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Nucleoside diphosphate kinase (NDPK) is involved in multiple
signaling pathways in mammalian systems, including G-pro-
tein signaling. Arabidopsis NDPK2, like its mammalian coun-
temparts, is multifunctional despite its initial discovery phyto-
chrome-interacting protein. This similarity raises the possibility
that NDPK2 may play a role in G-protein signaling in plants. In
the present study, we explore the potential relationship be-
tween NDPK2 and the small G proteins, Pra2 and Pra3, as
well as the heterotrimeric G protein, GPA1. We report a phys-
ical interaction between NDPK2 and these small G proteins,
and demonstrate that NDPK2 can stimulate their GTPase
activities. Our results suggest that NDPK2 acts as a GTPase-ac-
tivating protein for small G proteins in plants. We propose that
NDPK2 might be a missing link between the phytochrome-
mediated light signaling and G protein-mediated signaling.
[BMB reports 2008; 41(9): 645-650]

INTRODUCTION

Nucleoside diphosphate kinase (NDPK) catalyzes the transfer
of the yphosphate from nucleoside triphosphates to nucleo-
side diphosphates, using a ping-pong mechanism (1). NDPK is
capable of maintaining nucleotide levels in mammals, implying
NDPK may be a critical component of G protein-mediated sig-
naling (2-6). Mammalian NDPK is a multifunctional enzyme,
involved in the regulation of growth and development (7-9).
Although the roles of plant NDPK are still unclear (10), progress
has been made in elucidating NDPK’s biological functions in
Arabidopsis. Among three identified NDPK isoforms, NDPK2
interacts specifically with phytochrome in yeast two-hybrid
screens (11) as well as in in vitro binding assays (12). Phyto-
chrome apparently recognizes the hexameric structure of
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NDPK2 and stimulates its -phosphate exchange activity by
modulating its active histidine residue (12, 13). Similar to
mammalian NDPK, NDPK2 in plants possesses multiple func-
tions, participating in the UV response (14), protection against
reactive oxygen species stress (15), and auxin signaling (16).

Plant G proteins regulate many aspects of development and
cell signaling, similar to their mammalian orthologs (17-19). In
particular, both heterotrimeric and small G proteins contribute
to light signal transduction (20-24). In oat, the Pr form of phy-
tochrome enhances the GTPase activity of a small Ras-like G
protein (24). In pea, mMRNA levels of small Ras-like G proteins,
including Pra2 and Pra3, are reversibly regulated by red and
far-red light (25). Pra2 has been especially well characterized
(26, 27). A recent study found that Pra2 regulates the cyto-
chrome 450 that catalyzes C-2 hydroxylation in brassinoste-
roid biosynthesis, and this catalytic activation is down-regu-
lated by light (28). Interestingly, the Arabidopsis orthologs of
Pra2 and Pra3 have not been identified (unpublished data). In
Arabidopsis, the heterotrimeric G proteins are directly in-
volved in phytochrome-controlled seedling photomorpho-
genesis. To date, one o subunit (29, 30), one B subunit (31),
and two vy subunits (32, 33) of the heterotrimeric G proteins
have been identified in Arabidopsis (20, 34-41). Overexpression
of GPA1, the only o subunit in Arabidopsis, resulted in a hy-
persensitive response to light, including a phytochrome-medi-
ated inhibition of hypocotyl elongation (20). However, further
evaluation of GPAT using a loss-of-function approach chal-
lenged the direct role of heterotrimeric G proteins in phyto-
chrome signaling (42). Therefore, the biological connection
between heterotrimeric G proteins and phytochrome needs to
be further examined. Due to the special role of NDPK in G
protein-mediated signaling and the fact that NDPK2 was iden-
tified as a phytochrome-interacting protein, it will be important
to see whether NDPK2 interacts with plant G proteins and
consequently connects these two signaling pathways.

