was a heterogeneous mixture of modern-
like depleted mantle with a Nb/U ratio of
47 and primitive mantle with a Nb/U ratio
of 30. The absence of samples with Nb/U
ratios less than the chondritic value sup-
ports this interpretation. The source heter-
ogeneity could have formed by incomplete
mixing between depleted upper mantle and
primitive lower mantle, as predicted by the
mantle plume model of (22) for green-
stones, or simply by variable amounts of
continental crust extraction from the pri-
mordial upper mantle. In either case, be-
cause all initial &y, values determined for
Lunnon basalts are positive (+2.1 to +3.7)
(12), including those with Nb/U ratios of
~30 (23), this interpretation requires that
the subchondritic Nd/Sm ratio of the de-
pleted upper mantle is not related to the
formation of the continental crust, as is widely
assumed (5, 24). Similarly, continental crust
formation could not have been responsible for
depleting Th relative to La in the depleted
upper mantle because Lunnon basalts, with
near-chondritic Nb/U ratios, have subchon-
dritic Th/La ratios (Fig. 1C). The positive
initial €., values and subchondritic Th/La
ratios of the low Nb/U end-member are con-
sistent with extraction of a now destroyed
basalt proto-crust (25) from the mantle before
formation of the continental crust, assuming,
of course, that the basalt proto-crust had a

chondritic Nb/U ratio.
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Regulation of NF-kB by Cyclin-Dependent
Kinases Associated with the p300 Coactivator

Neil D. Perkins,” Lisa K. Felzien, Jonathan C. Betts,
Kwanyee Leung, David H. Beach, Gary J. Nabel?

The nuclear factor kB (NF-kB) transcription factor is responsive to specific cytokines and
stress and is often activated in association with cell damage and growth arrest in
eukaryotes. NF-«B is a heterodimeric protein, typically composed of 50- and 65-kilo-
dalton subunits of the Rel family, of which RelA(p65) stimulates transcription of diverse
genes. Specific cyclin-dependent kinases (CDKs) were found to regulate transcriptional
activation by NF-«B through interactions with the coactivator p300. The transcriptional
activation domain of RelA(p65) interacted with an amino-terminal region of p300 distinct
from a carboxyl-terminal region of p300 required for binding to the cyclin E-Cdk2
complex. The CDK inhibitor p21 or a dominant negative Cdk2, which inhibited p300-
associated cyclin E-Cdk2 activity, stimulated kB-dependent. gene expression, which
was also enhanced by expression of p300 in the presence of p21. The interaction of
NF-«B and CDKs through the p300 and CBP coactivators provides a mechanism for the
coordination of transcriptional activation with cell cycle progression.

Progression through the eukaryotic cell cy-
cle is controlled by the assembly and acti-
vation of specific cyclin-CDK complexes,
which provide checkpoints that control en-
try into each phase of the cell cycle (1).
Regulation of cyclin-CDK  activity is
achieved, in part, through the interaction
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of CDK inhibitory proteins (CKIs) (2).
Among the CKls, p21 (also known as
WAFL, CIP1, CAP20, or SDII) is an in-
hibitor of all CDKs (2—4). The amount of
p21 mRNA and protein is increased upon
DNA damage through a mechanism depen-
dent on the tumor suppressor gene p53 (5),
and p21 is thought to mediate G; check-
point cell cycle arrest (6). Synthesis of p21
is also enhanced in cells that are treated
with serum factors, phorbol esters, or oka-
daic acid and undergo growth arrest in a
p53-independent manner (7, 8). These lat-
ter agents also activate NF-kB (9), which
regulates genes involved in the response to
stress and infection (I10). Moreover, the
induction of either NF-kB or p21 is associ-
ated with growth arrest and cellular differ-
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entiation (7, 11, 12). These observations
led us to investigate whether the regulation
of cell cycle progression may be coordinated
with NF-kB transcriptional activation.

