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ABSTRACT. A library of active-site mutants has been constructed by targeting selected amino acid residues
in human glutathione transferase (GST) Al-1 for random mutagenesis. The mutated residues are suitably
positioned for interaction with the second, electrophilic substrate, in particular chloronitrobenzene derivatives
undergoing KAr reactions. DNA representing the GST Al-1 mutant library was fused with DNA encoding
gene lll protein, a component of the coat of flamentous phage. Phage display was used for affinity
selection of GST Al-1 mutants with altered catalytic properties. The affinity ligand used wastmeplex

of 1,3,5-trinitrobenzene and glutathione immobilized to Sepharose. The complex was designed to mimic
the transition state of\&\r reactions catalyzed by GSTs. The selection system is based on the combination
of affinity for the o-complex as well as the ability to promote its formation, thus mimicking two salient
features of the assumed catalytic mechanism for tr $eactions. Many of the GST Al-1 mutants
selected and analyzed contained an aromatic amino acid residue in one of the mutated positions, suggesting
favorable interactions with the trinitrocyclohexadienate moiety of the affinity ligand. A mutant C36 was
selected for more detailed studies. Its catalytic efficiency with several chloronitrobenzene substrates was
20—90-fold lower than that of wild-type GST Al-1, but fully comparable to naturally evolved GSTs of
different classes, providing a #fbld rate enhancement over the uncatalyzed reaction. In the conjugation
of ethacrynic acid, a Michael addition reaction, mutant C36 was 13-fold more efficient than the wild-type
enzyme. Within experimental error, the quotient betweenkhealues for wild-type GST Al-1 and
mutant C36 is the same as that betweenkth&Ky values determined with 1-chloro-2,4-dinitrobenzene

for the two enzyme forms. This result indicates thatomplex formation is rate-limiting for the catalyzed
reaction. Thus, the principle of transition-state stabilization as a component of catalysis has been
successfully exploited in affinity selection of catalytically competent GST Al-1 mutants. This mechanism-
based procedure also selects for the ability to prometemplex formation, and serves as a probe of the
catalytic mechanism.

Nucleophilic aromatic substitutionn8tr,* reactions occur This study focuses on the reaction of the glutathione (GSH,;
by a bimolecular additionelimination mechanism (Ingold,  y-L-Glu-L-Cys-Gly) with nitro-substituted benzene deriva-
1953). The reaction rate is dependent on the chemical naturdives. Figure 1A shows the nucleophilic attack of the GS
of the nucleophile, which can be negatively charged or thiolate on 1-chloro-2,4-dinitrobenzene (CDNB). G&in
neutral, as well as the electrophilic site of attack on the also react to form a-complex with 1,3,5-trinitrobenzene
aromatic compound. The reactivity of the aromatic nucleus (TNB) (Figure 1B), but since the hydride ion is a poor
is governed by electron withdrawing substituents such asleaving group, the reaction with TNB will not proceed to
nitro groups inortho andpara positions to the leaving group. ~ Product and results in a dead-end complex. Theomplex
An S\Ar reaction is believed to pass through a high-energy (an equilibrium product) can be viewed as a transition-state
intermediate, a Meisenheimer orcomplex, in which the analog, since it exhibits steric and electronic features of the
carbon undergoing attack in the aromatic ring is no longer Postulated transition state in the/ reaction between GSH
sp? (planar) but rather $phybridized (tetrahedral). Such and CDNB and other aromatic nitro compounds (Ingold,
distortion of the aromatic structure may be a rate-limiting 1953)-
process, in which case promotion @fcomplex formation The glutathione transferases (GSTs) are dimeric phase |l
is expected to result in an increased reaction velocity. detoxication enzymes in which each of the 25 kDa subunits
contains one active site. The active site of GSTs can be
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2,4-dinitro-5-trifluoromethyl-1-chlorobenzene; cfu, colony forming function relationships in their contribution to catalysis of
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glutathione transferase; NBDC, 7-chloro-4-nitrobenzo-2-oxa-1,3-dia- .
zole; SWAT, nucleophilic aromatic substitution; TNB, 1,3,5-trinitroben- The enzyme family of GSTs are known to catalyze\6

zene. reactions. The reaction between GSH and CDNB (Figure
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Ficure 1: (A) Nucleophilic aromatic substitution (8r) reaction: glutathione reacting with 1-chloro-2,4-dinitrobenzene (CDNB). (B)
Formation of semistable-complex of GSH and 1,3,5-trinitrobenzene (TNB) on a Sepharose matfriGfaminskiet al. (1989)]. (C)
Structural formulas of other GST substrates: 1,2-dichloro-4-nitrobenzene (DCNB), 2,4-dinitro-5-trifluoromethyl-1-chlorobenzgne (oCF
CDNB), 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole (NBDC), and ethacrynic acid.

