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ed locally within the receptive field of a
DSGC (2), the asymmetric inhibitory in-
puts must affect only a local region (“sub-
unit”) of the dendritic tree. This is consis-
tent with the postsynaptic inhibition being
of a shunting, and thus divisive, nature
(15). Moreover, the dendritic architecture
of the DSGCs appears to provide an appro-
priate substrate for such postsynaptic inter-
actions. In both the On and Off sublaminae
of the inner plexiform layer, dendrites of all
orders give rise to thin terminal branches,
which cover the dendritic field in a space-
filling lattice (16, 17). These terminal den-
drites provide sites away from the main
dendritic trunks where excitatory and in-
hibitory inputs may interact locally. Never-
theless, postsynaptic inhibition could produce a
distinct asymmetry between the preferred and
null sides of the receptive field. When a null-
direction stimulus enters the null side of the
dendritic field, much of the inhibition impinges
proximally, between the excitatory inputs and
the cell body. When the stimulus crosses to
the preferred side, much of the inhibition
impinges more distally to the excitatory
inputs and may extend beyond the edge of
the dendritic field. Thus, a functional asym-
metry may arise because modeling studies
predict that an inhibitory shunt located
proximally to the excitatory input is much
more effective than a similar input located
distally (/0). This arrangement might pro-
duce aberrant responses to some moving
stimuli and may explain the presence of a
nondirectional zone on the preferred side of
DSGCs, covering as much as 20 to 25% of
the receptive field (2, 18).

Our study demonstrates a major role for
postsynaptic dendritic processing in a clearly
defined and well-characterized neuronal com-
putation, thus providing strong support for the
theoretical studies that advocated such interac-
tions (9, 10, 15). Many questions about the
cellular mechanism of direction selectivity in
the retina remain to be answered (5); the most
important ones concern the identity of the
GABAergic amacrine cells that mediate the
null-direction inhibition and the manner in
which they selectively contact different sub-
types of DSGCs with different preferred direc-
tions. The results of this study, showing that the
null-direction inhibition acts directly on the
ganglion cell dendrites, provide a critical guide-
post for future investigations.
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Failure to Regulate TNF-Induced
NF-kB and Cell Death Responses
in A20-Deficient Mice

Eric G. Lee,* David L. Boone,* Sophia Chai, Shon L. Libby,
Marcia Chien, James P. Lodolce, Averil Maf

A20 is a cytoplasmic zinc finger protein that inhibits nuclear factor kB (NF-«B)
activity and tumor necrosis factor (TNF)-mediated programmed cell death
(PCD). TNF dramatically increases A20 messenger RNA expression in all tissues.
Mice deficient for A20 develop severe inflammation and cachexia, are hyper-
sensitive to both lipopolysaccharide and TNF, and die prematurely. A20-defi-
cient cells fail to terminate TNF-induced NF-kB responses. These cells are also
more susceptible than control cells to undergo TNF-mediated PCD. Thus, A20
is critical for limiting inflammation by terminating TNF-induced NF-«B re-

sponses in vivo.

