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ABSTRACT: The class kappa glutathione (GSH) transferase is an enzyme that resides in the mitochondrial
matrix. Its relationship to members of the canonical GSH transferase superfamily has remained an enigma.
The three-dimensional structure of the class kappa enzyme from rat (rGSTK1-1) in complex with GSH
has been solved by single isomorphous replacement with anomalous scattering at a resolution of 2.5 A.
The structure reveals that the enzyme is more closely related to the protein disulfide bond isomerase,
dsbA, fromEscherichia colthan it is to members of the canonical superfamily. The structures of rtGSTK1-1
and the canonical superfamily members indicate that the proteins folds have diverged from a common
thioredoxin/glutaredoxin progenitor but did so by different mechanisms. The mitochondrial enzyme,
therefore, represents a fourth protein superfamily that supports GSH transferase activity. The thioredoxin
domain functions in a manner that is similar to that seen in the canonical enzymes by providing key
structural elements for the recognition of GSH. The hydroxyl group of S16 is within hydrogen-bonding
distance of the sulfur of bound GSH and is, in part, responsible for the ionization of the thiol in the
EeGSH complex (Ka = 6.4 £ 0.1). Preequilibrium kinetic experiments indicate that kiefor GSH is

1 x 10° M~ st andk. for GS is ~8 st and relatively slow with respect to turnover with 1-chloro-2,
4-dinitrobenzene (CDNB). As a result, thg 5" (11 mM) is much larger than the appardéqfSH (90

uM). The active site has a relatively open access channel that is flanked by disordered loops that may
explain the relatively high turnover number (280t st pH 7.0) toward CDNB. The disordered loops

form an extensive contiguous patch on one face of the dimeric enzyme, a fact that suggests that the
protein surface may interact with a membrane or other protein partner.

GSH transferases are enzymes that catalyze the additionthat is fused to an atk-helical domain. The reader is directed
of the thiol of GSH to electrophilic substrates. Such to Board et al. $) and Thom et al.®) for an overview of
enzymatic activity is widespread and is associated with at the various structures.
least three protein superfamilieb<{4). The most extensively Some years ago, a GSH transferase from rat mitochondrion
studied of these is the canonical GSH transferase superfamilywas isolated and characterized, and its cDNA was sequenced
with members that fall into various subfamilies designated (7—9). More recently, the gene encoding a mouse homologue
as alpha, beta, delta, theta, mu, pi, sigma, phi, omega, tauhas been identified and sequenced, and the enzyme has been
and zeta. The members of this superfamily are typically characterized1(0). The mitochondrial protein is a soluble
soluble dimeric proteins with subunitd/{ ~ 25 000 Da) dimer with a molecular mass close to that reported for the
composed of a thioredoxin-like domain at the amino terminus canonical superfamily members. Although the original N-
terminal sequence analysis of the protein suggested a
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related to dsbA, a protein disulfide bond isomerase from Purification of rGSTK1-1 Cells containing the enzyme
Escherichia coli(12), and to the enzyme 2-hydroxychro- were harvested by centrifugation and suspended in 26 mM
mene-2-carboxylate isomerase, a GSH-dependent enzyme iMOPS buffer (pH 7.1) containing 100 mM NaCl, 1 mM
the naphthalene catabolic pathway of microorganish3s ( EDTA, and 1 mM DTT. The suspended cells were lysed by
The three-dimensional structure of dsbA contains a thio- sonication after which the cell debris was removed by
redoxin-like domain and an ali-helical domain 12). Thus, centrifugation. The supernatant was then treated with DNAase
to this extent, there is some structural similarity to the at room temperature for 1 h. All subsequent dialysis and
canonical GSH transferase fold. However, the domain chromatographic steps were carried out &C4After dialysis
arrangement and location are quite different in dsbA, against 4x 4 L of 20 mM MOPS buffer (pH 7.1) containing
suggesting that the two protein folds arose by alternate, 10 mM NaCl, 1 mM EDTA, and 1 mM DTT, the supernatant
perhaps parallel, evolutionary pathways. was loaded on a SP-Sepharose column (Pharmacia). The
In this report, we describe the three-dimensional structure column was washed extensively with the same buffer and
of the class kappa enzyme from rat mitochondria (rGSTK1- eluted with a 16-400 mM gradient of NaCl. Fractions
1) and present a kinetic analysis of its interaction with GSH containing activity toward CDNB were pooled, dialyzed
and the electrophilic substrate CDNB. The three-dimensional against 20 mM KHPO, (pH 7.1) containing 0.5 mM EDTA
structure, determined at a resolution of 2.5 A, reveals thatand 1 mM DTT, and applied to a hydroxylapatite column
the enzyme has the same general fold as the dsbA andequilibrated with 20 mM KHPQ,. The column was washed
consists of a thioredoxin-like domain that is interrupted with extensively with the same buffer, and the protein eluted with
the insertion of an alb-helical domain. The structures of a linear gradient of 26400 mM KH,PQO,. The active
rGSTK1-1 and the canonical superfamily members indicate fractions were pooled, concentrated, and dialyzed against 20
that although the proteins may have diverged from a commonmM KH,PO, (pH 7.1) containing 0.5 mM EDTA and 1 mM
thioredoxin/glutaredoxin progenitor they did so by quite DTT for storage at-80 °C.
different mechanisms. Nevertheless, the thioredoxin domain  Crystallization The enzyme was first dialyzed against 50
functions in a manner that is analogous to that seen in themM sodium citrate (pH 5.5). Crystals of the native enzyme
canonical enzymes by providing key structural elements for were grown by the hanging drop vapor diffusion method at
the recognition of GSH. Like other GSH transferases, the 4 °C. Each 15uL drop initially consisted of 10 mg/mL
enzyme promotes formation of the thiolate@S-, through protein, 0.2%j3-n-octylglucopyranoside, -35 mM various
interaction of the sulfur with the hydroxyl group of S16. ligands [GSH, glutathione sulfonate, and S-(3-iodobenzyl)-
glutathione)], 0.1 M LiSO4, and 7% poly(ethylene glycol)