1A) is used as a standard assay in studies of GSTs (Habigbetween the extent af-complex stabilization and the ability
et al, 1974) and is therefore well studied. Different to catalyze correspondingn8r reactions, such as the
techniques have been used to characterize the active site o€onjugation of GSH with CDNB (Figure 1A).
GSTs in order to explain the catalytic mechanism in the S
Ar reactions. Many GST mutants involving residues in the EXPERIMENTAL PROCEDURES
active site have been constructed. Most of the constructs Construction of Phagemid Library.The library was
have focused on the binding and the mechanism of depro-constructed and phagemid was prepared essentially as
tonation of GSH, providing the nucleophilic thiolate GS  described for production of recombinant “Phab” fragments
whereas others have revealed the importance of differentusing the vector pComb3 (Barbast al, 1991) with
residues in interactions with the electrophilic substrate. The modifications as follows. cDNA encoding a two-histidine
stabilization of theo-complex of GSH and TNB, 1§ mutant of human GST Al-1 (Yilmaet al,, 1995) was used
glutathionyl)-2,4,6-trinitrocyclohexadienate, by the enzyme as template in PCR with primers RAN11{6GG GAT CCC
can conveniently be monitored by visible absorption spec- TCG AGA TGG CAG AGA AGC CCA AGC TCC ACT
troscopy (Graminsket al., 1989), and the structure of an ACN NSA ATN NSC GGG GCA GAA TGG AG) and
enzyme-bound complex has been determineet(@i., 1993). RAN14 (B-TTTTTT AAG CTT GGCATCTTTTTC CTC

In the present work, a phage display system was used asAGG TGG ACA TAC GGG CAG SNN SNN GAT CAT
an approach to studies of the binding of aromatic compoundsTTC ACC CAA) (S= G/C). The product was digested with
to the active site of GSTs. Phage display is a powerful Xhd and Hindlll and ligated into a derivative of pComb3
selection tool in biochemistrycf. Choo and Klug (1995), [derivative described in Widersten and Mannervik, (1995)].
O’Neil and Hoess (1996), and Dunn (1996)]. Libraries of The phagemid vector contained the cDNA of wild-type
random peptides as well as of mutants of larger functional human GST Al-1 (Stenbesgg al, 1992) subcloned into the
proteins have been expressed fused to the surface of phagexhd and Spé sites. The wild-typeXhd/Hindlll fragment
where each phage carries the variant DNA corresponding tohad been removed from the vector by digestion and separa-
a single peptide sequence. Proteins with high binding affinity tion on agarose gel. The ligation was run 16 h at room
and specificity have been obtained by selection based ontemperature with a molar ratio of vector to fragment of 1:5.
immobilized ligands. However, the application of the phage The ligase was then heat inactivated for 10 min at'@0Q
display technique to enzymes and their mechanisms of actionand DNA in the ligation mixture was precipitated with
is largely unexplored. In the present study, a library of GST sodium acetate/ethanol two times prior to transformation of
Al-1 variants, randomly mutated at targeted residues in theelectrocompeteri. coli XL1-Blue (Stratagene, La Jolla, CA)
H-site, was used for selection of mutants with novel catalytic by electroporation. Further steps in the preparation of phage
properties on the basis of their ability to stabilize and bind have been described elsewhere (Widersten & Mannervik,
to an immobilizedr-complex of GSH and TNB (Figure 1B).  1995).
The aim was to generate GST Al-1 mutants with altered Characterization of Phage Preparation®?hages were
catalytic properties and to establish a possible correlation reprecipitated in order to decrease the large amount of bovine
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serum albumin (10 mg/mL BSA) in the preparation, which amount of phage particles added and eluted during the
would otherwise interfere with analyses such as SDS selection was titrated by plating infect&d coli XL1-Blue
PAGE. Precipitation was performed by addition of 4% (w/ on LB-ampicillin plates [1% (w/v) tryptone, 0.5% (w/v) yeast
v) PEG 8000 and 3% (w/v) NaCl and incubation on ice for extract, 1% (w/v) NaCl, 1.5% (w/v) bacto-agar, B@/mL
30 min. Phages were pelleted by centrifugation at 1§000 ampicillin]. To further monitor the selection process, plas-
for 20 min. Precipitated phages were suspended in PBS (140mid DNA was prepared from 10 randomly picked clones
mM NaCl, 3.7 mM KHPQO,, and 11.2 mM NgHPO,, pH from the third and fourth rounds of selection (clones-C1
7.2). Protein quantification was performed as described by C10) and the sequences of the cDNA inserts were deter-
Peterson (1977). Protein (approximately &@) obtained mined.
from phages was subjected to SBIBSAGE and western blot Screening for Enzymatic Aeify in Bacterial Cell Lysate
analysis using affinity-purified rabbit anti-human GST A1-1 of Sampled Clonesln the screening for catalytically active
antibodies (Haaet al, 1994) and enhanced chemilumines- mutants in the output population from the fourth round of
cence detection (Amersham International, Amersham, Buck- selection, 40 randomly picked clones were each grown in 2
inghamshire, U.K.). mL of 2TY supplemented with 5@g/mL ampicillin until