During inflammatory responses, TNF and in-
terleukin-1 (IL-1) signals activate NF-«B,
which regulates the transcription of other
proinflammatory genes. The factors that limit
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these responses are poorly understood. A20 is
a cytoplasmic protein thought to be expressed
predominantly in lymphoid tissues, and het-
erologously expressed A20 can inhibit TNF-
induced NF-kB and PCD responses in cell
lines (/-4). A20 binding to TNF receptor—
associated factor-2 (TRAF2), inhibitor of
NF-kB kinase gamma (IKKvy), and/or A20-
binding inhibitor of NF-kB activation (ABIN)
suggest potential mechanisms by which A20
could regulate TNF receptor signals (5-7):
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Fig. 1. Generation and histology of A20~/~ mice. (A) Gross
appearance of 4-week-old A20*/* and A20™/~ mice. (B)
Gross appearance of A20*/* and A20~' livers. Note pale
acellular regions of A20~/~ livers. (C) Gross appearance of
A20%/* and A207/" kidneys. Note atrophied kidney in
A20~/~ mouse. (D) Flow cytometric analyses of TNF ex-
pression in A20*/* and A20 /" splenocytes stimulated
with LPS. (E) Hematoxylin- and eosin-stained (H and E)
sections from A20"/* and A20/~ livers. Note inflamma-
tion and hepatocyte loss in A20~/~ livers. (F) H and E
kidney sections. Note interstitial nephritis, glomerular di-
latation, and cortical tubular atrophy in small A20°/~
kidney. (G) H and E colonic sections. Note colitis, including
lamina propria inflammation, crypt abscess, and branching
epithelial crypts in A20~/~ colon. (H) H and E joint and
bone sections. Note bone marrow replacement with in-
flammatory cells, thinned trabecular bone, and destructive
arthritis in A20~/~ bone and joint. (1) H and E skin sections.
Note thickened epidermis and dermis, and loss of hair
follicles and fat in A20~/~ skin. (J) H and E kidney sections
from A20*/~ RAG-17/ (left panel) and A20/~ RAG-

17/~ (right panel) mice. Note normal appearance of 2

A20"/~ RAG-17/~ kidney. Note interstitial nephritis, glo- (R

merular dilatation, and cortical tubular atrophy in A20~/~ ! :
RAG-17/~ kidney (right panel), comparable to A20~/~ M,’:\ S
RAG-1*"* kidney [right panel in (F)]. e e

sy,
AR

however, the functions of A20 in vivo are A20*/~ mice appeared normal without lian ratios, demonstrating that A20 is not
unknown. Thus, we generated A20-deficient  evidence of pathology. A20™/~ mice were required for embryonic survival. A0~/
(A207/7) mice by gene targeting (8). born from interbred A20*/~ mice in Mende-  pups were runted as early as 1 week of age

www.sciencemag.org SCIENCE VOL 289 29 SEPTEMBER 2000 2351



2352

and began to die shortly thereafter (Fig.
1A). Gross and histological examination of
3- to 6-week-old A20™/~ mice revealed
severe inflammation and tissue damage in
multiple organs, including livers (Fig. 1, B
and E), kidneys (Fig. 1, C and F), intestines
(Fig. 1G), joints, and bone marrow (Fig.
1H). Flow cytometric analysis of A20~/~
spleens and livers revealed increased num-
bers of activated lymphocytes (CD3*
CD44%), granulocytes (CD3~ Gr-1* Mac-
1%), and macrophages (CD3~ Mac-1%) (8).
Double mutant A20~/~ recombinase-acti-
vating gene-1-deficient (RAG-1"/") mice
developed granulocytic infiltration, ca-
chexia, and premature death at a similar
frequency and severity to A20~/~ RAG-
1*/~ littermates (Fig. 1, F and J), indicat-
ing that lymphocytes are not required for
the inflammation seen in A20~/~ mice.
Finally, skin sections revealed thickened
epidermal and dermal layers without in-
flammation (Fig. 1I). Thus, A20 is essential
for preventing spontaneous innate immune
cell-mediated inflammation and tissue destruc-
tion, as well as regulating skin differentiation.

The role of A20 in regulating inflamma-
tion was further evaluated by examining the
sensitivity of A20~/~ mice to lipopolysac-

LIV KID
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charide (LPS). All A20~/~ mice died within
2 hours of injection of 5 mg LPS per kg of
body weight, whereas A20*/* and A20*/~
mice given 5, 12, or 25 mg/kg LPS survived
without significant morbidity (Table 1). This
hypersensitivity to LPS was correlated with
increased numbers of A20~/~ splenocytes
expressing TNF after LPS stimulation (Fig.
1D). In addition, A20~/~ mice were highly
susceptible to low doses of TNF, as all
A20~/~ mice died within 2 hours of injection
of 0.1 mg/kg TNF, whereas A20%'* and
A20*~ mice given 0.1, 0.2, or 0.4 mg/kg
TNF survived (Table 1). Consistent with the
marked susceptibility of A20~/~ mice to
TNF, A20 mRNA expression was dramati-
cally increased by TNF in all tissues exam-

ined from normal mice (Fig. 2A). Thus, A20
may protect mice from inflammatory media-
tors by regulating TNF responses in multiple
cell types.

