged wild-type C145A hAGT+ 2384 0.08 239-0.10 2.27+0.08
hAGT. Association constants are shown in Table 2. 05-MeG dsDNA ' ' ' ' ' '

_ . _ (His)s-tagged C145A+ 2.63+0.22 2.70+£0.19 2.63+0.10
(Figure 4B). The presence of free zinc resulted in decreased 0f-MeG ssDNA
rates of reaction witlD®-benzylguanine for all hAGT proteins (Hi(s))56-|\t/|ag(g%d 8&15'% 4.76+£0.22 5.00+034 4.17+051

; -MeG ds

assayed except C150A, but the dependence of debenzoylat!o His)tagged C1458 3334021 3574013 3.22+ 024
rate upon zinc occupancy was preserved. These results with” s\ ssDNA
a small molecule substrate in the absence of DNA suggest (His)--tagged C1455- 5.36+0.39 5.30+0.39  5.60+ 0.50

that free zinc in solution does not inhibit the alkyl transfer ~ 0%MeG dsDNA

reaction by simply interfering with AGFDNA binding. a Equilibrium binding reactions were carried out in 10 mM Tris (pH
DNA Binding Is Unaffected by Changes in Zinc Saturation. 7.6), 1 mM DTT, and 1@:g/mL bovine serum albumin at 2C for 30

EMSA were performed to determine whether the observed m_ilr&- tSinCﬁ;f(IBeTrepair re_?cgilor} wime-mﬁthg!gganine OCCUfST rr]apidlt)_/,

H H H H H TAi wila- e IS unsulitable Tor specific DINding assays. e active-
changes in DNA repair rate reflect changes 'T‘ binding affinity site mylftants used for this study, Clp45A and Cléiqss, Iaé/k repair activity
for DNA (Figure 5). The DNA used as ligand was the but retain full nonspecific binding affinity as shown in Table 1.
double-stranded 16-mer’-8ACTGACTGACTGACT-3. b Monomer-equivalent formation constants, equal 1/[hAGT] at half-
Previous studies have shown that hAGT forms 4:1 complexessaturation of the 4:1 complex of hAGT with substrate 16-mer
with this oligonucleotide7); none of the protein modifica- oligodeoxyribonucleotides. Error ranges represent the standard deviation
tions employed to alter zinc occupancy changed that stoi- ©©" three replicate experiments.
chiometry (J. J. Rasimas, unpublished observations). Asso-
ciation constantsKj,) evaluated from the dependence of these hAGTs with single- or double-stranded oligodeoxyri-
binding density ) on [NAGT] are presented in Tables1 and bonucleotides containin@®-alkylguanine residues were also
2. Although the different proteins displayed small variations unaffected by zinc occupancy (Table 2). The absence of a
in affinity (differences<3-fold), changes in zinc occupancy significant effect of zinc on DNA binding is consistent with
did not significantly affect affinity of hAGT for oligodeox-  binding models in which the zinc site is separate from the
yribonucleotides not containing @f-methylguanine adduct  DNA binding domain.