The GST activity with CDNB of phage preparations from log phase was reached. Transcription fromlttgpromoter
different rounds of affinity selection was determined by was induced with 0.2 mM isopropy-b-thiogalactopyra-
addition of 50uL of phage preparation to a reaction mixture noside (IPTG), and the bacteria were grown overnight. Cells
containing 1 mM GSH and 1 mM CDNB in 0.1 M sodium were harvested by centrifugation at 5g0@esuspended in
phosphate, pH 6.0, and incubation at room temperature (22250 uL of PBS, and lysed by ultrasonication. Cell debris
°C) for 30 min. The absorbance at 340 nm was determinedwere removed by centrifugation at 14@d@r 10 min. The
every 10 min in triplicate. The nonenzymatic reaction was enzymatic activity with GSH and CDNB was measured at
monitored in parallel. 340 nm in a microtiter plate reader (Molecular Devices,

Immobilization of Ligand.Glutathione disulfide (GSSG, Menlo Park, CA), each well containing 0. of bacterial
0.30 g) was incubated with 9 mL of a slurry of swollen cell lysate, 1 mM GSH, and 1 mM CDNB in a total volume
epoxy-activated Sepharose 6B (Pharmacia Biotech, Uppsalapf 300 4L in 0.1 M sodium phosphate, pH 6.0. Lysate
Sweden) in 0.1 M sodium carbonate, pH 10, for 40 h at 37 containing GST A1-1 wild-type enzyme expressed from the
°C. After unreacted GSSG was washed off with 5 gel bed same pComb3 vector and cell lysate of cells containing no
volumes of carbonate buffer, unreacted epoxy groups wereplasmid (grown without ampicillin) were run in parallel as
blocked wih 1 M ethanolamine, pH 9. Prior to use, the controls. In order to estimate the specific activity with
immobilized GSSG was reduced by addition of 500 of CDNB, clones C4, C5, C8, and C9 were expressed in 100
15 mM dithiothreitol to a 20@L gel aliguot and incubation  mL of 2TY medium. In addition, mutant C36, as a
for 30 min at 37°C. The gel was washed with deionized representative of clones identified as positive in the screening
water, and the amount of immobilized GSH thiol groups was for catalytic activity, was expressed in 500 mL of medium.
determined by reaction with S;8lithiobis(2-nitrobenzoic In all cases 5@&g/mL ampicillin was included in the medium.
acid) in 0.1 M sodium phosphate, pH 7e4, = 13.6 mM? The cultures were grown to log phase and induced with
cm! (Ellman, 1959). IPTG, and cell lysates were prepared as above. The lysates

Affinity Selection by Phage DisplayFour successive  were desalted on Sephadex G-25 PD-10 columns (Pharmacia
selection rounds were performed, starting with the describedBiotech), and the amount of GST Al-1 protein was deter-
phage display library and using thecomplex transition- mined by ELISA (Hacet al, 1994).
state analog as affinity ligand. A 3@L amount of phage Subcloning, Expression, and Purification of Mutant C36.
library (1012 cfu/mL) was incubated with 5@L of GSH- The cDNA encoding mutant C36 was subjected to PCR using
Sepharose and 0.1 mM TNB in 0.1 M sodium phosphate, primers A1C-TERM (5TTT TTT TCT AGA TTA TTA
pH 7.0, fa 3 h at 37°C. The gel was centrifuged at 7090 AAA CCT GAA AAT CTT CCT TG) and C3A15 (Wid-
for 15 s and washed 3 times with the same buffer containing ersten & Mannervik, 1995) in order to copy the DNA from
4 mM TNB and 0.5% (v/v) Tween-20. Phages remaining the pComb3 vector. The PCR product was digested with
bound to the Sepharose matrix were eluted by incubation EcoRl and Xbd, purified on agarose gel, and ligated into
with 100 uL of 0.1 M glycine-HCI, pH 2.2, for 10 min at pGAETac digested with the same enzyméds. coli XL1-
room temperature (22C). The eluate was neutralized with  Blue cells were transformed with the ligation mixture and
6 uL of 2 M Tris base and subsequently used for infection the cDNA was subsequently sequenced in order to rule out
of 3 mL of E. coli XL1-Blue (ODsgo= 1) for 15 min. After PCR artifacts. The mutant enzyme was expresséd aoli
infection, the bacteria were transferred to 10 mL of 2TY XL1-Blue and cell lysate was obtained essentially as
medium [1.6% (w/v) tryptone, 1% (w/v) yeast extract, and described (Widerstent al, 1991) with the difference that
0.5% (w/v) NaCl, pH 7.2] containing 1&g/mL tetracycline the buffer used throughout the procedure was 20 mM sodium
and 20 ug/mL ampicillin. After 1 h of incubation the phosphate, pH 7.0. The cell lysate was desalted on Sephadex
ampicillin concentration was increased to &/mL. One G-25 equilibrated with the same phosphate buffer and the
hour later, the culture was transferred to 100 mL of 2TY enzyme was purified by-hexylglutathione Sepharose af-
with the same antibiotics and approximately'tflaque finity chromatography (Mannervik & Guthenberg, 1981). The
forming units of M13K07 helper phage were added. After column was washed with 20 mM sodium phosphate contain-
2 h of incubation, kanamycin was added to@mL and ing 0.2 M NaCl. Bound protein was eluted by 50 mM
incubation was continued overnight. The phage particles glycine-NaOH (pH 10) and neutralized by addition of 1/10
were precipitated with 3% (w/v) NaCl, 4% (w/v) polyeth- volume 2 M Tris-HCI (pH 7.4). The purified enzyme was
ylene glycol 8000, and were redissolved in 1% (w/v) BSA concentrated by ultrafiltration and dialyzed against 2 L
in PBS containing 0.02% (w/v) NaN The ratio of the total of 25 mM sodium phosphate, pH 7.8. The concentration of
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the mutant enzyme was determined spectrophotometrically
using e;go = 30 000 Mt cm™! (determined for GST Al-1
mutant M208W by amino acid analysis; Widersteal,,
1994).

