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ABSTRACT: The N-terminal regions of the heterotrimeric G-proteksubunits represent one of the major
Gpy contact sites and have been implicated in an interaction with G-protein-coupled receptors. To probe
the role of the N-terminal domain of transducinin G-protein function, a chimeric Gtisubunit with the

31 N-terminal Gix residues replaced by the corresponding 42 residuesmf s Gtio)) has been examined

for the interaction with light-activated rhodopsin (R*). Gtilisplayed a somewhat higher R*-stimulated

rate of GTR'S binding relative to Ns-Gdi, suggesting modest involvement of thex®{-terminal sequence

in recognition of the receptor. However, the intrinsic rate of nucleotide exchange in Mswais
significantly faster Kapp = 0.014 mirr?) than that in Gtit (kapp= 0.0013 min?) as judged by the GTFS

binding rates. Substitution of 42 N-terminal residues oft®yg the Gtr residues in a reciprocal chimera,
Nt-Gsa,, had an opposite effeenotable reduction in the intrinsic GJB-binding rate Kapp = 0.0075

min~1) in comparison with Gs (kapp= 0.028 min'!). Residue Val30 (His41 in @9 within the N-terminal

region of Gtx interacts with the C-terminal residue, 11e339. To test the hypothesis that observed changes
in the intrinsic nucleotide exchange rate in chimeri@ &ibunits might be attributed to this interaction,
GtiaVal30His, Gtolle339Ala, and Ns-GtiHis41Val mutants have been made and analyzed for basal
GTPyS binding. GtixVal30His and Gtitlle339Ala had increased G118 binding rateskap,, = 0.010 and

0.009 min%, respectively), whereas Ns-@tilis41Val had a decreased GI® binding rate K., = 0.0011

min~1) relative to their parent proteins. These results suggest that the coupling between the N-terminal
and C-terminal domains of @tis important for maintaining a low nucleotide exchange rate in unstimulated
transducin.

The visual transduction cascade in vertebrates is a classicabre localized on the receptor surface otxGhat faces the
G-protein signaling pathway with a characteristic low noise membrane. The key receptor recognition determinant is the
and high gain signal amplification. In the dark, the rate of Gto C-terminus. An original finding that ADP-ribosylation
basal GDP-GTP exchange on photoreceptor G-protein of Gta Cys347 by pertussis toxin uncouples Gt from R* (
transducin (GafSy)! is very slow (10°® s%). Photoexcited  8) has been supported and extended by mutational and
rhodopsin (R*) accelerates the exchange rate up ts10 synthetic peptide analyse8-11). Binding of R* to G-

The key rate-limiting step catalyzed by R* is GDP release. 340-350 and the Gt a4-36 loop at the membrane surface
GTP binding to the empty nucleotide pocket o @t driven is likely to trigger conformational changes of dsthat are

by conformational changes that it causes followed by transmitted via thex5 helix and the36 sheet to thegf6-05
dissociation of G from Gy and R* (1, 2). Extensive loop. The Gt 56-05 loop contains the guanine ring binding
biochemical studies coupled with the solution of crystal residues, and GDP release occurs when these residues are
structures of transducin have provided a basis for modeling “disturbed” by receptor binding5( 6). G{3y is absolutely

the mechanisms of R*-induced Gt activati@-6). The lipid required for effective activation of Gt. Direct interaction of
modifications, heterogeneous acylation at the [Stterminus R* with Gtfy (12, 13 may participate in Gt activation by

and farnesylation of the &C-terminus, suggest a presumable conformationally altering the switch I/switch Il region via
orientation of the transducin molecule on the photoreceptor Gt3/Gta contacts and facilitating release of GD).(

disk membrane ). The main R* interaction sites, the The role of the N-terminal region of @tin the interaction
C-terminus (G&-340-350) anda4-/36 loop (aa 305-315), with R* is not fully understood. The N-terminus constitutes

one of the two Gi/Gtfy interaction interfaces. The N-
This work was supported by National Institutes of Health Grant terminal acylation (myristoylation) contributes to the mem-

