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In amphibian oocytes, the maternal nuclear factor NF7 associates with the elongating pre-mRNAs present
on the numerous lateral loops of the lampbrush chromosomes. Here, we have purified NF7 from an oocyte
extract by using a combination of ion-exchange chromatography and gel filtration chromatography and
demonstrated for the first time that nucleoplasmic NF7 exists primarily as free homotrimers. We confirmed the
in vivo homotrimerization of NF7 by using a glutaraldehyde cross-linking assay, and we further showed that
it only requires the coiled-coil domain of the NF7 tripartite motif/RBCC motif. Interestingly, we also obtained
evidence that NF7 is recruited to the nucleus as a homotrimer, and expression of several mutated forms of NF7
in oocytes demonstrated that both the coiled coil and B box of NF7 are required for its chromosomal
association. Together, these data strongly suggest that the interaction of NF7 with the active transcriptional
units of RNA polymerase II is mediated by a trimeric B box. Finally, and in agreement with a role for NF7 in
pre-mRNA maturation, we obtained evidence supporting the idea that NF7 associates with Cajal bodies.

The tripartite motif, or TRIM, defines a large family of
proteins (more than 75 members) exhibiting a highly conserved
modular organization that includes a TRIM associated with
one or several variable domains positioned in their carboxyl-
terminal half. While the TRIM was described as the RBCC
(RING finger or A-box, B-box, coiled-coil) motif more than a
decade ago, its function(s) remains essentially unknown. Yet,
the interest in the TRIM protein family is growing for its
apparent implication in various human disease states, includ-
ing cancers and developmental disorders (36), and more re-
cently in the human immunodeficiency virus cycle (43). Several
discernible functional clues, however, are given by the three
different motifs that make up a TRIM. The RING finger (re-
ally interesting new gene), also described as the C;HC, motif
in reference to the several conserved cysteine and histidine
residues, is a zinc binding domain for which the ratio of two
zinc cations per RING finger was previously established for
several protein family members (2, 6, 8, 18, 21). Initially pro-
posed to be a DNA binding motif (23), the RING finger is now
considered a protein domain implicated in ubiquitin ligase
activities, and it was recently proposed that the TRIM family
represents a subgroup of the RING-type E3 ligase family (28).
In addition to the RING finger, TRIMs contain one or two B
boxes and a coiled-coil region. There are two types of B-box
domain (B1 and B2) containing several highly conserved cys-
teine and histidine residues involved in the chelation of zinc
cations. While all TRIM proteins have a B2 domain, a sub-
group of TRIM family members also has a B1 domain that is
invariably positioned between the RING finger and the B2
domain. The solution structures of only two B boxes have been
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elucidated, which surprisingly revealed two distinct protein
folds. The B2 domain of amphibian nuclear factor 7 (NF7) was
characterized a decade ago (9). It presents a unique compact
structure and was found to chelate one zinc cation. The Bl
domain of the human protein MID1 (midline 1) was obtained
very recently (26) and displays a fold similar to that of the
RING finger with, in particular, the chelation of two zinc
cations. Overall, the function of both B1 and B2 remains
largely uncharacterized. The coiled-coil region, a domain in-
volved in protein multimerization, is always positioned after
the B boxes and was shown for several TRIM family members
to be necessary for the formation of homomultimers and in
some cases for subcellular distribution (reviewed in reference
28). The linear arrangement, in the following order, of the
RING finger, B box(es), and coiled-coil region (hence the
name RBCC) is conserved among all of the TRIM family
members and strongly suggests that the TRIM functions as an
integrated unit. However, how the three distinct domains of a
TRIM influence each other’s structures and the overall func-
tion of the TRIM itself remain unclear.