Activity Measurements.Steady-state kinetics measure-
ments were carried out on Varian 2290 and Shimadsu UV-
2501PC spectrophotometers at 30. The assays of the
SVAr reactions (Figure 1) were performed according to
references: CDNB (Habigt al, 1974), DCNB (Boothet

[ |8}
— 1

Activity (nmol min” mL'l)

al., 1961), oCECDNB (Widersteret al., 1996), and NBDC 0 ~
(Ricci et al, 1994). The assays for the reactions of GSH 1 2 3 4
with ethacrynic acid (Habigt al, 1974), cumene hydro- Selection round

peroxlde (Lawrence & Burke, 1976), a'lztd—androstene-'B,- FIGUrRE 2: GST activity of phage preparations from each successive
17-dione (Bensoet al, 1977) were carried out as described. round of selection. Assays were made in triplicate with CONB and
In the determinations of the kinetic parametdes, Ky and GSH at pH 6.0, 22 C, in the crude phage preparations as described
keafKm, the GSH concentration was kept constant at a in the Experimental Procedures. Symbols represent mean%(SD_
saturating value of 2.5 mM, except for ethacrynic acid as 21% of the measured values) after subtraction of nonenzymatic
second substrate, for which 1.0 mM of GSH was used. The reaction rates for each of the four successive rounds.
concentrations of the following electrophiles were varied:
CDNB, 0.16-2.0 mM; DCNB, 0.56-1.0 mM; oCRCDNB,
2.5-500 uM; NBDC, 2.5-500 «M; and ethacrynic acid,
10—200uM. The nonenzymatic second-order rate constants,
ko, were calculated using linear regression analysis. The
Michaelis—-Menten equation was fitted to experimental data
with the SIMFIT program package (Bardsleyal., 1989).
Whenk.,;andKy could not be determined separately due to
a high Ky value in comparison to the experimentally
attainable substrate concentratikp/Ky was calculated from
initial rates determined at low levels of saturation with the
substratedf. Danielson and Mannervik (1985)]. The forma-
tion constant ofg-complex in the active siteKg, was
calculated as described by Gramingkal. (1989) based on
difference spectroscopy measurements with 2.5 mM GS
and 0.076-1.2 mM TNB in 0.1 M sodium phosphate, pH
6.5. Mutant C36 (16uM) was included in the sample
cuvette. TNB was kindly provided by Mr. ‘®an Karlsson,
Nobel Chemicals AB, Karlskoga, Sweden.

Computer Modeling.The amino acid residues in available

models of three-dimensional structures of wild-type GST Selection by Phage Display and Screening for CDNB

Al-1 (Sinning et al, 1993; Cameroret al, 1995) were L .
replaced by those of mutant C36 using the program O (JonesACt.'UIty n Cell Lysates. Thg phage I|k;fr.ar.y of lGST Al-1
et al, 1991). The structure of the-complex of GSH and active-site mutants was subjected to affinity selection by use

TNB in the active site of rat GST M1-1 isoenzyme gii of the immobilizedo-complex of GSH and TNB. Bound

al., 1993) was modeled in the active site of GST Al-1 using $E§g§2|::;etir§nelrgfr? dw\:\tgsa%dn a]% ?er;?rgggaitr?dttl)?alb ac_lt_iga.
the Insightll package (Biosym/MSI, San Diego, CA). The ; o . ) -
cysteinyl residues of the different glutathione conjugates ( enzymatic activity determmeq with GSH qnd CDNB in-
complex, ethacrynic acid conjugate, @@ilenzylglutathione) creased in the phage preparations as a function of the number

in the active site were superimposed in order to probe the :L Sj;?;”();%?g:;ﬁig:{g dzz?\ﬁe:—?r?rlge1ar?(;eff)ir;t?oﬁr[1)('j\lsAof
spatial differences of thei&-substituents in the context of d

the active site of the mutant. Modeling was performed on affinity selection. A number of clones were expressed at a

o . ; . larger scale, making GST quantification by ELISA possible.
Silicon Graphics Indy or Indigo2 Extreme workstations. The specific activity measured in lysates of bacteria harboring