To determine whether NF-kB function
was influenced by cell cycle regulatory pro-
teins, we cotransfected a eukaryotic expres-
sion plasmid encoding p21 into Jurkat T-
leukemia cells with a human immunodefi-
ciency virus chloramphenicol acetyltrans-
ferase (HIV-CAT) reporter, whose activity
is regulated by two kB elements within the
long terminal repeat (13). Transfection of
p21 alone strongly activated HIV-CAT ex-
pression in a dose-dependent manner, and
mutation of the kB elements within the
HIV-1 enhancer nearly abolished this stim-
ulation (Fig. 1A). Cotransfection with an
IkB-a expression vector similarly inhibited

p21 stimulation, which confirmed that this
effect was dependent on constitutive NF-
kB (14) rather than on an unrelated tran-
scription factor that could bind to the kB
site (Fig. 1A). When tested with a multi-
merized kB site reporter plasmid, mutation
of the kB elements again abolished the effect
of p21; an unrelated CKI, p16 (15), which is
functionally active (16, 17), only weakly
stimulated kB-dependent transcription (Fig.
1B). To confirm that this effect was depen-
dent on the transcriptional activity of NF-
kB, we cotransfected cells with p21 and
RelA. Both p21 and RelA stimulated HIV-
CAT activity when transfected separately.
When they were cotransfected, however, the
increase in HIV-1 gene expression was more
than additive (Fig. 1C). In contrast, pl6é
poorly enhanced transactivation induced by

RelA (Fig. 1D). In an electrophoretic mo-
bility shift assay (EMSA), p21 did not stim-
ulate kB DNA-binding activity. In contrast,
Tax or tumor necrosis factor-a (TNF-a),
each activators of NF-kB (18, 19), induced
kB DNA-binding activity in the same exper-
iments (Fig. 1E) (20). For these experiments,
we used 293 cells because of their high trans-
fection efficiency (>50%), but similar re-
sults have been observed in other cell lines
(17). _
These observations suggested that RelA
transcriptional activity is stimulated by pro-
teins that inhibit phosphorylation by
CDKs. To determine whether there was a
biochemical interaction between RelA and
CDKs, we examined whether a p21-regulat-
ed kinase was associated with RelA (21).
Associated histone H1 kinase activity was

10r A HIV-CAT 10rg C RelA D E Pplasmid: Control p21 Tax +TNF p16
p21 (xB) F30 (200ng) 30 Competitor " 5 -~ B oD =T o B
;?: E ‘E' DNA: Eo.?o 26 . 26. %6
e 275 520 RelA 20 .
S = = (100 ng)
[ B 2 i
§ 5 & sl Z10 10} RelA (200 ng) NF-xB } t )
z 2 it Control RelA (100 ng) it T R e
© = ol Control
25 HIV-CAT+IkB 825 p21 (AxB) P S
p16 (xB)
HIV-CAT (AxB) RSV-p21 (ng) RSV-p16 (ng) ADLB RS 51D DOALEE
\001(5() ° @Q@QQ Q?’b ngq’.\b 5 : ; : s[5
Cohansacied Fig. 1. Stimulation of HIV-1 gene expression in a kB-dependent manner by p21. (A and B)
it i plasmid (1.g) Jurkat T-leukemia cells were transfected with the indicated amounts of Rous sarcoma virus

