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ABSTRACT. Although rat glutathione transferase M1-1 is crystallized as a homodimer (GST M1-1), we
have generated monomers (GST M1) of the enzyme by adding potassium bromide to buffer solutions
containing the wild-type enzyme and by introducing point mutations in the electrostatic region of the
subunit interface. The wild-type enzyme was evaluated in 0.05 M MES (pH 6.5) containing up to 3 M
KBr. We report that the addition of KBr greatly influences the mononatkmer equilibrium of the wild-

type enzyme and that 8 M KBr GST M1 has a specific activity close to that of GST M1-1. Since the
effect of KBr is likely due to charge screening at the subunit interface, the influence on the menomer
dimer equilibrium exerted by the amino acid residues in the electrostatic region of the interface (Arg77,
Asp97, Glul00, Asnl101) was investigated. Mutations introduced at positions 97, 100, and 101 promote
monomerization, resulting in enzymes that exhibit a decreased weight average molecular weight in
comparison to that of the wild-type enzyme. However, only mutations at position 97 result in enzymes
that have catalytic activity in the monomeric form. The mutations introduced at positions 100 or 101
result in enzymes whose activity can be accounted for by the amount of dimeric enzyme present. Our
results indicate that the electrostatic region of the interface is important in the mondimer equilibrium

of glutathione transferase and that, although GST M1-1 may be more active than GST M1, the dimer is
not requiredfor catalytic function.

Cytosolic glutathione transferases (GSTBC 2.5.1.18) is composed of several amino acid residues contributed by
constitute a ubiquitous family of enzymes involved in Phase domain | of the subunit to which GSH is bound and of one
Il detoxification of xenobioticsX) by catalyzing the nucleo-  amino acid residue from domain Il of the opposite subunit.
philic addition of the thiolate of glutathione (GSH) to the In GST M1-1, Aspl05 is the only amino acid residue
electrophilic center of the xenobiotic compound. The con- contributed to the glutathione site from the opposite subunit
jugate is rendered more water soluble than the parentto which GSH is bound1(l). As depicted in Figure 1, the
xenobiotic compound, which is advantageous for excretion, crystal structure shows two main areas of interaction between
usually as part of the mercapturic pathwa@{). Physi- the two subunits: a hydrophobic region and an electrostatic
ologically, glutathione transferases have been implicated in region. The hydrophobic region, more commonly termed the
the protection against carcinogenesis as well as in drug“ball-and-socket”, is located at each end of the subunit
resistance {—9). interface. This motif is well conserved in the alpha, mu, and

GST M1-1 belongs to the mu class of cytosolic GSTs, pi classes of GSTsL). In GST M1-1, this region consists
which has been crystallized as a homodimer with a molecular of residues Val98, Tyrl137, and Phel40 of one subunit
mass of~51 500 @0). Within each subunit of GST M1-1  forming the socket and Phe56 of its partner subunit forming
there is an active site, consisting of the xenobiotic and the ball that intercalates among the socket residues. Hornby
glutathione sites, located along the V-shaped crevice formedet al. (L3) and Codreanu et all§) have extensively studied
between the subunits of the homodimer. Specifically, the the importance of the hydrophobic region as an influence
CDNB site is composed of amino acid residues contributed on the monomerdimer equilibrium and have explored the
by domain Il of one subunit; in contrast, the glutathione site relationship of the hydrophobic interactions to the enzyme’s
activity. The electrostatic region is situated along the dimer’s

TThis work was funded by NIH RO01-CA66561 (R.F.C). The 2-fold axis of symmetry €2) between the two ball-and-
Beckman Optima XL-I analytical ultracentrifuge used in this study was gocket regionsi(3).

obtained and supported by NIH 2P20 RR016472. . . .
* To whom correspondence should be addressed. Phone: (302) 831- Here, we focus on the electrostatic region of the interface.

2973; fax: (302) 831-6335; e-mail: rfcolman@chem.udel.edu. As shown in Figure 2, this region consists of amino acid
! Abbreviations: GST, glutathione transferase; WT, wild-type rasidues Arg77, Asp97, and Glu100; in addition, we include

enzyme; GST M1-1, dimeric form of the wild-type enzyme; GST M1, - . -
monomeric form of the wild-type enzyme; GSH, glutathione; CDNB, Asn101, which has not preV'OUS|y been reCOngEd as an

1-chloro-2,4-dinitrobenzene; TRIS, tris (hydroxymethyl) aminomethane; amino acid residue located in the electrostatic region of the
LB, Luria-Bertani; EDTA, disodium ethylenediamine tetraacetate; interface. These residues participate in intra- and intersubunit

IPTG, isopropylg-o-thiogalactoside; CD, circular dichroism; MES,  g|actrostatic interactions that can influence the monemer
2-(N-morpholino) ethane-sulphonic acid; KBr, potassium bromide; ESI-

MS, electrospray ionization mass spectrometry; rpm, revolutions per dimer equilibrium of the enzyme. The closest intersubunit
minute. interaction, as measureid silico, is between the sym-
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of these amino acid residues to evaluate their influence on

the monomer-dimer equilibrium of the enzyme, as well as
Ball & Socket on the catalytic activity.

Furthermore, we sought to determine whether wild-type
enzyme is activenly in the dimeric form. Still focusing on
the electrostatic interactions at the subunit interface, we
subjected the wild-type enzyme to chaotropic salts, limiting
_ \ the conditions to those in which the enzyme’s activity could
Eleytragtatic AN " be measured. Our results indicate that monomers of the wild-

Region - _ < C type enzyme with catalytic activity can be generated under

’ the defined chaotropic conditions, as well as by introducing
single point mutations in the electrostatic region of the
subunit interface.

EXPERIMENTAL PROCEDURES

Materials. Ampicillin, 1-chloro-2,4-dinitrobenzene (CDNB),
GSH, MES, andS-hexylglutathione immobilized on cross-
linked 4% agarose beads were purchased from Sigma
Ficure 1: Dimeric structure of rat GST M1-1 (PDB 1GST) E_hﬁmlcalcglompan¥. Al othter rezger_;_trs] Welre purclhast_edd frcf)m
showing the two regions of interaction within the dimer interface. ISher and were or reagent grade. The oligonucieotides tor

Subunit A is displayed in magenta and subunit B is in cyan. The mutagenesis and the primers for DNA sequencing were
ball-and-socket motif at each end of the dimer interface is purchased from Biosynthesis, Inc. The Quikchange XL Site-

accentuated by a white oval around its perimeter. The amino acid Directed Mutagenesis kit was obtained from Stratagene’ and

residues of the ball-and-socket motif are designated by color as to ; . : :
which subunit they are from. The amino acid residues of the the QIAprep Spin Miniprep kit was supplied by QIAGEN.