The hypersensitivity of A20~/~ mice to
TNF may be due in part to the capacity of
A20 to regulate PCD (I, 4). Thymocytes
constitutively express both TNF (9) and
A20 mRNA (4). Although corticosteroids,
~v-irradiation, and Fas receptor ligation
killed comparable numbers of A20*/~ and
A207/~ thymocytes, A20~/~ thymocytes
were more sensitive to TNF, both in the
presence and absence of cycloheximide
(Fig. 2B). TNF-mediated PCD was blocked
by the caspase inhibitor ZVAD-fmk, confirm-
ing that caspase-dependent pathways kill these

SPL THY LUNG COL LN

Table 1. A20~/~ mice succumb to sublethal doses of LPS and TNF. Indicated doses of LPS or TNF were
given to 17- to 20-day-old A20*/* and A20~/~ littermates. Numbers of mice surviving at 2 hours are
indicated over the numbers of mice injected. Surviving mice were observed for 6 hours further to rule out
delayed effects of LPS or TNF.

LPS (mg/kg) TNF (mg/kg)
Genotype
5 12.5 25 0.1 0.2 0.4
+/+, +/— 4/4 4/4 4/4 5/5 2/2 2/2
=/- 0/4 - - 0/4 - -

Fig. 2. Sensitivity of A207/~ thymocytes and MEFs to
TNF-mediated PCD. (A) Northern analysis of A20 mRNA
expression in tissues from TNF-injected normal mice (LIV,
liver; KID, kidney; SPL, spleen; THY, thymus; COL, colon; LN,
lymph node). Comparable RNA loading and integrity was
confirmed by ethidium staining of 285 rRNA. (B) Survival of
A20~/~ (solid bars) and A20™/~ (hatched bars) thymo-
cytes from 2- to 3-week-old mice 5 hours after in vitro

50+ * treatment with the indicated agents. TNF was used at 10
B ng/ml, and cycloheximide (CHX) was used at 10 pg/ml in
1004 all experiments. Asterisk indicates P < 0.007 by Tukey's
40 test. (C) Western analyses of IkBa [Santa Cruz Biotechnol-
ogy (SCB)], phospho-SAPK/|NK [New England Biolabs
= (NEB)], SAPK/JNK (NEB), Bcl-x (Transduction Labs), and
2 304 £ Bcl-2 (Pharmingen) proteins in lysates from TNF-treated
9 * 8 50+ thymocytes. (D) Northern analysis of A20 mRNA expres-
° o sion in TNF-treated A20*/* MEFs. (E) Survival of A20™/~
204 © (solid bars) and A20*/~ (hatched bars) MEFs 10 hours after
in vitro treatment with the indicated agents. (F) Western
analyses of TRAF2 (MedBiol Labs), clAP-1 (Trevigen), phos-
104 0 pho-SAPK/JNK, and SAPK/JNK proteins in lysates from TNF-
INF + + + treated MEFs.
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cells. Levels of the survival proteins Bcl-2
and Bel-x were comparable in A20™/~ and
A20*/* thymocytes (Fig. 2C). Both stress-
activated protein kinase (SAPK) (or c-Jun
N-terminal kinase, JNK) phosphorylation and
inhibitor of kB alpha (IkBo)) degradation
were seen in TNF-treated A20~/~ thymo-
cytes (Fig. 2C), suggesting that the synthesis
of survival proteins by SAPK/JNK- and NF-
kB—dependent pathways was intact (/0-13).
Thus, A20 protects thymocytes from TNF-
mediated PCD independently of protein syn-
thesis or other known thymocyte survival
factors.

