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The solution structure of the human protein GAIP (Ga interacting pro-
tein), a regulator of G protein signaling, has been determined by NMR
techniques. Dipolar couplings of the oriented protein in two different
liquid crystal media have been used in the structure calculation. The
solution structure of GAIP is compared to the crystal structure of an
homologous protein from rat (RGS4) complexed to the a-subunit of a
G protein. Some of RGS4 residues involved in the Ga-RGS binding inter-
face have similar orientations in GAIP (free form), indicating that upon
binding these residues do not suffer conformational rearrangements, and
therefore, their role does not seem to be restricted to Ga interaction but
also to RGS folding and stability. We suggest that other structural differ-
ences between the two proteins may be related to the process of binding
as well as to a distinct ef®ciency in their respective GTPase activating
function.
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Introduction

Many of the processes necessary for cell life
depend on signaling pathways through which the
environments inside and outside the cell are con-
nected. The information from the cell exterior is
processed by means of a cascade of molecular
interactions until the desired response is achieved.
This is the so-called signaling pathway. There are
proteins responsible for switching it on and off,
that is, making the cell able or not to respond to
external signals. One of the most important protein
families having this function are G proteins
(Freissmuth et al., 1989; Kaziro et al., 1991; Hepler
& Gilman, 1992). These are GTP (guanosine tripho-
sphate) binding proteins and are heterotrimers con-
sisting of subunits a, b and g. When G proteins are
inactive (the signaling pathway is switched off),
the a-subunit is bound to the b and g-subunits and
to GDP (guanosine diphosphate). In contrast, when
the G protein is active and the signaling pathway
ding author:

nteracting protein;
ing; GAP, GTPase-
verhauser effect;
Y, rotating frame
is on, the a-subunit is dissociated from the b-g
complex and is bound to GTP. The inactivation of
the pathway is accomplished through GTP
hydrolysis to GDP, therefore, the rate of GTP
hydrolysis determines the time the G protein is
active and consequently the duration of the physio-
logical response.

Although G proteins are GTPases, there are
other proteins that help them to perform this func-
tion. This type of proteins are called GTPase-acti-
vating proteins or GAPs. Recently, a novel family
of regulators of G protein signaling (RGS) has been
identi®ed (De Vries et al., 1995; Druey et al., 1996;
Koelle & Horvitz, 1996; De Vries & Farquhar,
1999). All of its biochemically studied members
have been shown to act as GAPs (Berman &
Gilman, 1998). RGS proteins share a �130 residue
core, called the RGS box, that accounts for the
GAP activity (Faurobert & Hurley, 1997; Popov
et al., 1997). Nevertheless, the emerging biochemi-
cal information concerning the RGS protein family
suggests that a more complex scenario is taking
place. For example, it has been shown that the
GAP function can be dependent on the type of
receptor that interacts with the G protein (Xu et al.,
1999). There exists evidence that full-length RGS
proteins are much more ef®cient as GAPs than the
RGS box alone when tested in vivo (Chen & Lin,
1998) and it has been suggested that the regulation
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by RGS proteins could be related not only to their
GAP activity but also to a competition for effector
binding (Hepler et al., 1997).

Another important characteristic of RGS proteins
is that most of them seem to interact preferentially
with the Gai class (De Vries et al., 1995, 1998a;
Berman et al., 1996a), which includes Gai1, Gai2,
Gai3, Gao, Gat and Gaz. The Gai subfamily is
involved in functions such as the inhibition of ade-
nylyl cyclases, the activation of K� and Ca2� chan-
nels and the activation of cyclic guanosine
monophosphate phosphodiesterases (Neer, 1995).
Interaction and GAP activity toward members
of the Gaq and Ga12 (regulators of K� and Na�

channels) subfamilies have been evidenced
(Kozasa et al., 1998; Hart et al., 1998), but appar-
ently RGS do not show af®nity for the Gas (stimu-
lators of adenylyl cyclases) class. From the
different RGS proteins the most widely studied in
biochemical terms are RGS4 (Druey et al., 1996)
and GAIP (De Vries et al., 1995, 1996). Concerning
the RGS box, there is not a clear distinction
between the speci®city of the two, although it has
been shown that GAIP is a slightly more ef®cient
GAP for Gaz than RGS4 (Popov et al., 1997; Wang
et al., 1998), while the opposite occurs for Gaq

(Hepler et al., 1997). In addition, it has been
suggested that GAIP, RGSZ1 and RET-RGS1 form
a subfamily of Gz GAPs within the RGS proteins
(Wang et al., 1998). With respect to parts of the
sequence outside the RGS box, GAIP and RGS4
have different functions and possibly different
localizations (De Vries et al., 1998a,b).

The interaction between RGS and Ga is favored
when the latter is either bound to GTP or bound to
GDP and AlF4

ÿ (Berman et al., 1996b). This last
form has been shown to be an analog of the tran-
sition state of GTP hydrolysis (Coleman et al.,
1994).

We have determined the solution structure of
the human regulator GAIP by NMR in order to
give insight into the structure-function relation-
ships of this protein family.