As an exploratory study, we report here on the interactions
between NDPK2 and several selected plant G proteins in vitro.
Our results indicate that NDPK2 interacts with plant small
G-proteins and stimulate their GTPase activities. We propose
that NDPK2 may function as a GTPase Activating Protein
(GAP) for small G proteins in plants.
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RESULTS

NDPK2 interacts with plant small G proteins in vitro

To test the hypothesis that NDPK2 interacts with plant G pro-
teins, an in vitro binding assay between NDPK2 and selected
plant G proteins was conducted, using the small G proteins,
Pra2 and Pra3, and the heterotrimeic G protein o subunit,
GPA1. NDPK2 interacted strongly with both Pra2 and Pra3
(Fig. 1). In contrast, NDPK2 did not interact with GPA1 under
the same conditions, either with or without the addition of
GTP (Fig. 1). In addition, we also used a rice small G protein,
Rgp1, as a negative control, and found no interaction between
NDPK2 and Rgp1 (data not shown).

NDPK2 functions as a GTPase activating protein

To investigate the functional relationship between NDPK2 and
plant G proteins, the GTPase activities of Pra2, Pra3, and
GPA1 were examined in the presence of increasing amounts
of NDPK2. NDPK2 stimulated the GTPase activities of Pra2
and Pra3 significantly, whereas the GTPase activity of GPA1
was not affected by the presence of NDPK2 (Fig. 2A). In addi-
tion, a GTP binding assay of these G proteins was performed
using GTPYS, a non-hydrolysable analog of GTP. NDPK2 addi-
tion affected GTPyS binding to Pra2 and Pra3 (Fig. 2B), but not
to GPAT1. Our data suggest that NDPK2 is able to interact with
small G proteins in vitro and functions as a GTPase activating
protein (GAP).

The interaction between NDPK2 and small G proteins
requires the hexameric structure of NDPK2

Arabidopsis NDPKs form hexameric structures (13) that are re-
quired for the in vitro interaction of NDPK2 with phytochrome
(12). To investigate the role oligomeric states may play in the
interaction of NDPK2 with small G proteins, we compared the
in vitro binding activities of wild-type NDPK2 with a mutated
form, LP175S, that is dimeric (12). Arabidopsis NDPK1 was al-
so included as a hexameric negative control. Compared to the
strong interaction between wild-type NDPK2 and small G pro-
teins, no interaction was observed with the dimeric form,
LP175S (Fig. 3A). In addition, the dimeric form of NDPK2 was
also unable to enhance the GTPase activities of both Pra2 (Fig.
3B) and Pra3 (Fig. 30).

LP175S contains two separate mutations: a C-terminal dele-
tion (L225Stop) and a Kpn loop mutation (P175S). To de-
termine if the lack of interaction between LP175S and small G
proteins is due directly to the mutation (P175S) or the deletion
(L225Stop), we also examined the binding activity of proteins
containing only one or the other of these mutations. The C-ter-
minal deletion mutant possess a higher y-phosphate exchange
activity than that of wild type, and P175S forms an unstable
hexamer due to a Kpn loop mutation (12). We found no differ-
ence in the interaction with small G proteins of wild-type and
the L225 mutated form of NDPK2 (Fig. 3B & 3C). The P175S

646 BMB reports

Pra2 Pra3 GPA1 GPA1+GTP

e e A S | NDPK2

Fig. 1. NDPK2 interacts with plant small G proteins in vitro. In
vitro binding assays were performed between NDPK2 and Pra2,
Pra3, and the heterotrimeric G protein o subunit, GPA1. A specif-
ic antibody against NDPK2 was used to immunoprecipitate
NDPK2. A monoclonal antibody against 6xHis tag was used to
detect G proteins with a 6xHis fusion.
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Fig. 2. NDPK2 functions as a GAP to plant small G proteins. (A)
NDPK2 stimulates the GTPase activities of plant small G proteins.
The GTPase activities of Pra2, Pra3, and GPA1 were measured
with the addition of NDPK2. NDPK2 stimulated the GTPase activ-
ities of Pra2 and Pra3 significantly, but not that of GPA1. (B) The
GTP binding ability of plant G proteins were examined with or
without NDPK2 addition. A non-hydrolysable GTP analogue GTPYS
was used as described.
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Fig. 3. NDPK2 requires its hexameric structure to interact with small
G proteins. (A) In vitro binding assays between small G proteins
and NDPKs, including NDPK1 (NK1), NDPK2 (NK2), and the di-
meric form of NDPK2 (LP175S). Left panel, interaction with Pra2;
Right panel, interaction with Pra3. (B) The oligomeric state of
NDPK2 is important for NDPK2 GAP function. The GTPase activity
of Pra2 was measured in the presence of different NDPKs and
NDPK2 oligomeric state mutants. (C) The GTPase activity of Pra3
was measured in the presence of different NDPKs and NDPK2 oli-
gomeric state mutants. NDPK1 was included as a negative control
in both Pra2 and Pra3 experiments. P175S5, NDPK2 mutant with a
mutation in the Kpn loop; L225, NDPK2 deletion mutant L225Stop.