The ability of A20 to regulate TNF re-
sponses was further examined in mouse em-
bryonic fibroblasts (MEFs), which express
negligible A20 mRNA at rest and dramat-
ically increase levels of A20 mRNA ex-

Fig. 3. Prolonged NF-
kB responses to TNF in
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pression after TNF treatment (Fig. 2D).
While pretreatment of normal cells with
TNF leads to the synthesis of survival pro-
teins which protect these cells from subse-
quent TNF plus cycloheximide (/4),
A207/~ MEFs universally died despite
TNF pretreatment (Fig. 2E). Activation of
both SAPK/JNK and NF-«kB pathways and
similar levels of the survival proteins cel-
lular inhibitor of apoptosis-1 (c-IAP1) and
TRAF2 were seen in TNF-treated A20*/* and
A20~/~ MEFs (Fig. 2F and Fig. 3A). Thus,
TNF-mediated synthesis of presumably all
NF-«kB- and SAPK/JNK-dependent survival
proteins (/5) except A20 was insufficient to
protect A20~/~ MEFs from PCD mediated
by TNF plus cycloheximide.

A20 inhibits NF-kB activation (2), and
dysregulated NF-kB activity leads to

+/+ —/—

A207/~ MEFs. Electro- A
phoretic mobility-shift
assay (EMSA), Western,
and Northern blot
analyses of A20%+/*
and A20~/~ MEFs treat-
ed repeatedly with TNF
and harvested at the
indicated time points.
(A) EMSA analyses of
NF-kB activity, using an
NF-kB consensus oli-
gonucleotide (SCB). (B)
Western blot analysis
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inflammation and premature death in
IkBa™/~ mice (/6). Moreover, the per-
turbed skin differentiation seen in A20~/~
mice resembles the skin of IkBa™/~ mice
(16). Thus, the pathogenesis of A20~/~
mice may be due in part to dysregulated
NF-kB activity. Repeated TNF treatment of
normal MEFs caused IkBa degradation and
NF-kB binding to DNA, followed by
down-regulation of NF-«kB binding and re-
accumulation of IkBa protein by 60 min
(Fig. 3, A and B). In contrast, NF-kB bind-
ing to DNA persisted and IkBa protein was
not detected in A20~/~ MEFs from 60 to
180 min of TNF treatment (Fig. 3, A and
B). IkBa mRNA levels, transcriptionally
enhanced by NF-kB (17), increased in re-
sponse to TNF in both A20*+/* and A20~/~
MEFs, indicating that the failure of A20~/~
MEFs to reaccumulate IkBa protein was
not due to a failure to express IkBo mRNA
(Fig. 3C). Addition of the proteasome in-
hibitor MG-132 to MEFs 15 min after TNF
treatment caused A20~/~ MEFs to regain
normal levels of IkBa protein (Fig. 3D, top
panels), suggesting that the lack of IkBa
protein reaccumulation in TNF-treated
A20~/~ MEFs was due to rapid degrada-
tion of newly synthesized IkBa protein,

‘rather than the failure of these cells to

translate IkBa mRNA. IkBa protein that
reaccumulated in MG-132—treated A20~/~
but not A20*/* MEFs was phosphorylated
(Fig. 3D, bottom panels), suggesting that
persistent IKK (a multimeric complex com-
prising IKKa, IKKB, and IKK<Y) activity
caused rapid phosphorylation of newly syn-
thesized IxBa protein in TNF-treated A20~/~
MEFs. Direct measurement of IKK activity
in lysates from TNF-treated MEFs confirmed
this suggestion (Fig. 3E). Therefore, synthe-
sis of IkBa mRNA and IkBa protein is in-
sufficient to terminate NF-«kB signals in the
absence of A20.

Finally, we examined the role of A20 in
regulating NF-«kB responses to IL-13. NF-
kB activity increased and decreased nor-

edly TNF-treated MEFs +/4 —f X
were immunoprecipi- T N T e m mally a}nd IkBa protein reaciz/u_mulated nor-
tated with an anti- D IkBo >[S00 ] [= = mally in IL-1B—treated A20~/~ MEFs (Fig.