(RSV) expression plasmids, containing p21, p16, or IkB-a cDNAs, and 5 pg of (A) HIV-CAT
or AxB HIV-CAT, or (B) 4 x«kB CAT or 4 X AxB CAT as described (13, 74, 18). A control plasmid was included such that each condition contained a total of
0.5 pg (A) or 1 pg (B) of RSV expression plasmid (20). (C and D) Cooperative induction of HIV-CAT activity by p21 and RelA. Jurkat T-leukemia cells were
transfected with HIV-CAT (5 wg) and the indicated amounts of RSV expression plasmids encoding RelA, p21 (C), or p16 (D). A control RSV plasmid was
included as necessary so that a total of 0.7 pg of RSV expression plasmid was used. (E) EMSA analysis of 293 cells transfected using calcium phosphate with
5 ng of either a control RSV expression plasmid (lanes 1 to 3 and 10 to 12) or expression plasmids encoding p21 (lanes 4 to 6), p16 (lanes 13 to 15), or Tax
expression plasmid (lanes 7 to 9). Also, kB DNA-binding activity was induced by incubation with TNF-a (200 U/ml) for 1 hour (lanes 10 to 12). After 44 hours, nuclear
extracts (5 pg) were prepared and analyzed with *2P-labeled, double-stranded kB oligonuclectide probe as described (20). Unlabeled competitor DNAs (20 ng)
were included as indicated.

Fig. 2. Biochemical detection of a RelA-associated cyclin E-Cdk2

A D
activity regulated by p21 in vitro and in vivo. (A to E) The association of RelACDNA: 4 4+ 4+ + + ¢ Plasmid: C__RelA C _RelA
a p21-regulated kinase with transfected (A and B) or endogenous (C) A“"'R‘f_"'?f Cotlt 4 4t Anti-Cdk:2 C 2 4Cdc2 EED1A B
RelA was determined by immunoprecipitation of RelA from nuclear P B e 1 ;?’% ~RelA
extracts as indicated, together with a relevant specified control and GST: = = = = + ~-
subsequent incubation with [y-32P]JATP and histone H1 (2 ng), as indi- o SESW <R E
cated. In (B), all lanes include anti-RelA. Purified GST-p21 or GST (~50 ¥ Cell: _203 __Jurkat
ng) alone (17) was included as indicated [(A) and (C)]. Bands corre- - & <-H Antbody: D1 EABL DLl ies
sponding to phosphorylated histone H1 and RelA are labeled. The B w3
presence of equivalent amounts of RelA in transfected 293 cells was %ﬁ feimaa i 2 F Reporter  xB AxB
confirmed by protein immunoblotting in (B). Cyclin or Cdk proteins POTRREETE = 10; St
(Cdk2, Cdk4, or Cdc2) were immunoprecipitated from the relevant AR LR £ E*
nuclear extracts as indicated, and associated RelA was detected by I = (ki:';se) § 8
protein immunoblot analysis [in (D) and (E), cyclins are denoted by A, B, — oA 5 4
D, and E; Cdk2 and Cdk4 are denoted by 2 and 4, respectively]. Nuclear % 9
extracts were prepared from control and phorbol ester—stimulated (2 c : & 0
hours) Jurkat T-leukemia cells [(C) and (E)] or TNF-a-stimulated (2 ‘g‘gfez'?f o g o e e e
hours) 293 cells (E). Alternatively, nuclear extracts were prepared from o oy (e oG R R BE

293 cells and transfected as indicated with a cytomegalovirus (CMV)
RelA expression plasmid (5 ug) or a CMV control [in (A) and (D)}, or CMV
RelA expression plasmid (2 u.g) and RSV p21, p16, or control expres-
sion plasmids (5 wg) [in (B)]. In (D), lane 2 also serves as a control
antibody for the right panel (lanes 6 to 10), as these immunoprecipitations were done in the same experiment. (F) Enhanced transcriptional activation by RelA
in cells transfected with catalytically inactive Cdk2. Jurkat T cells were cotransfected with a multimerized kB or mutant «B reporter plasmid (6 g), RSV RelA’
(0.2 ng), and catalytically inactive Cdk2 expression plasmid (0.5 ug) as indicated. Relevant expression plasmid controls were included as necessary.