EXPERIMENTAL PROCEDURES * (PEG) 3000 or PEG 6000 (pH 4-34.4).
Materials. Competent cells oE. coli BL21(DE3)pLysS Crystals of a mercury derivative of ~GSTK1-1 were grown
were from Novagen (Madison, WI). Isoprop§#p-thioga- at £C by the method of vapor diffusion in hanging drops in

lactopyranoside (IPTG) and DTT were obtained from the presence of C#igCl using the conditions similar to
Research Organics (Cleveland, OH). Ampicillin, chloram- those that produced crystals without mercury. The protein
phenicol, sodium acetate, triethylamine, EDTA, glycerol, component of the drop was 6 mg/mL protein, 3 mM
sucrose, MOPS, HEPES, and glutathione were purchasedlutathione, and 0.198-octyl-glucopyranoside. The well
from Sigma (St. Louis, MO). solutions were 1317% (w/v) PEG 2000, 4680 mM
Cloning and Expression of rtGSTKThe class kappa gene  lithium sulfate, and 100 mM sodium citrate, pH 4.0. Drops
rGSTK1was cloned by PCR from a rat liver cDNA library ~were made combining equal volumes of the protein solution
with primers designed based on the original cDNA sequence and the well solution. The final concentration of ggCl
(9) with the inclusion Ndel and BamH1 restriction sites at in the drop was approximately 5 mM. As with the native
the B- and 3-ends of the gene, respectively. The amplified enzyme, the crystals grew as thin plates, usually in clusters,
gene was cloned into the pET-20b vector and sequenced toand could not be brought to room temperature. Consequently,
confirm the integrity of the insert. The resulting expression for data collection, the crystal was picked up on a loop in
vector was used to transform BL-21 (DE3) cells. The protein the cold room, dipped into a cryoprotectant solution made
expression levels from this construct were very low. This by combining equal volumes of well solution and 50% PEG
problem was solved by reducing the GC content at the 5 4000, and immediately immersed in liquid nitrogen before
end of the gene by silent mutagenesis of codong 6GGG transferring to the X-ray goniometer.
CCG GCG CCG CGC GTE&GGA CCA GCA CCA AGA X-ray Data Collection and Processin@iffraction data
GTT), 10-12 (CTG TTC TAC-TTATTT TAT), and 14~ for the mercury derivative were collected using a Rigaku
17 (GTG CTG TCC CCE-GTA CTATCA CCA). The new Micro Max 007 rotating anode generator and a Rigaku
vector with optimized codons for expression E coli RAXIS V2" detector (Rigaku/MSC, The Woodlands, Texas).
improved the expression levels significantly so that about The crystal was cooled to 100 K with a Rigaku Xtream 2000
200 mg of enzyme could be purified from 10 L of BL-21 cryocooler. Diffraction data were collected and processed
(DE3) cell culture after induction of transcription with IPTG.  with CrystalClear/d*Trek 14). A native data set was
collected at the APS bioCARS beamline 14 BM-D and
2Certain commercial materials, instruments, and equipment are Processed in DENZQLE). A summary of the data collection

