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Cooperativity Induced by a Single Mutation at the
Subunit Interface of a Dimeric Enzyme:
Glutathione Reductase

Nigel S. Scrutton, Mahendra P. Deonarain, Alan Berry,
Richard N. Perham*

When glycine*'® of Escherichia coli glutathione reductase, which is in a closely packed
region of the dimer interface, is replaced with a bulky tryptophan residue, the enzyme
becomes highly cooperative (Hill coefficient 1.76) for glutathione binding. The cooperativity
is lost when the mutant subunit is hybridized with a wild-type subunit to create a het-
erodimer. The mutation appears to disrupt atomic packing at the dimer interface, which
induces a change of kinetic mechanism. A single mutation in a region of the protein remote
from the active site can thus act as a molecular switch to confer cooperativity on an enzyme.

Many enzymes are oligomeric; of these,
some exhibit standard Michaelis-Menten
kinetics and others display homotropic or
heterotropic cooperativity in ligand binding
and a characteristically sigmoidal depen-
dence of reaction velocity on substrate con-
centration. The two principal models ad-
vanced to explain cooperative behavior (I,
2) rely on ligand-induced conformational
changes in the protein, the effects of which
are transmitted across a domain or subunit
interface. Some of these ideas have recently
been tested by directed mutagenesis (3, 4).
Cooperativity can be eliminated: For exam-
ple, replacement of key residues involved in
the binding of fructose 6-phosphate in the
active site of Escherichia coli phosphofruc-
tokinase leads to loss in cooperative behav-
ior in the enzyme tetramer (5). Similarly,
the elimination of certain interactions be-
tween the aspartate and carbamoyl phos-
phate domains of the catalytic subunit of E.
coli aspartate transcarbamoylase causes it to
lose both catalytic activity and cooperativ-
ity in binding aspartate (6).

Conferral of cooperative behavior on an
enzyme has also been reported. Replace-
ment of an active-site Arg residue with Gly
in E. coli ornithine transcarbamoylase cre-
ates an enzyme of reduced catalytic efficien-
cy but one that exhibits cooperative re-
sponses to both substrates (7). Likewise,
replacement of an active-site Arg residue
with Gly in the noncooperative aspartate
transcarbamoylase of Bacillus subtilis con-
verts it into a cooperative enzyme (8).

We have been able to confer cooperativ-
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ity on an enzyme, E. coli glutathione reduc-
tase (E.C. 1.6.4.2), by manipulation of the
subunit interface away from the active site.
This dimeric enzyme is a member of the
important family of flavoprotein disulfide
oxidoreductases (9, 10). Glutathione re-
ductase catalyzes the following reaction:

H* + NADPH + GSSG =
NADP* + 2GSH (1)

where NADPH is the reduced form of
nicotinamide adenosine dinucleotide phos-
phate (NADP*) and GSH and GSSG are
the reduced and oxidized forms of glu-
tathione, respectively. The crystal structure
of the human enzyme at 1.5 A resolution
(11) serves as the reference point for the
rest of the family (12-15). The primary
(16) and three-dimensional (17) structures
of E. coli glutathione reductase are similar
to those of the human enzyme, enabling the
cloned gene (gor) for E. coli glutathione
reductase to be used for protein engineering
experiments, notable among them the in-
sertion of an intersubunit disulfide bridge
(18), investigation of residues critical to the
catalytic mechanism (19-21), and switches
of the coenzyme specificity from NADPH
to NADH (22) and the substrate specificity
from glutathione toward trypanothione
(23).

The enzyme normally exhibits a ping-
pong kinetic mechanism (9, 24, 25), but
replacement of a single residue (Tyr'??) in
the NADPH binding site changes it to
ordered sequential (19). No homotropic or
heterotropic cooperativity has been ob-
served in the binding of NADPH or glu-
tathione. The binding sites for NADPH
and glutathione are physically distinct and
are separated by the isoalloxazine ring of
the enzyme-bound flavin-adenine dinucle-
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Fig. 1. Three-dimensional
structure of human glu-
tathione reductase. The
coordinates were provided
by G. E. Schulz, and the
representation of the struc-
ture was generated with
the program MOLSCRIPT
(29). Two glutathione mol-
ecules are shown bound
across the active site clefts
between the two subunits.
The positions of the Gly*4¢
(Gly*'® in E. coli gluta-
thione reductase) residues
on two parallel a helices
contributed by opposing
subunits are indicated.
They are located on the
dyad axis of symmetry.