(Table 1). Similar studies with single-stranded oligonucle-  Parallel experiments in which ZnGhas added to binding
otides (not shown) demonstrated a comparably small varia-reactions at a concentration of 0.1 mM returiégvalues
tion in binding constants. Association constants for active that were not significantly different from those obtained in
AGTs cannot be measured with substrates contaififig the absence of free metal ions (results not shown). This
methylguanine because of the rapidity of the DNA repair outcome is intriguing in view of the inhibitory effect of
reaction. However, repair-deficient C145A and C145S exogenous zinc on DNA repair. In crystal structures of
mutants provide adequate surrogat®$).(The binding of hAGT, the side chain of Cys150 is located close to the active
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Table 3: Total Repair Capacity of Zinc-Modulated hAGT ‘:’:
o T T T T T T
Repair Stoichiometfy £ of ]
©
Zinc Preparation o of ]
AGT protein standard supplemented stripped g 4l
wild-type hAGT 0.992+ 0.070 0.99Gt 0.040 0.972+ 0.019 %
His-tagged 0.989+ 0.030 0.991: 0.063 0.979k 0.081 T 6} Standard 1
wild-type hAGT % 8t ]
His-tagged C5A 0.963 0.018 0.968+ 0.080 - Supplemented
His-tagged C24A  0.975 0.090 0.980t 0.066 x_ -10¢ WS
His-tagged H29A  0.96% 0.038 0.973t 0.042 > el L 1 * L
His-tagged H85A  0.984- 0.070 0.983k 0.060 = 200 210 220 230 240 250
@ Data are calculated based upon known quantities of hAAGT having Wavelength (nm)
been added to the reaction mixtures that were analyzed by quantitative 6l T T ' ' ]
reverse-phase HPLC for repaired DNA oligodeoxyribonucleotide > B C5A
product. Correlation of these measurements with the amount of protein o 3¢t C24A 1
added to each reaction mixture gives an estimate of the stoichiometry *é
of repair. As the theoretical ratio of repaired DNA to hAGT is 1, the ﬁ i 1
calculated repair stoichiometry is a measure of the fraction of repair o -3 H85A -
active hAGT molecules in a given samp?dvloles of O5-methylguanine >
repaired per mole of a given sample of hAGT protein. Error ranges w© 6 g
represent the standard deviation for three replicate experiments. E 9
site 6, 7); however, it may not be part of the DNA-binding 200 210 220 230 240 250
surface of the protein. Wavelength (nm)

Effect of Zinc on Stoichiometry of hAGT-Mediated DNA  Figure 6: CD analysis of zinc-modulated hAGT proteins. Far-
Repair. Measurements of activity rate not only depend on UV CD spectra of hAGT proteins were acquired to determine the
the efficiency of each molecule in a given sample to effect secondary structural consequences of altering zinc occupancy.
alkyl transfer but also upon the total number of repair-active Tracings represent the average of three spectra acquired for each

s sample. Panel A: Spectra of standard, supplemented, and stripped
molecules within that sample. If the procedures employed hAGT (all at 25°C) are overlaid to demonstrate the lack of change

to modulate zinc occupancy inactivated various populations of cp with zinc occupancy. Experiments conducted af@7not
of hAGT, measures of activity rate constants shown in shown) yielded similar results. Panel B: CD spectra of ¢-isyged