Relative activity: 0.
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detected in cells expressing transfected nu-
clear RelA protein (Fig. 2A). Cotransfec-
tion of p21, but not of pl6, reduced this
RelA-associated kinase activity (Fig. 2B).
Although RelA was phosphorylated under
these conditions, no change in the overall
amount of phosphorylation or in the quan-
tity of RelA itself was noted in the presence
of p21 in vitro or in vivo (Fig. 2, A and B)
(17), which suggested that another kinase
may normally phosphorylate RelA through
an independent mechanism. Finally, the in
vitro histone H1 kinase assay revealed the
presence of a putative cyclin-CDK activity
associated with endogenous RelA protein
from Jurkat cells stimulated with phorbol
12-myristate 13-acetate (PMA) (Fig. 2C).
In this experiment, PMA was included as
an inducer of NF-kB to facilitate detection
of endogenous nuclear RelA protein.
Immunoprecipitation and subsequent pro-
tein immunoblot analysis of proteins from
RelA-transfected 293 cells revealed that RelA
was associated predominantly with cyclin
E-Cdk2 complexes in vivo (Fig. 2D). This
interaction was also observed with endoge-
nous RelA stimulated by addition of PMA in
Jurkat T cells or TNF-a in 293 cells (Fig. 2E).
A small amount of RelA was seen associated

with Cdc2 and cyclins A, B1, and D1, and less

A s B
Antibody: © $§ o q@ Secondary &
+ +

was seen with Cdk4 with available antibodies.
The functional importance of Cdk2 kinase
activity in the regulation of RelA transactiva-
tion was confirmed with the use of a domi-
nant negative, catalytically inactive mutant
that causes cell cycle arrest at G,/S when
overexpressed (22). Such a mutant would also
be expected to stimulate transcription coop-
eratively when cotransfected with RelA. Con-
sistent with this prediction, the kinase-defi-
cient Cdk2 functioned as a RelA coactivator,
similar to p21, and no effect was observed
with this gene product on a mutant kB report-
er (Fig. 2F). A similar effect was seen when
NF-kB was induced by stimulation with
TNF-a (17).

During immunoprecipitation studies of
RelA and its associated CDKs, we observed
a large protein associated with these com-
plexes. This protein comigrated with the
p300 transcriptional coactivator (Fig. 3A).
To confirm its identity, we eluted proteins
bound to RelA with high salt and then
immunoprecipitated them with antibodies
to p300 or to the highly related coactivator
CBP (23, 24). Both proteins associated
with RelA (Fig. 3B). The p300 protein
interacted with endogenous, cellular RelA,
as detected by protein immunoblotting after
p300 immunoprecipitation from PMA-

Cc

Transfected RelA: - - antibody: © S 0‘2? 3
e o“‘\‘ '§P
ﬁ W -p300/CBP i
- -
190 kD—
D
RelA RelA RelA/ NF-xB1  Spi
(RHD) VP16 (p50)
Fig. 3. Association of transcriptional coactiva- p300: T C + | C + I C + 1 C + 1 C +
tors p300 and CBP with RelA in vivo and in 125- 18 .
vitro. (A) Association of protein with the same o ™
mobility as p300 with RelA in vivo. RelA or 59 - e .
p300 were immunoprecipitated from nuclear 65- .
extracts prepared from [33S]methionine-la- 56- B -
beled 293 cells transfected with either a CMV - t
RelA expression plasmid or a control, as indi- i ‘
cated. Bound proteins were resolved on an :g— s ’

SDS polyacrylamide gel (8%). (B) Association
of p300 and CBP with RelA. RelA was immu-