GLY 446

Table 1. Specific catalytic activities and kinetic parameters of wild-type and mutant forms of E. coli
glutathione reductase. The enzymes were assayed, and kinetic parameters were measured as
described previously (19, 22). All of the catalytic rate constant k_,, and K values given are
apparent values (22). The true values of K [NADPH] and k_,, for the wt enzyme are 38 + 4 uM and
36,000 + 2,600 min~', respectively (19). The apparent values were measured by varying the
NADPH concentration at a fixed concentration (1.2 mM) of GSSG. Glutathione reductase is subject

to substrate inhibition; hence the true k_, is higher (twofold) than the apparent k_,,.

K.,[GSSG] K., INADPH] - Hill
Enzyme (M) (M) Keat (Min”") coeficient
Wild-type 97 + 12 22 +2 16,000 + 350 1.00
G418W homodimer * 41 +5 8,600 + 160 1.76
G418W/WT-Arm 43 * 61 44 + 4 23,000 + 810 1.06
heterodimer
*The values of K [GSSG] and k_,, at 400 .M NADPH were 311 + 33 uM and 10,200 + 900 min—". 1The value

of K [GSSG] for the heterodimer is an apparent one, measured at 100 pM NADPH.

otide (FAD) and a redox-active disulfide
bridge of the protein (11, 24). The binding
sites for glutathione reside in clefts formed
by the dimer interface (related by the two-
fold axis) and are composed of amino acid
side chains contributed by both subunits,
making it inconceivable that monomers of
the enzyme could be active in glutathione
reduction.

The dimer interface has two structurally
well-defined regions (I11): The upper re-
gion, formed by part of a distinct interface
domain, is one of the least flexible sections
of the protein whereas the lower region,
formed by helical extensions from the FAD
binding domains, is one of the most flexi-
ble. In the upper region, Gly*'® (Gly** in
the human enzyme) is in a densely packed
part of the enzyme (Fig. 1). Replacement of
Gly*'® with a Trp residue (G418W) should
substantially perturb the close interactions

with Phe*'®" (contributed by the opposing
subunit at the dimer interface) [Gly**¢ and
Phe**”" in the human enzyme (11)].

Site-directed mutagenesis of the Gly*'®
site in the E. coli gor gene in the vectors
K19gor3'8Eco RI or K19gorEco RI and
verification of the products were carried out
as described elsewhere (20). Wild-type (wt)
and mutant glutathione reductases were
purified from the gor-deletion strain (NS3)
of E. coli (20) or the proteinase-deficient
strain (NA33) of E. coli (26) transformed
with the appropriate expression plasmid.
Steady-state kinetic assays and the measure-
ment of kinetic parameters were carried out
as described previously (19, 22).

The G418W mutant glutathione reduc-
tase was purified from E. coli strain NS3
under the conditions described for the wt
enzyme (20). During gel filtration through
Superose-12 (at protein concentrations as
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Fig. 2. Reaction rate as a function of glutathione
concentration for the reaction catalyzed by
G418W (homodimer) E. coli glutathione reduc-
tase. The enzyme was assayed in the direction
of GSSG reduction at a fixed concentration
(100 pM) of NADPH (19, 22). Inset: Hill plot of
the data, interaction coefficient 1.76. The data
were fitted by nonlinear least-squares regres-
sion analysis, and the lines of best fit are
shown.

low as 50 pg/ml) it was eluted at the same
position as the wt protein, consistent with a
molecular weight of ~100 kD and a normal
dimeric structure. The mutant enzyme was
also catalytically active: at a fixed concen-
tration (1.2 mM) of glutathione, the kinet-
ics obeyed the usual hyperbolic rate equa-
tion, with an apparent Michaelis constant
(K,) for NADPH similar to that of wt
glutathione reductase (Table 1). The ap-
parent catalytic rate constant (k_,.) (8,600
min~?) is approximately one-half the ap-
parent k_, (16,000 min™!) measured for
the wt enzyme under the same conditions
22).