identified in this manuscript in order to specify the experimental and processing statistics is given in Table 1.
procedure as completely as possible. In no case does such identification

imply a recommendation or endorsement by the National Institute of
Standards and Technology nor does it imply that the materials, 2The accepted Sl unit of concentration, mol/L, has been represented
instruments, or equipment identified are necessarily the best availableby the symbol M in order to conform to the conventions of this
for the purpose. journal.
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Table 1: X-ray Data Collection and Processing Statistics Table 2: Final Refinement Statistics for rGSTK1-1
Hg refinement program CNS
derivative data native data resolution limits (A) 30.6-2.50
95% of data 0.204
space group P2, P2, Ef’::;k(t(i% oof data) ) 0.256
cell parametersa( b, ¢) (A) 65.77,111.87, 65.90, 110.79, hetero groups glutathione/polypeptide
cell parameterf) (deg) 107143%4 1841182 water molecules 263
pl nath (A 9 1 541 1 0(')0 bond lengths rms deviation (A) 0.023
wavelength (A) o : : angles rms deviatiorf) 1.82
no. of measured intensities 130960 115187 average B 40.4/41.0/38.3
no. of unique reflections 26 778 35 795 (maginchain/side chainwater) LS.
resolution (A) 2.76 2.50
Rsym (overall/high- 0.100/0.250 0.072/0.166
resolution shell) ;
% completeness (overall/ 97.8/97.8 98.4/88.7 épSH ig a7ng 5'4)da7ng 0.1 M potassium phosphate (pH 6.0,
high-resolution shell) -2, 1.0, 7.5, an 8).
redundancy (overall/high-  2/2 413 Kinetics of the Binding of GlutathioneApproach to
reS(;'Ut'On Shl(la/ll!])' A , / equilibrium kinetic data for glutathione binding were ob-
meani/o (overall/high- 5018 11.0/5.0 tained with an Applied Photophysics Ltd. model SX17MV

Juti hell .
resolution shell stopped-flow spectrometer at 26 with a 0.2 cm path length

o ) ) ) observation cell. In the absorption mode, the wavelength was
Structure DeterminationThe protein crystallized in the  gat at 240 nm to detect thiolate anion formation. In the
monoclinic space grouf2;. The crystal obtained in the fjyorescence mode, the excitation was set at 290 nm, and
presence of methyl mercuric chloride was isomorphous with {ne intrinsic protein fluorescence was observed through a
the native crystal used for data collected at the synchrotron.350 nm cutoff filter. Reactions contained 10 enzyme
Reasonable values for the Matthews constant indicated foursg, the absorption measurements and M enzyme for
copies of the polypeptide chain in the asymmetric unit. Initial the fluorescence measurements (concentrations observed in
heavy atom sites were found with the anomalous data for ihe cell). Solutions of enzyme and glutathione were made
the mercury derivative to a _resolutlon Qf 4.6 A and .the in 50 mM potassium phosphate buffer (pH 7.0). In general,
program SOLVE 16). The native and derivative data with  5_g kinetic traces were averaged for each concentration of

its anomalous signal and the heavy atom sites were used tqyytathione and the averaged data fit to a single-exponential
build an initial model with the program suite SOLVE/  gquation.