noprecipitated as in (A); RelA-associated proteins were then eluted with 300 mM KCl and incubated with
anti-p300, anti-CBP, or control antibodies as indicated. Bound proteins were resolved by SDS—poly-
acrylamide gel electrophoresis (PAGE). (C) Association of endogenous NF-kB with p300 in Jurkat cells.
RelA(p65)-p300 complexes were detected after immunoprecipitation and protein immunoblot analysis
of Jurkat T cells. Nuclear extracts from 3 x 107 Jurkat cells stimulated for 4 hours with PMA were
incubated with control antibodies or anti-p300 as indicated. Immune complexes were washed and
analyzed by immunoblotting with anti-RelA. (D) Specificity and requirement of the RelA transactivation
domain for p300 binding. p300 was immunoprecipitated from HLB0 extracts and incubated with in vitro
translated full-length RelA, the NH,-terminal Rel homology domain (RHD; amino acids 1 to 306) of RelA,
a RelA RHD/VP16 fusion protein, NF-kB1(p50), or Sp1, as indicated. After washing, bound complexes
were resolved by SDS-PAGE and detected by *°S autoradiography (I, input translated protein; C, control
antibody; +, anti-p300).
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stimulated Jurkat nuclei (Fig. 3C). The
COOH-terminal transactivation domain of
RelA apparently was required for this inter-
action, because no interaction was observed
with a truncated RelA protein that con-
tained only the DNA-binding and dimer-
ization domains or when this protein was
fused to the heterologous VP16 transactiva-
tion domain (Fig. 3D). No interaction was
seen with NF-kB1(p50) or with an unrelat-
ed transcription factor, Spl.

We tested whether p300, cyclin
E-Cdk2, and RelA associate with one an-
other in vivo. Nuclear extracts prepared
from RelA-transfected 293 cells were im-
munodepleted of p300 or CBP, and then
RelA was immunoprecipitated and assayed
for histone H1 kinase activity. Depletion of
both p300 and CBP decreased RelA-associ-
ated H1 kinase activity by ~75% (Fig. 4A).
In contrast, depletion with antibodies to
other proteins associated with the transcrip-
tion factor TFIID [including the TATA-
binding protein (TBP) and the TFIID sub-
units TAF;;250 and TAF;;130] or the p89
subunit of TFIIH had minimal effect (Fig.
4A). Immunoprecipitates of cellular p300
also contained an active histone H1 kinase
that was subject to regulation by p21 but
not by pl6 (Fig. 4B), and the presence of
eyclin E and Cdk2 in this complex was
confirmed (Fig. 4C). Similar results were
observed with CBP (17). These data docu-
ment the interaction of p300 (or CBP),
RelA, and CDKs in vivo.

The biochemical basis for this interaction
was shown by immunoprecipitation of in vitro
translated p300 with RelA and cyclin
E-Cdk2. RelA bound preferentially to the
NH,-terminal region of p300 (Fig. 4D), al-
though a weak, less specific, interaction with
the COOH-terminus of p300 was observed
(17). The interaction of CDK complexes with
p300 was also confirmed: Cdk2 complexes
bound specifically to the COOH-terminal re-
gion of p300 in vitro (Fig. 4E). No interaction
was observed between Cdk2 complexes and
radiolabeled RelA (Fig. 4F); however, full-
length p300 protein facilitated the interaction
of RelA and cyclin E-Cdk (Fig. 4A) (17).
The interaction of RelA with cyclin E-Cdk2
was therefore indirect, with both cyclin
E-Cdk2 and RelA binding to separate do-
mains of p300 but not directly to one another.

Finally, we examined the functional role
of p300 in transcriptional regulation by NF-
kB. Transfection of cells with plasmids en-
coding p21 and a kB-dependent reporter
gene and with increasing amounts of vector
encoding p300 stimulated a dose-responsive
increase in transcription, and this activity
was diminished when a mutant kB reporter
gene was used (Fig. 5), which indicated that
endogenous NF-kB was required for this
effect. Cotransfection of p300 with RelA in
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interactions of p300 or CBP with other
transcription factors (25). These results
confirm the functional importance of p300

the presence of p2l had the same effect
(Fig. 5). The magnitude of this effect was
comparable to, or greater than, that for