Results

GAIP structure determination

Although GAIP is a 217 residue protein, we
have studied only the 128 residue core known to
be responsible for its Ga interaction (De Vries et al.,
1995) and GAP activity (Popov et al., 1997; Fischer
et al., 1999). GAIP backbone and side-chain reson-
ance assignments have been obtained using 15N
and 15N,13C-labeled samples for heteronuclear
magnetic resonance experiments (Materials and
Methods). Only ®ve amide resonances have not
been observed in the NMR spectra, probably due
to their exchange properties at the rather high pH
value for NMR studies that has been used (pH 7.2).
The assignment of the side-chains is complete in
more than 95 %. The 13Ca secondary shifts as well
as the sequential and short NOEs represented in
Figure 1 indicate that the structure is mainly a-heli-
cal with loops connecting the helices. The chemical
shift values of 13Ca, 13Cb, 13C0, 1Ha and 15N were
used to obtain information about f and c angles
using the program TALOS (Cornilescu et al., 1999).
TALOS assigns a range of f and c angles to the
protein of unknown structure on the basis of the
similarity between the measured secondary shifts
and those from a database, as well as between the
amino acid type. Only the statistically signi®cant
angles reported by TALOS (mainly for the a-helical
regions) were considered as structural restraints.

Triple resonance NOESY experiments have been
used to obtain nuclear Overhauser effects (NOE)
derived distances. NOE intensities were translated
to a continuous distribution of interproton distance
restraints. The NOE intensities were calibrated
through a relationship between NOEs character-
istic for a-helices and average distances observed
in three-dimensional protein structures. For the
great majority of the distances an error of �25 % of
the distance was applied to obtain lower and
upper limits. The error was increased to 35 % for
some distances, usually involving protons whose
NOEs could be contaminated by spin-diffusion
processes. All intraresidue NOEs were assigned an
error of �35 % of the distance. The intraresidue
NOEs used as distance restraints do not involve
protons separated by less than three bonds. Stereo-
speci®c assignments of Hb were obtained using the
combined information from HNHB (Archer et al.,
1991) and a three-dimensional 15N separated
ROESY with a mixing time of 40 ms.

Dipolar couplings of NH, CaHa, CaC0 and NC0
vectors (1DNH, 1DCaH, 1DCaC0,

1DNC0, respectively)
have been used in structure calculation. In order
to obtain these parameters it is necessary that the
protein shows a preferred orientation in the space
so that the dipolar couplings do not average to
zero. Liquid crystals generated by bicelles (Tjandra
et al., 1997; Tjandra & Bax, 1997; Bax & Tjandra,
1997) and bacteriophages (Clore et al., 1998a;
Hansen et al., 1998) were used to obtain certain
degree of alignment. For the protein sample con-
taining bicelles only 1DNH dipolar couplings were
measured. The dipolar couplings of all the above-
mentioned bond vectors were measured in the
sample containing bacteriophages. The value of the
residual dipolar couplings depends on the orien-
tation of the bond vector with respect to the align-
ment tensor, which in turn has a determined
orientation with respect to the molecular frame.
For this reason, dipolar couplings provide structur-
al information complementary to the classical dis-
tance restraints obtained from NOEs. Furthermore,
since dipolar couplings are structural parameters
obtained independently from NOEs, they can also
be used to con®rm the consistency of the structural
information derived from the latter. Additionally,
in the case of multidomain proteins, where there
are few NOEs connecting the different subdo-
mains, dipolar couplings have been proven to be
the unique way to de®ne their relative orientation



Figure 1. 13Ca and 13Cb secondary shifts, as well as short and medium-range NOEs characteristic of a-helices versus
GAIP amino acid sequence. The location of the different helices in the sequence is indicated. Secondary shifts have
been obtained using the random coil values reported by Spera & Bax (1991).

Structure of a Regulator of G Protein Signaling 929
by NMR (Drohat et al., 1999). In order to determine
the orientation of the bond vector responsible for
the residual dipolar coupling it is necessary to
know the axial and the rhombic components of the
alignment tensor. This information was obtained
from the histogram of the dipolar couplings distri-
bution as proposed by Clore et al. (1998b). Initial
values of the axial component (DaNH) and the
rhombicity (R) obtained from the histogram, were
optimized by minimizing the differences between
the observed and the calculated dipolar couplings
(Tjandra et al., 1997; Clore et al., 1998c) using pre-
liminary structures. The calculated DaNH is ÿ9 Hz
and ÿ11.5 Hz for the bicelle and the bacteriophage
samples, respectively. R values are 0.28 for the
bicelle sample and 0.44 for the bacteriophage
sample. The differences in the axial component as
well as in the rhombicity indicate that the align-
ment tensor is different in each liquid crystal
medium. Therefore, two alignment tensors with
different orientations were included in the struc-
ture calculation. Figure 2(a) and (b) show the 1DNH

values measured in the bicelle and bacteriophage
media, respectively. The differences between the
two sets of dipolar couplings are due to the angles
that the NH bond vectors form with the alignment
tensors, as well as the different rhombicities and
magnitudes of these tensors. As can be observed in
Figures 2(a) and (b), residues in helices VII and
VIII (vide infra), have the largest negative values of
the dipolar couplings, indicating that those helices
are nearly parallel to the z axis of the alignment
tensors. In addition, for these two helices both sets
of dipolar couplings are very similar. Since rhombi-
city effects are minimum for vectors that lie close
to the z axis of the alignment tensor, the similarity
of the dipolar couplings of helices VII and VIII in
the two media indicates that ®rst, the z axis of both
alignment tensors have close orientations, and
second, the magnitude of the alignment cannot be
very different. Residues belonging to helices II and
III (vide infra) have some of the most positive dipo-
lar couplings. This is expected for NH bond vectors
forming a 90 � angle with respect to the z axis of
the alignment tensor. The dipolar couplings of resi-
dues belonging to these helices are strikingly
different in the two-liquid crystal media. This
behavior is due to the different rhombicity, which
has the largest effect on the dipolar couplings of
NH bond vectors perpendicular to the z axis of the



Figure 2. NH amide residual
dipolar couplings versus GAIP
amino acid sequence in (a) bicelle
liquid crystal and (b) bacteriophage
liquid crystal. Location of second-
ary structure elements is indicated.