IKKy antibody (SCB),

3F). Thus, although prior studies suggested
- and kinase activity
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activation of the NF-«kB pathway upstream of
IKKYy, since IKKvy is required for both
IL-1B- and TNF-induced NF-«kB activation
19).

A20 is a dynamically regulated and pleio-
tropically expressed gene that is required for
negatively regulating NF-kB responses in
vivo. A20 may also regulate TNF-induced
SAPK/INK and PCD responses. The ability
of A20 to inhibit TNF- but not IL-1B—in-
duced NF-kB signals suggests these signals
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can be differentially regulated in vivo. The
rapid expression of A20 is essential for lim-
iting inflammatory responses and the damage
those responses cause in multiple tissues.

References and Notes

1. A. W. Opipari Jr., H. M. Hu, R. Yabkowitz, V. M. Dixit,
J. Biol. Chem. 267, 12424 (1992).

2. J. T. Cooper et al., J. Biol. Chem. 271, 18068 (1996).

3. A. W. Opipari Jr, M. S. Boguski, V. M. Dixit, J. Biol.
Chem. 265, 14705 (1990).

4. M. Tewari et al., J. Immunol. 154, 1699 (1995).

5. H.Y. Song, M. Rothe, D. V. Goeddel, Proc. Natl. Acad.
Sci. U.S.A. 93, 6721 (1996).

6. S. Zhang, A. Kovalenko, G. Cantarella, D. Wallach,
Immunity 12, 301 (2000).

7. K. Heyninck et al., J. Cell Biol. 145, 1471 (1999).

REPORTS

8. Supplemental material is available at www.
sciencemag.org/feature/data/1053996.shl
9. B. P. Giroir, T. Brown, B. Beutler, Proc. Natl. Acad. Sci.
U.S.A. 89, 4864 (1992).
10. A. A. Beg and D. Baltimore, Science 274, 782 (1996).
11. C. Y. Wang, M. W. Mayo, A. S. Baldwin Jr., Science
274, 784 (1996).
12. D. ). Van Antwerp, S. ). Martin, T. Kafri, D. R. Green,
I. M. Verma, Science 274, 787 (1996).
13. Z.G. Liu, H. Hsu, D. V. Goeddel, M. Karin, Cell 87, 565
(1996).
14. G. H. W. Wong and D. Goeddel, J. /mmunol. 152,
1751 (1994).
15. C. Y. Wang, M. W. Mayo, R. G. Korneluk, D. V.
Goeddel, A. S. Baldwin Jr., Science 281, 1680 (1998).
16. A. A. Beg, W. C. Sha, R. T. Bronson, D. Baltimore,
Genes Dev. 9, 2736 (1995).
17. S. C. Sun, P.A. Ganchi, D.W. Ballard, W. C. Greene,
Science 259, 1912 (1993).

A Specificity-Enhancing Factor
for the ClpXP Degradation
Machine

Igor Levchenko,"? Meredith Seidel,"2 Robert T. Sauer,’
Tania A. Baker'2*

Events that stall bacterial protein synthesis activate the ssrA-tagging machin-
ery, resulting in resumption of translation and addition of an 11-residue peptide
to the carboxyl terminus of the nascent chain. This ssrA-encoded peptide tag
marks the incomplete protein for degradation by the energy-dependent ClpXP
protease. Here, a ribosome-associated protein, SspB, was found to bind spe-
cifically to ssrA-tagged proteins and to enhance recognition of these proteins
by ClpXP. Cells with an sspB mutation are defective in degrading ssrA-tagged
proteins, demonstrating that SspB is a specificity-enhancing factor for ClpXP

that controls substrate choice.