Fig. 4. Biochemical and functional
interaction of p300 and cyclin-CDK
complexes. (A) Association of p300
or CBP with RelA and its Cdk his-
tone H1 kinase activity. Antibodies
specific for the indicated transcrip-
tion factors were prebound to pro-
tein G-agarose and incubated with
nuclear extracts (100 pg) from 293 0 D
cells transfected with RelA. Anti- FEFR P B
body-bound protein was removed 0 «P?‘\x\v?‘\

by centrifugation; RelA was then Q
immunoprecipitated, and a histone

H1 kinase assay was performed on C

the RelA-associated proteins. Pro-
teins were resolved by SDS-PAGE
and the amount of H1 phosphoryl-
ation was quantitated by Phos-
phorimager analysis. Results are
shown as the percentage depletion E
of activity + SEM for RelA immuno-
precipitated from extracts depleted
using a rabbit IgG control and de-
rived from at least three separate
experiments. (B) Regulation of
p300-associated histone H1 kinase
activity. Endogenous p300 was im-
munoprecipitated from 293 cells 88-;
transfected with control, p21, or . 65-
p16 expression plasmids as indi- s kD |
cated, and a histone H1 kinase as- kD 123456
say activity associated with anti-

body-bound proteins was mea- 123456

sured. A mouse IgG2b control was included as indicated. Phosphorylated proteins were resolved by
SDS-PAGE. (C) Association of p300 with cyclin E and Cdk2 complexes in vivo. Immunoprecipitations
were performed with a control antibody (lane 1), anti-Cdk2 (lane 2), or anti-p300 (lane 3) on nuclear
extracts from 3 X 107 Jurkat cells that had been stimulated for 4 hours with PMA. Immunoprecipitations
with a control antibody (lane 4) or cyclin E mAb (lane 5) were performed with 100 g of nuclear extract
from 293 cells that had been stimulated with TNF-a for 4 haurs; p300 was detected by protein
immunoblotting with anti-p300. (D) Localization of p300 domains required for binding to RelA. RelA was
immunoprecipitated from nuclear extracts of 293 cells that expressed transfected RelA and incubated
with 35S-labeled in vitro translated NH,-terminal region of p300 [p300(N); amino acids 1 to 1255]. After
washing, bound protein was resolved by SDS-PAGE. Input, 10% input protein; C, control nonspecific
rabbit IgG antibody; +, anti-RelA(p65). (E and F) Binding of Cdk2 complexes to the COOH-terminal
region of p300 [p300(C); amino acids 1239 to 2414] but not to RelA. Cyclin-Cdk2 complexes were
immunoprecipitated from Jurkat cell nuclear extracts with a control antibody or anti-Cdk2 and incubated
with 35S-labeled in vitro p300(N) [(E), lanes 1 to 3] or RelA [(F), lanes 2, 5, and 6] or p300(C) [(E), lanes 4
to 6; (F), lanes 1, 3, and 4] as indicated. Cdk2-bound proteins were resolved by SDS-PAGE (32) and
detected by 35S autoradiography.
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Fig. 5. Functional effects of p300 coactivator and 5 . 35
functional coactivation of the HIV enhancer by 30
P300. Jurkat cells were transfected with HIV-CAT & 4 HIV-CAT 25
or AxB HIV-CAT (6 pg) and RSV-p21 (0.5 png), ¢

together with various amounts of the CMV p300 ¢ 3 20
eukaryotic expression vector plasmid as indicat- § 2 15
ed. Acontrol vector withthe same CMVregulatory  § |+ 10
region was included, such that a total of 2 pgof © 1 HIV-CAT (AkB) 5
the p300 and control plasmids was present in 4 |
each sample. Jurkat cells were also transfected 00 1 "o

with HIV-CAT and RSV-RelA (0.2 pg) in the pres- p300 (ug)

ence or absence of RSV-p21 (0.5 pg) as indicat-
ed. Analysis of the p300 endogenous NF-kB analysis (left) revealed a statistically significant difference at
2 pg of p300 (* versus **, P = 0.003 by multiple comparisons contrasting the control to 2 pg using the
Scheffe method). For RelA cotransfected with p300, a statistically significant effect was noted at 1 pg,
2 ng, or both (f versus 11, P = 0.002; T versus t11, P = 0.005 by multiple comparisons contrasting the
control to 1 or 2 pg using the Scheffe method).
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and CDK regulation in NF-kB—dependent
gene activation.