mutation caused a slight reduction in the interaction with small
G proteins (Fig. 3B & 3C). These data suggest that the inter-
action between NDPK2 and small G proteins requires the hex-
americ form of NDPK2. Interestingly, NDPK1 showed a very
weak interaction with both Pra2 and Pra3 (Fig. 3A) as well as a
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Fig. 4. The enzymatic activity of NDPK2 is separate from NDPK2
GAP function. (A) The GTPase activity of Pra2 was measured in
the presence of NDPK2 mutants, including NDPK2 C-terminal de-
letion mutants and NDPK2 kinase site mutant, H197C. (B) The
GTPase activity of Pra3 was measured in the presence of NDPK2
mutants, including NDPK2 C+erminal deletion mutants and
NDPK2 kinase site mutant, H197C. R230, mutant R230Stop;
1225, mutant L225Stop.

slight stimulation of their GTPase activities (Fig. 3B & 30).

The enzymatic activity of NDPK2 is separate from its GAP
function

The NDPK2 C-terminal deletion mutants, R230Stop and
L225Stop, possess a higher y-phosphate exchange activity than
that of wild type, whereas the NDPK2 kinase site mutant,
H197C, has no enzymatic activity [12]. To investigate the role
of NDPK2 enzymatic activity in its GAP function, the GTPase
activities of both Pra2 (Fig. 4A) and Pra3 (Fig. 4B) were exam-
ined in the presence of the different NDPK2 mutants. The hy-
peractive NDPK2 mutants, R230Stop and L225Stop, did not
stimulate Pra2 or Pra3 GTPase activities more than wild type
(Fig. 4), suggesting that the enzymatic activity of NDPK2 is not
directly involved in the interaction of NDPK2 with small G
proteins. In addition, the kinase site mutant H197C was able
to stimulate the GTPase activities of Pra2 and Pra3 similar to
wild type (Fig. 4), confirming that the enzymatic activity of
NDPK2 is not essential in this interaction. Taken together,
these results suggest that the enzymatic activity of NDPK2 is
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separate from its GAP function.

DISCUSSION

Formation of GTP by NDPK contributes to the activation of G
protein-mediated signaling. However, the mechanism by
which NDPK interacts with G proteins remains relatively un-
known, especially in plants. We explored the possibility that
Arabidopsis NDPK2 interacts with plant G proteins, and estab-
lished an in vitro interaction between NDPK2 and the plant
small G proteins, Pra2 and Pra3. Our novel findings that
Arabidopsis NDPK2 directly interacts with small G proteins to
stimulate their GTPase activities suggest that NDPK2 is able to
serve as a GAP for small G proteins in plants.

The oligomeric states of NDPK2 are critical for the pro-
tein-protein interaction of NDPK2 and its signaling partners,
such as phytochrome. Our study of the in vitro interaction be-
tween NDPK2 and plant small G proteins further addressed
this important feature of NDPK2. The dimeric mutant form of
NDPK2 showed weaker binding to G proteins and GAP func-
tion when compared to wild type, which exists as a hexamer.
Our characterization of the NDPK2 interaction with plant
small G proteins suggests that the enzymatic activity of
NDPK2 is separate from its GAP function. The kinase site mu-
tant of NDPK2 is still capable of stimulating the GTPase activ-
ities of plant small G proteins, similar to wild type and the hy-
peractive NDPK2 mutants. These observations further con-
firmed the requirement of the NDPK2 hexameric structure in
its protein-protein interactions.

The role of GPAT in the phytochrome-mediated light signal-
ing is controversial. As the sole o subunit of the heterotrimeric
G protein complex in Arabidopsis, GPA1 is a potential target
of NDPK2, but we found that NDPK2 is unable to interact with
GPA1 and stimulate its GTPase activity in vitro. One possible
interpretation could be that plant NDPK might not signal
through the heterotrimeric G protein complex. Another possi-
bility is that plant NDPK might interact with Gy subunits or
other cofactors associated with GPA1 to conduct the signal.
There is a specific interaction between the bovine transducin
Gp subunit and human NDPKB (Nm23-H2) (43). Therefore,
plant GBy subunits may also interact with NDPK.