mutants C4, C5, C8, C9, and C36 ranged between 10% and
30% of that of the GST wild-type Al-1. The most active
Characterization of the GST Al-1 Fusion ProteiRhage ~ mutant, C4, proved unstable upon purification, and more
particles carrying the plasmid pComb3A1l, designed to detailed studies were restricted to mutant C36 showing 19%
express wild-type GST Al-1 linked to the phage gene Il of the wild-type activity in crude form.
coat protein, contained an immunodetectable component with  Characterization of Mutant C36Mutant C36 (GST Al-
the electrophoretic mobility expected for the GST Al-1 1. F10P, A12W, L107F, L108R) was expressed at a larger
fusion protein. The same component was not found in scale and purified to homogeneity, as judged by SBAGE
protein from phage particles not containing the GST Al-1 and silver-staining (data not shown). From a three liter
cDNA, pComb3\NX (data not shown). Freshly prepared bacterial batch culture, 24 mg of pure enzyme was obtained.
filamentous phage displaying wild-type GST Al-1 exhibited The specific activity with CDNB was determined to be 10

detectable enzymatic activity with CDNB (data not shown).
The activity determined with the GST Al-1 fusion protein
appeared not to be due to free soluble enzyme liberated by
hydrolysis of the linker region between the GST Al-1 subunit
and the gene Ill protein, since no detectable amounts of free
GST A1-1 subunits were present in preparations of phages
carrying the fusion protein.

Construction of Phagemid LibraryThe library of GST
Al-1 active-site mutants was constructed by randomization
of residues 10, 12, 107, and 108 and the number of individual
clones was determined. The library contained approximately
5 x 1 individuals as estimated by counting the number of
cfu from dilutions of the transformed bacterial culture, after
H subtracting the estimated background of phagemid vectors
not containing any cDNA. Sequence analysis demonstrated
substitutions in the four targeted codons in DNA from 13
out of 16 randomly picked clones from the library. One
clone contained the wild-type sequence and two consisted
of vector without cDNA, making up slightly more than 10%
of the total number of clones.

RESULTS
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Table 1: Sequences of GST A1-1 Mutant Clones Obtained by C?iSplayed enzyme or cate}Iytic antibody been proven func-
Mechanism-Based Affinity Selection tional on the phage particle. In only one study, to our
- . knowledge, has the selective power of monovalent phage
DNA sequence (codon position) Deduced amino acid . . . . .
10 12 107 108 0 12 107 108 display been applied in the design of enzymes with new
wildtype TTC GCA CTC CTT F A L L properties from libraries of mutants randomly altered struc-
turally in the enzyme active site (Widersten & Mannervik,

clones isolated from panning?

1995).
Cl ccc ATG CTG TGC P M L C H ] . . .
P TG TAGC Toe cTa v v s 1 In general, significant contribution to the catalytic power
c3 TAG GTG TGC CCC o v ¢ »p of enzymes is afforded by their ability to selectively stabilize
c4 GCC GGG TGC GGC a ¢ c @ the transition state (Pauling, 1946). Support for this conten-
© pTG cCcC TGO TAGC mer oW tion is provided by the successful design of catalytic
C6 TTG AGG CCG TGG L R P W . . . .
c7 GTG TAC ACG CTGa v vy T 1L antibodies (Schultz & Lerner, 1995) by selecting for immu-
c8 TGG GAC CTG ACG w D L T noglobulins with affinity for transition-state analog haptens.
o Sccrog acc e . The SUAr reaction studied here includes an unstabieom-
C36 ccae TGG TTC AGa b w F r plex close to the transition state on the reaction coordinate.

: This o-complex has now been exploited for mechanism-
a%")”‘ijs CECS isolated after three rounds and-€836 after four  pased selection of catalytically competent variants of GST
rounds of panning. Al-1 from a library of active-site mutants.

Rationale for the Choice of Transition State Liganthe

Jﬁ%ﬁ_z: SSZCT'“/C“A_?'V'“GS/(”‘O' min-* mg) of Mutant C36 and  |igand used for selection derives from an equilibrium mixture
ype of immobilized GSH and soluble TNB forming an im-
substrate mutant C36 wild-type mobilizedo-complex, 1-G-glutathionyl)-2,4,6-trinitrocyclo-
CDNB 10+ 0.6 80 hexadienate. This complex is thought to mimic an inter-
zga'\‘n%rostene_3 17-dione 0-006i00£01 0-222 mediate in corresponding n&r reactions with chloro-
ethacrynic acid ’ 1801 0.244 0.03 mtrobenzenes (Figure 1_) and resc_amble the p_ostulated transi-
cumene hydroperoxide 150.1 10+ 0.3 tion state on the reaction coordinate. Earlier attempts to

select active GST Al-1 mutants using phage display with
umol mint mg! at pH 6.5. The specific activities aromatic nitrocompounds as affinity ligands have met with
determined with other commonly used GST substrates SOMe success (Widersten & Mannervik, 1995), but the
(Figure 1) as well as steady-state kinetic parametersyfor S !|gands did not display the distorted ring structure character-
Ar reactions were also determined (Tables 2 and 3). C36 1Zing & propew-complex. The present study has, therefore,
enhances the rate of conjugatidg.(Kw) of GSH with each c_arrl_e_d the probing of the catalytlc_mechanlsm of GSTs a
of the four nitrosubstituted chlorobenzenes tested by aboutSignificant step further. The formation ofacomplex has

