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Lysophosphatidylcholine as a
Ligand for the Immunoregulatory
Receptor G2A

Janusz H. S. Kabarowski,’* Kui Zhu,?* Lu Q. Le,’
Owen N. Witte, "3} Yan Xu?*t

Although the biological actions of the cell membrane and serum lipid lyso-
phosphatidylcholine (LPC) in atherosclerosis and systemic autoimmune disease
are well recognized, LPC has not been linked to a specific cell-surface receptor.
We show that LPC is a high-affinity ligand for G2A, a lymphocyte-expressed G
protein—coupled receptor whose genetic ablation results in the development of
autoimmunity. Activation of G2A by LPC increased intracellular calcium con-
centration, induced receptor internalization, activated ERK mitogen-activated
protein kinase, and modified migratory responses of Jurkat T lymphocytes. This
finding implicates a role for LPC-G2A interaction in the etiology of inflamma-
tory autoimmune disease and atherosclerosis.

Lysophospholipids regulate a variety of bi-
ological processes including cell prolifera-
tion, tumor cell invasiveness, and inflam-
mation (/, 2). LPC, produced by the action
of Phospholipase A, (PLA,) on phosphati-
dylcholine, promotes inflammatory effects,
including increased expression of endothe-
lial cell adhesion molecules and growth
factors (3, 4), monocyte chemotaxis (5),
and macrophage activation (6). As a com-
ponent of oxidized low density lipoprotein
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(oxLDL), LPC plays an etiological role in
atherosclerosis (7) and is implicated in the
pathogenesis of the autoimmune disease
systemic lupus erythematosus (SLE) (8).
Despite physiologically high concentra-
tions in body fluids (up to 100 pM) (9),
extracellular actions of LPC through G pro-
tein—coupled receptors (GPCRs) are indi-
cated (/0, 11). Although LPC action
through a platelet activating factor (PAF)
receptor(s) has been suggested (10, /1), a
specific LPC receptor has yet to be identi-
fied. OGR1 is a high-affinity receptor for
sphingosylphosphorylcholine (SPC), a ly-
sophospholipid structurally similar to LPC
(12). OGR1 is closely related to G2A (13),
TDAGS8 (/4), and GPR4 (/5). G2A is a
transcriptionally regulated GPCR ex-
pressed predominantly in lymphocytes, and
its expression in response to stress stimuli
and prolonged mitogenic signals suggests
that it may negatively regulate lymphocyte
growth (/3). Genetic ablation of G2A func-
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tion in mice further indicates a role for
G2A in the homeostatic regulation of lym-
phocyte pools and autoimmunity (/6).

To determine if G2A is a lysophospho-
lipid receptor, we assessed signaling re-
sponses in cells ectopically expressing
G2A (17). Human breast epithelial
MCF10A cells were used because they do
not express G2A or OGRI, and do not
respond to SPC (/2). Intracellular calcium
concentration ([Ca®*],) was determined in
MCF10A cells that were transfected with
plasmids encoding green fluorescent pro-
tein—tagged G2A (G2A.GFP) (/8) or GFP
(19). LPC and SPC (0.1 uM) treatment
induced transient [Ca?*], increases in
G2A.GFP expressing cells only. Responses
to lysophosphatidic acid (LPA) (1 uM),
PAF (0.1 pM), and adenosine triphosphate
(ATP) (20 M) were not affected by G2A
expression (Fig. 1A). Dose-dependent in-
creases in [Ca?*], were observed in
G2A.GFP-expressing cells [LPC, median
effective concentration (EC,;) ~0.1 pM;
SPC, EC5, ~0.4 uM] (Fig. 1B). Pretreat-
ment of G2A.GFP-expressing cells with the
PAF receptor antagonist BN 52021 (200
uM) blocked [Ca®™]; elevation induced by
PAF, but not that induced by LPC (1 pM),
SPC (1 uM), LPA (1 pM), or ATP (20 M)
(Fig. 1C), indicating that LPC and SPC did
not act through a PAF receptor. The pre-
treatment of G2A.GFP-expressing cells
with LPC (1 uM) or SPC (10 pM) induced
desensitization to subsequent stimulation
with either agonist (1 uM) (Fig. 1D).

