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that is, it is a less strict criterion than homotopic. For analysis of the transfer test data, see
Supplementary Information.
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B lymphocytes re-circulate between B-cell-rich compartments
(follicles or B zones) in secondary lymphoid organs, surveying
for antigen. After antigen binding, B cells move to the boundary
of B and T zones to interact with T-helper cells' ~>. Despite the
importance of B—T-cell interactions for the induction of anti-
body responses, the mechanism causing B-cell movement to the
T zone has not been defined. Here we show that antigen-
engaged B cells have increased expression of CCR7, the receptor
for the T-zone chemokines®® CCL19 and CCL21, and that they
exhibit increased responsiveness to both chemoattractants. In
mice lacking lymphoid CCL19 and CCL21 chemokines, or with
B cells that lack CCR7, antigen engagement fails to cause
movement to the T zone. Using retroviral-mediated gene trans-
fer we demonstrate that increased expression of CCR7 is
sufficient to direct B cells to the T zone. Reciprocally, over-
expression of CXCRS5, the receptor for the B-zone chemokine
CXCL13, is sufficient to overcome antigen-induced B-cell move-
ment to the T zone. These findings define the mechanism of B-
cell relocalization in response to antigen, and establish that cell
position in vivo can be determined by the balance of respon-
siveness to chemoattractants made in separate but adjacent
zones.

Using B cells from mice carrying 1mmuno§lobuhn transgenes
specific for the antigen hen-egg lysozyme (Ig™")° in a time course
analysis, we found that movement of antlgen-engaged B cells to the
B-zone/T-zone (B/T) boundary is complete within 6 h of antigen
exposure (Fig. la). Antigen-engaged B cells can remain at this
location for at least two days®, and interactions between T-helper
cells and B cells are first observed in this zone>. Genetic studies have
established that CCR7, and its ligands CCL19 and CCL21, are
important for T-cell and dendritic cell localization in T-cell
zones”®. To test whether movement of B cells to the T zone might
occur owing to increased expression of CCR7, we tested for levels
of CCL19-Fc (Fc, fragment crystallizable) binding to antigen-
stimulated B cells (Fig. 1b). Six hours after exposure to HEL antigen
in vivo, Ig"*"transgenic B cells showed a two—threefold increase in
binding of CCL19-Fc, and little or no change in CXCR5 expression
(Fig. 1b). CCL19-Fc binding to CCR7-deficient B cells was minimal,
establishing that CCL19-Fc staining served as a faithful reporter of
CCR7 levels (see Supplementary Information). Efforts to measure
how the increase in CCR7 affected chemotactic responsiveness of
the cells were confounded, as B cells that had bound large amounts
of HEL antigen attached irreversibly to transwell filters (data not
shown), consistent with reports that HEL binds strongly to many
surfaces’.

We therefore developed a second approach to study antigen-
engaged B-cell redistribution, incubating B cells from IgM* con-
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genic C57BL/6 (B6) mice in vitro with anti-IgM antibody as a
surrogate antigen for 1h, and then transferring the cells to IgM" B6
mice. The anti-IgM treatment caused the cells to localize at the B/T
boundary (Fig. 1c), and induced upregulation of CCL19-Fc bind-
ing, which was equivalent to the induction in HEL binding observed
with Ig"*-transgenic B cells (Fig. 1b). Ex vivo chemotaxis assays
with anti-IgM-stimulated cells revealed an increase in the CCL19
and CCL21 chemokine response profile of the cells, with an increase
in the magnitude of the response particularly to low doses of
chemokines (Fig. 1d). The basis for the greater augmentation of
CCL19 compared with CCL21 responsiveness is unknown. There
was no significant change in responsiveness to the B-zone chemo-
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kine CXCL13 after B-cell antigen receptor (BCR) stimulation
(Fig. 1d), consistent with the lack of change in CXCR5 expression
(Fig. 1b).