RESOLVE (7). The program RESOLVE built 538 residues
out of 904 (226x 4) expected and was able to assign the RESULTS
side chains for 105 of these residues. A model that included
189 out of the 226 possible residues was then constructed Overall Structure of rGSTK1-1The structure of rG-
by combining the partial models with the 4-fold noncrys- STK1-1 was solved with phases derived from a single Hg
tallographic symmetry with an iterative RESOLVE/REF- derivative containing 10 Hg sites in the asymmetric unit.
MACS (18) script (http://www.solve.lanl.gov). TH&yex and The final refinement statistics for the structure solution are
Riee for this preliminary model were 0.30 and 0.37, respec- presented in Table 2. The atomic coordinates and structure
tively. The model was refined with the CNS packadé)( factors have been deposited with the PDB (PDB file 1R4W).
XtalView (20) was used to view the models graphically, to The final model includes residues—222 of all four
build portions not in the preliminary model, and to adjust Polypeptide chains with no electron density observed for
the model between refinement cycles. The stereochemistryresidues 223226. Two areas in each of the four chains,
of the model was checked with PROCHECKI]. residues 5258 and 8790, have low electron density and
Steady State KineticAll steady state kinetic experiments  high B-factors. Like most canonical GSH transferases, the
were carried out in 50 mM KgPO, buffer (pH 7.0) at 25 biological unit of the enzyme is a dimer. However, the
°C as described previousl2Z, 23). Kinetic parameters of ~ domain structure, arrangement, and dimer interfaces of the
the enzyme with GSH as the variable substrate were class kappa enzyme are quite different. Each subunit consists
determined at a constant concentration of the substrate CDNBOf a thioredoxin-like domain that is interrupted with an all
(0.2 mM) while the concentration of GSH was varied o-helical domain. This is more clearly elicited in Table 3, a
between 0.2 and 50 mM. Kinetic parameters of the enzyme Summary of the secondary structural elements and the
with CDNB as the variable substrate were determined at adomains with which they are associated. In contrast, all of
constant, saturating concentration of GSH (100 mM) while the canonical GSH transferases have a contiguous thiore-
the concentration of CDNB was varied between 0.05 and doxin-like domain at the N terminus. The difference in
1.0 mM. Data were fit to the equation for a rectangular domain structures is illustrated in Figure 1.
hyperbola to obtaifk.o: and k.o/Km for each substrate. A probe of the PDB coordinate files with DALI2E)
Difference Spectroscop¥he K, of the thiol of enzyme- indicates that the most closely related known structure is that
bound GSH was determined by UV difference spectroscopy of dsbA (PDB file 1FVK) fromE. coli, a protein disulfide
as previously describe@4). Spectra of the enzyme and the bond isomerase. The structural similarity is strong with a
Ee«GSH complex were recorded on a Perkin-Elmer Lambda Z-score of 11.8 over 188 equivalent residues. Importantly,
18 spectrophotometer at 2& and pH values between 5.0 the similarity includes both the interrupted thioredoxin-like
and 7.8. The difference spectra ¢{ESH] — [E]) were domain and the insertatthelical domain. The most closely
calculated to obtain the intensity of the thiolate absorption related canonical GSH transferase listed in the DALI search
band at 240 nm. The buffers used were 0.1 M sodium citrate is the tau class enzyme, PDB file 1GWE) (vith a Z-score
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Table 3: Arrangement of Secondary Structural Elements in
rGSTK1-1

element residues domain
f-strand-1 6-12 thioredoxin-like
a-helix-1 16-30 thioredoxin-like
p-strand-2 3541 thioredoxin-like
a-helix-2 43-51 thioredoxin-like
a-helix-3 59-78 a-helical
a-helix-4 89-95 a-helical
a-helix-5 96-110 a-helical
a-helix-6 113-127 a-helical
a-helix-7 134-145 a-helical
a-helix-8 148-157 a-helical
a-helix-9 161178 a-helical
p-strand-3 185190 thioredoxin-like
p-strand-4 193198 thioredoxin-like
a-helix-10 202-211 thioredoxin-like

2 The secondary structure was analyzed with PROMO®PIA. (

Ficure 1: Comparison of the domain arrangements of the class
kappa polypeptide rGSTK1 (top) with the canonical class mu
subunit rtGSTM1 (bottom). The thioredoxin-like domains are shown
in blue and orange while the nonhomologaudelical domains

are illustrated in green. The GSH molecules are shown in stick

representation. The figure was generated with the program PYMOL

(26).

= 5.7. In this instance, the structural similarity extends only
to the thioredoxin-like domains of both proteins.

The interface of the AB dimer of the kappa GSH
transferase is extensive and buries 279®Rsurface area.
The structure of the interface is quite different from that

Biochemistry, Vol. 43, No. 2, 2004355

observed in the canonical enzymes. The interface positions
o-helix-3 of one monomer (residues-5%8) perpendicular

to theS-sheet of the opposing subunit with helix-3 packing
againsti-helix-10 of the opposite subunit with an angle close
to 9C°. This brings the two GSH binding sites close together
as illustrated in Figure 2. The N1 atoms of the bound GSH
molecules are 5.4 A apart. Although many of the interactions
at the interface are hydrophobic, there are important elec-
trostatic features as well. For example, the Nifoup of
R202 is within hydrogen-bonding distance of OD2 of E201
while the NE group is within hydrogen-bonding distance of
OEZ2 of E69 of the opposing subunit. As discussed in more
detail below, both R202 and E201 constitute an integral part
of the GSH binding site.