10°-fold at pH 6.5 as compared to the uncatalyzed reaction been proposed to be rate-determining step in the uncatalyzed
(k). reaction (Ingold, 1953). The-complex of TNB was first

Mutant C36 facilitated the formation of the-complex shown to be formed in the active site of rat GSTs M1-1 and

between GSH and TNB in the active site (Figure 3, Table M2-2 (earlier called GSTs33 and 4-4; Graminskiet al,
3). The kafKyu for the Michael addition of GSH to 1989) and has later also been demonstrated in human GST

ethacrynic acid was determined to be %610* M1 s1, P1-1 (Bicoet al, 1994) and Al1-1 (Widersteet al,, 1996).
about 13-fold higher than that of the wild-type enzyme. The It is noteworthy that the spontaneous reaction between

Iso value of ethacrynic acid used as an inhibitor for mutant GSH and TNB occurs only to a limited extersf = 28
C36 (354M) in the CDNB assay was 3 times higher as M™% Gan, 1977), whereas binding to the GST protein

compared to that of GST Al-1 (1AM). promotes the formation of thecomplex €f. Table 3). Thus,
the procedure used for selection of GST mutants is based
DISCUSSION both on high affinity for the immobilizedr-complex and

the ability to promote its formation. These combined features
applications of phage display to proteins have primarily are expected to facilitate the identification of mutants with

involved studies related to the binding properties of antibody the ability to catalyze the studiecsr reactlons.. )
fragments, such as Fabs or single-chain Fv fragments. In Support for the Use ob-Complex as Transition State
studies more focused on the action of enzymes, the phageo\nalog. It has been shown that a correlation exists between
display methodology has been used mainly for expressionthe propensity of zwitterionic detergent molecules (some of
of enzyme inhibitors rather than the enzymes themselvesWhich catalyze Ar reactions) to stabilize the-complex
(Wanget al, 1995; Marklancet al, 1996) in order to isolate ~ Petween TNB and GSH and their catalytic efficiency in the
inhibitors of altered specificities or binding strength. Further, reaction involving GSH and CDNB (Lindkvist al,, 1997).

the substrate specificities of enzymes such as proteased he detergent cetyl trimethylammonium bromide, which
(Ma‘[‘[heWS &_We”s] 1993; Matthewest a|_, 1994) and protein stabilizes the GSH-TNB CompleX 7100-fold more Strongly
kinases (Schmitet al, 1996) have been explored by phage than doesN,N-dimethyllaurylamineN-oxide, also catalyzes
display of peptide substrate libraries. However, actual the conjugation of GSH to CDNB 100-fold more efficiently
expression of enzymes or catalytic Fabs has been reportedhan the latter.

only in a few cases (McCaffertgt al, 1991; Soumillionet Construction of the Library of Acte-Site Mutants.In

al., 1994; Jandet al,, 1994; Widersten & Mannervik, 1995; GST Al-1, 15 amino acid residues make up the surface in
Maenakaet al, 1996), and in even fewer cases has the contact with the ligand bound in the H-site (Sinniegal,

Application of Phage Display to Enzymologfrevious
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Table 3: Kinetic Parameters for Mutant C36 and Wild-Type GST Al-1 and Binding ParametersCfamplex Binding

substrate/enzyme Keat(s™1) Km (mM) KealKm (ST M)
CDNB, pH 6.5
wild-type? 88+ 3 0.56+ 0.04 (1.6+0.08)x 1¢°
mutant C36 b b (6.7+0.2) x 10°
DCNB, pH 8.0
wild-type b b 69+ 10
mutant C36 b b 3.7+£0.3
oCFRCDNB, pH 6.5
wild-type? 69+ 2 0.084+ 0.008 (8.2+0.6) x 10°
mutant C36 9.81.9 1.1+ 0.3 9.1+ 3.1) x 1¢°
NBDC, pH 5.0
wild-type 17+ 0.78 (2.9£0.9)x 1073 (5.8+2) x 1¢°
mutant C36 10t 0.36 0.13+0.01 (7.9+0.8) x 10*
ethacrynic acid, pH 6.5
wild-type 0.19+ 0.02 0.048+ 0.016 (3.9 14)x 1¢®
mutant C36 0.83: 0.04 0.016+ 0.004 (5.3 1.2) x 10
TNB; o-complex stabilization, pH 6.5
wild-type 2 Ke=(8.9+14)x 1M1 “450=(8.5£0.3) x 1 M~tcm?
mutant C36 Ke=(4.1+1.1)x 1®M? 450=(7.1£ 0.8) x 1FM~Lcm?