Our ex vivo studies indicated that antigen-mediated relocaliza-
tion of B cells to the T zone requires B-cell expression of CCR7 and
response to the T-zone chemokines CCL19 and CCL21. To test this
in vivo, we transferred Ig™""-transgenic B cells to plt/plt mice that
lack the CCL19 gene'™'" and the gene for the lymphoid tissue form
of CCL21 (refs 7, 12). In the absence of antigen, Ig"™*"-transgenic B
cells localized in follicles, consistent with previous findings that T-
zone chemokines and CCR?7 are not necessary for follicle formation.
However, HEL antigen exposure failed to cause redistribution of
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Figure 1 Antigen-engaged B cells upregulate CCR7, increase responsiveness to T-zone
chemokines and migrate to the outer T zone. a, Mice that received Ig"-transgenic B cells
were injected with HEL, and the distribution in the spleen of HEL-binding cells (red) and
total B cells (brown) was determined 0, 3 and 6 h later. B, B zone; T, T zone; R, red pulp.
b, CCL19-Fc and CXCR5 staining of Ig"E--transgenic B cells isolated from mice 6 h after
saline (control) or HEL injection (left panels), or IgM? non-transgenic B cells isolated 5.5 h
after transfer of cells that had been incubated /n vitroin the absence (control) or presence
of anti-IgM (ox-IgM; right panels). Blue line, stimulated cells; orange line, control cells;

dotted and dashed black lines, control or stimulated cells stained with human LFA3-Fc
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(upper panels) or without primary antibody (lower panels) as controls. ¢, Distribution of
IgM? B cells incubated for 1 h without (control) or with anti-lgM at 5.5 h after transfer to
IgM® B recipient mice. Spleen sections were stained for IgM? and IgD? (blue stain) to
detect transferred B cells, and for B220 (brown) to delineate B-cell follicles. d, Ex vivo
chemotaxis assays of spleen cells from transfer recipient mice. The percentage of input B
cells of the indicated type that migrated in response to chemokine is shown in duplicate.
The response of stimulated cells to CCL19 and CCL21 was significantly greater than the
response of control cells (CCL19, P < 0.01; CCL21, P < 0.05). Data in a—d are
representative of more than 3 experiments of each type.
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Figure 2 Localization of antigen-engaged B cells along the B/T boundary is dependent on
both T- and B-zone chemokines. a, Spleen sections of wild-type (WT) or p/t/pit mice that
received wild-type or CCR7 '~ Ig"™-transgenic B cells, as indicated, 6 h after injection
of saline (no antigen) or HEL antigen, stained to detect HEL-binding B cells (blue) and total

(1]
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B cells (brown). b, Spleen sections of wild-type mice that received CXCR5 '~ IgHe--