When G2A.GFP-expressing cells were
pretreated with pertussis toxin (PTX, 100
ng/ml), an inhibitor of Gu;, transient
[Ca?*], increases induced by LPA (1 pM),
LPC (0.1 to 5 pM), and SPC (1 to 5 pM)
were inhibited (Fig. 1E). Calcium tran-
sients elicited by PAF (0.1 uM) or ATP (20
wM) were not affected. Pretreatment of
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G2A.GFP-expressing cells with phorbol
12-myristate 13-acetate (PMA), an activa-
tor of protein kinase C (PKC), abolished
transient [Ca®™]; increases induced by
LPA, LPC, and SPC (up to 10 uM), but did
not affect those induced by PAF (0.1 pM)
and ATP (20 uM) (Fig. 1F). This suggests
that PKC affects LPC and SPC signaling
pathways by inducing G2A desensitization
and/or inhibition of Gao,. Several putative
consensus PKC phosphorylation sites are
present in G2A (13).

To determine binding affinities of LPC
and SPC toward G2A, we performed radioli-
gand binding assays (/2, 20). [*H]LPC and
[H]SPC bound to homogenates of human
embryonic kidney (HEK) 293 cells express-
ing G2A.GFP (HEK 293 G2A.GFP) in a
time-dependent manner and reached equilib-
rium after 60 min of incubation at 4°C (Fig.
2, A and B). Binding of [*H]LPC and
[BH]SPC to HEK 293 G2A.GFP homoge-
nates were saturable, and Scatchard analysis
indicated a dissociation constant (K;) of 65
nM for LPC and 230 nM for SPC (Fig. 2, C
and D). The maximum binding capacities for
LPC and SPC were about 1500 fmol/10° cells
and 1840 fmol/10° cells, respectively. Com-

Fig. 1. LPC and SPC A
induce transient [Ca®*],

300 Vector-transfected MCF10A
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petition analyses revealed that only SPC and
various LPC species, but not 14:0 LPC, LPA,
sphingosine-1-phosphate (S1P), lysophos-
phatidylinositol (LPI), sphingomyelin (SM),
PAF, or lyso-PAF, competed for binding
(Fig. 2, E and F).

GPCRs are internalized in response to
ligand stimulation. In serum-starved HEK
293 G2A.GFP cells, G2A.GFP is expressed
predominantly at the plasma membrane. LPC
(0.1 pM ), as well as SPC (1 uM), induced
internalization of G2A.GFP in more than
90% of cells (21, 22). Neither PAF, LPA, nor
S1P induced receptor internalization.

ERK mitogen-activated protein (MAP)
kinase activity is stimulated by SPC after
transfection of otherwise unresponsive cell
lines with OGR1 (/2). Similarly, LPC does
not stimulate ERK MAP kinase activation
in a number of cell lines (23) (Fig. 3). G2A
expression conferred responsiveness to
these lysophospholipids in terms of ERK
MAP kinase activation in Chinese hamster
ovary (CHO) cells (24). A dose-dependent
increase in ERK MAP kinase activity was
observed in response to LPC and SPC
(Fig. 3A), and activation was inhibited by
PTX pretreatment, indicating the involve-

0

G2A-transfected MCF10A

ment of a Go; family G protein (Fig. 3B).
LPC is thought to have chemoattractant
properties toward T lymphocytes (25). Cel-
lular transmigration of Jurkat T cells ex-
pressing GFP or G2A.GFP (both popula-
tions were 20% GFP-positive) through a
polycarbonate membrane tissue-culture
chamber toward the ligand was assessed
over a 1-hour period (26). Although LPC
suppressed transmigration of the GFP-pos-
itive fraction of Jurkat GFP populations,
LPC (10 pM) stimulated transmigration of
Jurkat G2A.GFP cells by four times that of
Jurkat cells expressing GFP only (Fig. 4).
SPC did not stimulate transmigration of
Jurkat G2A.GFP cells (27), and the possi-
ble physiological functions of an SPC-G2A
interaction have yet to be determined.
Different LPC species may have differ-
ent affinities for G2A (Fig. 2, E and F);
14:0 LPC is not able to compete [*H]-16:0
LPC binding, whereas 16:0 LPC, 18:0
LPC, and 18:1 LPC are potent competitors.
Consistently, 14:0 LPC is unable to stimu-
late [Ca®*], increases in G2A expressing
MCF10A cells (27). G2A also binds SPC
with low affinity. The physiological signif-
icance of this promiscuity remains to be

1

G2A-transfected MCF10A

increases in G2A-trans- 300
fected MCF10A cells.
(A) (Upper panel)
Calcium responses of
pPEXV3 GFP (vector)- 10t

transfected MCF10A

200

100

[Ca2*); (nM)