However, when the concentration of
glutathione was varied at a fixed nonsat-
urating concentration (100 uM) of
NADPH, a hyperbolic rate equation was
not followed (Fig. 2). A good fit was ob-
tained to a rate equation expressing positive
cooperativity between the two glutathione
binding sites (27):

s 8
Kn * K

s &
R

@)

v=V_ ..

S is the substrate concentration. The coop-
erativity was strong, as evidenced by a Hill
coefficient of 1.76 (Fig. 2, inset). A reliable
value of K, cannot be estimated because
K, and the interaction factor a are not
independent variables. Cooperativity with
glutathione was lost when the fixed concen-
tration of NADPH was raised to a saturat-
ing concentration (400 pM) and a normal
hyperbolic rate equation was then followed.
It is clear that the kinetic mechanism has
changed, perhaps to one involving ternary
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Fig. 3. Expression plasmids for
expressing the G418W and WT-
Arm forms of E. coli glutathione
reductase. The construction of
plasmid pKGR4Arm has been de-
scribed (26). It encodes wt glu-
tathione reductase carrying the
additional sequence RRRRR-
IEGR- (a penta-arginine segment
plus factor Xa cleavage site R,
Arg; |, lle; E, Glu; and G, Gly) at
the NH,-terminus of the protein.
Plasmid pGPG418W was con-
structed as follows: The G418W

ColEl
ori

Bam HI
ptac
pKGR4AMM 7 gor
% pGPG418W
%,
%,

mutation was created by mutagenesis with the bacteriophage K19gorEco RI DNA (20). The mutant
gene was subcloned as an Eco RI-Hind Ill fragment into the expression vector pKK223-3 (20) to
yield plasmid pKGR3G418W. The transcriptional unit from this plasmid was excised by digestion
with Bam HI and Nsi | and was subcloned into plasmid pGP1-2 cut with Bam HI and Pst | (28). The
resultant construct is designated plasmid pGPG418W.

enzyme complex (E.NADPH.GSSG) for-
mation through two different routes (27),
but the precise mechanism remains to be
established.

We tested the effect of replacing only
one of the Gly*'® residues in the dimer by
creating a heterodimer, in which only one
subunit carried the mutation. Two gor
genes from different plasmids (Fig. 3) were
expressed in the same E. coli NA33 cell:
one (pGPG418W) encoded a glutathione
reductase chain carrying the G418W muta-
tion; the other ((KGR4Arm) encoded a wt
subunit that contained a penta-arginine
extension at its NH,-terminus (wt-arm).
We have shown (26, 28) that this leads to
the formation of hybrid dimers in vivo, that
the positively charged NH,-terminal exten-
sion makes possible the subsequent separa-
tion of the hybrid enzyme from the two
parental forms in vitro, and that the NH,-
terminal extension is otherwise benign and
without effect on the kinetic properties of
glutathione reductase.

At a fixed concentration (1.2 mM) of
glutathione, the kinetics of the purified
G418W/WT-Arm hybrid enzyme were
normal hyperbolic, with an apparent K
for NADPH similar to that found for the
wt enzyme and the G418W homodimer
(Table 1). When the NADPH concentra-
tion was held fixed at 100 uM and the
glutathione concentration was varied, the
kinetic data could be fitted equally well to
a rectangular hyperbola or to a sigmoid
rate equation with a Hill coefficient of
only 1.06 (Fig. 4). Thus, if there is any
residual cooperativity between the glu-
tathione binding sites, it is weak. The
apparent K for glutathione (43 pM) is
similar to the true K, (97 pM) measured
for the wt enzyme (Table 1).