The GAP activity of NDPK2 reported here further extends
our understanding of NDPK?2 as a catalytic enzyme as well as a
phytochrome signaling partner. NDPK2 is known as a positive
signaling partner of phytochrome that interacts and stimulates
the enzymatic activity of NDPK2 in vitro (11-13). The observed
interaction between NDPK2 and small G proteins may poten-
tially connect G protein-mediated signaling to phytochrome-
mediated signaling through NDPK2. Even though Pra2 and
Pra3 are from pea and their orthologs in Arabidopsis have not
been identified, NDPK2 shares a high similarity with pea
NDPKs and the phosphorylation of pea NDPKs is induced sig-
nificantly by red light illumination (10). Thus, we can speculate
that the G protein-mediated signaling could be linked to the
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phytochrome-mediated signaling via a specific NDPK isoform.

MATERIALS AND METHODS

Constructs for protein expression

Wild type and several altered forms of Arabidopsis NDPK2
were cloned into a pGEX-4T vector (Amersham, Piscataway, NJ)
as described (12), including the C-terminal deletion mutants
(R230Stop and L225Stop), the kinase site mutant (H197C), and
two oligomeric state mutants (P175S and LP175S). Arabidopsis
GPA1 was cloned into the pQE30 vector (Qiagen, Chatsworth,
CA) with 5" primer (Sacl): 5'-CGGAGCT-CGGCTTACTCTGCA
GTAGAAG-3" and 3’ primer (Smal): 5'-CTCCCCGGGTAAA-A
GGCCCAGCCTCCAG-3'. Pea Pra2 and Pra3 were cloned into
the pQE30 vector using BamHI and Smal restriction sites and
prepared as previously described (29).

In vitro binding assay

The in vitro binding assay between NDPK2 and G proteins
was performed in TBS buffer (50 mM Tris-HCI, pH 7.5, 150
mM NaCl) containing 5 mM MgCly, 0.1% NP40 and protease
inhibitors as described (12). Ten pg of NDPK2 and G proteins
were co-immunoprecipitated using a specific antibody against
NDPK2. In the binding assay testing NDPK2 specificity, a
monoclonal antibody against the GST tag (Oncogene, Boston,
MA) was used to immunoprecipitate the GST-NDPK proteins.
After separation on SDS-PAGE (15%, w/v), protein samples
were transferred to a polyvinylidene difluoride (PVDF) mem-
branes for western blot analysis. Antibodies against NDPK2,
GST and 6xHis tag (Qiagen, Chatsworth, CA) were used.

Measurement of GTPase activity

Determination of GTPase activities of plant G proteins, includ-
ing Pra2, Pra3, and GPAT1, was performed in a 100 pL reaction
mixture containing 8 pM G protein, 10 mM HEPES (pH 7.8), 5
mM EDTA, 1 mM DTT, 5 mM MgCl,, 0.05% Lubrol, and 2
UM GTP. The reaction was initiated by adding 5 uCi of
%BZP-IabeIed GTP (Amersham, Piscataway, NJ) and incubated
for 30 min at 30°C. The reaction was quenched by addition of
0.9 mL 5% (w/v) charcoal solution in 50 mM NaH,POs. After
centrifugation for 10 min, 0.5 mL of the supernatant was ana-
lyzed for the labeled free phosphate using a liquid scintillation
counter. The effect of NDPK was examined by adding the in-
dicated amount of NDPK proteins to the G protein reaction
mixture. Mean values and standard deviation were calculated
from three replicates.

GTPyS binding assay

Binding of GTPYS to plant G proteins was determined by the
rapid filtration method (44). Ten pmol of G protein was in-
cubated for 30 min at 30°C in 200 pl of 50 mM HEPES buffer
(pH 7.8), containing T mM EDTA, 1 mM DTT, 5 mM MgCl,,
and 1 uCi of [-°SIGTP (Amersham, Piscataway, NJ) with or
without 5 pmol of NDPK2. NDPK2 was pre-saturated with 1
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UM dCDP before addition to G protein reaction mixture. The
reaction was stopped by addition of 2 ml of ice-cold 20 mM
Tris-HCI buffer (pH 7.8) containing 100 mM NaCl and 25 mM
MgCl,, followed by rapid filtration on 0.45 um nitrocellulose
filters. The filter-bound material was washed 4 times with the
same ice-cold buffer, dried, and quantified for radioactivity by
a liquid scintillation counter. Mean values and standard devia-
tion were calculated from three replicates.