Figures 3 and 4 would reflect sample manipulation rather wild-type hAGT and mutants in potential zinc binding residues,
than just the effects of zinc. Therefore, hAGT samples were acquired at 37C. Tracings are offset with respect to ellipticity to
o . . .~ allow comparison of spectra. Results were similar for zinc-
assayed quantitatively for their total capacity to repair g 51emented samples of the same proteins and for scans taken at
methylated oligodeoxyribonucleotide substrates. As a result2s °c (data not shown).
of the irreversible stoichiometric alkyl transfer, which restores
5'-d(AACAGCCATATmMSGGCCC)-3 to its nonalkylated observation that the zinc-binding domain displays relatively
cognate, tracking the disappearance of substrate and thesimilar conformations in both crystal structures despite the
formation of product after allowing repair of an excess presence of bound metal in one and the absence of zinc in
substrate to proceed to completion allows determination of the other 6, 7).
the number of active hAGT molecules. While rate constants  CD spectral analysis of zinc coordination residue mutants
for the proteins varied, the total repair capacities of the also revealed little effect on secondary structure. Standard
different samples were similar, and the high stoichiometries preparations of wild-type hAGT, C5A, C24A, H29A, and
of repair (approaching the theoretical value of 1) suggest H85A proteins all produced virtually identical ellipticity
that they all contain relatively small fractions of inactive profiles as shown in offset plot in Figure 6B. Thus,
hAGT molecules (Table 3). Therefore, modulation of zinc manipulation of zinc content by chemical and mutational
occupancy by mutation and/or preparative means does notmeans does not alter the efficiency of alkyl transfer by
give rise to altered rates of repair activity by merely inducing major changes in the secondary structure of hAGT.
inactivating a significant portion of hAGT samples. Although CD revealed no significant structural changes
Effect of Zinc Content on hAGT Structuri@espite the as a function of zinc occupancy, fluorescence studies suggest
preservation of repair capacity, the mutations and samplethat zinc binding results in altered protein conformation. The
manipulations targeted at zinc occupancy might have inducedspectrum of zinc-supplemented wild-type hAGT demon-
radical structural perturbations in hAGT. Previous studies strates a small blue shift in emission maximum as compared
have shown that despite the lack of a known functional role to unsupplemented protein (result not shown). Zinc modula-
for the protein’s N-terminus, the stability of hAGT is highly tion may affect tertiary structure motifs in the vicinity of
sensitive to mutations in that regio?5, 48). Therefore, zinc- one or more of hAGT's four tryptophan residues (Trp65,
modulated and mutant hAGTs were analyzed by CD. Figure Trp100, Trp167, and Trp191)
6A depicts the far-UV spectrum of wild-type hAGT overlaid Effect of Zinc on hAGT StabilityThe unfolding and
with spectra corresponding to zinc-supplemented and zinc-refolding transitions of wild-type hAGT in the presence and
stripped preparations of the protein. Since these curvesabsence of saturating ZnGilere monitored fluorometrically
virtually superimpose, it can be inferred that modulation of (Figure 7). Although the equilibrium unfolding of hAGT does
zinc occupancy does not grossly affect the overall folded not fit a simple N<= U or N < | <= U process, several
structure of hAGT. This result is consistent with the qualitative conclusions can be reached. In zinc-supplemented
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g obn T T show clearly that the presence of such a sequence increases
s the total zinc content, and it could also alter the distribution

Q o8f . of zinc within the molecule in the nonsupplemented samples.
o 06l ] It was reported recently that the C-terminally (Hitgged

5 ' protein has a slightly higher activity that the N-terminally

L 04r ] (His)s-tagged hAGT 24), and this protein was used in our

_qg’ 02l E studies. The proximity of the N-terminal (Hisaddition to

© ! ] the native zinc binding site (particularly Cys5) may increase
e oo, ] the potential competition for the limited zinc present in

unsupplemented bacterial cultures. His-tagging is extremely
convenient for the purification of hAGT and its mutants, but
FIGURE 7: Fluorescence monitoring of unfolding transitions of wild-  OUr results indicate that care should be taken to ensure that
type hAGT in the presence and absence of zinc. The denaturingvariations in zinc content caused by the tag do not influence
effects of urea on wild-type hAGT were tracked by fluorescence experimental results with hAAGT preparations. Using vectors
in the presence and absence of saturating Z(IC1 mM). Spectra  that allow for the removal of the (His}ag after purification

were acquired for equilibrium solutions of wild-type hAGT (0.030 : o .
mg/mL) in 20 mM NaPQ, 50 mM NaCl, and 1 mM DTT with would not solve this problem. Zinc-supplementation may be

concentrations of urea varied using an automated titrator as Crucial to restore full occupancy to the critical site.
described in Materials and Methods. Relative fluorescence at 330 Our results also support the concept that zinc binding to
nm is plotted for both the standard (circles) and the zinc- the site in the hAGT N-terminal domain has a functional
supplemented (squares) preparations. and stabilizing role. The functional role is indicated by the
. . . studies shown in Figures 3 and 4 where the rate of alkyl
samples, the denaturation curve was shifted to the ”ght'transfer from eitherOS-methylguanine in DNA orO®-

ir!dicating that.a higher urea concgntrgtion IS necessary .tobenzylguanine was enhanced as a function of increased zinc
disrupt the native fold. These data indicate that the protein . tant This enhancement is clearly not due to the presence

IS more resistant to de_qaturgtlon In th? presence of ZINC, 5¢ 7inc at the (Hisy-tag site since it was seen with nontagged
suggesting gain of stability with metal binding. Mutants of protein as well.