Figure 3. Ribbon diagram of the backbone of the
minimized average structure. Helices are Roman-
numbered. Figures 3-8 have been generated using the
program MOLMOL (Koradi et al., 1996).
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alignment tensor, as well as to the orientation of
the x and y axis. It is noteworthy that helices II and
III have similar dipolar couplings in the bicelle
medium, although different in the phage medium.
The former result can be explained if helices II and
III form similar angles (close to 90 �) with respect
to the z axis of the alignment tensors. Since the
rhombicity in the bicelle medium is small, the rela-
tive orientation of the helices with respect to the
x and y axis cannot be deduced easily. While the
second observation indicates that, due to the sub-
stantially larger rhombicity in the phage medium,
the orientations of the two helices can now be dif-
ferentiated through their dependence on the x and
y axis. These results illustrate the utility and com-
plementarity of the structural information given by
residual dipolar couplings resulting from different
alignment tensors.

As additional restraints for structure calculation
hydrogen bonds were included for the helical
regions determined by the Ca secondary shifts and
the NOE characteristic of a-helices (Figure 1)
(WuÈ thrich, 1986).

GAIP three-dimensional structure and
structure quality

Figure 3 represents a ribbon diagram of the
minimized average structure calculated for GAIP.
This protein is formed by nine a-helices connected
by loops. The location of the helices in GAIP
sequence, on the basis of the secondary 13Ca shifts,
as well as short and medium-range NOEs
(Figure 1), is as follows. Helix I (residues 81-87),
helix II (residues 91-96), helix III (residues 98-111),
helix IV (residues 115-127), helix V (residues 134-
145), helix VI (residues 160-168), helix VII (residues
178-191), helix VIII (residues 192-196) and helix IX
(residues 200-204).

The largest loops are the ones connecting helices
V and VI (loopV-VI) and helices VI and VII (loop-
VI-VII), with 14 and 9 residues, respectively. The
right-hand-side of the structure (Figure 3) is a four-
helix bundle formed by helices IV, V, VI and VII.
The left-hand-side of the structure is composed by
helices I, II, III, VIII and IX. Residue contacts
between helices II, III, IV, VII and VIII de®ne the
relative orientation between the two parts. So far,
there is no evidence for the two parts to be structu-
rally nor dynamically independent.

Only proteins containing four-helix bundles
appear as structurally similar to GAIP when
searching the database with the program Dali



Figure 4. Superposition of the 20 structures with the
lowest energy, excluding the loops connecting helices V
to VI and VI to VII. Helices are indicated with Roman
numbers.
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(Holm & Sander, 1993). Some of those proteins are
for example, myohemerythrin and cytochrome
b562. The ®rst protein is an oxygen binding
protein, the second is involved in electron
transport. A comparison between the four-helix
bundles of these proteins and GAIP reveals that
GAIP's four-helix bundle is shorter, specially with
respect to helices V and VI. It is also apparent that
the characteristic twist of two of the helices with
respect to the other two is more pronounced in
GAIP than in the other proteins mentioned.
Another important difference concerns the packing
between helices V and VI in GAIP's four-helix
bundle, which ``opens'' toward the end and the
beginning of helices V and VI, respectively. In con-
trast, these two helices in myohemerythrin and
cytochrome b562 are twisted only slightly.

Figure 4 shows a superposition of the heavy
backbone atoms of the 20 calculated structures
with the lowest energy. These structures do not
show NOE violations greater than 0.45 AÊ , nor
dihedral violations greater than 4 �. Some of the
most relevant structural information is indicated in
Table 1. An r.m.s.d. (root-mean-square deviation)
of 0.46 AÊ when superimposing the backbone heavy
atoms of the protein excluding loopV-VI and loop-
VI-VII indicates that the precision among the calcu-
lated structures is quite good.

The quality of the structure is tested using the Q
factor calculated with dipolar couplings, (Ottiger &
Bax, 1999; Drohat et al., 1999). The Q factor for
1DNH has been calculated using three sets of struc-
tures. The ®rst set was calculated without any
dipolar coupling information, the second and the
third sets with all but the 1DNH in bacteriophage
and bicelle medium, respectively. The calculated Q
factors for the mentioned sets of structures are as
follows:

Structures calculated without dipolar couplings:

QNH�phage� � 0:48� 0:04

QNH�bicelle� � 0:51� 0:03

Structures calculated with all but the target
dipolar coupling:

QNH�phage� � 0:26� 0:05

QNH�bicelle� � 0:24� 0:02

The Q factor for 1DCaH cannot be reliably used as
a measure of the overall structure quality due to
the low number of observed 1DCaH which does not
sample the structure properly.

In general, the Q factors of NMR structures not
re®ned with dipolar couplings range from 0.6 to
0.9. The lower Q factors for the structures re®ned
with all but the target dipolar coupling are indica-
tive of an improvement in the quality of the struc-
ture by the use of dipolar couplings.