electrostatic region, located in the center of the dimer interface, Plasmid and Mutagenesi§he cDNA encodingRattus
are colored by atom (oxygen in red, nitrogen in blue). norvegicusGST M1-1 (rat GST M1-1), as well as thé-3

untranslated region inserted into a pBR322 vector, was a
generous gift from Ming F. Tam at the Institute of Molecular
Biology, Academia Sinica, Nankang, Taipei, Taiwan. This
plasmid was used with the permission of Dr. M. Rosenberg
of Smith Kline Beecham, by whom the expression vector
pMG27N (of which this is a derivative) was developed. Site-
directed mutagenesis was accomplished using the Stratagene
Quikchange XL Site-Directed Mutagenesis kit. The following
oligonucleotides (written '5 3') and their complementary
sequences were used to incorporate the mutations into the
cDNA. The mutated amino acid residue and number are
marked in bold and the replacement codon is underlined:
R77E, GC AAT GCC ATA ATG GAATAC CTT GCC C;
R77Q, GC AAT GCC ATA ATG CAG TAC CTT GCC C;
D97K, CGG ATT CGT GCA AAA ATT GTG GAG AAC;
D97R, CGG ATT CGT GCA CGC ATT GTG GAG AAC;
E100K, GCA GAC ATT GTG AAA AAC CAG GTC ATG;

: _ ) E100R GCA GAC ATT GTG CGC AAC CAG GTC ATG;
FIGURE 2: Enlargement of the electrostatic region of the dimer NlOlD, GAC ATT GTG G/AGiGAT CAG GTC ATG,

interface including N101 from both subunits. Subunit A is displayed
in magenta, and subunit B is in cyan. The amino acid residues areN101K, GAC ATT GTG GAG AAA CAG GTC ATG.

colored by atom (oxygen in red, nitrogen in blue). The closest DNA extraction and purification was completed using the
distances between some of the residues are shown. Q|Aprep Sp”'] Miniprep kit. DNA Sequencing was performed
at the University of Delaware Center for Agricultural
metrically equivalent, stacked Arg77 amino acid residues of Biotechnology using an ABI Prism model 377 DNA
the two subunitsi5—17), which are separated by only 3.7 sequencer (PE Biosystems) or an Applied Biosystems 3130
A (10). It is likely that the charge of Arg77 is neutralized XL Genetic analyzer and confirmed the mutations. The
within the subunit to which it belongs through electrostatic forward sequencing primer is as follows: 5 ATG CCT
interactions with Asp97 and Glul00; this would allow ATG ATA CTG GGA TA — 3' and the reverse primer i$ 5
hydrophobic interactions to take place between the arginine— CAT TGG GCC AAC TTC GAA AA — 3. The mutant
amino acid residues and prevent repulsion at the subunitDNA was transformed into competent JM1E5cherichia
interface. Within a subunit, Arg77 is only 3.0 A from Asp97, coli (E. coli) cells for expressionl@).
3.1 A from Glu100, and 5.7 A from Asn101 (Figure 2). In Protein Purification. The wild-type and mutant enzymes
comparison, Arg77 of one subunit is 5.5 A from Asp97, 5.6 were expressed in IM1@5. coli cells. The cells were first
A from Glu100, and 8.2 A from Asn101 of the opposite grown at 37°C in LB media containing 27@M ampicillin
subunit. Using site-directed mutagenesis, we mutated eachuntil Asoo nmWas 0.4-0.6 absorbance units, at which time
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the enzymes were induced by the addition of 1 mM IPTG. phosphate buffer (pH 6.5) containing 1 mM EDTA] was
The temperature was lowered to 26, and the cells were  measured as a function of wavelength between 200 and 250
allowed to grow for an additional 18 h and were then nm at 0.2-nm increments. The average of five measurements
harvested by centrifugation at 104#br 25 min at 4°C. was recorded as the spectrum. Each sample spectrum was
The resulting cell pellets were immediately frozen and stored corrected for the contribution from 0.1 M potassium phos-
at —80 °C. The cell pellet frmn 3 L of culture was thawed  phate buffer (pH 6.5) containing 1 mM EDTA. CD spec-

in a 25°C water bath and resuspended in 30 mL of 10 mM troscopy was not conducted when KBr was added to the
TRIS chloride buffer (pH 7.8) at 25C. Six minutes of MES buffer because of the high absorbance of the blank in
sonication (three 2-min intervals of sonication, separated by the 200 nm to 250 nm range.

30 s intervals) at 20 kHz and 475 W with a sonicator  gnzymatic AssaysThe KEPNE \was determined using a

suspension was kept on ice and then purified using chro-concentration was fixed at 2.5 mM (with a constant 2.5%
matography onS-hexylglutathione agarose, as described ethanol). For those mutant enzymes that exhibited an elevated

previog;!y by ;—lea;lne and Comam?'_ N ‘ sal KEPN® value, the CDNB concentration range was extended
In addition, for the enzymes used in the presence of salt, "> 5"\ cpNB. Determination of th&S for the

in 0.05 M MES (pH 6.5), the wild-type enzyme and the
D97K mutant enzyme, were first purified as described above,
after which the storage buffer [0.1 M potassium phosphate
(pH 6.5) containing 1 mM EDTA] was exchanged for 0.05
M MES (pH 6.5) using the Amicon Ultra Centrifugal Filter

CDNB—GSH conjugation reaction was conducted using a

range of GSH concentrations (generally-B500uM), while

the 1 or 2.5 mM CDNB concentration was constant. For

enzymes with unusually higkS>" values, the range of

Devices (Millipore Corp.). Twenty times the volume of the GSH concentrations was extended to 20 mM. The enzymatic
- reactions (in 0.1 M potassium phosphate buffer (pH 6.5)

enzyme sample of 0.05 M MES (pH 6.5) was used to o .
exc%ange thepbuffer. The enzyme c(gncentr)ation was deter_contammg 1 mM EDTA and 2.5% ethanol) were monitored

) ; X at 340 nm e = 9.6 MM cm™Y) using a Hewlett-Packard
mined using a HP 8453 UVVis spectrophotometer and the N\ i -
extinction coefficient at 270 nmAe = 37 700 Mt cm-Y). 8453 UV—Vis spectrophotometed). The specific activity

The purity of the enzymes was assessed by N-terminal of the enzymes is expressed as micromoles of substrate per

sequencing on an Applied Biosystems Procise Sequencingg}'r:ﬁéeseér:?a”::g:in; ?wfoigznﬁm;:gg Ic;soqu:reactggg fg;?f?or:tgf
system (PE Biosystems). P y Jug

Weight Aerage Molecular Weight DeterminationA CDNB and GSH The reactions were mamtamed "’?fQ5.
. ; and the conditions were generally saturating for the invariant
Beckman Coulter XL-I analytical ultracentrifuge was em-

. d . Substrate.
ployed to determine the weight average molecular weight o . .
of each enzyme. Sedimentation equilibrium experiments at | n€ kinetic parameters were determined for the wild-type