the zinc coordination residues were also studied using similar™ , possible additional zinc-binding site in hAGT is
methods to investigate more directly the effect of occupancy ;. icated by the ICPMS data (Figure 1B). Binding of
of the metal binding site on structural stability (Figure 8). transition metals to the surface of proteins is common as

;I;]he mutgt&on o(; C;yzll'zt4, Inhpartlcularit\ﬂrttjally abollshets' amino acids that can enter into such binding often occur in
€ zinc-induced stabiiity enhancement that was apparent g, ant_accessible regions. One such potential site is marked

experiments with wild-type hAGT (co_m_pare Figure .88 with by Cys150. The C150A mutant hAGT has less zinc content
.F igure 7) Mute_mt CSA. hAGT also exhlblts a smallgr INCIease pan wild-type hAGT according to ICPMS measurements.
in stability on zinc addition than the wild-type protein (Figure Considering the residue’s proximity to the active site, zinc

Binding to the sulfur atom of Cys150 may interfere with the
alkyl transfer reaction by electrostatic and/or steric effects.
Binding of metal at that location on hAGT may explain some
of the inhibitory properties of a wide variety of transition
metal ions previously described @ 11). An interaction
between Cys150 and zinc represents a plausible explanation
for the global decrease in rates of alkyl transfer when ZnCl
DISCUSSION was added to the assay medium with all proteins assayed in
our experiments except C150A (Figures 3 and 4). However,
Our studies provide compelling evidence that hAGT is a the trend of activity rate constants varying in accordance with
zinc metalloprotein and thus confirm the report based on thezinc occupancy at the N-terminal binding site persists
crystal structure ). The simple gel-staining experiment whether zinc is present in assay solutions. These results
shown in Figure 1 indicates that zinc forms stable complexes resemble those found for murine adenosine deaminase, a key
with hAGT since they survive prolonged electrophoresis in protein in immune system development, whose activity is
zinc-free buffer. Studies with ICPMS confirm that zinc is enhanced by zinc binding at a particular tetrahedral coordina-
a component of hAGT and that refolding of the protein in tion site but inhibited when zinc binds at certain surface
the presence of excess zinc leads to its incorporation intoresidues 49).
the protein structure. Lower levels of zinc in some recom-  The alkyl transfer rate enhancement by bound zinc appears
binant hAGT preparations may be due to inadequate amountgo be independent of the protein’s interaction with DNA since
of the metal in the culture to support the saturation of zinc (a) changes in zinc occupancy do not influence binding
binding sites in proteins expressed at very high levels from affinities for alkylated and non alkylated DNAs and (b) the
very strong promoters. The lack of zinc in the crystal effect was seen withD8-benzylguanine, which does not
structure of hAGT reported by Wibley et al7)(may be interact with the DNA binding domain. Although the zinc-
explained in this way. Their structure of a C-terminal binding site is located in the N-amino terminal domain,
truncated protein was obtained using a N-terminally (His) whereas the active site is located in the C-terminal domain
tagged sample. The zinc content at the native binding site and the difference between the zinc-possessing and the zinc-
may have been diminished by competition from the (His) lacking crystal structures was sma, (7, 50), zinc-binding
tag. Our studies using a C-terminally (Hisagged protein has been suggested to alter the relative orientation of the

conformation adopted by hAGT in the presence of zinc may
be mediated in large measure by metal binding of the two
cysteines. While the mutants H29A and H85A only display
minor deficits in zinc-mediated stability, neither showed the
stability enhancement of wild-type hAGT with its intact zinc
coordination sphere (Figure 8C,D).
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Ficure 8: Fluorescence monitoring of unfolding transitions of mutant hAGT proteins in the presence and absence of zinc. The denaturing

effects of urea on mutants of the zinc coordination sphere were tracked by fluorescence in the presence and absence of saturating ZnCl
(0.1 mM). Spectra were acquired for equilibrium solutions of hAGT proteins (6-:02Z80 mg/mL) in 20 mM NaP¢ 50 mM NacCl, and