Comparison between GAIP and
RGS4 structures

The structure of the complex between rat RGS4
and Gai1-GDP-AlF4 has been determined by X-ray
crystallography (Tesmer et al., 1997). The RGS
domains of the human protein GAIP and RGS4
share approximately 60 % of sequence similarity.
Therefore, the comparison between both structures
can reveal some clues about the way RGS proteins
interact with Ga and possible differences in their
ef®ciency as Ga regulators. Figure 5 shows the
superposition of the crystal structure of RGS4
(complexed with Gai1) and the minimized average
structure calculated for GAIP. Although the com-
plex was formed with full-length RGS4, only the
RGS box shows electron density (Tesmer et al.,
1997). The overall fold of both structures is very
similar. The r.m.s.d. value between the crystal
structure and the average solution structure when
superimposing all residues but loopV-VI and loop-
VI-VII is 1.32 AÊ . The largest structural differences
are located in helices II and VI, as well as in the
loop connecting helices V and VI.

The binding loci of RGS4 to Ga are located in
loopIII-IV, loopV-VI, and at the end and the begin-
ning of helices VII and VIII, respectively, as well as
the beginning of helix VI (Figure 5) (Tesmer et al.,
1997). Therefore, the structural differences between
GAIP and RGS4 in these regions provide insight
into their interaction with Ga. The structures of
loopIII-IV, loopIV-V and VI-VII are very similar
for both structures. This is also true for helices III,
IV, VII and VIII. In contrast, loopV-VI and helix VI
are substantially different (Figure 5).

The majority of the interactions responsible for
Ga-RGS4 binding are of the electrostatic type
(Tesmer et al., 1997). Only two hydrophobic RGS4



Table 1. Structural statistics

Restraints r.m.s deviations

Distances, (AÊ ) (1357)
20 structures with the lowest

energy Structure with the lowest energy

Intraresidue (262) 0.041 � 0.004 0.043
Sequential ji ÿ jj � 1 (436) 0.041 � 0.002 0.041
Short range ji ÿ jj � 5 (348) 0.045 � 0.003 0.041
Long range ji ÿ jj � 5 (311) 0.049 � 0.003 0.044

Hydrogen bonds, (AÊ ) (70) 0.018 � 0.005 0.009
Dihedral (deg.) (82) 0.21 � 0.09 0.11

Residual dipolar couplings (Hz) (291)
1DNH (bicelle) (70) 0.70 � 0.08 0.82
1DNH (phage) (66) 0.84 � 0.15 0.84
1DCaC0 (phage) (52) 2.08 � 0.22 1.98
1D CaH (phage) (38) 1.17 � 0.19 1.17
1D NC0 (phage) (65) 1.49 � 0.14 1.59

Deviations from idealized covalent geometry
Bonds (AÊ ) (2101) 0.00417 � 0.00009 0.00391
Angles (deg.) (3779) 0.668 �0.008 0.646
Impropers (deg.) (1114) 0.44 � 0.02 0.45

Structure Quality
E (Lenard-Jones)a (kcal molÿ1) ÿ531 � 21 ÿ587
Procheck residues in most favored regions

of the Ramachandran plotb

All residues 78.3 78.0
Residues 79-145,160-168,178-206 88.2 86.6

Coordinate precisionc (AÊ )
Residues 80-203

Backbone (N, Ca, C0,O) 0.6 � 0.1
All non-H atoms 1.16 � 0.07

Residues 80-145, 160-168, 178-203
Backbone (N, Ca, C0,O) 0.46 � 0.05
All non-hydrogen atoms 1.09 � 0.06

The coordinates of the ensemble of 20 structures, the list of experimental NMR restraints, together with 1H, 15N and 13C chemical
shifts assignments have been deposited in the Brookhaven Protein Data Bank with accession codes 1 cmz and r1cmzmr.

The statistics were done using the 20 structures with the lowest energy. These structures have no NOE nor dihedral violations
greater than 0.45 AÊ and 4 �, respectively.

a The Lenard-Jones van der Waals energy was calculated with the CHARMM PARAM19/20 parameters and was not included in
structure calculation.

b PROCHECK (Laskowski et al., 1996) analysis for all residues gives 0.9 % of the residues in disallowed regions of the Ramachan-
dran map; 0.1 %, and 0 % when excluding loopV-VI and loopVI-VII, for the 20 structures and the structure with the lowest energy,
respectively.

c It is reported the r.m.s.d. between the 20 structures and the mean coordinates.
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residues are involved in the binding surface. These
residues are Y84 and L159, which are conserved in
GAIP (Y112, L187) and located in loopIII-IV and
helix VII, respectively. Other important residues
for binding which are close to the hydrophobic
residues are RGS4-N88 (GAIP-N116) and RGS4-
N128 (GAIP-S156). Figure 6 shows the confor-
mation of these residues for RGS4 and GAIP when
superimposing the backbone heavy atoms of the
secondary structure elements of both proteins. The
side-chains of residues GAIP-L187 and GAIP-S156
are determined with acceptable resolution consid-
ering the 20 structures of the NMR ensemble, with
r.m.s.d. value of 0.82 AÊ and 0.81 AÊ for the non-
hydrogen atoms of their respective side-chains.
Only the minimized average structure is shown in
Figure 6 for clarity. Residue GAIP-L187 shows a
preferred orientation very similar to that present in
complexed RGS4. This may indicate that upon
binding this residue does not undergo large confor-
mational changes, since GAIP is in its free state
while RGS4 is complexed. It is noteworthy that
residue RGS4-Y84 and the equivalent in GAIP
(Y112), has positive f angles, not only in the crys-
tal structure but also in the 20 lowest-energy NMR
structures. TALOS constraints were not included
for this residue in the structure calculation,
although the program also reports positive f angle
for Y112. Positive values of the f angle are rather
unusual for residues different from glycine or
asparagine. The side-chain of GAIP-Y112 is disor-
dered and cannot be compared to that in RGS4.
Residues GAIP-L187 and GAIP-N116 give numer-
ous NOE contacts between them and with residues
GAIP-V155 (loopV-VI), GAIP-I184 (helix VII) and
GAIP-F119 (helix IV), possibly indicating that they
participate in the formation of a hydrophobic core
located in the four-helix bundle (Figure 7) and
therefore the importance of these residues would



Figure 5. Ribbon diagram superimposing the average
solution structure calculated for GAIP and the RGS4
moiety of the crystal structure of the RGS4-Gai complex.
The loops connecting helices V to VI and VI to VII have
not been included for the superposition. GAIP and
RGS4 are represented in red and blue ribbon, respect-
ively. Helices are indicated with Roman numbers. The
binding loci of RGS4 to Ga are indicated with arrows.