10 °C were performed at speeds of 15000, 17 000, and &nzyme in' 0.05 M MES (pH 6.5) containing the various
20 000 rpm using an An-50 Ti rotor. Stepwise radial scans concentrations of KBr. For these measurements,_the enzyme
at 235 and 270 nm were performed after equilibrium was Was stored in 0.05 M MES (pH 6.5) and was diluted into
reached 20), using a step size of 0.001 cm. The resulting "€ assay buffer of 0.05 M MES (pH 6.5) and KBr
data sets were fitted using the software package |gorpro|mm§edlately before_ the activity measurements. These kinetic
(Wavemetrics, Inc.), as previously describ&d, (22). The studies were carried out as stated above except that all

interface mutant enzyme samples (G-@3 mg/mL) were reactions were maintained at 2@ to decrease the rate of
in 0.1 M potassium phosphate buffer (pH 6.5) containing 1 the nonenzymatic reaction between CDNB and GSH. The

mM EDTA and, when indicated, a saturating concentration data points were fitted to the Michaeti¥lenten rectangular
of GSH was included. The addition of GSH to the enzyme hyPerbola using SigmaPlot. The standard errors ofthe
samples was used to determine if this substrate would @1dKm value determinations are reported in Results.
promote dimerization. The weight average molecular weight ~ To test the stability of the wild-type enzyme in 0.05 M
of each mutant enzyme in the presence of 2.5 or 5 mM GSH MES (pH 6.5) containing various concentrations of KBr, 0.3
allowed us to calculate the percent dimer under conditions mg/mL of the wild-type enzyme was incubated for 74 h in
similar to the assay conditions used to determifhg. We 0.05 M MES (pH 6.5) containing-63 M KBr at 10 °C.
used 0.06 mg/mL enzyme samples since this is the lowestDuring this time, aliquots of the incubation mixtures were
concentration yielding accurate weight average molecular removed and assayed (2.5 mM GSH and 1 mM CDNB) in
weight data. 0.05 M MES (pH 6.5) containing the same concentration of
Sedimentation equilibrium experiments were also con- KBr as present in the incubation mixture. The assays were
ducted under the same conditions for the wild-type enzyme conducted at 10C.
samples (0.060.8 mg/mL) in 0.05 M MES (pH 6.5) Molecular ModelingMolecular modeling was conducted
containing various concentrations of KBr{8 M). The using the Insight Il (1997) software package from Molecular
weight average molecular weight of each sample was alsoSimulations, Inc. on a Silicon Graphics Indigo 2 workstation.
determined in the presence of a saturating GSH concentra-The atomic coordinates for the rat GST M1-1 isozyme were
tion. The densities of the buffers containing salt were obtained from the Brookhaven Protein Databank, PDB 1GST
considered in the calculations. (10). The mutant enzymes were modeled by replacing the
Circular Dichroism SpectroscopyCircular dichroism individual amino acids at positions 77, 97, 100, and 101 with
spectroscopy was performed using a Jasco J-710 spectropathe amino acids corresponding to the mutations made at each
larimeter as previously describe23j. The molar ellipticity position. In all cases, the enzyme structure was energy
of the enzyme sample [0.15 mg/mL in 0.1 M potassium minimized by the Discover module of Biosym (Steepest
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Table 1: CDNB and GSH Kinetic Parameters of the Wild-Type Table 2: Weight Average Molecular Weight of the Wild-Type
Enzyme in 0.05 M MES (pH6.5) Containing Various Concentrations Enzyme in 0.05 M MES (pH 6.5) Containing Various

of KBr Concentrations of KBr, Determined i|_1 the Apsence _a_nd_ in the
molarity m[;:,B K%DNB KﬁSH E;?ase?ir;ﬁgn?; Saturating GSH by Sedimentation Equilibrium
KBr (umol min~t mg™1)2 (um)2 (uMm)2
weight average
8 5 g%i é 2 1222i il 185%i ?1 weight average molecular weight
10 6.6 0.2 260+ 15 240+ 15 molarity, KBr2 molecular weight (kDa)  with GSH (kDa¥y
1.5 6.4+ 0.2 340+ 30 360+ 38 0 50.3£ 0.1 47.8+1.9
2.0 6.4+ 0.3 1000+ 120 390+ 33 0.5 445+ 0.4 45,5+ 0.2
25 5.3+ 0.3 1100+ 140 430+ 37 1.0 45.3+ 0.1 46.2+ 0.1
3.0 5.5+ 0.3 1800+ 230 420+ 26 15 41.3+ 0.3 41.4+ 0.3
aTheKy, values were generally determined at®@under saturating gg gzi 82 gggi 82
conditions of the invariant substrate, and thga.x values were 3:0 27:5ﬂ: 0:9 26:1i 0:5

determined by an extrapolation of the rate vs the concentration of the
variable substrate kinetic data to infinite concentrations using SigmaPlot 2 In all cases, the enzyme (0.3 mg/mL) was in 0.05 M MES (pH
for data analysis. The data presented are the averages of two to four6.5) containing various concentrations of KBr and were run in the
trials. The concentration of CDNB used in the determination of the analytical ultracentrifuge at 1TC. ® The concentration of GSH (2%
KSSHwas 1 mM at 6-1.0 M KBr and 2.5 mM for the remaining KBr ~ MM) was saturating.

concentrations. The concentration of GSH used for the determination
of KSP™® was 2.5 mM for 6-1.5 M KBr and 5 mM GSH for the
remaining KBr concentrations.

Table 3: CDNB and GSH Kinetic Parameters of the Wild-Type and
Mutant Enzymes

VCDNB KCDNB KGSH
Gradient, 100 Iterations, Q.OOl Derivatiye). The intermo-  enzyme  (umol min- mg-9) (;M) (;ﬁ\/l)
Ie_cular energy was monitored for rational values and —,; 261 3 194 2 694 9
distances. D97K 11401 88+ 5 230+ 19
D97R 15+ 1 52+5 5604+ 56
RESULTS E100K 14+ 1 77+ 10 2300+ 170
) o ) ] E100R 18+ 1 45+ 7 780+ 58
Expression and PurificationThe plasmids encoding the R77E 371 28+ 3 96+ 7
wild-type or mutant glutathione transferase enzymes were EIS?D Zgolié 3%8i 26 3%%i 36
expressed in JM10%E. coli cells, and the enzyme was N1O1K 1911 360+ 34 6600L 1600

ngrzedT#s Inpgu rclg,r Og]:a:(;graepnhz);rcige)xgiluéa\fgllggés gl?sing a Tthm \(alues were determined at 26 under saturating.conditions
N-terminal sequencing; in each case analysis indicated theOf the invariant substrate, and thiax values were determined by an
' . . extrapolation of thé&, kinetic data to infinite concentrations of CDNB
presence of only one protein with the sequence PMILGY- ysing SigmaPlot for data analysis.
WNVRGL, which is unique to rat GST M1-1. The enzyme
yield varied with the mutation; typically 15 mg/L cell culture
was obtained of the wild-type enzyme andZ3 mg/L cell
culture of mutant enzyme.