The kappa dimer has a very different overall shape when
compared with the canonical GSH transferase fold (Figure
2). The rGSTK1-1 dimer is quite elongated whereas the
canonical dimers are more globular. For example, the tau
class enzymeg) (PDB file 1GWC) displays the characteristic
V-shaped crevice of the other canonical enzymes when
viewed with the 2-fold axis perpendicular to the line of sight,
with the N1 atoms of the bound GSH derivatives 15.3 A
apart. In this instance, the main interactions at the dimer
interface are betweea-helix-3 of the first domain of one
monomer andx-helix-4 of the second domain of the other
monomer.

Glutathione Binding SiteThe two GSH binding sites in
the dimer lie near the subunit interface with residues from
both subunits participating in the interactions with each GSH
molecule. The hydrogen-bonding and electrostatic interac-
tions between the protein and the GSH are less extensive
than that observed in many other GSH transferases. For
instance, there are no hydrogen-bonding interactions with
the y-glutamyl amide carbonyl or the amide¥ of the
glycyl residue. As in the canonical GSH transferases, the
y-glutamyl moiety is recognized by the strand-turn-helix
motif located in the second half of the thioredoxin domain
as illustrated in Figure 3. The turn harbors S200 with the
main chain NH and side chain OH within hydrogen-bonding
distance of the carboxylate group of theglutamyl residue
and D201, the side chain of which forms an ionic interaction
with the y-glutamylammonium group. Interestingly, the side
chain of R202 from the strand-turn-helix motif in the opposite
subunit also contributes by providing additional ionic
interaction with the carboxylate group of theglutamyl
residue.

Electrostatic interactions between the enzyme and the
cysteinyl residue of GSH include the hydroxyl group of S16
located at the N-terminal end ofhelix-1, which is within
hydrogen-bonding distance of the sulfur and the main chain
NH of L183, which is within hydrogen-bonding distance of
the carbonyl group of the substrate. The glycyl end of the
tripeptide appears to have electrostatic interactions between
the carboxylate of the glycine and the side chain,Nifl
N53 and the side chain of K62 from the opposite subunit.

Active Site The binding site for the electrophilic substrate
is less well-defined. The sulfur of GSH lies about 12 A from
the surface of the protein and is accessible by a predomi-
nately hydrophobic channel that is rougl®l A in diameter
as illustrated in Figure 4. The bottom and walls of the channel
are composed of residues D13 and L15 betwestrand-1
anda-helix-1; S16, P17, and Y18 from-helix-1; L44 and
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FIGURE 2: Stereo representations of the dimer of rtGSTK1-1 in complex with GSH (top) and the tau class GSH transferase in complex with
S-hexyl-GSH (PDB file 1GWC) (bottom). The cartoon representations were generated with MOLSCR|R8, 29). Each monomer of

the dimer is colored blue at the N terminus and ramps to red at the C terminus. Glutathione and S-hexyl-glutathione molecules are shown
in ball-and-stick representation.

Table 4: Rate Constants for Binding of GSH to rGSTK1-1
signal Kon (M~1s70) Kott (s71) Kd® (uM)

Azao (1.25+ 0.05)x 10° 4+2 30+ 20
fluorescence (0.95:0.02) x 10® 8.4+1.2 90+ 10

aUncertainties are standard deviations of the mean valkg.=
Kor/Kort.

R202(B)

Table 5: Steady State Kinetic Parameters for rGSTK1-1 and the
S16A Mutant toward CDNB

enzyme kcatb (Sfl) kca{KMCDNB c (M -1 Sfl) KMGSHb (mM)

native 280+ 30 (1.73+ 0.08) x 1C° 11+1
S16A 8.9+ 0.2 (1.024 0.06) x 10* 2.83+ 0.06

aUncertainties are standard deviations of the mean vaMalues
B3 ‘5 of keat and ke Ki©PNB were obtained at saturating [GSH] and CDNB

Ké62(B)

as the variable substrateObtained with [CDNB]= 200 uM.

FiGure 3: Interactions between rGSTK1-1 and GSH. The structural . A :
elements in the primary subunit involved in GSH binding are shown Figure 6 indicates that théqof the thiol of enzyme-bound