g%/ It(f)\\sal?labetes and Endocrinology Research Center of the University membrane, which is essential for Gt activatidal)( Also,
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stabilization assays. But unlike &8340—-350, Gti-8—23 used as forward primers in the second PCR round on the
was unable to mimic @y effects on MIl formation {1). same template with the reverse primer containir@paHl|
Ala-scanning mutational analysis of é&ctevealed defects site. Mutants Ns-GtiHis41Val and GeHis41Val were
of R* activation only in those Gt N-terminal mutants that  generated using an analogous two-step PCR mutagenesis
had substitutions of the Gitontact residued§). In addition with pHis6-Ns-Gtox and pHis6-Ga as templates, respec-
to a potential role in the interaction with R*, the N-terminal tively. The Gt mutations lle339Ala and 11e339His were
domain of Gtx may be involved in maintaining a low basal introduced using a one-step PCR procedure with a forward
GDP/GTP exchange rate on dstLoss of interactions  primer containing 8anHl site and reverse primers carrying
between the N- and C-terminal regions was thought to lead mutations, aHindlll site, and a stop codon. Sequences of
to decreased affinity of truncated @and Gow for GDP all chimeras and mutants were confirmed by automated DNA
(16, 19. sequencing at the University of lowa DNA Core Facility.
In this study, we examined roles of the N-terminal region  Typically, for protein expression, 500 mL oY media
in intrinsic GDP/GTP exchange and in éGactivation by was inoculated with 10 mL of overnight culture of BL21-
R* using chimeric Ga/Gtio. proteins containing the N-  (DE3) cells transformed with chimeric or mutand®NAS.

terminal domains of Gt or Gax. Chimeras between Giti At Asoo = 0.8, expression was induced by @M IPTG for
and Gs. were designed becausedsshowed no appreciable 3 h at 24°C. Cells were pelleted and kept frozen-at0 °C.
interaction with the visual receptor. Purifications of recombinant proteins were carried out as

described 22, 29. Yields for 80-90% pure @&'s were
EXPERIMENTAL SECTION normally 3-5 mg.

Trypsin Protection AssayMutant Co's (20 uM) were
incubated for 5 min at 28C in 20 mM HEPES buffer (pH
8.0) containing 130 mM NaCl, 5@gM GDP, and 5 mM
MgSQO,. Where indicated, 10 mM NaF and 30M AICI;
were included in the buffer. Trypsin digestions were per-

Materials [3°S]GTPyS (1160 Ci/mmol) was purchased
from Amersham Pharmacia Biotech. Restriction enzymes
were from New England Biolabs. T4 DNA ligase was from
Boehringer Mannheim. Cloned Pfu DNA polymerase was

from Stratagene. TPCK-treated trypsin was from Worthing- formed with 25ug of trypsin/mL for 15 min at 25C and

ton B|ochem|cgl Corp. All other chemicals were from S|gma. stopped with simultaneous addition of SDS sample buffer
or Fisher. Bovine ROS membranes were prepared as previ-

ously describedl(8). Urea-washed ROS membranes (UROS) ang:east té?:;mer:s(ig@ ,SSr(Tn)M) alone or mixed with
were prepared according to the protocol in Yamanaka et al. 2 UM thﬁ or 2 gM Gt[)’}G:nd ngOS membranes (100 NM
19). Gtpy was purified according to Kleuss et a20j. K 14 I 4
(19 _tﬁy p . g . . a . . rhodopsin for Gtix and its mutants; 300 nM for @sand its
Cloning anq S|t9-D|r(_acted Mu.tagenesys of thmerlooth mutants) in 20 mM Tris-HCI (pH 8.0) buffer containing 130
and G:_zx. Ch|mer|(_: Gtow subunit, Ns-Gt, with the .31 mM NaCl, 10 mM MgSQ, and 10 mM dithiothreitol (buffer
N-tgrmmal Gt residues rep"’%ced by ‘h‘? corresponding 42 A) were incubated for 3 min at 25C. Binding reactions
re5|dues_, of Gsg was made using the p_HlSB-@_S/ector for were started by addition of M [S]GTP/S (1 Ci/mmol)
expression .Of Gs (2D as a templatu_:-) m_the first round of 5, buffer A. Aliquots of 50 uL were withdrawn at the
PCR amplification. The PCR reaction included a forward nicateq times, mixed with 1 mL of ice-cold buffer A, and
Zgg]zr f:vrg'sng g:lircndeflz:%\évilrt]g ?;t?ateczggﬂéﬁgg_sé_?_ |\4|1A2 passed through Whatman cellulose nitrate filters (@ud.
linked to Gbr-32—39. The PCR product was then used as a The filters were then washed 2 times with buffer A (2 mL,