Acknowledgements

We thank Colleen Marion for proofreading this manuscript.
This work was supported in part by the KOSEF/MOST to the
Environmental Biotechnology National Core Research Center
(NCRC) (grant # R15-2003-012-01003-0) and the Plant
Diversity Research Center of 21st Century Frontier Research
Program (to J.-l. Kim, PF06302-02).

REFERENCES

1. Parks, R. E. J. and Agarwal, R. P. (1973) Nucleoside
diphosphokinases. Enzymes 8, 307-334.

2. Zhu, )., Reynet, C., Caldwell, J. S. and Kahn, C. R. (1995)
Characterization of Rad, a new member of Ras/GTPase su-
perfamily, and its regulation by a unique GTPase-activat-
ing protein (GAP)-like activity. J. Biol. Chem. 270,
4805-4812.

3. Zhu, )., Tseng, Y.-H., Kantor, J. D., Rhodes, C. ]., Zetter, B.
R., Moyers, J. S. and Kahn, C. R. (1999) Interaction of the
Ras-related protein associated with diabetes rad and the
putative tumor metastasis suppressor NM23 provides a
novel mechanism of GTPase regulation. Proc. Natl. Acad.
Sci. U.S.A. 96, 14911-14918.

4, Otsuki, Y., Tanaka, M., Yoshii, S., Kawazoe, N., Nakaya,
K. and Sugimura, H. (2001) Tumor metastasis suppressor
nm23H1 regulates Racl GTPase by interaction with
Tiam1. Proc. Natl. Acad. Sci. U.S.A. 98, 4385-4390.

5. Lutz, S., Hippe, H.-J., Niroomand, F. and Wieland, T.
(2004) Nucleoside diphosphate kinase-mediated activa-
tion of heterotrimeric G proteins. Methods Enzymol. 390,
403-418.

6. Hippe, H.-J. and Wieland, T. (2006) High energy phos-
phate transfer by NDPK B/Gbetagammacomplexes—an al-
ternative signaling pathway involved in the regulation of
basal cAMP production. J. Bioenerg. Biomembr. 38, 197-
203.

7. Kimura, N., Shimada, N., Ishijima, Y., Fukuda, M., Takagi,
Y. and Ishikawa, N. (2003) Nucleoside diphosphate kin-
ases in mammalian signal transduction systems: Recent
development and perspective. J. Bioenerg. Biomembr. 35,
41-47.

8. Narayana, R. and Ramaswami, M. (2003) Regulation of
Dynamin by Nucleoside Diphosphate Kinase. J. Bioenerg.
Biomembr. 35, 49-55.

9. Postel, E. H. (2003) Multiple biochemical activities of
NM23/NDP kinase in gene regulation. J. Bioenerg. Biomembr.
35, 31-40.

10. Hasunuma, K., Yabe, N., Yoshida, Y., Ogura, Y. and
Hamada, T. (2003) Putative functions of nucleoside di-

http://bmbreports.org

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Arabidopsis NDPK2 as a plant GAP
Yu Shen, et al.

phosphate kinase in plants and fungi. J. Bioenerg.
Biomembr. 35, 57-65.

Choi, G., Yi, H,, Lee, J., Kwon, Y.-K., Soh, M.-S. , Shin, B.,
Luka, Z., Hahn, T.-R. and Song, P.-S. (1999) Phytochrome
signaling is mediated through nucleoside diphosphate kin-
ase 2. Nature 401, 610-613.

Shen, Y., Kim, J.-I. and Song, P.-S. (2005) NDPK2 as a sig-
nal transducer in the phytochrome-mediated light
signaling. J. Biol. Chem. 280, 5470-5479.

Im, Y.]., Kim, J.-l., Shen, Y., Na, Y., Han, Y.J., Kim, S.-H.,
Song, P.-S. and Eom, S. H. (2004) Structural analysis of
Arabidopsis thaliana nucleoside diphosphate kinase-2 for
phytochrome-mediated light signaling. J. Mol. Biol. 343,
659-670.