Figure 6. Comparison between RGS4 and GAIP con-
formation of residues known to be important for the Ga
interaction. GAIP and RGS4 residues are colored red
and blue, respectively. Residue type and number are
indicated.
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not be restricted to function but also probably to
the folding and stability of GAIP.

The comparison between residue RGS4-N128
and GAIP-S156 is particularly important since on
the basis of the crystal structure, RGS4-N128 is the
only residue that is close to one of the active
residues of Gai1 for GTP hydrolysis (Tesmer et al.,
1997). This position is occupied by either Asn or
Ser in the different RGS family members, with a
predominance of Asn versus Ser (Wang et al., 1998).
Although both side-chains are able to form hydro-
gen bonds, the Ser side-chain is shorter than the
Asn side-chain and this may have some impli-
cations in either speci®city or af®nity toward
different members of the Gai class. GAIP-S156 has
NOE contacts with GAIP-I184 and GAIP-L187, two
of the residues involved in the hydrophobic core
mentioned above (Figure 7). The side-chain of
RGS4-N128 in the crystal structure is also close to
RGS4-I156 and RGS4-L159, which are the equival-
ent residues to GAIP in RGS4. This indicates that
the side-chains of both (RGS4-N128 and GAIP-
S156) have similar orientations (Figure 6). The
r.m.s.d. value for the GAIP-S156 side-chain
(0.81 AÊ ) may indicate that this residue also has a
slightly restricted conformation in GAIP. This is an
interesting result considering the potential import-
ance of this residue in the GAP activity and taking
into account that one of the structures is com-
plexed and the other is free.

In RGS4 complexed with Gai1, RGS4-R167
(GAIP-R195) forms salt bridges with RGS4-E83
(GAIP-E111) and RGS4-D163 (GAIP-D191) (Tesmer
et al., 1997). According to the crystallographic stu-
dies, these interactions constitute approximately
22 % of the binding surface (Tesmer et al., 1997). In
contrast, the side-chains of these residues in GAIP
are ¯exible. These electrostatic interactions, if pre-
sent in GAIP, should place the Hz and He protons
of GAIP-F107 at distances close to 2 AÊ and 3.5 AÊ of
Hb and Hg protons of GAIP-R195, respectively. In
contrast no NOEs involving those pairs of protons
were detected in the NMR spectra of GAIP.
Phenylalanine has a rather unusual NMR behavior
in comparison to other aromatic residues such as
tyrosine. The strong 13C-1H dipolar interactions
present in its side-chain broaden 1H NMR signals,
and its relatively large 13C-13C 1J coupling together
with the low 13C chemical shift dispersion, intro-
duce non-®rst-order character into the spectra that
makes phenylalanine residues dif®cult to assign.
Besides, it is a common observation that for suf®-
ciently large proteins NOE interactions involving
uniformly 13C-enriched phenylalanine residues
may be dif®cult to observe in four-dimensional
NMR spectra (Vuister et al., 1994). Therefore, the
absence of the mentioned NOEs does not mean
that these residues are not conformationally
restricted as observed in the crystal structure. It
might be that these short interproton distances do
exist but are not possible to observe with NMR.

As mentioned before, one of the largest structur-
al differences between RGS4 and GAIP is located
in loopV-VI. The sequences of this loop for both
proteins are as follows:

The C-terminal half of the loop (residues 153-158
in GAIP), excluding GAIP-S156 which is RGS4-
N128, is conserved in sequence between the two
proteins. In contrast the sequence of the N-terminal

GAIP:
V147 S I L S P K E V S L D158

RGS4:
I119 S V Q A T K E V N L D130



Figure 8. Comparison of RGS4 (blue) and GAIP (red)
side-chain conformation of residues involved in the salt-
bridge interactions between loopV-VI and helices IV
and V present in RGS4 but not observed in GAIP.

Figure 7. Side-chain conformation of some of the
residues involved in the four-helix bundle hydrophobic
core of the minimized average structure calculated for
GAIP.
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part (residues 147-152 in GAIP) is not conserved,
and the largest amino acid differences include resi-
dues 150-152 in GAIP (122-124 in RGS4). The big-
gest structural difference within loopV-VI is
located in the N-terminal part of the loop, specially
in residues GAIP-P152 and GAIP-K153 (RGS4-T124
and RGS4-K125). In fact, from residue 154 to 158 in
GAIP (126 to 130 in RGS4) the structure of the loop
is very similar (Figure 5). Therefore, the structural
differences within the loop involve the region
where the largest sequence differences are located.
Besides, on the basis of amide 15N-1H heteronuc-
lear NOE , which is an indication of the ¯exibility
of the backbone on the picosencond to nanosecond
time scale, there exists a slightly higher mobility in
loopV-VI than in the center of the secondary struc-
ture elements (data not shown). The differences
mentioned between RGS4 and GAIP structures can
be related to binding effects present in the RGS4-
Gai1 complex or to the differences in the amino
acid sequences of the two proteins. The lack of
speci®c interactions between the region of the
RGS4 loop, that is structurally different from GAIP
and has a different amino acid sequence (residue
A122 to residue T124), and the rest of RGS4 struc-
ture suggests that the ®rst possibility is more
likely.