f d ori ) d d of PCR lificati h ice-cold). Upon complete dissolution in a 3a70B cocktall,
orward primerin a secondround o S ampllication With - 4,0 fijters were counted in a liquid scintillation counter. The
the vector for expression of @tGio; chimera 8 (pHis6-

i . . values for the binding reactions were calculated by fittin
Gtio) as a template2@2). A reverse primer contained a Kapp 9 y g

I 0
BanH]I site overlapping codons for residueso&07—209. the data to the equation: G7B bound (% boundj= 100

. x (1 — e™¥). A linear regression fit was used when less
The PCR product was digested wiitd and BanHl| and 0 ;
subcloned into pHis6-Gii. Chimeric Gs’s with 42 N- than 25% of total @ or mutant bound GT#S during the

. . . . time course of binding reactions, and values were
terminal residues of Gssubstituted by the 31 N-terminal g thago

X . calculated as slopes of linear functions. The results are
Gta residues, Nt-Gs and Nt-Gei-Ct, were generated using expressed as the mednSE of triplicate measurements.
the pHis6-Gtix vector as a template in the first PCR round.
A forward primer carried &cd site with a start codon for  rResSyLTS
Gtio. cDNA and a reverse primer coding for the sequence
Gta-25—31 linked to G&-43—49. The PCR product was Analysis of the Gti/Gso. Chimera Containing the Gs
paired with a reverse primer containingdandlll site and a N-Terminus The N-terminal region of Gs (42 aa) was
stop codon of Gs in a second round of PCR amplification replaced into Gt/Gia; chimeric protein, Chi8 22). Chi8
with pHis6-Gst as a template. The PCR product was then contains greater than 90% of thedGsequence including
cut with Ncd and Bglil (a Bglll site overlaps codons for  the Gitu N-terminal half. For clarity, Chi8 is termed Gti
residues Gg-294—296) and ligated to the larggcd/Bqglll throughout the text. Gdi is fully capable of interaction with
fragments of pHis6-Gs and pHis6-Ga-Ct (23). Similar Gtfy and R* 22, 24. As expected, Gti showed a low
two-round PCR procedures were utilized to make mutant spontaneous rate of GDP release as assessed iySTP
proteins. Giix mutants, Val30Ala and Val30His, were binding assaysk{y,, = 0.0013 min?) (Figure 1A, Table 1).
obtained using pHis6-Gti as a template, a forward primer The basal rate of GTFS binding to Gtix was practically
with a Ncd site, and reverse primers coding for these unaffected in the presence of £t (kapp = 0.002 min?),
mutations in the first PCR round. The PCR products were but the combined addition of uROS membranes (100 nM
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Ficure 1: Kinetics of GTR'S binding to Gtix and Ns-Gtix. The
binding of GTR'S to Gti (A) and Ns-Gtix (B) (1 «M each) alone
(@) or mixed with 2uM Gtpy (O) or 2 uM GtBy and uROS
membranes (100 nM rhodopsim Y was initiated by addition of 5
uM [3S]GTH/S. Go-bound GTR'S was counted by withdrawing
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Table 1: GTRS Binding Properties of Chimeric and Mutant.G

