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Uncoupling of GTP Binding from Target
Stimulation by a Single Mutation in the
Transducin o Subunit

Ronhit Mittal, Jon W. Erickson, Richard A. Cerione*

Glutamic acid-203 of the alpha subunit of transducin («,) resides within a domain that
undergoes a guanosine triphosphate (GTP)-induced conformational change that is es-
sential for effector recognition. Changing the glutamic acid to an alanine in bovine o
yielded an alpha subunit («;E203A) that was fully dependent on rhodopsin for GTP-
guanosine diphosphate (GDP) exchange and showed GTP hydrolytic activity similar to
that measured for wild-type a. However, unlike the wild-type protein, the GDP-bound
form of aE203A was constitutively active toward the effector of transducin, the cyclic
guanosine monophosphate phosphodiesterase. Thus, the aE203A mutant represents a
short-circuited protein switch that no longer requires GTP for the activation of the effector

target phosphodiesterase.

Heterotrimeric GTP-binding proteins (G
proteins) serve as molecular switches in var-
ious receptor-coupled signal transduction
pathways including those responsible for
hormone-regulated adenylyl cyclase activi-
ty, receptor-stimulated phosphoinositide
lipid turnover, ion channel regulation, ol-

Department of Pharmacology, Cornell University, Ithaca,
NY 14853-6401, USA.

*To whom correspondence should be addressed.

faction, taste, and vertebrate vision (I, 2).
The phototransduction cascade in which
rhodopsin activates the G protein transdu-
cin has frequently been used as a paradigm
for receptor signaling mediated by G pro-
teins. The three-dimensional structures of
ar bound to GDP and a bound to
guanosine 5'-O-(3-thiotriphosphate) (GTP-
v-S), as well as the aluminum fluoride
(AIF, ™ )-activated o subunit, have been
solved (3-5). This structural information
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provides a foundation for understanding the
molecular basis by which rhodopsin-stimu-
lated GTP binding to transducin converts
this molecule into an activated transducer
that directs the regulation of a specific ef-
fector protein.

Direct comparisons of the tertiary struc-
tures of the GDP-bound and GTP-y-S—
bound o subunits indicate that there are
three regions that undergo changes in ter-
tiary conformation as an outcome of GTP-
GDP exchange (4). Two of these regions,
designated as switch I (Ser!”® to Thr'®* in
) and switch Il (Phe!”® to Thr?!® in o),
are analogous to conformationally sensitive
regions found in the Ras and EF-Tu pro-
teins, whereas a third region, designated
switch III (Asp??” to Arg”® in a;), may
undergo structural changes that are specific
to heterotrimeric G proteins (4). The
switch II region is especially important be-
cause it serves as a critical interface, medi-
ating the changes induced within the
switch [ region by GTP binding into effec-
tor recognition. Thus, individual residues
within the switch Il domain have served as
indicators for G protein activation; two ex-
amples being Arg?®* of the a; subunit,
which is no longer sensitive to trypsin when
o is in the GTP-bound (or AlF,™-bound)
state, and Trp?®” of ap, which shows an
enhanced fluorescence when activating li-
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gands (GTP, GTP-y-S, or AlF,”) bind to
the o subunit.