As mentioned above, in residues GAIP-P152
and GAIP-K153 (RGS4-T124 and RGS4-K125) is
where the largest differences are located. We
have analyzed the interactions with other parts
of RGS4 or GAIP in which these residues are
involved. Residue RGS4-T124 does not form
speci®c contacts with other parts of the protein.
In contrast, RGS4-K125 forms two salt bridges,
one with RGS4-D90 (helix IV) and other with
RGS4-E117 (helix V). Figure 8 shows the confor-
mation of these residues in RGS4 and the con-
formation of K153 in GAIP for the 20 calculated
structures. This Figure also shows the side-chain
of residue RGS4-E87 (helix IV). This residue has
its carboxylate group pointing toward a direction
opposite to that of RGS4-K125. Therefore, RGS4-
E87 is probably not involved in a salt bridge
but its side-chain is very close to RGS4-K125.
RGS4-E87 and RGS4-K125 are conserved in
GAIP, and RGS4-E117 is a conserved substi-
tution by GAIP-D145, in contrast, RGS4-D90 is
not conserved (GAIP-L118). Thus, only one of
the salt bridges is possible in GAIP. The salt
bridges ®x the side-chain of RGS4-K125 and
locate some of the protons of the participating
side-chains at distances between 2 AÊ and 5 AÊ . If
the conformation of GAIP-K153 were similar to
that of RGS4-K125, these short distances should
generate NOE. We have not seen NOEs connect-
ing the side-chain protons of GAIP-K153 with
GAIP-L118, GAIP-E115 nor GAIP-D145. These
salt bridges connecting loopV-VI with helices IV
and V, may contribute to ®x the position of the
loop in RGS4 structure. From evidence presented
in Figure 8 these interactions are not present or
are at least transient in GAIP and thus, loopV-
VI is not ®xed. Even considering the uncon-
served substitution of RGS4-D90 by GAIP-L118,
the salt bridge to GAIP-D145 could still be
formed. For this reason we suggest that this
interaction could be stabilized and permanently
present only in the complexed form but not in
the free state of either GAIP or RGS4. RGS4-
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N128 is the only residue in loopV-VI that forms
speci®c contacts with Ga, therefore, the ®xed
conformation of this loop is probably not a
result of direct speci®c interactions between the
loop and Ga, but of indirect steric restriction
due to slight structural modi®cations that may
take place upon binding.

Conclusions

The solution structure of GAIP has been deter-
mined using residual dipolar couplings resulting
from the alignment of the protein in two distinct
liquid crystal media. The orientation of the align-
ment is different in each medium, therefore, the
dipolar couplings vary from the bacteriophage to
the bicelle media. Both sets of data agree well with
a good precision ensemble of calculated structures,
once the axial component and the rhombicity of
the respective alignment tensors are properly
determined.

With respect to GAIP solution structure, we
have shown that some of the side-chains of the
residues involved in Ga-RGS interface have a
preferred orientation in GAIP similar to that pre-
sent in the complexed RGS4. This is the case of
GAIP-L187, whose location in a hydrophobic
core suggests that, although it participates in the
Ga-RGS binding interface, this residue may also
have an importance in the folding and stability
of the RGS protein. Additionally, the NOE con-
tacts between GAIP-S156 and some of the resi-
dues of the core, indicate that this residue may
play a role in determining GAIP stability as
well. This is in agreement with previous ®ndings
concerning the low expression of a mutant of
human retinal RGS protein lacking the equival-
ent Asn residue, which has been attributed to its
role in the folding and stability of the RGS pro-
tein (Natochin et al., 1998). In addition, the
observed NOE contacts coincide with spatial
proximity of equivalent residues in the crystal
structure, this fact together with S156 low side-
chain r.m.s.d., indicate that this residue popu-
lates a preferred region of the conformational
space which is similar to that present in RGS4.
This is the only residue that interacts with the
hydrolytic site of Ga (Tesmer et al., 1997).

The protein sequences of GAIP, RGSZ1 and
RET-RGS may form a subfamily in the RGS pro-
teins. In their RGS domain the conserved N128
residue of RGS4 is replaced by Ser, and all three
show high GAP activity for the Gaz (Wang et al.,
1998). Gaz itself is also an outsider in that its active
site diverges signi®cantly from other Gai subfamily
members and shows a very low basal GTPase
activity. It has been shown that the Asn to Ser sub-
stitution impairs Ga binding in human retinal RGS
protein (Natochin et al., 1998). Nevertheless, since
N128 in RGS4 and S156 in GAIP form contacts
with some of the residues involved in the hydro-
phobic core of the four-helix bundle, it is possible
that in each protein this core is optimized such that
an amino acid substitution decreases the overall
stability of the protein, consequently affecting its
ability to interact. Further investigation needs to be
done in order to identify the possible roles of Asn
or Ser residues in different RGS family members.

On the basis of the crystallographic studies it
has been proposed that the GAP activity of RGS
proteins is more related to a stabilization of the
transition state conformation of the Ga loops
involved in hydrolysis than to a direct partici-
pation in the catalytic site (Tesmer et al., 1997).
We have shown that at least one interaction
observed in complexed RGS4 is either not pre-
sent or transient in GAIP. This fact suggests that
it is not only the Ga structure that may be
stabilized upon binding but also the structure of
the RGS protein. In this sense, it is possible that
the driving force of binding are the speci®c
interactions between the two proteins and also
the stabilization of each structure independently.
On the basis of the differences between RGS4
and GAIP loopV-VI structure, we suggest that
upon binding some conformational rearrange-
ments may facilitate the formation of electrostatic
interactions that stabilize RGS structure.