Subunits
chimera kappvalues, mint
or mutant basal +GiBy +GiBy, R*
Gtiot 0.0013+ 0.0001 0.002GE 0.0001 0.2H0.01
G 0.028+ 0.001  0.0055t 0.0006 0.0075t 0.0005
Ns-Gtiot 0.014+ 0.001 0.012+ 0.001 0.1+ 0.01
Nt-Gso 0.0075+ 0.0005 0.0065: 0.0005 0.018t 0.001
Gw-Ct 0.020+ 0.001  0.0045t 0.0005 0.12+ 0.01
Nt-Gsu-Ct 0.0085+ 0.001  0.0075t 0.0005 0.027 0.002
GtioVal30His ~ 0.010+ 0.002 0.015t+ 0.002 0.17+0.01
GtioVal30Ala  0.003+ 0.0001  0.004: 0.0002 0.16+ 0.02
Gtialle339Ala  0.009+ 0.0005  0.014t 0.001 0.33+ 0.04
Ns-GtiaHis41 0.0011+ 0.0001 0.0014t 0.0001 0.14 0.01
Val
GsHis41val  0.012+ 0.001  0.0015t 0.0002  0.002: 0.0002
A. ~ Gtioe  V30H V30A 1339A I330H  Ns-Gtiot

- % - - -
- — - —_— -

Trypsin - + + - + + - + + - + + - + + - + +
AlF, « - + - -+ - -+ - - + - -+ - -+
B. Gsot Nt-Gso. Nt-Gso-Ct
— - e

Trypsin- + + - + + + +
A1F4_--+__+__+

FIGURE 2: Trypsin protection test for Gt mutant Gtix, Ns-Gtia
(A) and for Gs, Nt-Ga, Nt-Ga-Ct (B). SDS-polycrylamide gel
(12%) stained with Coomassie Blue. Gtithe Val30His, Val30Ala,
lle339Ala, and lle339His mutants of @tiand Ns-Giix (A) or G,
Nt-Gso, and Nt-Gs.-Ct (B) (20uM each) were treated with trypsin
(25 ug/mL) for 15 min at 25°C in the absence or presence of 30
uM AICI3/10 mM NaF.

Gtia. was not notably inhibited by addition of Bt (Kapp =
0.012 mimY) (Figure 1B), which is known to suppress a
relatively high intrinsic GDP/GTP exchange of &$25).
The lack of GBy effect was not due to potential disruption
of the Gu/Gpy interaction, since together with R* G

aliquots at the indicated times and passing them through Whatmanenhanced the GRS binding rate of Ns-Géi (kapp = 0.10

cellulose nitrate filters (0.4am). GTP/S binding is expressed as

min~Y) (Figure 1B). Intermediate concentrations offt

percent of maximal, calculated based on protein concentration. The(O 25uM) in the presence of UROS produced proportional

calculatedkyy, values (min?) are the following: (A) 0.0013t
0.0001 ), 0.0020+ 0.0001 ©), 0.21+ 0.01 @); (B) 0.014+
0.001 (), 0.0124+ 0.001 ©), 0.10+ 0.01 (»). (C) The binding

of GTPyS to Gtio (W) or Ns-Gti (a) (1 #M each) was measured

acceleration in GTfS binding rates of Géi (Kypp = 0.036
min~!) and Ns-Gtix (kapp= 0.05 min?), further pointing to
the intact Ns-Gti/Gtfy interaction. To compare the relative

in the presence of 2M Gtfy and ROS membranes containing the  gpjjities of Gt and Ns-Git to interact with R*, the apparent

indicated concentrations of rhodopsin. The apparent)&Ttinding

rates are plotted as functions of R* concentration. The apparent
activation constants (18 M~1-min-%) calculated as slopes of the

linear fits are 1.8+ 0.1 @) and 0.8+ 0.1 (a).

rates of GTRS binding to these proteins were determined
at varying concentrations of ROS membranes (Figure 1C).
The GTH'S binding rates were linear functions of rhodopsin
concentration, and the apparent activation constants for Gti