A third amino acid within the switch II
region of ar, Glu?®, is highly conserved in
G protein a subunits, suggesting that this
residue may be essential for some aspect of
the activation-deactivation cycle of ar. It
was proposed that Glu?®® functions in the
GTP hydrolytic event by serving as a gen-
eral base catalyst in the nucleophilic attack
on the vy phosphate by water (3). However,
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Fig. 1. GTP-binding and GTPase activities of the
native retinal o subunit, the wild-type ., and the
a;E203A mutant. (A) Relative GTPase activities of
the a; subunit from bovine retina, insect cell-ex-
pressed a; (aqwt), and insect cell-expressed
a;E203A mutant. Equal amounts (100 nM) of the
a. subunits were mixed with retinal By (100 nM)
and assayed for [y32P]GTP hydrolysis (77) in the
presence (open bars) and absence (solid bars) of
rhodopsin (30 nM) that had been inserted into
phosphatidylcholine vesicles. The GTPase activi-
ties of the recombinant proteins are reported rela-
tive to that of the bovine retinal protein (defined as
100%; 150 to 180 pmol [32P]P, released in 10 min).
(B) Relative [3°S]GTP-y-S-binding activities of the
retinal a; subunit and wild-type o or o E203A
mutant expressed in insect cells. Equal amounts
(100 nM) of the a.r subunits were mixed with retinal
By (100 M) and assayed in the presence (open
bars) and absence (solid bars) of rhodopsin (30
nM) that had been inserted into phosphatidylcho-
line vesicles for [3S)GTP-y-S-binding activity (79).
The [3S]GTP-y-S-binding to retinal oy, in the
presence of rhodopsin and By, is listed as 100%;
10 pmol of [*3S]GTP-y-S-binding to 20 pmol of
retinal o after 20 min at room temperature.
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this is not the case for the a;; subunit (6).
We also found that this cannot be the case
for ar when we compared the relative
amounts of y->*P, (P, is inorganic phos-
phate) produced through GTP hydrolysis by
the Spodoptera frugiperda—expressed wild-
type o subunit and by the aE203A mu-
tant (for which Glu?®® has been changed to
an alanine residue). The wild-type ot sub-
unit and a.E203A were expressed and pu-
rified as glutathione-S-transferase (GST)
fusion proteins (7). When equivalent
amounts of the recombinant o subunits
and o purified from bovine retina were
assayed, the o{E203A mutant had a
guanosine triphosphatase (GTPase) activity
that was fully stimulated by phosphatidyl-
choline vesicles containing purified rho-
dopsin and the purified retinal transducin
beta gamma complex (Byr) and essentially
identical to that measured for both the
wild-type protein and the native retinal o
subunit (Fig. 1A). The E203A mutant also
had the same capability for undergoing rho-
dopsin- and Pyp-stimulated exchange of
[P*SIGTP-v-S for GDP as the native retinal
o subunit or the wild-type recombinant
protein (Fig. 1B).

These findings suggest that the o E203A
mutant couples properly to both rhodopsin
and the Byr complex. This is further shown
by the effects of By and rhodopsin on the
pertussis toxin—catalyzed adenosine diphos-
phate (ADP) ribosylation of the wild-type
o and the aE203A subunit (Fig. 2). The
pertussis toxin—catalyzed ADP ribosylation
of o; and o subunits is promoted by By

Fig. 2. Pertussis toxin—catalyzed ADP ribosyla-
tion of the retinal o subunit, the wild-type GST-
ap, and the GST-a;E203A mutant. Equal
amounts of bovine retinal o (2 pg), wild-type
GST-a, or GST-a;E203A mutant were incubated
with the indicated amounts in micrograms of the
retinal By T subunit complex and subjected to per-

subunit complexes and inhibited by receptor
binding [the latter presumably reflects the
overlap of the receptor binding domain with
the COOH-terminal cysteine residue that
serves as the site for ADP ribosylation (8)].
The ability of By to stimulate ADP ribosyl-
ation and the ability of rhodopsin to block
this modification were identical for the wild-
type o subunit and for the a;E203A mu-
tant (Fig. 2).

We examined whether mutating Glu
to alanine affected the ability of a; to
undergo an activating conformational
change. The conformational change occur-
ring in a G protein a subunit as an outcome
of GTP-GDP exchange, or after the binding
of AlF,”, results in enhanced tryptophan
fluorescence (9-12). The x-ray crystallo-
graphic structures for the ar subunit (3, 4)
provide a possible mechanism for the fluo-
rescence enhancement of Trp?®’. Specifi-
cally, Trp??, which lies within the switch II
domain, is accessible to solvent in the
GDP-bound state but is buried between the
side chains of two hydrophobic residues
(Leu?® and 11e?*’) when a is in the active
state. The movement of Trp?®? and other
residues within switch II toward the B4-a3
loop that is immediately NH,-terminal
from switch III constitutes one of the major
structural alterations that accompany the
binding of activating ligands to the o sub-
unit. The ability of Trp?®? to undergo this
movement was not compromised by muta-
tion of Glu?®; the AIF, -induced fluores-
cence enhancement for the E203A mutant
was indistinguishable from that of the na-
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tussis toxin—catalyzed ADP ribosylation in the presence of [a-32P]NAD (20). At the end of the reaction
period (1 hour), Laemmli sample buffer was added, and the samples were subjected to SDS-PAGE

(13.5% acrylamide).
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Fig. 3. Aluminum fluoride-induced enhancement of the intrinsic tryptophan fluorescence of the o
subunit. (A) Retinal o (250 nM) or (B) a;E203A mutant (250 nM) was equilibrated in a stirred quartz
cuvette and the excitation wavelength was fixed at 280 nm. The emission was monitored continuously at
340 nm and a mixture of AlCl, (30 M) and NaF (5 mM) was added to form an AlF,~ complex and activate

the o subunits.
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tive retinal o (Fig. 3).