One of the electrostatic interactions present in
complexed RGS4 involves residue RGS4-D90. Since
this residue is not conserved in GAIP (GAIP-L118),
sequence variability in this position may have
functional implications (this position is occupied
by D, E, L, S and R in different RGS members). For
example, the stabilization of GAIP upon binding
with Ga could be smaller than for RGS4, and there-
fore, the interaction could be more transient. This
fact may have an in¯uence in the ef®ciency of the
GTPase activating function. Since it has been
observed that RGS proteins function catalytically
(Berman & Gilman, 1998), the interaction with Ga
has to be transient such that the RGS protein can
interact with many Ga and perform its GAP
activity with all of them. The structure of GAIP-Ga
complex and the study of this interaction by NMR
techniques will give more insights into the molecu-
lar basis of the function and speci®city of this
recently discovered family of regulators of G
protein signaling.

The work reported herein concerns the structure-
function relationships of the RGS box of GAIP in
comparison to that of RGS4, and therefore it is
focused in the GTPase activating function. The
similarity between the overall structures of RGS4
and GAIP indicates that the principal character-
istics of the RGS fold may be conserved within the
different family members. There are additional
domains in full-length RGS proteins that have been
implicated in interactions with other than G pro-
teins or for which different functions have been
predicted (De Vries & Farquhar, 1999). Thus, it is
important to bear in mind that the GAP activity is
far from being the unique role played by this
protein family.
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Materials and Methods

Expression, purification and sample preparation

The DNA sequence encoding GAIP primary structure
from residue P79 to residue L206 has been inserted in a
glutathione S-transferase (GST) fusion vector (pGEX-2T)
from Pharmacia Biotech. Escherichia coli BL21(DE3) was
used as an expression host. The plasmid once in E. coli
was isolated and sequenced and the amino acid
sequence of the expressed protein (excluding the GST
sequence) is as follows:

GSPGISGGGGGIP79SPEEVQSWAQSFDKLMHSPAG100

RSVFRAFLRTEYSEENMLFW120LACEELKAEANQHVV

DEKAR140LIYEDYVSILSPKEVSLDSR160VREGINKKMQ

EPSAHTFDDA180QLQIYTLMHRDSYPRFLSSP200

TYRALL206PWVDSSSSLIHRD

The induction of protein expression was performed
at room temperature by the addition of isopropyl b-D-
thiogalactopyranoside (Sigma) for four hours. The
expression of uniformly 13C,15N-labeled protein was
done by growing the bacteria in minimal medium
containing [13C6]glucose and 15NH4Cl (Martek) as sole
carbon and nitrogen sources, respectively. Cells were
harvested and resuspended in 1� phosphate buffer
saline at pH 7.4 with 1 % (v/v) polyoxyethylene-sorbi-
tan monolaurate (Sigma) and the serine protease
inhibitor 4-(2-aminoethyl)-benzenesulfonyl ¯uoride
hydrochlorine (ICN, Biomedicals), further lysed by
ultrasonication and cleared by centrifugation. The
supernatant was poured into a glutathione Sepharose
4B (Pharmacia Biotech) column and cleaned with 1�
phosphate buffer saline at pH 7.4. The GST moiety
was cleaved by reaction with biotinylated thrombin
(Novagen) for three hours. Biotinylated thrombin was
removed by the use of streptavidin agarose beads
(Novagen) by shaking for 30 minutes. Beads were
removed by centrifugation. The supernatant was
further puri®ed by reverse phase HPLC. Then lyophi-
lized and washed with HPLC grade water in Centri-
con. The purity of the protein was further checked by
mass spectrometry. The pH of the protein solution
was adjusted to 7.2 by the addition of small amounts
of 0.1 M KOH. The pH (uncorrected for isotope
effects) of protein samples in 2H2O was 8.3 instead of
7.2 due to protein solubility in 2H2O. On the basis of
the amino acid composition the extinction coef®cient
of GAIP at 280 nm is 24,870 Mÿ1cmÿ1. This value has
been used to estimate the yield of protein expression
to be approximately 15 mg/4l culture in minimal
media. The concentration of the NMR samples was
between 0.6 mM and 1 mM and contained 10 % 2H2O,
NaN3 and 5-10 mM dithiothreitol.

NMR spectroscopy

NMR experiments were performed on a Bruker
DMX600 equipped with three-axis shielded gradient
triple resonance probe at 27 �C. The spectra were pro-
cessed using the NMRPipe package (Delaglio et al., 1995)
and analyzed using PIPP (Garrett et al., 1991).

The combined information obtained from the exper-
iments CBCACONH (Grzesiek & Bax, 1992), CBCANH
(Grzesiek & Bax, 1993), HNCA (Yamazaki et al., 1994),
sensitivity-enhanced HNCO (Kay et al., 1994) and 15N
separated NOESY (Bax & Grzesiek, 1993), allowed the
sequential assignment of Ca and Cb, as well as amide 1H
and 15N, and 13C backbone carbonyl (C0) resonances.
HBHACONH (Bax & Grzesiek, 1993) was used to obtain
some of the Ha and Hb resonances. The remaining side-
chain assignments were obtained using HCCH-TOCSY
(Bax et al., 1990).