transgenic B cells, prepared and stained as in a, except HEL-binding cells are red. Data
are representative of more than 10 experiments for p/t/plt recipients, three for
CCR7 "~ cells, and four for CXCR5 ™/~ cells.
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Figure 3 Increased expression of CCR7 is sufficient to mediate B-cell redistribution to the
T zone. a, Diagram of the MSCV2.2 retroviral vector and Flag-CCR7-containing vector.
MSCV, murine stem cell virus; LTR, long-term repeat; asterisk, packaging signal; IRES,
internal ribosomal entry site; hCD4, cytoplasmic-domain-truncated human CD4. b, Ex
vivoflow cytometric analysis of cells from recipient mice of CFSE-labelled Ig™™-transgenic
B cells. CD40-mediated activation and retroviral infection do not alter CCL19-Fc staining
or CXCR5 levels. Red line, vector-infected cells from mice lacking HEL; dashed blue line,
vector-infected cells from mice injected with HEL; orange line, endogenous B cells; dotted
and dashed black lines, staining controls for above cells (see Fig. 1b). ¢, Ex vivo flow
cytometric analysis of cells from recipient mice of CFSE-labelled Ig”EL-transgenic B cells
transduced with empty (vector) or Flag-CCR7-containing (CCR7) retroviral vectors. The
fraction of transferred B cells expressing human CD4 (two left panels), and Flag-epitope
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(Flag M2) and CCL19-Fc staining of the human CD4-positive cells (two right panels), is
shown. Blue line, CCR7-infected cells; red line, vector-infected cells; dotted and dashed
black lines, control-infected cells or CCR7-infected cells, respectively, stained with
human LFA3-Fc as staining control. d, Ex vivo chemotaxis assays with spleen cells of mice
that had received, one day before, Ig"™-transgenic B cells transduced with the indicated
retrovirus. The percentage of input B220™ human CD4™ control- (vector) or CCR7-
infected cells that migrated to the indicated chemokine, is shown. e, Splenic distribution
of transferred Ig™"-transgenic wild-type (WT) or CXCR5 '~ B cells infected with empty
(vector) or CCR7-containing virus, stained to detect transduced cells (human CD4, blue) in
relation to B-cell follicles (B220, brown), one day after transfer to wild-type or plt/plt
recipient mice, as indicated. Data in b—e are representative of at least three separate
experiments.
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cells to the outer T zone (Fig. 2a), indicating a role for CCL19 and/or
CCL21. A concern with this approach was that the effect could be
indirect, owing to alterations in the T zone that were downstream of
T-zone chemokine deficiency. To test for an intrinsic requirement
for CCR7 in antigen-engaged B cells, we introduced the Ig"""
transgenes onto the CCR7 knockout background®, and performed
a similar transfer experiment. HEL-binding CCR7-deficient B cells
failed to localize in the outer T zone (Fig. 2a); notably, the antigen-
engaged CCR7-deficient B cells often moved in the opposite
direction, lodged in the pole of the follicle distal to the T-zone.
The flow cytometric and ex vivo chemotaxis analyses of antigen-
stimulated B cells established that the cells retain CXCR5 expression
and responsiveness to CXCL13 (Fig. 1). To examine whether
CXCL13 responsiveness influenced the distribution of antigen-
binding B cells, CXCR5 '~ Ig""transgenic B cells were trans-
ferred to mice in the absence or presence of the HEL antigen. As
described previously'>'*, CXCR5-deficient cells did not enter
follicles, and many of the cells were found in the red pulp, with
some cells localized at entry points (bridging zones) to the T-cell
areas (Fig. 2b). Antigen binding caused a marked increase in the
accumulation of cells at the edge of the T zone, confirming that
CXCRS5 is not required for cells to move to this compartment in
response to antigen (Fig. 2b). However, the CXCR5-deficient cells
failed to distribute uniformly along the B/T boundary, and were
found more often in clusters near bridging zones (Fig. 2b). There-
fore, CXCL13 influences the localization of antigen-engaged B cells,

o
o
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helping to distribute the cells along the B/T boundary.

The above findings suggested that the increased surface
expression of CCR7 induced by BCR signalling might be the
principal determinant causing B-cell relocalization to the T zone.
To test this model, we used retroviral-mediated gene transfer'>~"” to
selectively alter chemokine receptor levels in B cells, followed by
adoptive transfer into mice (Fig. 3). To activate the B cells for
retroviral infection, we incubated Ig™*"-transgenic cells with mito-
genic doses of anti-CD40 antibody. In contrast to BCR triggering,
cells activated by CD40 remain competent for migration into
follicles, and do not undergo major changes in expression of
CXCRS5 or CCR7 (Fig. 3b). As expected, transduction with Flag-
tagged retrovirus containing CCR7 led to co-expression of the
marker protein—cytoplasmic-domain-truncated human CD4
(Fig. 3a) —and Flag-CCR7 on the surface of most of the transferred
B cells (Fig. 3c), and increased CCL19-Fc binding by these cells
(Fig. 3c). Ex vivo chemotaxis analysis of the transduced cells
revealed that the higher CCR7 expression conferred an increase in
sensitivity to CCL19 and CCL21 (Fig. 3d). This outcome was similar
to the effect of BCR stimulation (Fig. 1d), although of a greater
magnitude, consistent with the higher expression of CCR7 on
retrovirally transduced cells (four—fivefold increase) compared
with BCR-stimulated cells (two—threefold increase). Using human
CD4 staining as a surrogate marker for tracking B cells that over-
express CCR7 in situ, we found that the cells distributed within the
T zone and failed to localize within B-cell follicles (Fig. 3e). By
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Figure 4 Overexpression of CXCR5 is sufficient to override antigen-induced B-cell
movement to the T-cell zone. a, Ex vivo flow cytometric analysis of spleen cells from
recipient mice of CFSE-labelled Ig™"-transgenic B cells transduced with empty or CXCRS5-
containing retroviral vector. Green line, CXCR5-infected cells; red line, vector-infected
cells; dotted and dashed black lines, control-infected cells or CXCR5-infected cells,
respectively, stained without primary antibody as staining control. b, £Ex vivo chemotaxis
assays with spleen cells of mice that, one day earlier, had received Ig"-transgenic B
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cells transduced with the indicated retrovirus. Assays were as in Fig. 3. ¢, Distribution in
spleen of transferred Ig™®-transgenic wild-type (WT) cells that had been infected with
empty (vector) or CXCR5-containing virus, and transferred to wild-type mice that, one day
later, received an injection of saline or HEL antigen, as indicated. Tissue was isolated 7 h
later and stained to detect human CD4 (blue) and B220 (brown). Data in a—c are
representative of three separate experiments.
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Figure 5 Schematic representation of the mechanism for B-cell movement to the B/T
boundary after BCR engagement. B cells enter spleen and lymph nodes through blood
vessels that are mostly located outside B-cell zones. Naive B cells express high levels of
CXCR5 and low levels of CCR7, and their responsiveness to the CXCR5 ligand, CXCL13,
dominates, causing them to move into follicles. When antigen is encountered, BCR
signalling leads to increased surface CCR7 and increased responsiveness to the CCR7
ligands, CCL19 and CCL21. The shifted balance of chemokine responsiveness causes the
antigen-engaged cell to move to the T zone. Open circles, CXCL13; filled circles, CCL19 or
CCL21; rectangular box, antigen; antigen-retaining structure on stromal cell, complement
receptor; Y-shaped structure on B cell, BCR.