2 From Widersteret al. (1996). Not possible to determine due to low degree of saturation. The second-order rate constant for the nonenzymatic
reactions (5! M) measured under the same experimental conditions were: CDNB, 0.015CDB8B, 0.12; NBDC, 0.24; and ethacrynic acid,
0.80.

or 32~1.0 x 10° combinations at the DNA level), which
should ensure good coverage of all possible variants in the
library. The catalytic activity of a randomly chosen mutant
in the library is assumed to be low. In general, introduction
0.050 of a few random mutations of residues in the active site of
an enzyme is expected to cause a loss of functich [
Delagrave and Youvan (1993)]. Experience from previous
0.025 mutagenesis of the H-site in GST Al-1 in our laboratory
supports this assumption (data not shown).

Results of SelectionThe GST activity with GSH and
CDNB increased as a function of selection round (Figure
3), but the absolute amount of GST fusion protein could not

) . o be determined due to interfering components in the phage
Ficure 3: Absorption spectra of-complex in the active site of

GST Al-1 mutant C36. The spectra were measured in the presencéjreparaﬂqn' The average specific gctivity could therefqre
of 2.5 mM GSH, 16uM enzyme, and (from bottom to top) 0.0, not be estimated. The study of mutations found after affinity
0.28, 0.48, 0.69, 0.96, and 1.2 mM 1,3,5-trinitrobenzene. selection (Table 1) shows that more than half of the clones
analyzed contain aromatic residues. Statistically, Trp is
1993). In order to increase the variability of the hydrophobic represented by one of 32 possible codons obtained by use
pocket of the active site, t_he H-site, four of these .residu.es of the the base combination NNS @ any base; $= C or
were randomly mutated (Figure 4). Two of the amino-acid ) i the library construction, but five out of the eleven
side chains are located in a loop close to the N-terminus ,tants isolated were found to contain Trp. This apparent
(Phel0 and Alal2), whereas the other two residues areq,errepresentation may be due to favorable interactions of
situated ino-helix 4 (Leu107 and Leul08). All four residues Trp with the trinitrohexadienate moiety of the ligand used

are located in proximity to the benzene ring of an active- . s : . . :
L : S . in the affinity selection. A comparison with corresponding
site ligand, S-benzylglutathione (Sinniegal., 1993), which amino acid positions in other GST isoenzymes (Table 4)

is expected to define the binding site of the aromatic reveals the frequent presence of aromatic residues in the
electrophilic substrate. Other GSTs, belonging to the same . . quent prese " :
active site, predominately in positions 10 and 111 (residue

structural class as GST Al-1, have different substrate

specificity profiles, presumable mainly due to the structural +11 S also contributing to the H-site). Structural analyses
differences in their H-site. Consequently, it should be of antibodies selected for binding of dinitrophenyl-derivatives

possible to find H-site mutants with altered catalytic ef- have shown hydrophobic binding pockets withw interac-

ficiencies for a particular reaction, such as thé\Greaction. ~ tions between Trp residues and the bound hapten [NMR
In the design of the mutant enzyme library, the number Studies by Anglisteet al. (1987) and Gettingt al. (1978);

of residues targeted for mutagenesis was restricted to fourX-ray diffraction analysis by Mitzutaret al. (1995)]. Also

in order for all possible variants to be included in the library. Phe and Tyr were found in van der Waals contact with

Approximately 5 x 10 individuals were scored in the dinitrophenyl groups in the antibody structures. Aromatic

constructed library, a number well exceeding the theoretically amino acids consequently are prime candidates for the

calculated figure of possible combinations of four mutated generation of protein binding sites for nitrosubstituted

codons (260= 1.6 x 10° combinations at the protein level, aromatic ligands.

0.075

Absorbance

450 550 650
Wavelength (nm)
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FIGURE 4: Schematic view of-benzylglutathione bound to the active site of wild-type GST Al-1 (Sinmihgl, 1993). Four residues
contributing to the hydrophobic pocket are outlined in ball-and-stick representation. Phe 10 and Ala 12 are situated in a loop close to the
N-terminus (lower left), while Leu 107 and Leu 108 are foundxihelix 4 (right). The C-terminad-helix (upper left), a third element of
secondary structure contributing to the hydrophobic pocket (H-site), is also displayed.

Table 4: Comparison of GST Al-1 Mutant C36 with Various Wild-Type GST Sequences and Their CDNB Activities

amino acid4 9 10 11 12 13 106 107 108 109 110 111 specific activity k. /K,
in GST (umol min"' mg™) (mM's™)
hAIl-1 Y F N A R I L L L P V 80 160°
mutant C36 . P . W . . F R . . . 10 6.7
hA2-2 .8 . 1 . . . F 80

rAl-1(1-1) . . I Q@ . VvV I 45 126°
rA4-4(8-8) . . Q @G M I G P F P 10 8¢
hM1-1 W D I L ¢ M I C Y 180 2401
hM2-2 w o, I L A K C Y 220

hM3-3 W D I L I R . C Y 7

hM4-4 W D I L A R V ¢ Y 1.4 3.2°
™M1-1(3-3) W . Vv L I M . c Y 58 430f
M2-2(4-4) W D I L A M V C Y 17 21f
hP1-1 . . PV Yy I S I Y 110° 4409

a Amino acids are numbered according to the GST Al-1 sequence. Sequences and specific activities from compilations by Hayes and Pulford
(1995) and Mannervik and Widersten (1995); “h” and “r" denote human and rat GSTSs, respectively, designations within parentheses represent
earlier nomenclature, and dots denote residues identical to wild-type GST PaA4tierstenet al. (1994).¢ Bjérnestediet al. (1995).9 Widersten
and Mannervik (1992): Comstocket al. (1994)." Graminskiet al. (1989).9 Widerstenet al. (1992).