Effect of KBr on the Wild-Type Enzynt@n the basis of
the series of ions proposed by Hofmeister and Lewith in
1888, called the “Hofmeister series25), the wild-type
enzyme was evaluated in 0.05 M MES (pH 6.5) in the
absence and in the presence of potassium bromide (KBr).
MES is a zwitterionic buffer and is not considered either a
chaotropic or a kosmotropic ion, whereas the phosphate anio
is considered a kosmotropic ioBd, 26). Subsﬂtqﬂon of MES. appreciably change the catalytic activity or the monomer
for the potassium phosphate buffer, used in our previous dimer equilibrium of the wild-type enzyme
studies, allows us to evaluate the enzyme at th_e same pH. To promote monomerization, 0-8.0 M Kérwas added
We chose to use the salt KBr because the bromide anion isy, o wild-type enzyme in 0.05 M MES (pH 6.5). Table 2
an effective chaotropic ion, according to the Hofmeister shows that the average molecular weight of the wild-type
series, and this salt allows us to keep the cation the same in

- X . enzyme in 0.05 M MES (pH 6.5) is dependent on the
the tWC.’ buffer.systems. We antlplpated tha.‘t th|s Hofmeister concentration of KBr present. The average molecular weights
salt might shift the monomerdimer equilibrium of the

indicate that the enzyme is mostly dimeric at concentrations
enzyme.

The wild-type enzyme was first characterized kinetically up to 1.0 MKBr (Table 2, rows £3). At 1.5 M KBr and

. 4 . above, the average molecular weight decreases as the
and biophysically |n_0.05 M MES (pl-_| 6.5) at 1T and_ concentration of KBr increases. The enzyme becomes
compared to the wild-type enzyme in 0.1 M potassium

phosphate (pH 6.5) containing 1 mM EDTA at 26. As predominantly monomeric (98.5%) in the presence of 3 M

shown in Table 1, the kinetic parameters of the wild-type KBr (Table 2, row 7). The average molecular weight was

ich wa i ; ' luated in the ab d in th f saturati
enzyme, which was stored in and assayed using 0.05 M vestvaiuated in the absence and in the presence of saturating
(PH 6.5) Vpax = 22 1 umol min mg2, KPNE = 27

+ 2 uM, KEH'= 86 + 5 uM), are similar to those of wild-

type stored and assayed in 0.1 M potassium phosphate (pH
6.5) containing 1 mM EDTA (Table 3). Sedimentation
equilibrium experiments conducted at 0.3 mg/mL reveal that
the enzyme’s weight average molecular weight0.05 M
MES (pH 6.5) (Table 2, row 1) and 0.1 M potassium
phosphate (pH 6.5) containing 1 mM EDTA (Table 4, row
1) are similar. Figure 3 is an example of the data obtained
from the sedimentation equilibrium experiments. Thus,
substitution of 0.05 M MES (pH 6.5) for 0.1 M potassium
rbhosphate buffer (pH 6.5) containing 1 mM EDTA does not

2 For ease of reading, we have substituted the term average molecular
weight for weight average molecular weight.
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enzyme in the presence of 0.5 M KBr. At concentrations
greater than 0.5 M KBr th¥may values plateau at6.0umol
min~! mg™! and do not deviate appreciably. In comparing

Table 4: Weight Average Molecular Weights (expressed in kDa), as
Determined by Sedimentation Equilibrium Experiments, of the
Wild-Type Enzyme and Each Mutant Enzyme of the Electrostatic

Regior? the kinetic properties of the wild-type enzyme in the presence
0.06 mg/mL 0.3 mg/mL of 3 M KBr to the absence of KBr, there is a 4-fold decrease
enzyme  —GSH TGSH —GSH YGSH in VCPNB a3 66-fold increase in th&S°™8, and approxi-
WT 460403 469404 51501 517401 mately a 5-fold increase in the enzym&§™". Examina-
DI7K 254+ 0.1 26.3+0.2 27.8:01 27.6+0.1 tion of the kea/KS®" and ke.o/KS\® reveals that thekeaf
D97R 32.8+0.2 36.0+:0.2 452+03 44.0+0.3 CDNB ; GSH CDNB
E100K  30.6+0.2 39.6+£0.3 39.7+0.3 44.4+0.3 Ky " Is affected more than thka/K, ; The kcaéﬁHm
EI00R  36.9:0.1 47.3:03 46.9+0.1 49.7+0.2 decreased approximately 270-fold, while the/K;>" de-
R77E 442+1.3 50.8+04 49.0+0.1 495+0.1 creased approximately 20-fold. By comparing Tables 1 and
EIS?D g-gi 8-‘11 2;-9% 8-3 gfli-gi 8-1 gé-gi 8-519 2, it becomes evident that thé, of the GST M1-1 is not
NIOLK® 331+01 35302 A419+01 438+ 01 dependent on its average molecular weight. For example, at

0.5 M KBr, the wild-type enzyme exhibits & or® of 6.6
2The weight average molecular weights were determined in the Y 1 ax
absence and in the presence of GSH. In all cases, the enzyme was iﬁ‘mm min~* mg™* and an average molecular weigbf 45.3

0.1 M potassium phosphate buffer (pH 6.5) containing 1 mM EDTA + 0.2 kDa in the presence of saturating glutathione. In

at 10 °C.°With the exception of the E100K and N101K mutant comparison, 83 M KBr, the wild-type enzyme exhibits a
enzymes, the concentration of GSH (2.5 to 5 mM) was saturating. V?TQL“B of 5.5 umol mint mgt and an average molecular

weight of 26.1+ 0.5 kDa in the presence of a saturating
concentration of glutathione.