- \\\
i
i
*ch xspc ALra fPAF ATP 0

cells to 16:0 LPC (1 2A-transfected MCF10A 10

uM), SPC (1 uM), LPA = 200} i

(1 wM), PAF (0.1 pM), £

and ATP (20 pM). (Mid- & 100

dle panel) Calcium re- S

sponses of G2A-trans- ol 100
Yion fenr

fected MCF10A cells to LF’C ATP sol-
16:0 LPC (1 uM), LPA (1
M), PAF (0.1 wM) and
ATP (20 pwM). (Lower
panel) Calcium re-
sponses of G2A-
transfected MCF10A s0 |-
cells to SPC (1 M), LPA 1ol
(1 M), PAF (0.1 M),
and ATP (20 uM). (B)
16:0 LPC and SPC dose
responses in G2A-trans-
fected MCF10A cells.
(C) (Upper panel) The
effect of PAF receptor
inhibitor [BN52021 (Bi-
omol, Plymouth Meet-
ing, Pennsylvania)] on .
[Caz+]; increases in- I 50
duced by PAF (0.1 uM), 0 0.001 001 0.1 1 10 100 10
16:0 LPC (1 |.LM) LPA (1 Concentration of LPC/SPC (uM)

M), and ATP (20 uM).

(Lower panel) The effect of BN52021 on [Ca?*]; increases induced by PAF (0.1
M), SPC (1 uM), LPA (1 uM), and ATP (20 uM) (D) Pretreatment of G2A-
transfected MCF10A cells with 16:0 LPC (1 uM) (upper panel) or SPC (10 uM)
(lower panel) induces desensitization to subsequent stimulation with 16:0 LPC

or SPC (1 uM). (E) PTX (100 ng/ml, 16 hours) inhibits G2A-dependent [Ca2*],

300

[Ca2*}; (M)

~ G2A-transfected MCF10A 10

\f\ \

TPAF ATP

|~

300

SPC TLPA 2001~

=

100

[Ca2*}; (M)

50 -
10+

300

200

[Caz"’]i Response (nM)

101

=3

[Ca2*}; (M)

300

2001

 Preteated with 0.2mM BN52021 for Smin 3001 Preteated with 100ng/ml PTX for 16h

W\N

PAF TATP
G2A-transfected MCF10A

200

100

[Ca2"); (M)

i

t%* LPC Jf LPA 1ATP ?g

G2A-transfected MCF10A

Preteated with 0.2mM BN$2021 for Smin 300 preteated with 100ng/ml PTX for 16h
s (o]
—1 min 2 2001 4 min
= £ 100k
o
o
J 50 p~
? PAF fSPC1LPA fATP 10+ ?sp LPAfPAF

]

G2A-transfected MCF10A
— G2A-transfected MCF10A

300 Preteated with 100nM PMA for Smin
—1min E 200 4 min
& 100
g
2
50 |-
LPC !ch* SPC TPAF ATP 0= ?ch LPA PAF  TATP
G2A-transfected MCF10A
- G2A-transfected MCF10A 300 preteated with 100nM PMA for Smin
A —tmn g 20 —1min
Hi ‘ & 100 I |
| ©
Q i
SO - g
" ?spé LPC PAF  }ATP 10-"4sPC ’}PAF {ATP

increases induced by 16:0 LPC (1 uM) (upper panel), SPC (1 M) (lower panel),
and LPA (1 uM) (both panels) (F) PMA pretreatment (100 nM, 5 min) inhibits
G2A-dependent [Ca?*]; increases induced by 16:0 LPC (1 uM) (upper panel),
SPC (1 uM) (lower panel) and LPA (1 uM) (both panels). Data are representative
of three independent experiments.

www.sciencemag.org SCIENCE VOL 293 27 JULY 2001

703



704

A
(%]
3 304 -
% 3
m 4
(5]
2 2 — o
° =
£ 3
S 2 £
5 -u-G2A 3]
T 15 5
& / -o-Control 5
3 0l 2
2 " 5
£ 3
a 54 L
o f =
= o
5 o
g ULZ‘ : . : : : ;&
@ 0 20 40 60 80 100 120
Time (min)
=B
2 7
o 114 =
Q [T
g 10 ,4} i
- e o
3 99 — z
£ 8y g
g 79 o
W 5 -m-G2A o
— 1 w
€ —
@, 5 -o- Control o
5 4 E
o °
£ 4]/ &
2 'l{ o
5 21 £
£ g 3
= 5 o
8 o0& ; ‘ . . . .
@ 0 20 40 60 80 100 120
Time (min)

Fig. 2. LPC and SPC bind to G2A. (A and B) Time dependence of [3H]LPC
and [3H]SPC binding. Cell homogenates from HEK 293 GFP or HEK 293
G2A.GFP cells (>90% GFP-positive) were incubated with [3H]-16:0 LPC
(1 nM) or [PH]SPC (1 nM) for the indicated times. Specific binding is
presented. (C and D) Saturation isotherms of [3H]LPC and [3H]SPC
binding to HEK293 G2A.GFP cells. Cell homogenates were incubated with
the indicated concentrations of [*H]-16:0 LPC or [®H]SPC and specific
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defined. A related receptor, TDAGS, re-
sponds to the glycolipid psychosine (28),
suggesting the possibility that this GPCR
subfamily (OGR1, G2A, TDAGS8, and
GPR4) responds to a structurally diverse
set of lipids.