R*) and Gpy (2 uM) to Gtia resulted in a large rate increase and Ns-Gtix calculated as slopes in Figure 1C were .8
(kapp= 0.21 mir?) (Figure 1A). Expression levels of soluble  1(° and 0.8x 10° M~ min~1, respectively. The lower degree

chimeric G containing the Gs N-terminus (Ns-Gti) were
similar to those of Gti (~5 mg/L of culture). The trypsin
protection assay demonstrated that NseGtias capable of

of activation of Ns-Giix by R* in comparison to Gt
suggests that the N-terminal region ofoGinay contain
sequence-specific determinants for receptor recognition.

undergoing an activational conformational change upon the  Analysis of Chimeric GsContaining the Gi N-Terminus

binding of GDPAIF,~ (Figure 2A). In comparison to Gij
Ns-Gtio demonstrated a significant-@0-fold) increase in
the basal rate of GT)S binding kapp= 0.014 min'%) (Figure

A reciprocal to the Ns-Gti chimera, Nt-Ga, has been made
to further investigate the role of the @&N-terminus in the
interaction with R*. Second, Nt-Gswas utilized to deter-

1B, Table 1). Importantly, this increased basal rate in Ns- mine if the N-terminus of Gt can render Gs with the low
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intrinsic GDP/GTP exchange rate characteristic for transdu-
cin. The trypsin protection assay confirmed the ability of
Nt-Gso to assume an active conformation upon binding of 100 1
GDP-AIF,~ (Figure 2B). Consistent with previous reports,
G had a relatively high spontaneous G738°binding rate
(kapp = 0.028 mint), which was sensitive to the presence
of Gfy (Table 1). Addition of a 2-fold molar excess of 3t
inhibited the rate of GTS binding to Get by ~5-fold (Kapp
= 0.0055 min'). As we demonstrated recentl®3), R* and
Gtfy together only slightly stimulated the @sGTPyS . .
binding rate k.pp, = 0.0075 min!) over that in the presence 20 40 60
of GtBy alone (Table 1). Substitution of 42 N-terminal Time (min)
residues of G by the Gtx residues in Nt-Gs had decreased
the intrinsic GTR'S binding rate K., = 0.0075 min?) in Gso-Ct
comparison with Gs, although this effect was not as strong 100 4
as the opposite effect in Ns-@ti(Figure 3A, Table 1).
Surprisingly, spontaneous G¥B binding to Nt-Ge. was
not meaningfully inhibited by @y (kapp = 0.0065 mir?).
Combined Gty and R* had a moderate stimulatory effect
on Nt-Gsx (kapp = 0.018 minr?) (Figure 3A).

To test the possibility that Nt-Gsmay have impaired
interaction with Gy, the N-terminus of Gt was replaced A 2
into chimeric Gs, Gxu-Ct, containing the C-terminus of 40 60
Gta, Gto-340—-350 (Nt-Gst-Ct). Analogously to Gg, G- Time (min)
Ct has a high intrinsic GDP/GTP exchange rétg,= 0.020
min~1), which is suppressed by &t (0.0045 min?) (Figure c
3B, Table 1). In contrast to Gs R* effectively enhances
the nucleotide binding rate of @sCt in the presence of By
(Kapp = 0.12 mirr!) (Figure 3B). Similarly to Nt-Ga, the
basal GTRS binding rate of Nt-Gs-Ct (kaqpp = 0.0085
min~t) was insensitive to @y (kapp= 0.0075 min?) (Figure
3C, Table 1). R* and @y accelerated the kinetics of G¥8
binding to Nt-Gst-Ct (kapp= 0.027 min?) to a lesser extent
than it was seen with &sCt (Figure 3). This result suggests
that chimeric Ga's with the N-terminal domain of @&t, Nt- 0 T T )
Gso and Nt-Gsi-Ct, are likely defective in their interaction 0 o9 %0
with GtBy. Alternatively, the Nt- and Ct-terminal domains Time (min)
in Nt-Gsu-Ct are not optimally aligned with the correspond- FIGURE 3: Time courses of GTFS binding to Nt-Ge, Gs-Ct,
ing binding sites in R*. and Nt-Gs.-Ct. The binding of GTRPS to Nt-Gst (A), Gsa-Ct