Evaluation of Asp97Since the addition of KBr to the
buffer influenced the monomedimer equilibrium of the
wild-type enzyme, most likely through a charge screening
mechanism, the amino acid residues in the electrostatic region
of the subunit interface were probed using site-directed
mutagenesis. Asp97 was mutated to arginine (D97R) and

! ! ! ! 1 I 1

Absorbance, 270 nm

0.5+
lysine (D97K) to reverse the charge at this position. Table 3
— (row 2) shows that the D97K mutant enzyme exhibits a 24-
0.0+ i fold decrease iVoon®, accompanied by 5-fold increase in
| . | | . , , KSPY® and 3-fold increase irKS™" compared to those
6.80  6.85  6.90 Rad?u.gscm 700 7.05 730 values of the wild-type enzyme (Table 3, row 1). The D97R

mutant enzyme (Table 3, row 3) retain®0% of the wild-

FiGURE 3: A representative sedimentation equilibrium data set type enzyme’sVCDNB value, but itsK,, values increase

collected using 0.24 mg/mL wild-type GST M1-1 and monitoring : e ;
at 270 nm. The data sets shown are for three speeds: 15 OOO'apprommately 3-fold for CDNB and 8-fold for GSH. The

17 000, and 20 000 rpm; the curvature of the data is greater at theaverage molecular weigh(determined by sedimentation
higher speeds. equilibrium studies) of each Asp97 mutant enzyme, in the

absence and in the presence of glutathione (Table 4, rows 2
GSH concentrations to determine if this substrate could gnd 3), was considerably lower than that of the wild-type
promote dimerization. We find that GSH has little effect on  enzyme (Table 4, row 1). In the presence of 2.5 mM GSH,
the average molecular weight of the enzyme in the presencethe D97K mutant enzyme (0.06 mg/mL) exhibits an average

of KBr (Table 2).
Incubation of the wild-type enzyme over 74 hin 0.05 M
MES (pH 6.5) containing €3 M KBr indicates that the

molecular weight of only 26.3- 0.2 kDa, a value equivalent
to that of a monomer. At 0.06 mg/mL, the D97R mutant
enzyme displays an average molecular weight of 36M2

enzyme, when assayed under the same salt conditions agDa, a value somewhat lower than that of the wild-type
those in the incubation solution, exhibits the same activity enzyme (46.94+ 0.4 kDa) in the presence of saturating
over the entire time period necessary to conduct the glutathione. To explore the possibility that the wild-type
sedimentation equilibrium experiments (data not shown). enzyme and the mutant enzymes’ average molecular weight
Since there is no observable time dependence of change ins dependent on the protein concentration, the average
enzymatic activity, we conclude that the activity of the wild- molecular Weight of each mutant enzyme and the Wi|d-type
type enzyme in 0.05 M MES (pH 6.5) containing KBr is enzyme was also evaluated at 0.3 mg/mL (Table 4, rows
established rapidly and does not change over at least 74 h1—3). Indeed, the average molecular weights of these two
Therefore, the average molecular weights of the wild-type mutant enzymes increase with increasing protein concentra-

enzyme samples under various concentrations of KBr aretion (Figure 4A). The circular dichroism (CD) spectra of

representative of the enzyme with the reported activities.
The kinetic parameters of the wild-type enzyme were
evaluated at 0.5 M KBr increments. As shown in Table 1
(rows 1 and 2), th&/SoN® sharply decreases between 0 and
0.5 M KBr. TheVnax values of the enzyme in the presence
of 0.001 M through 0.4 M KBr were also determined (data
not shown): the decrease Vfhax is gradual between 0 and

0.1 M KBr, at which point the/°?"® js equal to that of the

max

these mutant enzymes, shown in Figure 5A, reveal that the
secondary structure of the D97K mutant enzyme exhibits a
greater negative molar ellipticity than the wild-type enzyme,

but the spectrum of the D97R mutant enzyme is similar to

that of the wild-type enzyme. We attribute these changes in
CD to the amino acid residue’s propensity to be found in

and form an alpha helix. Both aspartate and arginine have
approximately the same helix propensigr), while that of
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Ficure 5: Circular dichroism spectra for wild-type enzyme and
lysine is greater. Collectively, these results indicate that the mutant enzymes of positions 97 and 100. (A) Wild-type enzyme
changing the negative charge to a positive charge at positionl(;l)égsg (v), D97R @). (B) Wild-type enzyme®), E100K (¥),

97 significantly disrupts the electrostatic interactions at the ’
subunit interface, causing changes in the secondary (D97K
only) and quaternary structure of the enzymes, which in turn of the EL00R mutant enzyme is 46190.1 kDa. As in the
influences the enzymes’ catalytic function. case of the Asp97 mutant enzymes, the E100K mutant
Evaluation of Glu100 Glu100 was mutated to arginine enzyme displays a lower average molecular weight than the
(E100R) and lysine (E100K) to reverse the charge at this EL00R mutant enzyme throughout the protein concentration
position. The kinetic parameters of each mutant enzyme arerange (Figure 4B). The secondary structures of these mutant
shown in Table 3 (rows 4 and 5). The largest change in enzymes are not appreciably different from that of the wild-
kinetic parameters for the Glul00 mutant enzymes is in type enzyme as determined by circular dichroism spectros-
the K& which increases approximately 33-fold for the copy (Figure 5B). These results point out that, despite the
E100K mutant enzyme and 11-fold for the E1I00R mutant lack of change in the secondary structures of the Glu100
enzyme relative to the wild-type enzyme. Each mutant mutant enzymes, the quaternary structure has been perturbed,
enzyme exhibits a decrease \jﬁDNB as compared to the and this perturbation of the quaternary structure is greater

ax . . . . ..
wild-type enzyme: to 69% for the EL00R mutant enzyme When glutamate is replaced with lysine than with arginine.

and to 54% for the E100K mutant enzyme. TKRg™"® of Evaluation of Arg77 Table 3 (rows 6 and 7) reveals that
the E100K mutant enzyme increases approximately 4-fold, neither charge neutralization (R77Q) nor charge reversal
and there is an approximate 2-fold increasKﬁIfNB for the (R77E) appreciably changes the kinetic parameters of these

E100R mutant enzyme. To evaluate the quaternary structuremutant enzymes in comparison to the wild-type enzyme. The
of these mutant enzymes their weight average molecularresults of the sedimentation equilibrium studies, shown in
weightg were determined by sedimentation equilibrium Table 4 (rows 6 and 7), in the absence or in the presence of
experiments. As shown in Table 4 (rows 4 and 5), the average2.5 mM glutathione establishes that the R77E and the R77Q
molecular weight of the EL00R mutant enzyme (4%.8.3 mutant enzymes have a weight average molecular weight
kDa) at 0.06 mg/mL in the presence of saturating glutathione similar to that of the wild-type enzyme and that the weight
is similar to that of the wild-type enzyme, while the EL00K average molecular weights of these enzymes increase slightly
mutant enzyme (0.06 mg/mL) in the presence of saturating as their concentrations are increased (0.06 to 0.3 mg/mL).
glutathione only reaches an average molecular weight of 39.6Circular dichroism spectroscopy shows that the secondary
+ 0.3 kDa. The average molecular weight of the Glul00 structures of these two mutant enzymes are similar to that
mutant enzymes is protein concentration dependent in theof the wild-type enzyme (Figure 6A). These results indicate
range tested (0.06 to 0.3 mg/mL) (Figure 4B). At 0.3 mg/ that neither charge neutralization nor charge reversal perturbs
mL, the average molecular weight of the E100K mutant the biophysical properties or kinetic parameters of the mutant
enzyme is 39. % 0.3 kDa, and the average molecular weight enzymes relative to those of the wild-type enzyme. Therefore,
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A When the secondary structures of the mutant enzymes are
] examined by circular dichroism spectroscopy (Figure 6B),
the N101D mutant enzyme’s CD spectrum is similar to that
of the wild-type enzyme, while the entire spectrum of the
N101K mutant enzyme shows a greater magnitude of
negative molar ellipticity than that of the wild-type enzyme
5000 ¢ ] (Figure 6B). As in the case of the D97 mutant enzymes, this
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ﬁ's 10000 | change in the circular dichroism spectrum can be attributed
E to the likelihood of the residue to be in or form an alpha
NE -15000 | ] helix (27). The introduction of a charge at this position
& appreciably affects the kinetic parameters of the mutant
; igﬂgﬂ e enzymes when compared to those of the wild-type enzyme.
= B T However, only the replacement of Asn101 by lysine perturbs
g 10000 L the secondary and quaternary structure of the enzyme.
g so00 [} DISCUSSION
»
of % . Is there any evidence for a catalytically active monomer?
"-':, This question has been explored as long as GSTs have been
000 studied. Since both subunits of GST M1-1 contribute residues
10000 | '-:_ to the active site of the enzyme, it has been postulated that
" the dimeric form of the enzyme is required to maintain the
-15000 | functional conformation of the active site. Conversely, it has