NF7 is one of the very first TRIM proteins described and
was characterized concurrently in two amphibian species, Xe-
nopus laevis (35) and Pleurodeles waltl (5) (the recently cor-
rected newt sequence is available through GenBank accession
number L04190). In addition to the TRIM, NF7 has a chro-
modomain (CHD) and an RFP (Ret finger protein)-like do-
main in its N-terminal and C-terminal regions, respectively.
The RFP domain (also referred to as the B-30.2 or PRY-SPRY
domain) was defined on the basis of a remarkable conservation
of its primary sequence among a small group of TRIM pro-
teins, including the oncogene RFP. This modular structure,
common to all TRIM proteins, suggested early on that NF7
(PwA33 in newts) may have multiple cellular functions. Sup-
porting this idea is its apparent implication in pre-mRNA
maturation in the oocyte (5), as well as its regulatory role in
dorsal-ventral patterning during early development (15). The
multifunctional aspect of NF7 was recently expanded even
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further with two novel associated activities. First, it was dem-
onstrated that NF7 can affect, presumably through its newly
described E3 ligase activity and interaction with the anaphase-
promoting complex, the speed with which a Xenopus egg
extract progresses though mitosis during the cell cycle (13).
Second, NF7 was described as a protein that contributes to
mitotic-spindle integrity through its microtubule-binding prop-
erty (25). Clearly, NF7 is integral to multiple cellular pro-
cesses.

Studies investigating a role for NF7 in gene regulation found
that during oogenesis, NF7 is exclusively nuclear and associ-
ates with the active transcription units of RNA polymerase II
(RNAPII) (3, 5, 6). In amphibian oocytes, these active tran-
scriptional sites are readily observable by light microscopy as
they correspond to the numerous lateral loops of the lamp-
brush chromosomes (LBCs), which are extended diplotene
bivalents (reviewed in reference 31). The LBC loops are com-
posed of a decondensed euchromatin axis surrounded by a
thick ribonucleoprotein (RNP) matrix, which results from
the association of an ensemble of proteins with the nascent
RNAPII transcripts. Because of its specific association with the
RNP matrix of the LBC loops, and despite the lack of a dem-
onstrated RNA-binding activity, NF7 is likely to have a role in
pre-mRNA maturation. Interestingly, a large fraction of nu-
clear NF7 is also found in the nucleoplasm either free or in
association with small nucleoplasmic granules (6, 34). These
free granules presumably correspond to RNP granules formed
on the LBC loops and released into the nucleoplasm upon
transcription termination (37). We report here that most of the
free nucleoplasmic NF7 is in a homotrimeric form. We further
show that NF7 homotrimers form in the cytoplasm and remain
stable once in the nucleus. Importantly, NF7 trimerization is
required but not sufficient for its targeting to chromosomal
loops. Finally, deletion analysis revealed a possible transient
association of NF7 with Cajal bodies (CBs), discrete nuclear
organelles that were previously implicated in the maturation of
all nuclear RNAs (16).

MATERIALS AND METHODS

Oocytes and nuclear-spread preparations. Small fragments of ovary were
obtained by surgery from female adult frogs (X. laevis) previously anesthetized in
0.15% tricaine methane sulfonate (MS222; Sigma Chemical Co., St. Louis, MO).
The ovarian fragments were incubated for 2 h at room temperature in the saline
buffer OR2 (40) containing 0.2% collagenase (type II; Sigma Chemical Co., St.
Louis MO). Newly defolliculated stage IV to V oocytes were selected and
maintained in OR2 at 18°C. Nuclear spreads were prepared as described previ-
ously by Bellini and Gall (4) and were fixed for 1 h at room temperature in
phosphate-buffered saline (PBS) containing 2% paraformaldehyde and 1 mM
MgCl,.

Antibodies and immunofluorescence. Nuclear spreads were blocked in 1X
PBS containing 0.5% bovine serum albumin (Sigma, St. Louis, MO) and 0.5%
gelatin (from cold-water fish) for 10 min. Spreads were then incubated with
primary and secondary antibodies diluted in the blocking buffer for 1 h, respec-
tively, washed in 1X PBS, and counterstained with picogreen (Invitrogen, Carls-
bad, CA) at a dilution of 1:10,000 in 1X PBS for 10 min before they were
mounted in 50% glycerol containing 1 mg/ml of phenylenediamine (Sigma, St.
Louis, MO). Fluorescence microscopy was carried out with a Leica DMR (Leica,
Heidelberg, Germany) and a monochrome Spot RT charge-coupled device cam-
era for image capture (Diagnostic Instruments, Sterling Heights, MI). Primary
antibodies were the anti-NF7 mouse monoclonal antibody (MAb) 37-1A9, used
at a concentration of 370 ng/ul; the anti-NF7 mouse polyclonal antibody M2,
raised against the newt NF7 and used at a 1/2,000 dilution; the antihemagglutinin
(anti-HA) antibody MAb 3F10 (Roche, Mannheim, Germany), used at a con-
centration of 20 ng/ul; and anti-XCAP-D2 rabbit polyclonal serum G (14), used
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at a dilution of 1/2,000. All secondary Alexa Fluor-conjugated antibodies (In-
vitrogen, Carlsbad, CA) were used at a concentration of 2.5 pg/ml, and they were
Alexa 488-labeled-goat anti-mouse IgG, Alexa 594-labeled goat anti-rabbit IgG,
and Alexa 594-labeled goat anti-rat IgG.