in orange with specific residues drawn in stick representation and GSH is 6.4. The extinction coefficient for the thiolatef
labeled in red. The GSH molecule is shown in stick representation = 5100 M1 cm™l) is in good agreement with results
with the sulfur illustrated as a sphere. The hydrogen-bonding obtained with other GSH transferases)(
E‘te;a‘(’jtg?ezemge”#ﬁg Sélt‘r'L“JtSr“g tggrmygg?sx)ggéog%f Lehgaze?;‘?ﬂ The kinetics of the approach to equilibrium for the binding
pgrticipate in GSH binding from the opposite subunit are shown in of GSH to rGSTK1-1 was followed by both fluor_escence
blue. and absorbance stopped-flow spectroscopy. The time course
of the change in intrinsic protein fluorescence on binding
A45 in a-helix-2; L67 and 170 fronw-helix-3; V92 and K93 GSH is illustrated in Figure 7A. The observed rate constant
from o-helix-4; and W126 fromo-helix-6 and L183. The  for the fluorescence change varies as a linear function of
channel is also flanked by two loops, residues-58 and [GSH] (Figure 7B) in the concentration range studied (50
87—90 with poorly defined electron density. The structural M to 1.6 mM). The apparent rate constants for association
model suggests that the side chains of P55, P56, F87, andand dissociation are summarized in Table 4. The apparent
F88 also contribute to the entrance and walls of the accessk,, is much less than the diffusion limit, arkegk is relatively
channel. Interestingly, the disordered surface loops from bothsmall. The kinetics of thiolate formation followed by UV
subunits contact one another and form a patch that is 15 Aspectroscopy at 240 nm give very similar results as sum-
wide and extends diagonally some 50 A across the proteinmarized in Table 4.
surface as illustrated in Figure 5. Steady State Kinetics and the Function of S16 in Catalysis
Interaction of the Enzyme with GSHhe functional The steady state kinetic constants of the rGSTK1-1-catalyzed
interaction of GSH with the enzyme was investigated by UV addition of GSH to CDNB are listed in Table 5. The enzyme
difference spectroscopy and by stopped-flow kinetics of the exhibits a high turnover number toward CDNB as well as a
approach to equilibrium. The pH dependence of the UV relatively highKy®S". The fact thaky®SH> K4SHindicates
difference spectra ([€SH] — [E]) at 240 nm shown in  that the binding of GSH does not come to equilibrium in
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Ficure 4: Stereoview of the active site access channel. The GSH molecule is shown in stick representation with the sulfur illustrated as
a yellow sphere. Residues that contribute to the active site cavity are illustrated in orange stick representation with the two disordered
regions colored in magenta.

Az40

[ |

0.12

1

0.08

0.04

rr 1 T 1T T T T T

Lo b b b

pH

Ficure 6: Dependence dfa400n pH in the UV difference spectrum
of [EeGSH] — [E]. The solid line is a fit of the experimental data
to a single ionization with akt, = 6.4 £ 0.1 andAez40 = 5100+
200 M1cm i

enzyme, a result that is consistent with its proximity to the
sulfur of GSH in the structure and an important role in
catalysis. The mutant has a low&;®SH, which again reveals
that the value observed with the native enzyme does not
accurately reflect th&®SH,

DISCUSSION

Functional Attributes of the Interaction of the Enzyme with
GSH The approach-to-equilibrium kinetics for the binding
of GSH to rGSTK1-1 indicates that the association of GSH
with the enzyme occurs at less than the diffusion limit. This
fact and the linear dependence of tkgs on [GSH] are
consistent with the binding mechanism illustrated in Scheme
1 and is similar to that previously postulated for the class
mu enzyme, rGSTM1-1, where the binding involves a
rare conformation of the protein (E*) that is in rapid
equilibrium with a less receptive conformational st&28)(
Ficure 5: View of the loop regions that flank the active site access This results in a linear concentration dependence of the
channelé of the AB dime?. Tge loop regions, residues -AA28, observed rate constant for binding of GSH frdas =
A87—A90, B52-B58, and B87-B90, which form a large, disor-  K-2 1 Ke(ki/k-1)[GSH] so that the apparent second-order rate
dered, and principally hydrophobic patch, are colored pink. The constant for the association ks(ki/k-1).
bound GSH molecules at the bottom of the channels are in stick The off-rate for the thiolate is slow relative to turnover
representation with the sulfur shown as yellow spheres. with a reactive substrate such as CDNB so that binding of
the steady state reaction with CDNB. The S16A mutant turns GSH and formation of the &S~ complex cannot come to
over CDNB about 30-fold less efficiently than the native equilibrium as illustrated in Scheme 2. This is clearly the
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Signal enzymes 32—35). It is interesting to note that it was the
o | A A N-terminal peptide of rtGSTK1-1 containing S16 that led to
the original proposition that it was related to the theta class
- enzymes §). The human theta class hGSTT2-2 (PDB file
' 1LJR) does appear on the output of the DALI search with
rGSTK1-1 as the probe structure but with an unimpressive
010 Z-score of 2.7 that is limited to the thioredoxin-like domain.
oo Biological Function of the Mitochondrial GSH Trans-