- . o . (B), or Nt-Gsr-Ct (C) (1uM each) alonef{) or mixed with 2uM

_ GTPyS Binding Properties of Mutant Gtiwith Substitu- Gty (O) or 2uM Gty and UROS membranes (300 M rhodopsin)
tions of Val30 and Ile33Crystal structures of @t suggest (») was initiated by addition of 5M [3S]GTP/S. Ga-bound
a plausible mechanism to explain the increase of intrinsic GTPyS was counted by withdrawing aliquots at the indicated times

GTPyS binding rate in Ns-Gti. Gto. Val30 makes a contact ~ and passing them through Whatman cellulose nitrate filters (0.45

: ) : : ; um). GTP/S binding is expressed as percent of maximal, calculated
with 1le339 at the C-end of the5 helix. Such an interaction | ° 7 protein concentration. The calculatggvalues (mirr?)

may increase Gt affinity for GDP via stabilization of the 4 a5 follows: (A) 0.0075 0.0005 (), 0.0065+ 0.0005 O),

o5 helix and, consequently, th#6-a5 loop. Gt has a His 0.0184+ 0.001 (0); (B) 0.020+ 0.001 (J), 0.00454+ 0.0005 ©),
residue (His41) at the corresponding position which might 0.124 0.01 (4); (C) 0.0085+ 0.001 (), 0.0075+ 0.0005 ©),
interfere with the N- and C-terminal coupling in Ns-@ti ~ 0-027+ 0.002 @).

The Gt Val30His, Val30Ala, le339His, and 1le339Ala  a more modest effeck{,, = 0.003 min?) (Figure 4). The
mutants have been generated to probe the role of thebasal GTRS binding rates of all three Gtimutants were
interaction between Val30 and 11e339 in the control of slightly increased in the presence off@tand potently
intrinsic GDP/GTP exchange of Gt Gtio. Val30His, stimulated with the joint addition of @y and R* (Figure
Val30Ala, and lle339Ala were functionally expressecdEn 4).

coli with yields similar to Gtix. The lle339His mutation led GTPyS Binding Properties of His41Val Mutants of Ns-
to expression of inactive protein, which failed the trypsin Gtio. and Gsu. If the increase of intrinsic GTFS binding
protection test. The trypsin protection test for theoGti rate in Ns-Gtix is caused by the His41 residue, the His41Val
Val30His, Val30Ala, lle339Ala, and 1le339His mutants is mutation in Ns-Gtit would be expected to reverse this effect.
shown in Figure 2A. Analysis of basal G¥8 binding Indeed, the Ns-GtiHis41Val mutant displayed a large
demonstrated that the Val30His and Ille339Ala mutants had reduction in the intrinsic GT#S binding rate Kz, = 0.0011
significantly increased GTFS binding ratesky, values of min~1) relative to Ns-Gtix (Figure 4, Table 1). The R*-
0.010 and 0.009 mirt, respectively) in comparison with  stimulated GTRS binding rate for Ns-GtiHis41Val was
Gtia. (Figure 4, Table 1). The Gtival30Ala mutation had  similar to that for Ns-Gti (Figure 4). In the crystal structure
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Ficure 4: GTPyS binding rates of Gti and Gst mutants. The
binding of GTH'S to the Gtix mutants Val30His, Val30Ala, and
lle339Ala and to the His41Val mutants of Ns-Gtand Gs. was
measured, and thie,, values were calculated as described under
Experimental Procedures.

of G, the corresponding @tVal30 and 11e339 pair of
residues, His41 and 11e383, also contact each o2®r To
probe the role of this contact in Gswe substituted His41
by Val. The GsHis41Val mutant showed only a relatively
small decrease in the basal Gi%binding rate Kz, = 0.012
min~1) against Ga (kapp = 0.028 min!), which can be
further suppressed by addition of/&t(kapp= 0.0015 min?)
(Figure 4, Table 1).