Zimmermann, S., Baumann, A., Jaekel, K., Marbach, I,
Engelberg, D. and Frohnmeyer, H. (1999) UV responsive
genes of Arabidopsis revealed by similarity to the Gen4
mediated UV response in yeast. /. Biol. Chem. 274,
17017-17024.

Moon, H., Lee, B., Choi, G., Shin, D., Prasad, D. T., Lee,
0., Kwak, S.-S., Kim, D. H., Nam, J., Bahk, J., Hong, J. C.,
Lee, S. Y., Cho, M. J., Lim, C. O. and Yun, D.-. (2003)
NDP kinase 2 interacts with two oxidative stress-activated
MAPKSs to regulate cellular redox state and enhances mul-
tiple stress tolerance in transgenic plants. Proc. Natl.
Acad. Sci. U.S.A. 100, 358-363.

Choi, G., Kim, J.-l., Hong, S. W., Shin, B., Blakeslee, J. J.,
Murphy, A. S., Seo, Y., Kim, K., Koh, E. J., Song, P.-S. and
Lee, H. (2005) A possible role of NDPK2 in the regulation
of auxin mediated responses for plant growth and
development. Plant Cell Physiol. 46, 1246-1254.
Perfus-Barbeoch, L., Jones, A. M. and Assmann, S. M.
(2004) Plant heterotrimeric G protein function: insights
from Arabidopsis and rice mutants. Curr. Opin. Plant Biol.
7, 719-731.

Assmann, S. M. (2005) G proteins go green: A plant G
protein signaling FAQ sheet. Science 310, 71-73.
Vernoud, V., Horton, A. C., Yang, Z. and Nielson, E.
(2003) Analysis of the small GTPase gene superfamily of
Arabidopsis. Plant Physiol. 131, 1191-1208.

Okamoto, H., Matsui, M. and Deng, X.-W. (2001)
Overexpression of the heterotrimeric G-protein alpha-sub-
unit enhances phytochrome-mediated inhibition if hypo-
cotyls elongation in Arabidopsis. Plant Cell 13, 1639-1651.
Romero, L. C., Sommer, D., Gotor, C. and Song, P.-S.
(1991) G-proteins in etiolated Avena seedlings, Possible
phytochrome regulation. FEBS Lett. 282, 341-346.
Remero, L. C. and Lam, E. (1993) Guanine nucleotide
binding protein involvement in early steps of phyto-
chrome-regulated gene expression. Proc. Natl. Acad. Sci.
U.S.A. 90, 1465-1469.

Neuhaus, G., Bowler, C., Kern, R. and Chua, N.-H. (1993)
Calcium/calmodulin-dependent and -independent phyto-
chrome signal transduction pathways. Cell 73, 937-952.
Sommer, D. and Song, P.-S. (1994) Isolation and puirifica-
tion of a small-molecular-weight GTP-binding protein
from plants. Protein Expr. Purif. 5, 402-408.

Yoshida, K., Nagano, Y., Murai, N. and Sasaki, Y. (1993)
Phytochrome-regulated expression of the genes encoding
the small GTP-binding proteins in peas. Proc. Natl. Acad.

BMB reports 649



Arabidopsis NDPK2 as a plant GAP
Yu Shen, et al.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Sci. U.S.A. 90, 6636-6640.

Nagano, Y., Okada, Y., Narita, H., Asaka, Y. and Sasaki,
Y. (1995) Location of light-repressible, small GTP-binding
protein of the YPT/rab family in the growing zone of the
etiolated pea stems. Proc. Natl. Acad. Sci. U.S.A. 92,
6314-6318.

Inaba, T., Nagano, Y., Sakakibara, T. and Sasaki, Y. (1999)
Identification of a cis-regulatory element involved in phy-
tochrome down-regulated expression of the pea small
GTPase gene pra2. Plant Physiol. 120, 491-499.

Kang, J.-G., Yun, J., Kim, D.-H., Chung, K.-S., Fujioka, S.,
Kim, J.-l., Dae, H.-W., Yoshida, S., Takatsuti, S., Song,
P.-S. and Park, C.-M. (2001) Light and brassinosteroid sig-
nals are integrated via a dark-induced small G protein in
etiolated seedling growth. Cell 105, 625-636.