Because the E203A mutant appeared to
undergo a normal activating conformation-
al change, on the basis of the above crite-
rion, it was surprising to find that the GDP-
bound form of this mutant was able to elicit
a significant stimulation of the cyclic
guanosine monophosphate (cGMP) phos-
phodiesterase (PDE). We measured the rel-
ative abilities of the native retinal o, the
wild-type GST-ar subunit expressed in in-
sect cells, and the GST-aE203A mutant
to catalyze cGMP PDE activity (Fig. 4).
The retinal ot subunit, when loaded with
GTP-y-S in a rhodopsin- and Byr-depen-
dent manner, caused a strong stimulation of
PDE activity, whereas the GDP-bound form
of retinal e showed no stimulation. Essen-
tially identical results were obtained with
the S. frugiperda—expressed wild-type o
subunit. However, the arE203A mutant
stimulated the PDE activity in the absence
of thodopsin- and By-stimulated GTP-y-S
loading. There was a slight further stimula-
tion when phosphatidylcholine vesicles
containing rhodopsin, Byy, and GTP-y-S
were added to the assays. The PDE activi-
ties stimulated by the a;E203A mutant,
even in the GDP-bound state, were consist-
ently 20 to 40% higher than the PDE ac-
tivities stimulated by either the native ret-
inal a—GTP-y-S complex or the recombi-
nant, wild-type GTP-y-S-bound a. This
reflects the fact that under our assay con-
ditions, typically only 40 to 50% of the
total native retinal (or recombinant) o
subunits can be loaded with GTP-y-S in a
rhodopsin- and Byr-dependent manner.
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Fig. 4. Relative cGMP phosphodiesterase (PDE)
activities of the retinal «.+ subunit and wild-type ot
(arwi) or the aE203A mutant expressed in insect
cells. The retinal oy subunits were assayed in the
GTP-y-S-bound state (open bars) or GDP-bound
state (solid bars) for their ability to stimulate cGMP
hydrolysis by the cGMP PDE (78, 27). The rate of
cGMP hydrolysis resulting from the activation of
the PDE by the recombinant «. subunits is report-
ed relative to the activity measured for the GTP-y-
S-loaded retinal «; (100%, 800 to 1000 nmol of
cGMP hydrolyzed per second and per nanomole
of PDE).

Because the arE203A mutant does not
need to be bound to GTP-v-S to stimulate
PDE activity, its ability to activate the
effector enzyme is not limited by this load-
ing efficiency.

The ability of the arE203A mutant to
stimulate cGMP hydrolysis by the PDE, in
the absence of GTP-y-S-GDP exchange,
cannot be attributed to the possibility that
some percentage of the recombinant mutant
exists in the GTP-bound state. This possibil-
ity was ruled out by the findings that the
arE203A mutant is fully capable of being
ADP-ribosylated in response to pertussis tox-
in treatment and undergoes an AlF, -in-
duced change in tryptophan fluorescence
(which requires that the ar subunit is ini-
tially in the GDP-bound state) that is indis-
tinguishable from the fluorescence changes
measured with the native retinal subunit.
Thus, the data indicate that the arE203A
mutant is constitutively active in its ability
to stimulate the target enzyme.