Cloning and oocyte microinjection. The newt NF7 ¢cDNA (accession no.
L04190) was used as the template for PCR-mediated mutagenesis to generate all
of the deletions used in the present study. The extent of each deletion is indi-
cated at the amino acid level in Table 1. All constructs were N terminally tagged
with the HA epitope (YPYDVPDYA) and cloned into pCR-Blunt II-TOPO
(Invitrogen, Carlsbad, CA). A simian virus 40 nuclear localization sequence
(NLS) (PKKKRKYV) was also added immediately upstream of the HA tag to
constructs in which the endogenous NLS was deleted. Capped sense strand
RNAs were obtained in vitro with either the T7 or SP6 RNAP as described by
Bellini et al. (6). Between 10 and 30 ng of RNA was microinjected into the
cytoplasm of stage IV to V oocytes. Glass needles were prepared with a P-97
horizontal pipette puller (Sutter Instrument, Novato, CA). All injections were
performed under a dissecting microscope (Leica S6) with a nanojet II (Drum-
mond, Broomall, PA). Oocytes were maintained in OR2 for 18 h postinjection
before the preparation of nuclear spreads and protein extracts.

In vitro translation and glutaraldehyde cross-linking. Radiolabeled HA-
tagged NF7 proteins were produced with the TNT coupled transcription-trans-
lation system from Promega (Madison, WI) in the presence of [**S]methionine
(ReadiVue; GE Healthcare, Fairfield, CT) under the conditions suggested by the
manufacturer. Translation products were analyzed by Western blotting to ensure
that full-length proteins were produced and to estimate their concentrations. No
further purification of the newly translated proteins was performed before cross-
linking. A 0.02% glutaraldehyde solution was prepared fresh from a 70% glu-
taraldehyde stock solution (Sigma, St. Louis, MO) and used immediately. For
each newly made protein, five identical cross-linking reaction mixtures were
prepared with 1X PBS, 0.01% glutaraldehyde, and 2 ul of TNT product in a final
volume of 40 wl. Reactions were stopped at various time points (see Fig. 3) by
adding 10 ul of 5X Laemmli protein loading buffer. Samples were heated at 95°C
for 5 min and then run on a 5 to 15% polyacrylamide continuous-gradient gel.
Proteins were transferred onto a polyvinylidene difluoride membrane (Bio-Rad,
Hercules, CA), and radiolabeled proteins were detected with an FLA-3000
phosphorimager (Fuji Medical Systems, Stamford, CT). In the case of the S-200
peak fraction, 20 wl of protein sample was used instead of the TNT product. For
endogenous NF7, each cross-linking reaction was performed on the nucleoplas-
mic protein fraction of 20 nuclei prepared as follows. Nuclei of 20 stage IV to V
oocytes were manually isolated in 5:1 buffer (83 mM KCl, 17 mM NaCl, 6.5 mM
Na,HPO,, 3.5 mM KH,PO,, 1 mM MgCl,, 1 mM dithiothreitol [DTT]). Nuclei
were then mechanically disrupted; all of the nuclear organelles, including the
chromosomes, were discarded by centrifugation at 22,000 X g at 4°C for 10 min;
and the nucleoplasmic supernatant was recovered.