Ma, H., Yanofsky, M. F. and Meyerowitz, E. M. (1990)
Molecular cloning and characterization of GPA1, a G pro-
tein o subunit gene from Arabidopsis thaliana. Proc. Natl.
Acad. Sci. U.S.A. 87, 3821-3825.

Ma, H. (2001) Plant G proteins: the different faces of
GPA1. Curr. Biol. 11, 869-871.

Weiss, C. A., Garnaat, C. W., Mukai, K., Hu, Y. and Ma,
H. (1994) Isolation of cDNAs encoding guanine nucleo-
tide-binding protein B-subunit homologues from maize
(ZGB1) and Arabidopsis (AGB1). Proc. Natl. Acad. Sci.
U.S.A. 91, 9554-9558.

Mason, M. G. and Botella, J. R. (2000) Completing the
heterotrimer: Isolation and characterization of an
Arabidopsis thaliana G protein y-subunit ¢tNDA. Proc.
Natl. Acad. Sci. U.S.A. 97, 14784-14788.

Mason, M. G. and Botella, J. R. (2001) Isolation of a novel
G-protein y-subunit from Arabidopsis thaliana and its in-
teraction with Gp. Biochim. Biophys. Acta 1520, 147-153.
Weiss, C. A., Huang, H. and Ma, H. (1993) Immunolocali-
zation of the G-protein o subunit encoded by the GPAT
gene in Arabidopsis. Plant Cell 5, 1513-1528.

Obrdlik, P., Neuhaus, M. and Merkle, T. (2000) Plant het-
erotrimeric G protein beta subunit is associated with
membranes via protein interactions involving coiled-coil
formation. FEBS Lett. 476, 208-212.

650 BMB reports

36.

37.

38.

39.

40.

41.

42.

43.

44,

Lapik, Y. R. and Kaufman, L. S. (2003) The Arabidopsis
cubin domain protein AtPirin1 interacts with the G pro-
tein alpha-subunit GPAT and regulates seed germination
and early seedling development. Plant Cell 15, 1578-1590.
Ullah, H., Chen, J.-G., Temple, B., Boyes, D. C., Alonso,
J. M., Davis, K. R., Ecker, J. R. and Jones, A. M. (2003)
The B-subunit of the Arabidopsis G protein negatively reg-
ulates auxin-induced cell division and affects multiple de-
velopment processes. Plant Cell 15, 393-409.

Chen, J.-G., Gao, Y. and Jones, A. M. (2006) Differential
roles of Arabidopsis heterotrimeric G-protein subunits in
modulating cell division in roots. Plant Physiol. 141,
887-897.

Anderson, D. J. and Botella, J. R. (2007) Expression analy-
sis and subcellular localization of the Arabidopsis thaliana
G protein B-subunit AGB1. Plant Cell Rep. 26, 1469-1480.
Trusov, Y., Rookes, J. E., Tilbrook, K., Chakravorty, D.,
Mason, M. G., Anderson, D., Chen, J.-G., Jones, A. M.
and Botella, J. R. (2007) Heterotrimeric G protein -sub-
units provide functional selectivity in Gy dimmer signal-
ing in Arabidopsis. Plant Cell 19, 1235-1250.

Wang, S., Narendra, S. and Fedoroff, N. (2007) Heterotri-
meric G protein signaling in the Arabidopsis unfolded
protein response. Proc. Natl. Acad. Sci. U.S.A. 104, 3817-
3822.

Jones, A. M., Ecker, . R. and Chen, J. G. (2003) A reevalu-
ation of the role of the heterotrimeric G protein in cou-
pling light responses in Arabidopsis. Plant Physiol. 131,
1623-1627.

Cuello, F., Schulze, R. A., Heemeyer, F., Meyer, H. E.,
Lutz, S., Jakobs, K. H., Niroomand, F. and Wieland, T.
(2003) Activation of heterotrimeric G proteins by a high
energy phosphate transfer via nucleoside diphosphate kin-
ase (NDPK) B and GB subunits, Complex formation of
NDPK B with GBy dimers and phosphorylation of His-266
in GB. J. Biol. Chem. 278, 7220-7226.

Northup, J. K., Smigel, M. D. and Gilman, A. G. (1982)
The guanine nucleotide activating site of the regulatory
component of adenylate cyclase. J. Biol. Chem. 257,
11416-11423.

http://ombreports.org