been shown that the monomeric intermediates of the wild-
type enzyme have a nativelike secondary structure but display
a less compact tertiary structuré3( 28). Also, in silico
homology modeling of GST M2-2 has revealed only small
et Shoyes s o a0 3 ey Changes i conformation upon removal o a subuB.

Yy : . Therefore, it is reasonable to assume that under the appropri-
@6?{7(5)_(')’ RTTQ W). (B) Wild-type enzyme), N101D (7). ate conditions the monomeric form, GST M1, could be the

predominant species and retain catalytic activity. Until now,
these amino acid changes do not disrupt the electrostaticconditions had not been determined under which catalytically
interactions at the subunit interface. competent monomers of the wild-type enzyme could be
Evaluation of Asn101Although not previously recognized  studied.

as an amino acid residue located in the electrostatic region We established that 0.05 M MES (pH 6.5) containing a
of the subunit interface, Asn101 was mutated to the chargedrange of KBr concentrations was a satisfactory system for
amino acid residues, aspartate and lysine. Introduction of aexamining the monomerdimer equilibrium of the wild-type
negative charge (N101D) increases all of the kinetic param- enzyme. We found that as the concentration of KBr was
eters studied compared to those of the wild-type enzyme increased the largest changén.xwas observed below 0.5
(Table 3). TheK, values of the N101D mutant enzyme for M KBr, while the change in the enzyme’s average molecular
GSH and CDNB increase about 6- and 19-fold, respectively, weight is observed at concentrations greater than or equal
while thevﬁgi“B increases 9-fold (Table 3, rows 8 and 9). to 1.5 M KBr. Therefore, the decrease in the enzyme’s
For the N101D mutant enzyme, thea{KﬁDNB decreases  activity is not due to the dissociation of the subunits but must
approximately 2-fold, while thekca{KffH increases ap- be due to an effect of the salt on the enzyme’s active site.

proximately 2-fold. The replacement of the neutral asparagine To calculate the activity of GST M1, we consider the
by the positively charged lysine (N101K) has the opposite parameters of the wild-type enzyme in the presence of 0.5
effect onVmac it decreases th&*P'® by 46% (Table 3, M KBr to be representative of the active, dimeric enzyme
row 9). The largest change in kinetic parameters for the (GST M1-1). At 0.5 M KBr, the wild-type enzyme has a
N101K mutant enzyme is the approximately 96-fold increase specific activity of 6.6+ 0.2umol min~* mg* and a weight

in KgSH_ The increase ik, CPNB for the N101K mutant average molecular weight of 45450.2 kDa in the presence
enzyme is the same as it is for the N101D mutant enzyme. Of a saturating concentration of glutathione (at this average
Table 4 (rows 8 and 9) displays the average molecular molecular weighitthe enzyme is 76% dimeric). The percent-
weight of these two mutant enzymes at 0.06 and 0.3 mg/ age of the enzyme present in the dimeric form at the
mL. The N101D mutant enzyme has an average molecularmeasured protein concentration (0.3 mg/mL) is calculated
weight similar to that of the wild-type enzyme in the absence based on the definition of weight average molecular weight
or in the presence of saturating glutathione, and its average(Mw) [as stated by FreifeldeBQ) and Cantor and Schimmel
molecular weight is dependent on the concentration of the (31)] and the measured weight average molecular weight
protein within the range tested. In contrast, the N101K mutant (determined by sedimentation equilibrium experiments).
enzyme at 0.06 and 0.3 mg/mL has an average molecular Assuming that all of the activity exhibited experimentally
weight that is much lower than that of the wild-type enzyme, by the wild-type enzyme is due to the dimeric form of the
and its average molecular weight is dependent on theenzyme, at 100% dimer the enzyme would be expected to

-20000 L L s L L s L L L
200 205 210 215 220 225 230 235 240 245 250

‘Wavelength, nm
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have aVmax 0f 8.7 umol min~t mg™1. In comparison, at 3M  subunit. The repositioning of Arg77 perturbs the hydrophobic
KBr, the wild-type enzyme exhibits experimentallyWaax interactions of the two arginine amino acid residues across
of 5.5 umol min~* mg™* and a weight average molecular the interface and results in a repulsive electrostatic interaction
weight of 26.1+ 0.5 kDa in the presence of a saturating between the guanidinium groups of the Arg77 side chains.
glutathione concentration. At this average molecular weight It is evident by the average molecular weights exhibited by
the enzyme is 1.5% dimeric. Again, assuming that only GST the Asp97 and Glu100 mutant enzymes that the point charge

M1-1 is active and that the dimer hasVaax of 8.7 umol of lysine is more effective than the distributed charge of
min~t mg%, in the presencef@ M KBr, the enzyme would arginine in shifting the monomeimer equilibrium to favor
be expected to exhibit ¥nax Of approximately 0.1umol the monomeric species. In the ELI00R mutant enz¥the,

min—! mg~; however, experimentally the enzyme exhibits unfavorable interaction between the Arg77 amino acid
aVmax Of 5.5umol min~t mg*. Therefore, it can be estimated residues is most likely counteracted by a favorable electro-
that GST M1 has &/max of 5.4 umol min~t mg™?1, which static interaction between Arg100 of subunit A [(A)Arg100]
corresponds to 62% as much activity as GST M1-1, not and Asp97 of subunit B [(B)Asp97].
accounting for the effects the salt exerts on the enzyme. The shift in the monomerdimer equilibrium of the