Dipolar couplings 1DNH, 1DCaH, 1DCaC0,
1DNC0 were

calculated from the difference in the corresponding
J splitting measured in protein samples containing
liquid crystals formed by fd bacteriophages and in
protein samples in the absence of liquid crystals. The
fd bacteriophage liquid crystals were prepared by the
method of Hansen et al. (1998). The concentration of
bacteriophages and 13C,15N-labeled protein was
�15 mg/ml and 0.7 mM, respectively for 1DNH, 1DCaC0

and 1DNC0 dipolar couplings measurements, and
�9 mg/ml (phage), �0.4 m (protein) for 1DCaH dipo-
lar coupling experiment. This dilution was done to
reduce 1H-1H dipolar couplings that affect the shape
of the peaks and increase the error with which the
J values are measured. Dipolar couplings of NH
vectors were also measured under the anisotropic con-
ditions found in bicelles at 29 �C. The bicelles were
generated by a mixture of dimyristoyl phosphatidyl-
choline (DMPC)/dihexanoyl phosphatidylcholine
(DHPC) (Avanti Polar Lipids) at a 3:1 molar ratio and
present at 3 % (w/v). The 15N-labeled protein concen-
tration in the bicelle sample was 0.6 mM. Dipolar
couplings of NH and NC0 vectors were obtained from
the In Phase AntiPhase (IPAP) experiment (Ottiger
et al., 1998a) with and without 13C0 decoupling during
15N evolution, respectively. 1DCaC0 dipolar couplings
were obtained from HNCO experiments without Ca

decoupling during C0 evolution. 1DCaH dipolar coup-
lings were obtained from a three-dimensional version
of 1H-13C constant time HSQC with J modulation in
the third dimension (Ottiger et al., 1998b). The peak
intensities were ®tted to yield JC-H couplings. The
errors in the measured dipolar couplings, 1DNH,
1DCaH, 1DCaC0 and 1DNC0 are �0.8 Hz, �1.1 Hz,
�2.0 Hz, �1.5 Hz, respectively, and �0.7 Hz for NH
dipolar couplings in the bicelle sample.

Structure calculation

Peak intensities from NOESY experiments (13C separ-
ated 4D NOESY (Clore et al., 1991), tm � 100 ms; 13C,15N
separated 4D NOESY (Kay et al., 1990), tm � 114 ms; 13C
separated 3D NOESY, tm � 110 ms; 15N separated 3D
NOESY, tm � 110 ms; 1H-1H 2D NOESY, tm � 150 ms)
were translated into a continuous distribution of inter-
proton distances. A summation averaging [(�rÿ6)ÿ1/6]
was used to obtain distances from intensities of non-
stereospeci®cally assigned methylene protons, methyl
groups and Hd, He protons of Tyr and Phe residues.
Structures were calculated using the program XPLOR
(BruÈ nger, 1993) modi®ed to include dipolar coupling
restraints (Tjandra et al., 1997; Clore et al., 1998b). A
quadratic half-open square well potential was used for
residues belonging to loopV-VI and loop VI-VII, and a
quadratic harmonic potential was applied for dipolar
couplings of the remaining residues. The alignment
tensors are represented by two separate pseudo-mol-
ecules containing four atoms, whose bonds correspond
to the three orthogonal alignment axis. The appropriate
orientation of these pseudo-molecules with respect to the
molecular frame is calculated through a minimization
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procedure of the differences between the observed and
the calculated dipolar couplings. The calculated dipolar
couplings in the bacteriophage and bicelle media
were derived from their separate tensorial Da and
R values. Therefore, the ®tting was done using two
different coordinate systems, one for each set of dipolar
couplings. The angles between the two tensor axis
are: Xbicelle ÿ Xphage � 57.35 �, Ybicelle ÿ Yphage � 56.74 �,
Zbicelle ÿ Zphage� 9.76 �.

The starting structure was heated to 3000 K and
cooled in 20,000 steps for 0.002 ps in the simulated
annealing process. The ®nal values of the force constants
used in the simulated annealing calculations are as
follows; 1000 kcal molÿ1 AÊ ÿ2 for bond lengths,
500 kcal molÿ1 radÿ2 for angles and improper torsions,
4 kcal molÿ1 AÊ ÿ4 for the quadratic van der Waals repul-
sion term, 30 kcal molÿ1 AÊ ÿ2 for NOE-derived distance
restraints, 50 kcal molÿ1 AÊ ÿ2 for generic hydrogen bond
restraints, 10 kcal molÿ1 radÿ2 for TALOS f and c
restraints, 0.48 kcal molÿ1 Hzÿ2, 0.48 kcal molÿ1 Hzÿ2,
0.72 kcal molÿ1 Hzÿ2, 0.12 kcal molÿ1 Hzÿ2, for NH,
CaH, NC0 and CaC0 dipolar couplings of the bacterio-
phage sample, respectively, and 0.72 kcal molÿ1 Hzÿ2 for
NH dipolar coupling in the bicelle sample. With these
force constants the calculated structures satisfy the
experimental dipolar couplings with r.m.s.d. values
close to the estimated experimental errors derived
from the reproducibility of the data. Two restraints were
used per hydrogen bond (e.g. rNH-O � 1.5-2.5 AÊ and
rN-O � 2.4-3.6 AÊ ).

Protein Data Bank accession code

The coordinates of the ensemble of 20 structures, the
list of experimental NMR restraints, together with 1H,
15N and 13C chemical shifts assignments have been
deposited in the Brookhaven Protein Data Bank with
accession codes 1 cmz and r1cmzmr.
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