Oocyte extract and biochemical purification of nucleoplasmic NF7. An oocyte
extract was prepared, by high-speed ultracentrifugation essentially as previously
described (20), from ovaries obtained from six female adult frogs (X. laevis). The
soluble fraction was loaded onto a BioRex70 (Na+) column (Bio-Rad, Hercules,
CA) equilibrated with 0.1 M buffer A (100 mM NaCl, 20 mM HEPES [pH 7.5],
10 mM B-glycerophosphate, 1.5 mM MgCl,, 1 mM EGTA, 0.5 mM DTT, 10%
glycerol,1 mM phenylmethylsulfonyl fluoride, 1 wg/ml leupeptin, 1 wg/ml apro-
tinin, 2 pg/ml pepstatin) at 10 mg of protein per ml of packed column volume.
Unbound protein was removed by washing with 3 column volumes of buffer A
(0.1 M), and bound protein was eluted in steps with buffer A containing increas-
ing concentrations of NaCl (0.15 M, 0.2 M, 0.25 M, 0.3 M, and 0.5 M). All of the
detectable NF7was found in the 0.2 and 0.25 step elutions. The fractions were
pooled and dialyzed against 100 volumes of buffer A (0.1 M) for 2 h at 4°C. The
protein pool was then fractionated by fast protein liquid chromatography by
binding to a MonoQ HR10/10 column (GE Biotech) and elution in a linear
gradient of 0.1 to 1 M buffer A in 20 column volumes. All of the detectable NF7
eluted in a single peak; the fractions were pooled and further fractionated by fast
protein liquid chromatography on a Superdex 200 HR16/60 column in 0.15 M
buffer A-0.1% Triton X-100. The single peak of NF7-containing fractions was
pooled and again fractionated by ion-exchange chromatography over a MonoS
HRS5/5column with bound proteins eluted in 0.5-ml fractions from 10 column
volumes of a linear gradient of 0.15 to 1.0 M buffer A. The MonoS fractions were
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE; 5 to 15% polyacrylamide gradient), stained with Sypro Orange (Invitro-
gen, Carlsbad, CA), and scanned with an FLA3000 fluoroimager (Fuji Medical
Systems, Stamford, CT) with a 473-nm laser. During purification, fractions were
tested by Western blotting as described below for the presence of NF7 with MAb
37-1A9.
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FIG. 1. NF7 is predicted to form trimers and associates with RNAPII active transcriptional units. (A) The Multicoil algorithm was used on
Xenopus NF7 with a scanning window of 28 amino acid residues. A trimeric conformation was strongly predicted, with more than 80% probability
for most of the coiled-coil region. This prediction is consistent with the data presented in Fig. 2 and 3, in which NF7 is demonstrated to form
homotrimers. (B) Fluorescence micrograph showing a narrow region of an LBC labeled with anti-NF7 MADb 37-1A9 (green) and anti-XCAP-D2
(red). XCAP-D2, which is a subunit of condensin 1, is restricted to the transcriptionally inactive heterochromatin domains of the LBCs (3) and was
used here to define the chromosomal axes. In contrast, NF7 associates specifically with the RNP matrix of the chromosomal loops, which
correspond to RNAPII active transcriptional units. In addition, NF7 is present on nucleoplasmic granules, which are out of focus here because of
their small size (0.2 to 0.3 wm). Scale bar, 5 wm. (C) Western blot analysis with MAb 37-1A9 indicates that NF7 is primarily nuclear, and while
it is found associated with chromosomes, it is also found soluble in the nucleoplasm. Proteins from 10 whole nuclei and organelles and nucleoplasm
from 10 nuclei, five cytoplasms, or five whole oocytes were used. The values on the left are molecular sizes in kilodaltons.

Mass spectrometry. In-gel digestion of the putative NF7 protein band was
performed according to Hellman et al. (19), with the exception that ProGest
at 0.6 mg/ml (Waters, Milford, MA) was used in conjunction with trypsin
(sequencing grade; Promega, Madison, WI) during digestion. Mass spectrom-
etry was performed with a Waters Q-ToF Global Ultima with a CapLC on a
Symmetry C;g (3.5-pm particles; 75 m by 100 mm) NanoEase column (Wa-
ters, Milford, MA) at a flow rate of ~400 nl/min with a gradient of acetoni-
trile containing 0.1% formic acid. The spectrometer was set to perform
tandem mass spectrometry on the three most prominent ions (Big-3) during
acquisition. The spectrum was processed with Protein Lynx Global Server 2.1
(Waters, Milford, MA) and PEAKS (Bioinformatics Solutions Inc., Waterloo,
Ontario, Canada).