DISCUSSION

In vertebrate rod photoreceptors, the visual G-protein
transducin couples light activation of rhodopsin to stimulation
of cGMP phoshodiesterasg, (2). Unlike Gio. or Gs, Gta
has a distinctively slow basal (unstimulated) rate of GDP/
GTP exchange, which is essential for low noise signaling in
photoreceptors. Another key attribute of Gt is its ability of
very rapid activation by R*. During the time of photore-
sponse £200 ms), a single molecule of R* may activate up
to several hundred molecules of G),(ensuring high signal
amplification and, thus, high sensitivity of photoreceptors.
What molecular features of Gtprovide for its high affinity
to GDP in the absence of R*? The guanine nucleotide is

Biochemistry, Vol. 39, No. 14, 200941

of Gt is seemingly unaffected by addition of (5t
Apparently, the activational role of R* is to destabilize the
GDP binding sites on @t particularly the G5 site (th86-
o5 loop) through binding to the GtC-terminusé4-56 loop,
and the G2/G3 regions via R*/@¢ interaction. In addition
to the C-terminus (®t-340-350) and thex4-36 loop, the
N-terminal region of Gt is thought to be involved in an
interaction with R* (1). Likewise, the N-termini of Ga
and Gau are believed to be important for dAeceptor
coupling (L3, 3Q. This study supports a rather modest role
of the 31 N-terminal residues of Gtin the specific
recognition of R*. Ns-Gtit containing the G& N-terminus
showed a lower rate of R*-induced G¥8 binding in
comparison to Gti. If interaction between the N-terminus
of Gta. and R* is comprised of several weak contacts, our
results would be consistent with the mutational analysis of
Gta, which identified no N-terminal mutants outside the
GtBy contact residues with significantly impaired R* stimu-
lation (15). To further the conclusion that the &GN-terminal
sequence participates in the interaction with R*, we have
generated and tested chimericoGgrotein containing the
Gtow N-terminal region, Nt-Ga. Nt-Gsx was capable of weak
stimulation by R*. Unfortunately, this chimera apparently
had impairment of Gty binding, precluding more accurate
examination of the interaction with R*. Nonetheless, the role
of the N-terminal sequence of &fin interaction with R*
might be more essential than it is implied by our results. All
tested chimeric proteins had the His6-tag at the N-terminus
instead of native myristoyl modification. The lipid insertion
into the membrane might be required to fully engage the
N-terminal sequence of @tin an interaction with R*.
Results of this study highlight a different role of theoGt
N-terminus—its involvement in regulation of the low rate
of Gta intrinsic GDP/GTP exchange. We found that replace-
ment of the Gd&t N-terminus in Gtix by the N-terminal
domain from Ge. resulted in a substantial increase in the
basal GTRS binding rate. Furthermore, a single amino acid

bound in a deep cleft between the helical and p21lras-like residue at the position corresponding too®@al30 (His41

domains of Gd (3). Although the helical domain contributes
very little to direct binding of GDP, it occludes guanine

in G appears to be primarily responsible for the observed
effect. Mutants of Gti with single substitutions of Val30

nucleotide from solvent and serves as a lid that prevents exitby His and Ala exhibited~8- and 2-fold increases in the

of GDP or GTP. The interdomain interactions, Asp146
Lys266 and Argl74Glu39, which are preserved in both
GDP- and GTP-bound conformations ofoG8, 4), may help

to secure the nucleotide in the cleft. Similar interdomain
contacts are present in&tGTPyS, but are lost in the GDP-
bound conformation of Gi; (27, 28. This may in part
account for the relatively low affinity of Gi for the
nucleotide 28). The p21lras-like domain is a major contribu-
tor to the nucleotide binding energy. Five conserved motifs
(G1-G5) from the p2lras-like domain and the linker 2
region participate in nucleotide binding,(29. Two of these
motifs, G2 and G3, are localized within the conformation-
sensitive switch regions | and Il, respectively. The greater
flexibility of the GDP binding regions and the low affinity
of the GDP-bound Gs Gia, and Gat for Mg?" may explain
their high intrinsic GDP dissociation rate®9j. It is likely
that G3y inhibits the rate of GDP release by interacting with
and stabilizing the @ switch | and Il regions. In contrast,
the GDP binding regions in @f primarily the switch
regions, are probably more stable, leading to high affinity