contrast, cells transduced with the empty vector localized within
follicles in a similar way to non-transduced cells (Fig. 3e). The
CCR7-transduced B cells accumulated frequently along the B/T
boundary in greater numbers than in other parts of the T zone
(Fig. 3e). This effect was not seen when the CCR7-transduced cells
lacked CXCR5 (Fig. 3e), establishing that accumulation near the
boundary was dependent on responsiveness to CXCL13. As
expected, movement of CCR7-transduced B cells to the T zone
was dependent on CCL19 and/or CCL21, as the cells failed to lodge
in this zone in plt/plt mice (Fig. 3e).

Antigen-engaged B cells are responsive to both T- and B-zone
chemokines, and the findings shown in Figs 2 and 3 indicate that
responsiveness to both types of chemokine contribute towards
positioning the cells. To further explore the extent to which anti-
gen-engaged B-cell positioning reflects the outcome of a balance of
chemokine responsiveness, we tested whether overexpression of
CXCRS5 by retroviral transduction (Fig. 4a) is sufficient to overcome
the effect of antigen engagement on B-cell distribution. Adoptively
transferred cells overexpressing CXCR5 showed a marked increase
in responsiveness to CXCL13 in ex vivo chemotaxis assays (Fig. 4b).
BCR engagement failed to promote follicular exclusion of cells
overexpressing CXCR5, and the cells were found in follicles, within
the zone of CXCL13 expression (Fig. 4c and data not shown). Cells
transduced with empty vector were excluded from follicles in a
manner similar to non-transduced cells (Fig. 4c).

These findings establish that the positioning of B cells in lym-
phoid tissues in vivo is determined by the relative responsiveness of
the cells to chemokines made in separate but adjacent zones. In
naive B cells, the balance of responsiveness is in favour of CXCL13,
and the cells migrate into follicles. Upon antigen encounter and
BCR stimulation, a change in the balance occurs that favours the
response to T-zone chemokines, and this change is sufficient to
redistribute antigen-engaged B cells to the T zone (Fig. 5). Our
observations suggest that B cells integrate signals from two chemo-
kine receptors simultaneously, consistent with in vitro studies
showing that neutrophils can sense and respond to two sources of
chemoattractant'®. Antigen-stimulated B cells respond less strongly
than T cells and dendritic cells to CCL19 and CCL21 (refs 19, 20),
and we propose that this contributes to their exclusion from the
central T zone. Reduced CCR7 expression in T-helper subtype 2 cell
lines has been associated with the failure of these cells to reach the
central T zone'”. The possible contribution of additional factors,
such as adhesion molecules, to placement of antigen-engaged B cells