Protein samples and Western blot assays. Whole nuclei and cytoplasms were
hand isolated in ice-cold 5:1 buffer (83 mM KCl, 17 mM NacCl, 6.5 mM
Na,HPO,, 3.5 mM KH,PO,, 1 mM MgCl,, 1 mM DTT) with fine tweezers
under a dissecting microscope. Whole nuclear protein extracts were prepared
by directly adding Laemmli protein sample buffer. Nucleoplasmic and or-
ganelle protein extracts were prepared by centrifuging the isolated nuclei at

22,000 X g for 15 min at 4°C. The resulting nuclear organelle pellets were
directly resuspended in 1X Laemmli protein sample buffer. Supernatants
corresponded to nucleoplasmic fractions. Cytoplasms were centrifuged at
22,000 X g for 30 min at 4°C to discard yolk and pigment granules. The
recovered supernatants were used as cytoplasmic fractions. Proteins were
separated by SDS-PAGE (5 to 15% polyacrylamide gradient gels) under
denaturing conditions and transferred onto 0.2-pm-pore-size polyvinylidene
difluoride membranes (Immun-Blot; Bio-Rad, Hercules, CA) for 2 h at 200
mA in Tris-glycine buffer containing 20% methanol with a wet-cell apparatus
(Bio-Rad, Hercules, CA). Membranes were blocked in 1X PBS containing
5% fat-free dry milk (Carnation), rinsed briefly in 1X PBS, and then incu-
bated with the primary antibody in 1X PBS containing 0.025% Tween 20 for
1 h at room temperature. Membranes were washed three times with 1X PBS
containing 0.05% Tween 20 and incubated with the secondary antibody in 1X
PBS containing 0.025% Tween 20 for 1 h at room temperature. After three
washes with 1X PBS containing 0.05% Tween 20, detection was performed
with an ECF kit (GE Healthcare, Fairfield, CT) and an FLA3000 fluoroim-
ager (Fuji Medical Systems, Stamford, CT).
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FIG. 2. Nucleoplasmic NF7 exists as a homotrimer. (A) Flow chart
indicating the fractionation of nucleoplasmic NF7, which was followed
through each step of purification by Western blot analysis with MAb
37-1A9. (B) Sypro orange-stained gel with each lane containing an
equal volume of elution fractions 5 to 13 from the MonoS column. The
major band with an apparent molecular mass of 80 kDa of fraction 09
was identified as NF7 by tandem mass spectrometry. The values on the
left are molecular sizes in kilodaltons. (C) Fraction 09 from the MonoS
column was further fractionated on a Sephacryl 200 column, and NF7
eluted at 240 kDa.