It has been established that the net charge of a proteinN101K mutant enzynfes probably due to charge repulsion
can be reduced by ions (K Br) acting to screen both  at the subunit interface between the two lysine amino acid
favorable and repulsive interactions within the protéig)( residues at position 101 (4.1 A apart) in addition to the
This effect is commonly termed the screening effect, and it unfavorable electrostatic interaction of the Arg77 amino acid
is important to the stability of a proteir82). The charge  residues. The repositioning of Arg77 is due to charge
screening efficiency of a salt is generally in agreement with repulsion within a subunit between (A)Lys101 and (A)Arg77.
its ion’s placement in the Hofmeister seri@); Therefore, Since Arg77 is the only positively charged amino acid
the bromide anion should be efficient in reducing the net residue that participates directly in the electrostatic region
charge of the wild-type enzyme. We consider the effect of of the subunit interface, we expected that replacement of
KBr on the monomerdimer equilibrium of the wild-type ~ Arg77 with a negatively charged or neutral amino acid
enzyme to be through the Debye screening mechanism andesidue would change the electrostatic interactions at the
not anion binding. Debye screening is comparatively non- subunit interface. However, substitution of this residue with
specific; KBr should reduce the strength of favorable and @ negatively charged or neutral amino acid residue results
unfavorable interactions between the subunits, whereas aniorin enzymes with average molecular weights and kinetic
binding should reduce the strength only of the unfavorable parameters that are similar to those exhibited by the wild-
interactions among positively charged grouf@?)( The type enzyme. These results differ greatly from those deter-
speculation that the effect of KBr is through Debye screening mined for the alpha clas2@). Vargo et al. 20) found that
is supported by the fact that if only unfavorable interactions Arg69 of GST Al-1, the equivalent of Arg77 of GST M1-

were screened we would expect the monoatimer equi- 1, was one of the most important residues affecting the
librium to either not change or shift more toward the dimeric monomer-dimer equilibrium of GST Al-1: the R69E
state. mutant enzyme caused a marked decrease in the average

At the subunit interface of the wild-type enzyme, elec- Molecular weight of GST Al-1. The close proximity between
trostatic and hydrophobic interactions are the major forces th€ amino acid residues contributing to the electrostatic
in stabilizing the dimeric protein1@, 14, 26, 28). On the region of the subunltlntgrface and those comprising the GSH
basis of our findings stated above, it is apparent that the Sit¢ in GST Al-1 provides the most probable explanation
electrostatic region of the wild-type enzyme greatly influ- for the difference bgtween the two classes_ of GSTs. In GST
ences the monomedimer equilibrium of the enzyme. To ~ Al-1, (A)Arg69 neighbors (A)Thré8 and is close to (A)-
determine the individual role of the amino acid residues in GIN67, both of which hydrogen bond with (A)GSEQ). (A)-
the electrostatic region of the subunit interface on the Tr68 hydrogen bonds with the-carboxylate of (A)GSH
enzyme’s monomerdimer equilibrium, we constructed and (A)GIn67 forms a hydrogen bond with theamino
mutant enzymes using site-directed mutagenesis. group of (A)GSH (1). (A)Arg69 interacts with (A)Glu104,

Replacement of Asp97 or Glu100 with either lysine or which interacts with (A)Arg1520). In addition, Arg15 is

g . : . ) unique to the alpha class of GSTs; its positive charge
arginine places four positively charged amino acid residues contributes to lowering the Ky of the thiolate of GSH
(residues at positions 77 and 97 or 100 from both subunits) . , . . '

. . .’ thereby affecting the enzyme’s catalytic properti@g)(
at the interface and thus most likely causes charge repulsion o ; .
! o . Although there are similar interactions in the mu class of
between the subunits resulting in mutant enzymes that dlsplayGSTS Ara77 of GST M1-1 is further from the GSH site
a decreased average molecular weight, with the exceptionthan i,s Arg 69 of GST Al-1
of the E1I00R mutant enzyme. As modeliedsilico,® the g :

repulsion at the interface is partly caused by the repositioning WJ?Jg:ltcﬁéaéee;ir;‘?ﬁiz“\é%gi t?ﬁ ?vlgg]teerizlgﬂctg rr]z\z'/?ieﬁ’t
of the Arg77 side chains, which is caused by a repulsive summarized previoush3Q 31(3:] and the ?ollowin assum g
electrostatic interaction between the positively charged amino P ’ 9 P

acid residue at position 97 or 100 and Arg77 within the same tions. In the_presence of a saturating concentration of GSH
and a protein concentration of 0.06 mg/mL, the wild-type

enzyme is 82% dimeric and exhibit8/a.x of 26 gmol min—t
3The discussion of the mutant enzymes and their intra- and mg—l_ Therefore, if the wild-type enzyme were 100%

intersubunit distances is based on the determined crystal structure of 4; ; in—1
the wild-type enzyme (PDB 1GST) in which a single amino acid in dimeric, theVmaxwould be expected to be 31umol min

each case was mutatéu silico, and the structure was subjected to Mg . For the D97R mutant enzyme under the same
energy minimization, as described in Experimental Procedures. conditions [assuming that the dimeric form of the D97R
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mutant enzyme (40%) accounts for all of the activity of the
enzyme], 13umol min~* mg? of the observed/ax of 15 (A) D97

inmali i i (AYR77
umol min~ mg?is due to the dimer, leaving a mutant GST 5 4 './J-
(A) E100)
1

M1 monomer with aVmax of 2.0 umol min~* mgt. The
f '_-‘ (A)N73

weight average molecular weight of the D97K mutant
enzyme at 0.06 mg/mL in the presence of 2.5 mM GSH is
26.3+ 0.2 kDa, which is equivalent to 98% monomer. Under {(A)N101
the same conditions as stated above, the monomeric form
k. L)
- Yy

Q102

of the D97K mutant enzyme displays a specific activity of ET e
0.5umol min~* mg~*. We conclude that both of the Asp97 ‘/\ S
mutant enzymes have some activity in their monomeric form; /- I
however, their activity is markedly decreased in comparison /)y .,m d-amino
to the activity of the dimeric wild-type enzyme, GST M1-1. ' group
Mutating Glu100 and Asn101 to lysine shifts the monomer
dimer equilibrium to favor the monomeric state; however,
all of the activity exhibited by these two mutant enzymes
can be accounted for by the amount of dimeric enzyme rgyre 7: Hydrogen-bond network extending from the interface
present. of the A subunit of GST M1-1 to the glutathione binding site in
Since the D97K mutant enzyme has approximately the each subunit. GSH bound to the A subunit is colored in magenta,

fth . : he wild and GSH bound to the B subunit is colored in cyan. The amino
same percentage of the monomeric species as the Wild-typ&,ciq residues are colored by atom, and the hydrogen bonds are

enzyme does in the presende3oM KBr, we can compare  shown in green. The glutathione molecules as well as the amino
the activities of the two. The activity of GST M1 is acid residues shown are denoted by (A) or (B) to correspond with