35 o o0 0 50 ferases There are at least two GSH transferases in the
mitochondrion, the class kappa enzyme and the membrane-
bound enzyme MGSTL1. The latter enzyme is presumed to
Time (ms) be involved in the detoxication of lipid oxidation products
200 (2, 36). At this juncture, the biological role of the class kappa
B enzyme in the mitochondrion is not known. Considerable
amounts of reactive oxygen species are generated during
respiration so it has been presumed that rGSTK1-1 has a
protective role §—10). The structure of the enzyme does
not provide any obvious clues in this regard. However, the
extensive patch of disordered, hydrophobic loops on the face
50+ of the dimer nearest the active site access channels suggests
that the protein may dock with a membrane or a protein
0 : : T partner as part of its biological function. At this point, there
0 500 1000 1500 2000 is no additional biochemical or other physical evidence to
[GSHI GeM) support this hypothesis.
Ficure 7: (A) Fluorescence change on rapid mixing of —GSTK1-1 Microbial GSH Transferases with the Kappa Foltlis

and GSH at pH 7.0 and 28C. The sample, [EF 0.5 uM and .
[GSH] = 4002,\,,, was excited at 290 nrrl?, an[d }tztal flﬁorescence not generally appreciated that GSH transferases related to

was observed through a 320 nm cutoff filter. The lower trace is the class kappa eénzymes are aI;o fQUHd in the microbial
the residual to a fit of the data to a single exponential witya world and thus widely distributed in biology. The enzyme

=44.9+ 0.4 s%. (B) Dependence dfopson [GSH]. The lineisa  2-hydroxychromene-2-carboxylate isomerase, a protein that
'Zea(%t.';‘f%r% Qt g{)}hjﬂast?lkg";; akﬁﬁir::eﬁ”é(gg"glxvihf_‘;',g?_e participates in the catabolism of naphthalene and perhaps
other aromatic hydrocarbons in microorganismg)( is
Scheme 1 closely related to the mammalian class kappa GSH trans-
ki KolGSH] ferase. It exhibits 18% sequence identity over 90% of the
E E* E"GS™ + H* polypeptide with rGSTK1-1. A sequence identity of 8%
fe k2 would be considered random. More convincingly, five of
Scheme 2 the seven residues involved in binding GSH are strictly
105 M & conserved_ and_the remaining two are su_mlar._ The level of
E+GSH ———— EnGs sequence identity and the conserved binding site suggest that
g5t the proteins belong to the same structural superfamily and
thus share the same overall fold.

Implications of the Kappa Fold for the:Blution of GSH
Transferasedt is clear that the class kappa GSH transferase
case under the conditions of the steady state assays ((CDNBpelongs to a different structural fold than the canonical
= 0.2 mM]) if it is assumed that CDNB binds at or near the enzymes. Nevertheless, the functional core of both the
diffusion limit (k,n > 10’ M~1 s71). The expected conse- canonical and the class kappa enzymes is the thioredoxin-
quence of this on the steady state kinetics is HgtSH > like domain that functions principally as a GSH recognition
Kq®SH. The ordered binding of the substrates indicated in motif. The remarkable similarity of these domains particu-
Scheme 2 is inferred from both the structure, where GSH is larly with respect to the positioning of the GSH molecule
bound at the bottom of the active site cavity, and the fact (37) is illustrated in Figure 8 for glutaredoxin-1(C14S),
that GSH binds considerably more tightly than CDNB. rGSTK1, and rGSTML1.

Although thek.,:of 280 st is impressive, it is not known Glutaredoxin-1 is a small 85 residue electron transfer
whether this represents the rate of the chemical reaction inprotein closely related to thioredoxin with a redox active 11-
the enzyme-substrate complex or the rate of product release. CPYC-14 motif located at the N-terminal end of the first
Rate constants for the chemical reaction in the ternary o-helix. The oxidized form harbors a disulfide bond between
(EsGS «CDNB) complex with other GSH transferases are C11 and C14 of the 11-CPYC-14 sequence. Reduction of
often large, on the order of 56200 s* (30, 31). It is the disulfide is mediated by GSH via a mixed disulfide
therefore possible that product release is the rate-limiting intermediate between the GSH and the thiol group of C11
step in turnover of CDNB by rGSTK1-1. (37). The equivalent sequence in the thioredoxin-like domain

The three-dimensional structure and the loss of catalytic of rGSTK1 is 16-SPYS-19 where the two cysteine residues
activity in the S16A mutant suggest that the hydroxyl group are replaced by serine. Thus, the hydroxyl group S16 that
of S16 serves to help stabilize the thiolate of bouRG& activates GSH in rGSTK1-1 is positioned similarly to the
in much the same way as is proposed for the class thetaside chain of C11 that forms the mixed disulfide in