Sephacryl 200

RESULTS

Nucleoplasmic NF7 exists primarily as a homotrimer. The
primary sequence of NF7 displays a coiled coil, as predicted by
the COILS algorithm of Lupas et al. (24), which encompasses
residues 285 to 408. With the Multicoil program of Wolf et al.
(41), we were able to further classify the predicted NF7 coiled
coil as trimeric with a high degree of confidence (Fig. 1A).
Because the coiled coil in TRIM proteins was previously shown
for several family members to promote the assembly of high-
molecular-weight complexes (36), we took advantage of the
large nucleoplasmic pool of NF7 in the oocyte (Fig. 1C) and
biochemically purified it under conditions that would maintain
the native interactions with any NF7-interacting factors. A
soluble oocyte extract containing the soluble nucleoplasmic
NF7 protein was obtained by differential centrifugation as de-
scribed by Jones et al. (20). During that procedure, the pool of
NF7 associated with the chromosomal loops and RNP granules
(Fig. 1B) is discarded. Fractionation by a combination of ion-
exchange chromatography and gel filtration chromatography
indicated a single distinct pool of NF7 protein, as detected by
immunoblotting with a MADb to NF7 (37-1A9) (Fig. 2A). Size
exclusion chromatography showed that all of the detectable
NF7 protein fractionated at a size significantly larger (>200
kDa) than expected for NF7 alone (80 kDa), suggesting that
NF7 was a component of a multiprotein complex. However,
SDS-PAGE analysis of the composition of the NF7-containing
fractions from the final step of purification surprisingly did not
identify any potential NF7-interacting polypeptides precisely
cofractionating with NF7 (Fig. 2B). A single major polypeptide
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with an apparent molecular mass of 80 kDa was readily detected.
This polypeptide was excised from the gel, trypsin digested,
and positively identified by liquid chromatography-tandem
mass spectrometry as NF7. Together, these results suggested
that most nucleoplasmic NF7 exists as homomultimers. To
gain a more accurate estimate of the size of the suspected
multimer, the purified NF7-containing fractions were fraction-
ated over a Sephacryl 200 size exclusion column. Elution of
NF7 at a peak size of ~240 kDa was observed (Fig. 2C) and,
in agreement with the presence of a predicted trimeric coiled
coil in the NF7 primary sequence, indicated that endogenous
NF7 assembles into homotrimers. To further confirm this tri-
meric stochiometry, the NF7 peak fractions from the Sephacryl
200 column were incubated at 20°C in the presence of 0.01%
glutaraldehyde, a chemical cross-linker. At this very low con-
centration of glutaraldehyde, only direct protein interactions
are expected to be cross-linked. Proteins were then analyzed in
Western blot assays with MAb 37-1A9. Figure 3A shows the
appearance over time of a new band with an apparent molec-
ular mass of ~250 kDa, in addition to the usual 80-kDa band
corresponding to monomeric NF7, which is consistent with the
cross-linking of an NF7 trimer.

The extract used to purify NF7 was produced by gentle
homogenization of oocytes in low-salt buffer lacking detergents
that was designed to preserve native molecular interactions.
However, one could not exclude the possibility that an initial
large complex containing an NF7 trimer was disrupted during
chromatography. To test for the presence of an eventual large
nucleoplasmic NF7-containing complex, nuclei were manually
isolated into a physiological buffer, the nuclear organelles were
discarded by centrifugation, and the resulting crude nucleo-
plasmic extract was incubated in 0.01% glutaraldehyde. West-
ern blot analysis revealed that NF7 is cross-linked over time
to yield a complex of ~250 kDa (Fig. 3A). Taken together,
these data indicate that nucleoplasmic NF7 exists as a stable
homotrimer.

The glutaraldehyde cross-linking assay was further used on
several mutated forms of NF7, generated by in vitro transla-
tion, to confirm the role of the coiled coil in trimer formation
(Table 1). The results obtained with five different deletion-
containing forms of NF7, AN112, AN275, AC281, AC448, and
ACC284-409, are presented in Fig. 3. The AN112, AN275, and
AC448 proteins, which were expressed with apparent molecu-
lar masses of 60, 42, and 56 kDa, respectively, were all cross-
linked effectively by glutaraldehyde over time to produce tri-
meric forms of ~180, ~120, and ~180 kDa, respectively (Fig.
3B). In contrast, the two forms of NF7 that lack a functional
coiled coil, ACC284-409 and AC281, failed to be cross-linked
(Fig. 3B). These data, together with the data summarized in
Table 1, demonstrate that the coiled coil appears to be the only
domain critical for the formation of NF7 homotrimers.

NF7 trimer formation is required for its association with
transcriptional units. Many of the TRIM proteins display spe-
cific subcellular distributions, which appear to depend directly
on the presence of the coiled-coil region (36). As previously
mentioned, NF7 associates with the active transcriptional units
of RNAPII and small nucleoplasmic granules, which are most
likely RNP granules (34, 37) (Fig. 1B). To determine the im-
portance of the trimerization of NF7 in its chromosomal
localization, several deletion-containing forms of HA-tagged

HOS A3IN SSYIN 40 AINN A STOZ ‘6 Atenuer uo /B0 wise qowy/:dny Wwoly papeojumod


http://mcb.asm.org/

VoL. 27, 2007 NF7 HOMOTRIMERS TARGET TRANSCRIPTIONAL UNITS 2619

A o 1 2 ¢
NF7 (S-200)