Structural Characterization of Mutant C3@Viutant C36, does not take into account the minor differences in tertiary
displaying a comparatively high enzymatic activity with structure that do exist. Still, the residues discussed all
CDNB in a bacterial cell lysate, contains residues in the contribute to the H-site of the enzymes and therefore may
mutated positions that are also found in other GSTs. As influence the catalytic properties.
shown in Table 4, most of the naturally evolved Mu class  Functional Characterization of Mutant C36The four
isoenzymes contain a Trp in the N-terminal loop, denoted substitutions in the active site of mutant C36 have signifi-
as residue 10 (based on the GSTAL1-1 sequence), whilecantly altered the substrate specificity profile as compared
mutant C36 presents an Alal2- Trp mutation. The to wild-type GST Al-1. The ability to catalyze the reduction
positively charged Arg in position 108 of C36 has counter- of an organic hydroperoxide (cumene hydroperoxide), was
parts in a few Mu class isoenzymes, where both Arg and decreased by 7-fold, as measured by specific activity (Table
Lys can be found in the corresponding position. In the three- 2). Further, the3-keto steroid isomerase activity assayed
dimensional structure of human Mu class GST M2-2, the with AS-androstene-3,17-dione was reduced by a factor of
corresponding Lys residue extends its ammonium group into50 as compared to the wild-type enzyme. The high
the surrounding medium, while the methylene groups of the isomerase activity is a characteristic of wild-type GST Al1-1
side chain contribute to the H-site of GST M2-2 (Raghu- among the human GST isoenzymes (Mannervik & Wider-
nathanet al., 1994). Phe 107 in mutant C36 fills a larger sten, 1995), but the mechanism of this particular reaction
space in the active-site cavity than do the smaller hydro- has not been elucidated.
phobic residues found in other GSTs. The distance between In contrast, the catalytic efficiencies in the nucleophilic
Phe 107 and the trinitrocyclohexadienate of theomplex aromatic substitution reactions (Figure 1) were generally
of TNB and GSH appears from modeling to be too large for more similar to those of wild-type GST Al-1, as would be
any closer— interaction. Table 4 displays only a fraction expected on the basis of the principle used for mutant
of the sequence differences between the various GSTs andelection. Mutant C36 shows a rate enhancement &f 10
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fold in the S/Ar reaction with CDNB as judged from Conclusion. The present study exploits the principle of
comparison of the values d€./Km and the second-order transition-state stabilization for construction of a catalytically
rate constant for the uncatalyzed reaction (Table 3). The active protein binding site (Pauling, 1946; Jencks, 1969) for
specific activity with CDNB of the mutant is of the same the redesign of human GST Al-1. The assumption that
order of magnitude as naturally evolved GSTs (Table 4) and active-site mutants with affinity for the-complex of GSH
the catalytic efficiencyK../Kwu) is not significantly different and TNB would catalyze the\®r reaction between GSH
from that of the homologous rat isoenzyme A1-1, which is and related chloronitrobenzene compounds has been verified
structurally closely related to human isoenzyme Al-1. The and thus provided support for transition-state stabilization
lower catalytic efficiency of mutant C36 in comparison with  as a rate-limiting step in catalysis. The selection system used
the wild-type human GST A1-1 is mainly due to an increased is partly based on binding to a preformed transition-state
Kwu value (one order of magnitude), whereas khgvalues analog but also includes the important feature of promoting
determined are similar to those of wild-type GST A1-1. Also the actual formation of the-complex from a low concentra-
the SAr reactions involving DCNB, oCfEDNB, and tion in the equilibrium mixture of GSH and TNB. The
NBDC showed similar catalytic efficiencies as CDNB even promotion of an increased concentrationse€omplex as a
though their structures and reactivities vary to different contributing factor in the affinity selection affords a mech-
extents (Table 3). anism-based design mimicking the addition step of the S
Ar reaction. Thereby, the principle of transition-state
binding, previously used for the generation of catalytic
antibodies, has been extended to include the preceding
formation step and allowed a component of the dynamics
characterizing enzyme catalysis to operate in itheitro
evolution of the active-site properties. Thus, probing the
mechanism of GST Al-1 by exploiting the combination of
transition-state stabilization and phage affinity selection
values determined with CDNB (24 1) for the two enzyme contributes b(_)th to the understanding of this parti.cular
enzyme and introduces a novel approach to selection of

forms.  Thekea/Kw quotients for the other nitrobenzene catalytically competent variants from a library of mutant
substrates are also of the same magnitude. This strongly Y y P y

suggests thab-complex formation is rate limiting for proteins.
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