The x-ray crystallographic studies of o
reveal that Glu®? is solvent-exposed and
points away from the B4-a3 loop (residues
241 to 255) in both the ap-GDP and o—
GTP-y-S structures (3, 4). In addition,
Glu°? forms an ion pair with Lys*® in both
a structures (5). Thus, we propose that the
Glu?-Lys™ interaction helps maintain
the a2 helical region (that is, switch II;
residues 200 to 210) in an inactive confor-
mation when o is bound to GDP. Under a
normal activation event (that is, upon ex-
change of GTP for GDP), Gly""? hecomes
hydrogen bonded to the y-phosphate of
GTP, which in turn is thought to convert
«?2 from a severely distorted 3-10 helix into
a more ideal 3-10 helix. This change is
accompanied by the movement of the side
chains of Arg?! and Arg®* toward Glu**!
(with corresponding changes in electrostat-
ic interactions) and the movement of
Trp?7 toward Leu**® and 11e**. One possi-
bility that has been raised (4) is that as an
outcome of these changes, an acidic cluster
of amino acids (Asp?**, Asp?*, and Glu**)
within switch II1 is brought into position to
bind to a stretch of basic amino acids within
the v subunit of the target (PDE) molecule
(Yppye)- However, we generated a triple mu-
tant in which Asp>*®, Asp”*, and Glu®*®
were all changed to alanine residues and
found that this recombinant o was still
capable of stimulating PDE activity (13).
These findings indicate that the cluster of
acidic amino acids (residues 233 to 235) on
ar are not a critical binding site for the
effector yppe subunit, and that the move-
ment of the switch II domain may provide
Yrpe With access to another site on o
[perhaps the putative stimulatory contact
site, residues 293 to 314 (14, 15)].

In summary, we propose that the substi-
tution of an alanine residue for a glutamic
SCIENCE o
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acid at position 203 in at allows the move-
ment of Arg®! or Arg?®™ or both toward
Glu™ and promotes effector binding, even
in the absence of GTP-GDP exchange.
Thus, the arE203A mutant does not re-
quire GTP binding (through an interaction
with Gly'”?) for effector recognition. Ap-
parently, the movement of the NH,-termi-
nal portion of the switch II domain is suf-
ficient to mediate effector recognition.
Trp”® within the GDP-bound form of the
arE203A mutant apparently does not move
toward Leu?®® and [le?*”, as the addition of
AlF,~, which mimics the action of GTP,
still induced the necessary movement of
Trp?? to yield an enhanced fluorescence
signal. Thus, the results presented here
demonstrate an uncoupling of both recep-
tor-stimulated  GTP-GDP  exchange and
GTPase activity from G protein stimulation
of effector activity. In addition, they further
pinpoint a region within the switch II do-
main that is essential for the generation of
target recognition and show that target or
effector stimulation can occur independent-
ly of changes in tryptophan fluorescence, a
read-out that up to now has been taken as a
direct monitor of G protein activation.
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final concentration of 1 wM. After 10 min, the reactions
were quenched by the addition of 5 ml of 10% am-
monium molybdate solution. The [y-32P]P, released
upon GTP hydrolysis was extracted by the addition of
5mlof a 1:1 mixture of isobutanol and benzene and
quantitated by liquid scintillation counting. Back-
ground hydrolysis of GTP was measured by quanti-
tating P, release by rhodopsin-containing lipid vesicles
and BT without added a.-GDP, or by measuring the
GTPase activity by a-GDP with B in the absence of
rhodopsin-containing lipid vesicles.
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(1978).

. The GTP-y-S-binding activities of retinal « and re-

combinant . subunits were measured in a manner
similar to the GTPase assays (77). Reactions were
initiated by the addition of a mixture of GTP-y-S and
[35S]GTP-v-S to a final concentration of 1 wM. The
reaction mixtures were incubated for 20 min at room
temperature, then quenched by the addition of ice-
cold buffer containing 20 mM sodium Hepes (pH
7.4), 5 mM MgCl,, and 100 mM NaCl, and then
added to 0.45-pm nitrocellulose filters on a suction
manifold. The filters were washed twice with 3 ml of
buffer and counted in 3 ml of Liquiscient (National
Diagnostics). Nonspecific binding was determined
by measuring [3*S]GTP-y-S binding to a-GDP with
B+ in the presence of lipid vesicles that lacked rho-
dopsin, or by measuring binding to By~ and rho-
dopsin-containing lipid vesicles in the absence of
added a;-GDP.

Pertussis toxin-catalyzed ADP ribosylation was per-
formed by incubating the o subunits (2 g) with lipid
vesicles lacking rhodopsin (72) and various amounts
of the By; subunit complex (0 to 2 pg) at room
temperature in a total volume of 40 lin the presence
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of 250 ng of activated pertussis toxin, 1.25 pM nic-
otinamide adenine dinucleotide (NAD), 0.5 nCi per
assay of [a-*?P]NAD, 50 mM tris-Cl (pH 8.0), 3 mM
MgCl,, 1 mM DTT, 50 uM GTP, and 0.5 mM aden-
osine triphosphate. The reactions were incubated for
1 hour at room temperature and then Laesmmli sam-
ple buffer was added and the samples subjected to
SDS-polyacrylamide gel electrophoresis (PAGE) and
autoradiography.