Members of the Clp/Hspl00 adenosine
triphosphatase (ATPase) family are hexam-
eric, ring-shaped proteins that catalyze the
unfolding of specific target proteins (/-8).
Clp/Hsp100-catalyzed unfolding reactions
have been implicated in a variety of intra-
cellular processes, including reactivating
heat-damaged proteins during stress, mod-
ulating the transformation of prionlike fac-
tors, and disassembling or degrading pro-
tein complexes involved in transposition,
DNA replication, and virulence (9, 10).
Many family members also participate di-
rectly in protein degradation by unfolding
proteins and transporting the unfolded
chain to an associated peptidase complex.
For example, the ClpX unfoldase associates
with the ClpP serine peptidase to form the
multiring ClpXP protease (6, /1).
Clp/Hspl00 ATPases appear to recognize
their substrates by binding to short, un-
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structured peptide sequences displayed on
otherwise native proteins (/2—15). The best
characterized recognition peptide is the
sstrA tag, AANDENYALAA, which targets
proteins to the ClpX and ClpA ATPases (7,
8, 12). Despite recent progress in identify-
ing substrates for the Clp/Hsp100 proteins
and the peptide signals important for their
recognition, no simple sequence code has
emerged that marks proteins as a specific
substrate for a particular unfolding ATPase.
Furthermore, although both ClpXP and
ClpAP efficiently degrade ssrA-tagged pro-
teins in vitro, ClpXP is largely responsible
for degradation of these proteins in the cell
(12). These observations suggested that ad-
ditional cellular factors might serve to
modulate substrate recognition in vivo.
Initial evidence for a ClpX-stimulatory
factor was observed during purification of
Escherichia coli ClpX, and a high-salt
wash of partially purified ribosomes was
found to be especially rich in this activity
(16). Under conditions where purified
ClpXP partially degraded green fluorescent
protein carrying an ssrA tag (GFP-ssrA)
(17), this activity stimulated degradation
10 times or more (Fig. 1A). We purified the
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stimulatory factor (/&) until a single major
protein of ~20 kD was visible by SDS-
polyacrylamide gel electrophoresis (SDS-
PAGE). NH,-terminal sequencing identi-
fied this protein as SspB (stringent starva-
tion protein B), a molecule of unknown
function that is part of an operon induced
by starvation (/9). To demonstrate that
SspB was indeed the stimulatory factor, we
overproduced the protein (20) and purified
it to apparent homogeneity (Fig. 1B).
Rates of GFP-ssrA degradation by ClpXP
were determined in the presence or absence
of SspB (Fig. 1C). SspB reduced the
Michaelis constant (K ) for this substrate
by a factor of 4 to 5, indicating that it
enhances productive interactions between
ClpXP and ssrA-tagged proteins. SspB also
stimulated V, , by about 25%. Moreover,
SspB stimulated degradation over many en-
zyme turnovers, did not stimulate degrada-
tion of other ClpXP substrates (MuA and A
0), and did not stimulate CIpAP, which
also recognizes and degrades GFP-ssrA
(7). Thus, SspB enhances substrate recog-
nition of ssrA-tagged substrates by the
ClpX ATPase in a highly specific manner.
SspB bound specifically to ssrA-tagged
proteins (21) (Fig. 2). SspB and GFP-ssrA
coeluted from a Superose 12 column (Fig.
2A), whereas SspB and untagged GFP eluted
as distinct peaks (Fig. 2B). Likewise, the
ssrA-tagged NH,-terminal domain of \ re-
pressor (A-cI-N-ssrA) was bound by SspB
(Fig. 2C). Mutagenesis of the ssrA tag re-
vealed that residues critical for SspB binding
were distinct from those recognized by ClpX.
Mutations in the YALAA portion of the tag
did not prevent SspB binding (Fig. 2, D to F)
but severely reduced degradation by ClpXP (8,
12). By contrast, the Asn*—Ala (N3A) muta-
tion in the AANDEN segment of the tag oblit-
erated binding of SspB (Fig. 3A) and eliminat-
ed SspB stimulation of ClpXP degradation
without affecting unstimulated degradation
(Fig. 3B). Thus, Asn® in the sstA tag is a
cardinal determinant of SspB recognition, and
binding of SspB to the peptide tag is critical for
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