basal GTRS binding rate, respectively. The basal rates of
Ns-Gtia. and the GtitVal30 mutants were not inhibited by
GtBy. The crystal structures of Gtshow the Val residue
interacting with the C-terminal lle339 at the C-terminal end
of the a5 helix 3, 4). The Gtille339Ala mutant also
displayed a significantly higher basal GJJ® binding rate.
Thus, the interaction between Val30 and 11e339 is likely to
stabilize the overall GDP-bound conformation ofoGand
especially thex5 helix and the guanine bindingp-o5 loop.
Destabilization of theg6-05 loop in the Val30 and 11339
mutants is consistent with the lack of thefgtinhibitory
effect on the enhanced intrinsic G¥® binding rates since
binding of Gpy is not expected to directly affect this region
of Gto.. A similar mechanism involving stabilization of the
o5 helix through interactions with the N-terminal domain
has been proposed to explain decreased apparent affinities
for GDP seen in C-terminally truncated Ga@and Gu (16,
17). Truncation of residues corresponding taG#ile-lle-
lle3*9was necessary to yield the low-GDP-affinity phenotype
(17). In G, His41 also makes a van der Waals contact

for GDP. Therefore, the already slow GDP dissociation rate with the C-terminal lle residue2). This contact appears to
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FIGURE 5: A two-site interaction of the @&t C-terminus with the
02-$4 loop and the N-terminal region. A view of the N-terminal
region, Gt-27—35 (green), thea2-44 loop (yellow), and the
C-terminus (magenta) based on the structure efGItPyS (3).

The contact residues, Val30 and 11e339, are shown in “ball-and-
stick” representation. The2-54/C-terminus linkage is formed by

van der Waals contacts between residues 212, 213, and 215 from

the a2-34 loop and C-terminal residues 34349. The image was
generated using RasMol (v.2.6).

be weaker than the hydrophobic interaction between Val and
lle, possibly explaining a relatively small increase in affinity
for GDP caused by the His41Val mutation ofdd$nterest-
ingly, replacement of the 42 N-terminal residues obGy

the Gtx residues led to a more significant increase in GDP
affinity.

We speculate that in addition to the Val-lle contact, which
is present in all three & subunits (Gt., Gia,, and Ga), a
second interaction between more distal C-terminal residues,
Gta-343-349, and the switch Il residues, &3212—215,
helps to maintain the lower basaldGGDP/GTP exchange
rate. The latter interaction was first identified in one of the
GtaGTPyS crystal structures3}. Recently, we have shown
that this interaction is likely present in the GDP-bound.Gt
as well £3). Such an interaction would be weak, if possible
at all, in Gax as it contains the Asp residue at the position
occupied by Gt Gly213. The Asp side chain at this position
would cause multiple steric hindrances with the C-terminal
residues, thus disrupting a potential interacti®®).(The lack
of stable interactions between switch Il and the C-terminus
in Goa is supported by a notably smaller effect of the
C-terminal 10 residue deletion vs the 14 residue deletion on
Goo affinity for GDP (16).

A view of the interacting sites, Val30 with adjacent
residues, thex2-34 loop, and the C-terminus, is shown in
Figure 5. The coordinates of the GG TPyS structure were
used as the C-terminal residues are not resolved in the Gt
GDP structure. However, positions of Val30 and the contact
residues, Glu212, Gly213, and Thr215, from &®#34 loop
are almost identical in @ GTPyS and G&-GDP @3, 4). The
two-site interaction of the @t C-terminus with switch Il
and the N-terminal Val30 perhaps explains a larger GDP
affinity decrease in the GtVal30His mutant relative to the
GtiaVal30Ala mutant. The Val30Ala mutant may have
weakened or lost contact with 1le339, whereas the larger His
side chain may also disrupt the switch 1l/C-terminus contacts
by pushing the C-terminus away from the interaction site.
Overall, our data suggest that the stabilizing interaction
between the N- and C-terminal regions obGogether with

Muradov and Artemyev

the switch 1lI/C-terminus coupling play important roles in
maintaining a uniquely low rate of @tintrinsic GDP/GTP
exchange.
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