Qur choice of the G418W mutation was
predicated on the assumption that it would
lead to significant disruption of the glu-
tathione reductase dimer interface. As a
simple test of this, the thermal stabilities of
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the wt enzyme, the G418W homodimer,
and the G418W/WT-Arm heterodimer,
were studied (Fig. 5). The G418W ho-
modimer was found to lose its catalytic
activity at a substantially lower temperature
than the wt enzyme, and the presence of
GSSG (120 mM) exerted little or no pro-
tective effect. The G418W/WT-Arm het-
erodimer was intermediate in its response to
thermal denaturation. This result strongly
suggests that the structure of the G418W
mutant enzyme has been disrupted and that
the disruption is relieved, at least in part,
when the G418W mutant subunit is al-
lowed to hybridize with a wt subunit.

Disruption of the closely packed interior
of E. coli glutathione reductase by the sub-
stitution of bulky Trp residues for the two
Gly*!® residues on opposite sides of the
subunit interface (Fig. 1) is not enough to
prevent dimer formation, as judged by gel
filtration, although we cannot wholly ex-
clude a monomer-dimer equilibrium at low
protein concentrations, with glutathione
favoring the formation of dimer. It is
enough, however, to cause a change of
kinetic mechanism, with concomitant ac-
quisition of cooperativity with respect to
glutathione. Given the separation of the
NADPH and glutathione binding sites, this
occurs without significant apparent effect
on the K, for NADPH or substantial loss of
catalytic activity. The results with the
G418W/WT-Arm heterodimer, in which
the structural disruption is substantially re-
lieved, as expected, are fully in accord with
this explanation.

In these experiments we have demon-
strated that cooperativity can be conferred
on an enzyme by a single mutation in what
is at first sight a mechanistically dull part of
the structure, namely, the subunit inter-
face. With E. coli glutathione reductase,
conferral of cooperativity has been pur-
chased at the expense of some loss of
thermal stability of the protein. Nonethe-
less, it is a clear indication that the molec-
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Flg. 4. Reaction rate as a function of glutathione
concentration for the reaction catalyzed by
G418W/WT-Arm (heterodimer) E. coli gluta-
thione reductase. The enzyme was assayed,
and the data were processed as in Fig. 2. Inset:
Hill plot of the data, interaction coefficient 1.06.
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Fig. 5. Thermal stability of wt and mutant E. coli
glutathione reductases. Enzyme activities were
determined in the presence of 100 .M NADPH
and 1.2 mM GSSG after the enzymes were
incubated in the assay buffer at the desired
temperature for 10 min as previously described
(19); (A), wt glutathione reductase; (4),
G418W/WT-Arm heterodimer glutathione re-
ductase; and (O), G418W homodimer glu-
tathione reductase.

ular switch need be only small, something
that is easily acquired during evolution of a
metabolic pathway.
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In Vitro Transcriptional Activation by a
Metabolic Intermediate: Activation by Leu3
Depends on a-lsopropylmalate

Ji-Ying Sze, Michael Woontner, Judith A. Jaehning,
Gunter B. Kohlhaw*

In the absence of the leucine biosynthetic precursor a-isopropylimalate (a-IPM), the yeast
LEU3 protein (Leu3p) binds DNA and acts as a transcriptional repressor in an in vitro
extract. Addition of a-IPM resulted in a dramatic increase in Leu3p-dependent transcription.
The presence of a-IPM was also required for Leu3p to compete effectively with another
transcriptional activator, GAL4/VP16, for limiting transcription factors. Therefore, the ad-
dition of o-IPM appears to convert a transcriptional repressor into an activator. This
represents an example in eukaryotes of direct transcriptional regulation by a small effector

molecule.