Our findings have established that cellular
gene activation by NF-«xB is affected by sig-
naling that controls cell cycle progression.
The p300 protein mediates a biochemical and
functional interaction between the RelA sub-
unit of NF-kB and cyclin E-Cdk?2. It is prob-
able that inhibitors of CDK activity that act
through mechanisms analogous to p21, such
as p27 or p57, act similarly on NF-kB. The
p300 protein, originally identified as a target
for the adenovirus E1A transactivator, associ-
ates with the TATA binding protein complex
in vivo, is phosphorylated in a cell cycle—
dependent manner, is a substrate for CDK
proteins in vitro, and is required for the in-
duction of p53-independent p21 gene expres-
sion during cellular differentiation (26). Fur-
ther, 12S ElA inhibits NF-kB—dependent
gene expression, in contrast to a mutant E1A
that is unable to bind p300 (27). In addition,
overexpression of the COOH-terminus of
p300 potentials NF-kB function (17). Al-
though p300 and CBP themselves are sub-
strates for CDKs, it is not yet known whether
changes in their phosphorylation affect tran-
scriptional coactivation, and it is also possible
that p300- or CBP-associated CDKs phos-
phorylate TBP-associated factors or RNA
polymerase II (28).

Thus, p300 and CBP serve as multifunc-
tional adapter proteins that coordinate cell
cycle progression with NF-kB transcriptional
regulation and may be relevant to some oth-
er p300- or CBP-associated transcription fac-
tors. Rel-related proteins have been impli-
cated in malignancies caused by avian retro-
viruses and in human lymphomas (29). Mu-
tations in CBP and p300 have suggested
their possible role in tumorigenesis (30).
Analysis of knockout strains will help to
define the respective functions of these gene
products in vivo. Our findings demonstrate
the interaction of proteins that control cell
cycle progression and the Rel-related family,
as well as the importance of p300 or CBP in
modulating their activity. The activation of
HIV gene expression, regulated by NF-kB,
has also been linked to cell cycle progression
(31). Through their effects on NF-kB trans-
activation and cell cycle progression, p300
and CBP may potentially influence the ac-
tivation of HIV gene expression and Rel-
related oncogenesis.
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A Legume Ethylene-Insensitive Mutant
Hyperinfected by Its Rhizobial Symbiont

R. Varma Penmetsa and Douglas R. Cook*

Development of the Rhizobium-legume symbiosis is controlled by the host plant,
although the underlying mechanisms have remained obscure. A mutant in the annual
legume Medicago truncatula exhibits an increase of more than an order of magnitude
in the number of persistent rhizobial infections. Physiological and genetic analyses
indicate that this same mutation confers insensitivity to the plant hormone ethylene
for multiple aspects of plant development, including nodulation. These data support
the hypothesis that ethylene is a component of the signaling pathway controlling

rhizobial infection of legumes.

In contrast to pathogenic plant-microbe
interactions where persistent infection is
correlated with cellular dysfunction and dis-
ease, compatible rhizobia trigger morpho-
genesis of a nodule ofgan and symbiotic
nitrogen fixation on their legume host
plant. Despite the beneficial aspects of this
symbiosis, rhizobial infection is regulated by
the plant host. One mechanism for control-
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ling infection by compatible rhizobia, re-
ferred to as feedback inhibition of nodula-
tion, is evidenced as a transient susceptibil-
ity to rhizobial infection in root hair cells
(1). This transient susceptibility results in a
narrow zone of infection and nodule differ-
entiation (Fig. 1A). Plant mutants defec-
tive in feedback inhibition of nodulation
continue to produce nodules from newly
developed root tissue (2). A possible second
mechanism for controlling rhizobial infec-
tion involves the early arrest of rhizobial
infections within the nodulation zone; in
fact, only a minority of rhizobial infections
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