G2A may be a hitherto unrecognized
etiological factor in the chronic inflamma-
tory diseases SLE and atherosclerosis. The
receptor may play a role as a sensor of LPC
levels at sites of inflammation to limit ex-
pansion of tissue-infiltrating cells and pro-

Phospho-ERK

gression to overt autoimmune disease. An
immunosuppressive action of LPC on T
cell proliferation has been reported (/1),

and T cells from

G2A-deficient mice ex-

hibit hyperproliferative responses to anti-
gen receptor stimulation in vitro (6). LPC
may also influence homing and/or localiza-
tion of lymphocytes through G2A to mod-
ulate T-dependent immune responses and
atherogenesis. The effects of the physiolog-
ically high concentrations of LPC in body
fluids and serum, as well as possible func-
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Role of Inorganic Polyphosphate
in Promoting Ribosomal Protein
Degradation by the Lon
Protease in E. coli

Akio Kuroda,'* Kazutaka Nomura,' Ryo Ohtomo,? Junichi Kato,’
Tsukasa lkeda,” Noboru Takiguchi,! Hisao Ohtake,’
Arthur Kornberg?

Inorganic polyphosphate (polyP), a polymer of hundreds of phosphate (P,)
residues, accumulates in Escherichia coli in response to stresses, including amino
acid starvation. Here we show that the adenosine 5’'-triphosphate—dependent
protease Lon formed a complex with polyP and degraded most of the ribosomal
proteins, including S2, L9, and L13. Purified S2 also bound to polyP and formed
a complex with Lon in the presence of polyP. Thus, polyP may promote ribo-
somal protein degradation by the Lon protease, thereby supplying the amino

acids needed to respond to starvation.

PolyP is found in all microbes, fungi, plants,
and animals (7). In Escherichia coli, levels of
polyP are low in the exponential phase of
growth, but increase more than 100-fold in

response to acute stresses such as amino acid
starvation and the multiple stresses in station-
ary phase (2, 3). An E. coli mutant deficient
in polyphosphate kinase (PPK), the principal

min at 37°C. Western blotting was performed to
detect total ERK MAP kinase with a polyclonal anti-
body to ERK2, and activated p44/42 ERK MAP kinase
with a specific antibody to phospho-ERK (Santa Cruz
Biotechnology). ’
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Although G2A is expressed in Jurkat cells, our exper-
imental strategy was based on the hypothesis that
increased expression in a physiologically relevant cell
type may elicit a biological response. For transmigra-
tion assays, Jurkat GFP and Jurkat G2A.GFP cells were
derived by retroviral infection and assayed 48 hours
later. GFP-positive fractions of Jurkat GFP and Jurkat
G2A.GFP populations were adjusted to 20% by the
addition of appropriate numbers of parental Jurkat
cells. Cells were washed three times in RPMI contain-
ing 0.25% bovine serum albumin (BSA) and finally
resuspended in RPMI-0.25% BSA at 2 X 108 cells/ml.
One hundred microliters of this cell suspension (10°
cells) was applied to the upper chamber of a 6.5-mm
diameter transwell cell culture insert comprising a
5-pm pore-size polycarbonate membrane (Corning
Costar Corporation, Cambridge, MA) and containing
600 1l RPMI-0.25% BSA with or without agonist in
the lower chamber. After incubation at 37°C for 1
hour, transmigrated cells were collected and analyzed
by flow cytometry for GFP expression and cell
number.
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enzyme for the synthesis of polyP, shows an
extended lag in growth when shifted from a
rich to a minimal medium (downshift); addi-
tion of amino acids abolishes the growth lag
(4). Degradation of intracellular proteins is
important in providing amino acids for use in
the synthesis of the enzymes required for
adaptations to starvation (4, 5). The mutant
fails to increase protein turnover after the
downshift and thus extends the lag (4). In
yeast and animal cells, the bulk degradation
of proteins in response to starvation and cel-
lular differentiation occurs by a ubiquitin-
style conjugation system (6). However, in
bacteria, the mechanisms underlying the reg-
ulation of intracellular protein degradation
during amino acid starvation remain un-
known (5).

In E. coli, more than 90% of cytoplasmic
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