98 #4 © 2002 Macmillan Magazines Ltd

at the B/T boundary are not ruled out by our study. In addition,
although we have focused on the behaviour of B cells in response to
foreign antigen, autoreactive B cells that are chronically engaged by
auto-antigen also lodge at the B/T boundary before their elimin-
ation*"*?, It is probable that a similar mechanism operates to
regulate the localization of auto-antigen-binding cells. We suggest
that the positioning of many cell types is determined by balanced
responsiveness to chemoattractants emanating from adjacent zones.
This mechanism may be used in the positioning of other types of
leukocytes, such as activated T cells and subsets of dendritic

cells>'”?, in the localization of growing axons, and in the pattern-
ing of organs during development®*, O
Methods

Mice, adoptive cell transfer and stimulation procedures

Ig"*transgenic mice were of the MD4 line®. plt/plt mice’® on a BALB/c background
were crossed to C57BL/6 (B6) mice for six generations; CXCR5 '™ mice'” were eighth-
generation backcrossed to B6 mice, and CCR7"" mice® were on a mixed B6/129
background. Igha (Ig heavy chain of a) Thyla Gpila B6 mice (termed IgM® congenic B6)
were from Jackson Laboratory. B6 (IgMb) recipient mice were from Charles River or a
colony maintained at University of California San Francisco. To provide CCR7”"cells for
adoptive transfer, lethally irradiated B6 mice were reconstituted for five weeks with
CCR7" 1g"™" bone marrow, as described®. Adoptive transfers were performed using 1.5~
3% 107 spleen cells per recipient mouse”. In some experiments, mice were injected
intraperitoneally 12—18 h after the cell transfer with 0.8—1 mg HEL (Sigma) in
phosphate-buffered saline (PBS) or with PBS alone. For IgM stimulation, splenocytes
were cultured for 1h at 37°C in RPMI 1640 supplemented with 3% FBS, 50 pgml '
streptomycin, 50 Uml ™" penicillin, 10 mM HEPES with or without 10 pg ml~" goat anti-
mouse IgM F(ab'), polyclonal antibodies (Jackson ImmunoResearch), washed and then
transferred. Spleens were collected 5.5—6h after stimulation or at the time indicated in
the results, and cut into fragments with 1 out of 3 being used to generate cell suspensions
for ex vivo flow cytometry and chemotaxis assays, and 2 out of 3 being frozen in OCT
compound (Sakura).

Retroviral transduction of B cells

Flag-tagged CCR7 (ref. 19) or CXCR5 (ref. 26) were cloned into the MSCV2.2
retroviral vector containing cytoplasmic-domain-truncated human CD4 as an
expression marker downstream of the internal ribosomal entry site (IRES)Y. Retrovirus
containing supernatant was generated using the Bosc23 packaging cell line together
with pCL-Eco packaging vector?’, as described”®. For B-cell activation, Ig"*"-transgenic
or CXCR5”" 1g"" transgenic mice were injected intraperitoneally with 4—6 mg HEL,
splenocytes were collected after 6-8 h, cultured in RPMI 1640 supplemented with 10%
FBS, 2mM L-glutamine, 50 pg ml ! streptomycin, 50 Uml ™! penicillin, 10 mM HEPES,
and 50 uM 2-ME in the presence of 10 pgml ™' anti-CD40 monoclonal antibody (clone
FGK45, a gift from A. Rolink), and spin-infected 24 h later with retroviral supernatants
and 4 pgml ™" polybrene (Sigma). Two days after infection, cells were collected, in some
experiments labelled with 2 uM CFSE, and adoptively transferred into mice. In all
experiments, between 45% and 75% of B cells were retrovirally transduced as assessed
by flow cytometric analysis for human CD4 expression. T cells were not activated by
the antigen and anti-CD40 treatment, and were not detectably infected by the
retroviruses.