150+

kobs ™1 1004

“ CDNB fast

-1

E*-GS*CDNB E + GSDNB
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Ficure 8: Comparison of the thioredoxin domains of glutaredoxin-1(C14S) (left), rGSTK1 (center), and rGSTML1 (right). The glutathione
molecules are shown in stick representation.

domain

addition
/ grx2 theta
circular
thioredoxin/ d\‘

permutation
omain

glutaredoxin  insertion

kappa

Ficure 9: Proposed parallel pathways for the evolution of the canonical GSH transferases by domain addition via a grx2-like intermediate
(top) and the class kappa GSH transferases by domain insertion or circular permutation of grx2 via a dsbA-like intermediate (bottom). The
thioredoxin-like domains are shown in red, tléelical domains are shown in green, and the glutathione molecules in glutaredoxin-1, the
theta and kappa GSH transferases, are shown in blue stick representation.

glutaredoxin-1(C14S). Many of the other noncovalent in- molecule, glutaredoxin-2 (grx2). Both of these proteins share
teractions between the glutathionyl moieties and the threea thioredoxin-like domain where the redox chemistry occurs.
proteins in Figure 8 are conserved even though the domainHowever, grx2 has appended to its thioredoxin-like domain
arrangements and oligomeric states of the proteins are quitean extensive alti-helical C-terminal domain (Figure 9) so
different. This is particularly true for the strand-turn-helix that it bears a remarkable resemblance to the canonical GSH
motif that essentially acts as a recognition unit for the transferases3g).
o-carboxyl- ando-amino groups of the-glutamyl moiety. From a functional standpoint, it is interesting to consider
The electron transfer proteins thioredoxin and glutaredoxin that as aerobic organisms evolved to utilize GSH as a
are possible starting points for the evolution of both the reductant, they did so by first modifying the thioredoxin
canonical and the class kappa GSH transferases, a processcaffold to accommodate the cofactor and eventually to
that may have occurred by parallel mechanisms as illustratedextend the diversity of redox functions. Dyson and co-
in Figure 9. Aerobic organisms utilize GSH as an electron workers @8) suggest that the GSH transferases represent a
donor in a variety of processes including reduction of further functional extension of this fold to the detoxification
ribonucleotide reductase and the protection of proteins from of electrophiles. Thus, glutaredoxin-1 and grx2 may represent
oxidation. The former process is mediated by glutaredoxin-1 intermediates in the evolution of the canonical GSH trans-
in E. coli while the latter is thought to involve the larger ferases from the ancient thioredoxin fold that occurred by a
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process of domain addition (Figure 9) to a glutaredoxin 8.

progenitor.
What is even more interesting is that the class kappa GSH

transferases may have evolved by a parallel pathway involv- 9.

ing a domain insertion process and functionally similar
intermediates. The protein disulfide bond isomerase, dsbA,
is structurally and functionally related to the glutaredoxins
but differs structurally by the insertion of an althelical
domain between-helix-2 ands-strand-3 of the thioredoxin-
like domain. The structure is very similar to the class kappa
GSH transferase rGSTK1-1. It seems possible that in two
instances proteins involved in glutathione redox chemistry
for the protection and proper folding of proteins evolved by
distinct but parallel mechanisms to catalyze nucleophilic
addition chemistry. Although the pathways for the molecular

evolution of the canonical and class kappa enzymes may have 13-

initially diverged from a common progenitor, it is likely that
the similar mechanistic imperatives for the activation of GSH
for thiol-disulfide exchange and nucleophilic addition guided
two separate (convergent) structural solutions to the same
enzyme activity.

CONCLUSIONS

16.

The class kappa and canonical GSH transferases represent
different structural folds that support similar catalytic activity.
The GSH binding domains are similar in many respects, a

fact that suggests a single progenitor species for this aspect 18.

of the enzyme structure and function. The overall fold of
the class kappa enzyme and its similarity to dsbA suggest ;
that two distinct superfamilies of GSH transferases have
evolved from different thiol-disulfide oxido-reductase pro-
genitors by parallel pathways. This conclusion stands in
contrast to the pathway recently proposed by Sheehan et al.

(4) in which all GSH transferases diverged from a common 20.

ancestor. An extensive disordered hydrophobic patch on the
dimer surface near the active sites provides the basis for a
hypothesis that the enzyme binds to a membrane surface or
another protein as part of its function.
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