An intricate feedback loop regulates leu-
cine biosynthesis in fungi (1). Multiple
controls of the first step, the synthesis of
a-isopropylmalate (a-IPM), and the par-
ticipation of a transcriptional activator are
central features of the pathway. In yeast,
the LEU4-encoded a-IPM synthase is sub-
ject to feedback inhibition by leucine, and
the LEU4 gene is transcriptionally regulat-
ed by both GCN4 and LEU3 (2). The
LEU3 gene product (Leu3p) is a 100-kD
DNA binding protein that belongs to the
Zn(I1) ,Cysg binuclear cluster family of eu-
karyotic transcriptional activators (3).
Leu3p activates transcription of the
LEU1, LEU2, and LEU4 genes (4), and its
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binding site (UAS,gy) is also found up-
stream of the ILV2, ILV5, and GDHI1
genes of yeast (5). Genetic evidence sug-
gests that activation by Leu3p requires the

Fig. 1. Transcriptional activation from the
UAS, gy, requires both Leu3p and a-IPM. In
vitro transcription was carried out as de-
scribed (6) with 1.2 pg of pUC18 and 0.3 ng
of each template per 30-ul reaction. The long-
er pair of transcripts (open bars) are derived
from a UAS-, basal template bearing the
CYC1 TATA box linked to a G-less cassette
(6). The shorter pair of transcripts (closed
bars) is derived from plasmids with a 3’ trun-
cation of the G-less cassette and with one
(lanes 1 to 6) or two (lanes 7 to 12) UAS, ¢,

presence of a-IPM to complete the regu-
latory loop (4).

To analyze the components required for
regulation, we have reconstituted Leu3p-
dependent transcriptional activation in vi-
tro. We prepared active whole cell tran-
scription extracts (6) from LEU3 null,
wild-type, and overexpressing yeast strains
(7) and measured the amount of Leu3p by
means of an electrophoretic mobility shift
assay (3, 4). The extracts from wild-type
cells contained relatively little Leu3p, but
high amounts of UAS, ¢, binding activity
were detected in extracts from the Leu3p-
overproducing cells (8). The mobility shift
obtained with the transcription extracts
was indistinguishable from that of highly
purified Leu3p, indicating that no auxilia-
ry factors had been lost during the exten-
sive purification of the protein (8, 9).
Complex formation by the extracts and by
purified Leu3p was unaffected by a-IPM
“4, 8).

In vitro transcription reactions were per-
formed as described (6). Templates con-
tained various binding sites upstream of the
CYC1 TATA box linked to a “G-less cas-
sette,” allowing the simple analysis of spe-
cific ribonuclease Tl-resistant transcripts
(6). Two templates, distinguishable by the
lengths of their G-less cassettes, were used
simultaneously to judge relative transcrip-
tion efficiency. Transcriptional activation
was attained with templates that contained
either one or two UAS, g, elements (Fig.
1). Activation was clearly dependent on
the presence and concentration of Leu3p
and absolutely required the addition of
a-IPM. Tenfold to 20-fold activation was
obtained with the extract from Leu3p-over-
producing cells. Neither Leu3p nor a-IPM
had any effect on transcription from the
control template lacking the UAS, gy se-
quence (Fig. 1).

We determined transcriptional activa-
tion as a function of a-IPM concentration
(Fig. 2) (7). Saturation curves were iden-
tical over a twofold range of extract con-

Template UAS gy (UAS, g,
Extract | leus-a2] LEU3 [LEU3** [teu3-a2| LEU3 [LEUS*
oM - [+ T-T+J-T+[-Ja+]-T+]-]+

i | ;
o , N ¥
_— ‘ Wk g R ;

12 3 4 5 6 7 8 9 10 11 12

elements upstream of the TATA box (74). The a-IPM (natural isomer) (75) was added to a final
concentration of 0.5 mM to reactions whose products were visualized in even-numbered lanes.
Lanes 1, 2, 7, and 8, extract from the leu3-A2 strain at a final concentration of 2 mg of protein per
milliliter. Lanes 3, 4, 9, and 10, extract from the wild-type strain at a final concentration of 3 mg
of protein per milliliter. Lanes 5, 6, 11, and 12, extract from the Leu3p-overproducing strain at a
final concentration of 3 mg of protein per milliliter.
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