21. Measurements of cyclic GMP (cGMP) hydrolysis by
the retinal cGMP-dependent PDE were done as de-
scribed (78). Briefly, a pH microelectrode was used
to measure the decrease in pH that resulted from the
production of one proton for each molecule of cGMP
hydrolyzed by the PDE. All assays were done at
room temperature in a final volume of 200 pl in a
buffer containing 5 mM Hepes (pH 8.0), 5 mM
MgCl,, and 100 mM NaCl. All PDE assays contained
10 pmol of intact holoPDE and when measuring the
GTP-y-S-bound a-stimulated activity, 15 pmol of
the a;-GTP-y-S complex. Loading of the . sub-
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units with GTP-y-S was done with rhodopsin that
had been reconstituted into phosphatidylcholine
vesicles and purified retinal By; (72). Equivalent
amounts of the different o subunits, as quantitated
by [?5S]GTP-y-S binding (72), were added to the
PDE assays. The PDE assays were initiated by the
addition of cGMP to a final concentration of 5 mM,
and the change in pH (in millivolts) was measured
once per second. At the end of the assay period
(~200 s), the buffering capacity (millivolts per nano-
mole) was determined by the addition of 0.1 wmol of
KOH to the reaction mixture. The rate of hydrolysis of
cGMP (nanomoles per second) was determined
from the ratio of the slope of the pH record (millivolts
per second) and the buffering capacity of the assay
buffer (millivolts per nanomole).
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Rearrangement-Enhancing Element Upstream of
the Mouse Immunoglobulin Kappa Chain J Cluster

Laurent Ferradini,* Hua Gu,T Annie De Smet, Klaus Rajewsky,
Claude-Agnes Reynaud, Jean-Claude Weill

Transcriptional regulatory elements have been shown to be necessary but not sufficient
for the developmental regulation of immunoglobulin gene rearrangement in mouse pre-
cursor B cells. In the chicken X light chain locus, additional elements in the V-J intervening
sequence are involved in negative and positive regulation of rearrangement. Here, mu-
tation of the mouse homolog of a chicken element, located in the V _-J,_ intervening
sequence upstream of the J_cluster, was shown to significantly decrease rearrangement.
This cis-acting recombination-enhancing element affects the rearrangement process
without being involved in regulating transcription.

During differentiation in the bone marrow,
most B cell precursors undergo successive
rounds of immunoglobulin (Ig) gene rear-
rangement: D-] then V-DJ joining for the
heavy chain, followed by V-] joining for the
light chains (I, 2). Because the same re-
combinase machinery is involved at each
stage, specific elements are thought to ac-
count for such a developmental regulation
by controlling the accessibility of the loci
(3). Experiments with transgenic recombi-
nation substrates as well as homologous re-
combination have shown that transcrip-
tional regulatory elements are necessary for
these events to occur (4—06).

Using a chicken A light chain transgene
in its natural germline configuration, we
previously showed that, in addition to the
enhancer and promoter, other elements lo-
cated in the V-] intervening sequence reg-
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ulate rearrangement of this locus in mouse
pre-B cells (6, 7). One of these additional
elements reduces rearrangement, hence we
call it a “silencer.” The silencer is flanked
by one element (or possibly two) counter-
acting its effect, hence we call it an “anti-
silencer” (6). We proposed that the silencer
and antisilencer are involved in ensuring
allelic exclusion at the chicken \ locus (8).
One of the chicken antisilencer elements is
homologous in sequence and location to
two palindromic motifs (called KI and KII)
located in the mouse V-], intervening se-
quence upstream of the J 1 gene segment
and previously described as binding sites for
a factor present in mouse pre-B and B cells
9).

To investigate the role of the KI and KII
sites in regulating mouse k light chain re-
arrangement, we generated KI-KII mutant
mice using the gene-targeting method in
mouse embryonic stem (ES) cells (10). The
vector used for transfection contained a
murine ], genomic fragment (11) in which
the KI and KII sites were altered by site-
directed mutagenesis to replace 8 and 9 base
pairs (bp) of the KI and KII sites, respec-
tively, in order to modify the overall struc-
ture of these sites (Fig. 1A). In addition, we
used the Cre-loxP system of bacteriophage
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