Chemotaxis assays, flow cytometry and immunohistochemistry

For chemotaxis assays, cells transmigrated across 5-pm transwell filters (Corning Costar
Corp) for over 3 h in response to a stimulus in the bottom chamber, and were enumerated
by flow cytometry"®. Chemokines were provided by R&D Systems. Transwell assays were
performed in duplicate for each chemokine concentration, and were repeated using cells
from a minimum of three different animals of each type. We carried out statistical analyses
using the paired -test. The CCL19-Fc recombinant protein was a fusion of mouse CCL19
and the human IgG1 constant region®”. For control staining, we used human LFA3-Fc (a
gift from J. Browning). Antibodies used were anti-CXCR5 (refs 13, 30), anti-human CD4-
phycoerythrin (BD PharMingen), and biotinylated Flag M2 (Sigma). We analysed labelled
cells on a FACSCaliber (Becton Dickinson). See Supplementary Information for CCL19-
Fc background staining on CCR7”" cells, and anti-CXCR5 background staining on
CXCR5™"" B cells. Immunohistochemical analysis was performed as described'?, with the
exception that HEL-binding cells were detected by incubation with 1-5 pgml~' HEL
antigen followed by biotin-conjugated rabbit anti-HEL (Rockland). Human CD4 was
detected with biotin-conjugated mouse anti-human CD4 (BD PharMingen). Biotinylated
antibodies were visualized with alkaline phospatase-conjugated strepavidin (Jackson
Immunoresearch) and Fast Red TR or Fast Blue BB salt (Sigma) as a substrate. All images
of spleen sections were obtained at X 5 objective magnification, and each image shown is
representative of all (10—20) white pulp cords observed in three transverse sections of each
spleen.
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The interactions of distinct cofactor complexes with transcrip-
tion factors are decisive determinants for the regulation of gene
expression. Depending on the bound cofactor, transcription
factors can have either repressing or transactivating activities'.
To allow a switch between these different states, regulated
cofactor exchange has been proposed’; however, little is
known about the molecular mechanisms that are involved in
this process. LIM homeodomain (LIM-HD) transcription factors
associate with RLIM (RING finger LIM domain-binding protein)
and with CLIM (cofactor of LIM-HD proteins; also known as
NLI, Ldb and Chip) cofactors. The co-repressor RLIM inhibits
the function of LIM-HD transcription factors, whereas inter-
action with CLIM proteins is important for the exertion of the
biological activity conferred by LIM-HD transcription-factors™>.
Here we identify RLIM as a ubiquitin protein ligase that is able to
target CLIM cofactors for degradation through the 26S protea-
some pathway. Furthermore, we demonstrate a ubiquitination-
dependent association of RLIM with LIM-HD proteins in the
presence of CLIM cofactors. Our data provide a mechanistic basis
for cofactor exchange on DNA-bound transcription factors, and
probably represent a general mechanism of transcriptional
regulation.

We have used the regulation of LIM-HD transcription factors®’
as a model system to investigate mechanisms of controlling tran-
scription factor activity. Their interaction with CLIM cofactors is
thought to be critical for the exertion of the transcriptional and
biological activity of this class of developmental regulators®~"". In
contrast, LIM-HD protein activity is negatively regulated by nuclear
LIM-only (LMO) proteins™'®'>—which compete with LIM-HD
proteins for CLIM cofactors—and by the RING H2 zinc finger
protein RLIM. Indeed, overexpression of full-length RLIM or a
dominant negative version of CLIM (DN-CLIM) in the developing
chick wing results in very similar phenotypes, inhibiting the devel-
opment of distal wing structures®.

The ubiquitin proteasome-dependent proteolytic pathway is
involved in the regulation of critical developmental regulator
proteins such as NF-kB, c-Jun, Tramtrack'’ and OBF-1/BOB.1
(refs 14, 15). As RLIM contains a RING H2 zinc finger motif that
is often found in ubiquitin protein ligases'®'”, we tested whether
RLIM mediates E2-dependent ubiquitination of itself in vitro, as has
been shown for other RING finger proteins'®. Indeed, RLIM was
ubiquitinated in the presence of the E2 ubiquitin-conjugating
enzyme UbcH5 (Fig. 1a). This reaction was dependent on the
RING finger because RING-finger-deleted or mutated versions
of RLIM protein (RLIMARING and RLIMAOY, respectively; see
Methods) were no longer ubiquitinated by UbcH5 (Fig. 1b). As
RLIM binds to nuclear LIM proteins and to CLIM cofactors®, we
examined whether RLIM could serve as a ubiquitin protein ligase
for these proteins. Whereas, under the conditions used, bacterially
expressed full-length RLIM was not able, or only weakly able, to
ubiquitinate the LIM-HD transcription factors Lhx1, Lhx3 and Isl1,
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