1 mM DTT with concentrations of urea varied using an automated titrator as described (cf. Materials and Methods). Relative fluorescence
at 330 nm is plotted for both the standard (circles) and the zinc-supplemented samples (squares) for each of the four mutants. Unfolding
transitions are shown for C5A (panel A), C24A (panel B), H29A (panel C), and H85A (panel D).

protein’s two major domaing( 50). This change may affect Another possibility that is worth experimental investigation
the local positions of residues in the protein’s active site that is that the zinc-binding site in the N-terminal domain of
activate Cys145 to generate a thiolate anion for attack onhAGT may have evolved in response to the more complex
the alkyl group of the substrate. Such changes may be toosubcellular environment of mammalian cells. Zinc occupancy
small to be detected in the CD analysis but could account may mediate the interaction of hAGT with other proteins,
for the minor changes in fluorescence observed as a functioninfluencing its own regulation, or the regulation of other
of zinc occupancy. biochemical pathways. For example, zinc binding may

Zinc binding also improves the stability of hAAGT and change upon completion of the alkyl transfer reaction,
enhances the correct folding of the protein (Figures 7 and resulting in a small conformational switch that targets hAGT
8). This effect could contribute to the finding that recom- for degradation. Since the ability of hAGT to form multi-
binant hAGT expression was increased by supplementationprotein complexes with DNA is diminished little following
of E. coli cultures with zinc (Figure 2). Cell growth at alkylation (J. J. Rasimas, unpublished observations), a signal
elevated zinc concentrations may raise the fraction of other than dissociation from DNA must be necessary to target
correctly folded hAGT molecules. Expression enhancement this stoichiometric repair protein for turnover. The decrease
as a consequence of stability enhancement is also consistenin hAGT stability we have observed in the absence of zinc
with the results of denaturation/renaturation fluorescence indicates the potential validity of this hypothesis. It should
experiments, which show evidence for a more stable structurebe noted that despite lack of evidence for gross conforma-
in the presence of zinc. The occupancy of the N-terminal tional switching with changes in metal occupancy, even
binding site by zinc may be essential to this stable conforma- subtle changes might reveal or obscure important binding
tion and the more efficient repair function that it performs. sites on hAGT.

It is probable that other mammalian AGT proteins are also  These findings regarding the influence of zinc on hAGT
zinc proteins since the residues involved in zinc coordination raise many questions about the metal's potential impact on
are maintained in these highly conserved proteins. However,alkylated DNA repair processes within cells. Obviously, zinc
these residues are absent in the amino acid sequences davailability during translation and in the subcellular environ-
microbial AGTs, and zinc was not found in the crystal ments where the protein operates may affect hAGT function.
structure of thek. coli Ada-C-terminal domain proteir8( The effects of metal concentration may not only impact the
51) or the protein fromPyrococcus kodakaraens(9). It protection provided to normal cells by hAGT but also the
should be noted that even zinc-stripped hAGT is active in degree to which tumor cells expressing the DNA repair
DNA repair, and the metal merely enhances reaction rate protein show resistance to killing by alkylating agerig)(
and protein stability. It is likely that other residues in the Furthermore, considering the dissimilarity of the binding site
microbial AGTs provide the same steric function in activation to previously described zinc coordination complexes and the
of alkyl transfer and stability. lack of an obvious direct functional role for the metal ion,
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zinc occupancy may determine a novel mode of biophysical

regulation in hAGT. Although we have shown here that zinc

binding has measurable in vitro consequences for structure

and function of hAGT, it is in the milieu of the cell where

the

reveal a more detailed role for the metal. This underscores

the

biochemical processes by finding interacting partners for this

protein’s interactions with other macromolecules may

importance of placing hAGT in the context of other

seemingly solitary DNA repair protein. A more complete

understanding of the role of the novel zinc site in hAGT is
likely to depend on a complex network of biochemistry that
extends well beyond the protein’s own activity and structure.
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