approximately 5.4:imol min~t mg* (in 3 M KBr) and that the subunit they are contributed by. The side chains of 102 and
of the monomeric D97K mutant enzyme is approximately 106 were not included (for clarity), and water molecule 11 is
L o abbreviated as w1l.
0.5 umol min~! mg™1. Therefore, the low activity of the
monomeric D97K mutant enzyme is not due to the dissocia-
tion of the subunits but is caused by the substitution of lysine
for aspartate. By comparing the wild-type enzyme and the
D97K mutant enzyme in 0.05 M MES (pH 6.5), containing
a range of KBr molarities (60.2 M), it is possible to account
for the effects of the salt on the wild-type enzyme’s activity.
This comparison reveals that the decreased activity of the
wild-type enzyme in 0.05 M MES (pH 6.5), in the presence
of KBr is not due to the increased monomeric species but is
due to an effect of the salt, since the D97K mutant enzyme
lost approximately the same percentage of activity 2%)

wll

that the D97R mutant enzymeXS" is approximately
2-fold greater than that of the D97K mutant enzyme; if the
affinity of this enzyme for GSH were dependent on the
dimeric form of the enzyme, then one would expect the
opposite to be true since the D97K mutant enzyme is 98%
monomeric and the D97R mutant enzyme is only 60%
monomeric.

Figure 7 shows the interface region of the A subunit, with
glutathione bound to both subunits. Since the D97K mutant
enzyme is 98% monomeric, there can be no hydrogen bond
: : ) ; . between the side chain carboxylate of (A)Asp105 and the
as did the wild-type enzyme when subjected to increasing a-amino group of (B)GSH; thus, the monomeric structure

E%gfﬁggle néﬁ‘:?gstésatgtgg;iiﬁgvg% g:‘oen:?jj i%fnas‘cgl\gzrg- of the D97K mutant enzyme may contribute to the increased
y b K" value. We postulate that the loss of this hydrogen

statically interacting with and thereby screening the amino ™

. . .y : . : bond may also be a factor in the markedly decreasggd
acid residues that participate in the active site of the enzyme. "
Accounting for the decrease Mnax due to the salt, GST \(Igéu_e?)%xgb'é?t% g%ﬁgf v?k?gr:( tg:gmﬂ%m?&e' ngg?_i i al.
M1 is almost as active as GST M1-1. P ’ group

) ] ) ) lacking, the enzyme still uses the derivative as a substrate,

Since these amino acid residues are clustered at the subunibyt theV,., is decreased. In our case, ie@amino group of
interface away from the active site, the changes in the kinetic GSH s not lacking, but the hydrogen bond that ensures its
parameters of the Asp97, Glul00, and Asnl01 mutant proper orientation within the glutathione site is missing. The
enzymes are probably the result of indirect effects perturbing j,creasedk®S™ exhibited by the D97K mutant enzyme, in
the active site of the enzyme. With the exception of Asn101, comparisorrlnto the wild-type enzyme, may also be due to
the residues examined are at Ileﬁ;& from the active site e gisruption of an intrasubunit hydrogen-bond network
of the wild-type enzyme. Mutating these residues may exiending from the interface to the glutathione site within
indirectly disrupt the hydrogen bonding and electrostatic e same subunit accompanied by a local conformational
network iq the vicinity of the active site, leading to local change. The introduction of lysine at position 97 would
conformational changes. eliminate the hydrogen bond between the side chain car-

Substitution of Asp97 by lysine or arginine reverses the boxylate of (A)Asp97 and the guanidinium group of (A)-
charge and increases the size of the amino acid residue af\rg77, and there would be electrostatic repulsion between
this position. Although similar in size and charge, lysine and (A)Lys97 and (A)Arg77 (Figure 7). This repulsion would
arginine have different effects on the enzyme’s kinetic perturb the hydrogen bond between the side chain carboxy-
parameters and biophysical properties. Mills et24) fnade late of (A)GIlu100 and the side chain guanidinium of (A)-
similar observations upon substitution of lysine for arginine Arg77, as well as the hydrogen bond between the peptide
in Cytochromec oxidase. In comparing the kinetic param- backbone amide of (A)Arg77 and the peptide backbone
eters of the D97R and D97K mutant enzymes, it is notable carbonyl oxygen of (A)Asn73 (Figure 7 and 1&8). In the
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wild-type enzyme, the side chain amide of (A)Asn73 is 5.5 the catalytic activity of their monomeric mutant enzymes
A from the a-carboxylate group of (A)GSH; however, water were markedly decreased. As shown above, we also deter-
11 is within hydrogen-bonding distance of (A)GSH and (A)- mined that a single mutation in the electrostatic region of
Asn73, thus creating the potential for a water-mediated the subunit interface is sufficient to generate a monomeric
hydrogen-bond network. In the D97K mutant enzyhtbe species whose secondary structure is not appreciably per-
distance from (A)Asn73 to (A)GSH is decreased to 2.9 A, turbed. Of the interface mutant enzymes we examined in
potentially allowing for a hydrogen bond to form directly this report, only the D97K mutant enzyme exhibited activity
between Asn73 and GSH. The distortion produced by the in the monomeric form and the activity was markedly
additional hydrogen bond from (A)Asn73 to (A)GSH may decreased. As discussed above, the decreased activity of the
account for or contribute to the decreaseViy. D97K mutant enzyme is attributed to intrasubunit changes

The scenario for the D97R mutant enzyhig similar rather than the generation of the monomeric species since
except that the enzyme is only 60% monomeric. Therefore, we determined that, under the stated conditions, GST M1
the loss of the hydrogen bond from (B)Asp105 to the (A)- was almost as active as GST M1-1.

GSH site would contribute less to the increasel{]ﬁSH, GST M1-1is Crystallized as a dimer. In solution, we find
while the unfavorable interactions of the Arg77 and Arg97 that the enzyme is at equilibrium between the monomeric
residues would be relatively more important. and dimeric species; the extent of either species is dependent

on the solution conditions, the concentration of the enzyme,
and whether a mutation has been made at the subunit
interface. This paper demonstrates that GST M1 can be
almost as active as GST M1-1 and that the electrostatic
K region of the subunit interface greatly influences the mono-
mer—dimer equilibrium of the enzyme. Of the amino acid
residues studied by site-directed mutagenesis, we find that
Asp97 is the most influential for enzyme’s monomeéimer
equilibrium.

The increase iKS*" for the E100K and E100R mutant
enzyme$ could be due to the proximity between the side
chain ammonium of (A)Lys100 and the guanidinium group
of (A)Arg77 (3.1 A). The substitution of lysine or arginine
at position 100 may disrupt the hydrogen-bonding networ
extending normally from the side chain carboxylate of (A)-
Glu100 to GSH bound to the A subunit, as described for the
Asp97 mutant enzymes. In addition, the E100K mutant
enzyme is 46% monomeric; in the monomeric form, the
hydrogen bond extending across the interface between (A)-
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