[A e Jfee [ om0z} (e =z} {om[nfs e}

o 1 4 10
ACC284-409

45 -

Jero r {8 || B302 }

FIG. 3. The coiled coil is essential for NF7 trimerization. (A) The cross-linking of endogenous NF7 trimers by 0.01% glutaraldehyde is
demonstrated in the S-200 peak fractions and in a crude nucleoplasmic extract by Western blot analysis with MAb 37-1A9. Over time, a new band
with an apparent molecular mass of ~250 kDa is detected in addition to the monomeric NF7 form of 80 kDa. (B) Several modified forms of NF7
were produced in vitro in the presence of [**S]methionine, and their ability to trimerize was tested by glutaraldehyde cross-linking. A schematic
representation of the expressed proteins is given under each autoradiograph (R, RING finger; B, B box; CC, coiled coil; B30.2, RFP-like domain).
Note that the only domain involved in multimerization is the coiled-coil region. The values on the left are molecular sizes in kilodaltons.

NF7 were expressed in Xenopus oocytes and their distributions
were determined by indirect immunofluorescence microscopy
on nuclear spreads (Fig. 4 and Table 1). NF7 displays a unique
NLS that resides between its CHD and RING motifs. It is a
bipartite NLS that was shown to be both necessary and suffi-
cient for the nuclear import of NF7 in amphibian oocytes and
embryos (22). As a result, several of the deletion-containing
forms of NF7 that lack the NLS were unable to enter the
nucleus upon their expression in the oocyte. A simian virus 40
NLS was thus fused to the amino-terminal end of these NF7
mutants to reestablish their nuclear import. In vitro-synthe-
sized transcripts coding for HA-NF7 and the mutated forms
presented in Table 1 were injected into the cytoplasm of stage
V oocytes, and nuclei were isolated 18 h later. Western blot
analysis indicated that in each case a major band of the ex-
pected molecular weight was detected by MAb 3F10 in the
nucleus (Fig. 4B). Once in the nucleus, only the proteins that
contained an intact B box and a coiled-coil region were able to
associate with the nascent RNAPII transcripts of the chromo-
somal loops and the nucleoplasmic RNP granules. Yet, as we

0’ 17 4 10

AC281

have shown, the B box is dispensable for NF7 trimerization.
Thus, these data strongly suggest that while NF7 must form a
homotrimer to interact with the RNAPII active transcriptional
units, it is, however, not sufficient. All of the newly expressed
NF7 mutants and, to a lesser extent, NF7 itself were found to
interact with the numerous nucleoli of the oocyte nucleus,
most likely in a nonspecific way. More surprisingly, several
deletion-containing forms of NF7 (AC448, ACC284-409, and
AN275) were also found to accumulate within CBs. This aber-
rant association with CBs was particularly obvious for AC448;
while the chromosomal loops were labeled with MAb 3F10, as
well as in the case of full-length HA-NF7, their correct expo-
sure in Fig. 4A resulted in complete image saturation of the
CBs (in panel AC448). We therefore revisited the distribution
of endogenous NF7 with four distinct antibodies. As previously
documented with another anti-NF7 antibody (L24) (17), the
only nuclear domains detected by three of them (two mouse
polyclonal sera and one MAb, B6) corresponded to the chro-
mosomal loops and the free RNP granules. Interestingly, the
fourth one (MAb 37-1A9), which also appears to be monospe-
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TABLE 1. A trimeric B-box is required for the association of NF7 with chromosomal loops

Formation of Targeting to

Proteins Structure® homotrimers” chromosomal loops®
N e * +
AN1I2 +
AN206 S v v
AN275 o CC g BSOS + -
AC448 S e e + +
AC281 == -
ACC284-409 - -
H266N? + -

“ R. RING finger; B. B-box; CC, coiled coil; B30.2. RFP-like domain. AN and AC indicate deletions from the N-terminal and C-terminal regions, respectively. The

numbers indicate the amino acid residues where deletions stop.
® Glutaraldehyde cross-linking assay.
¢ Indirect immunofluorescence on nuclear spreads.
@ Described in reference 6.

cific in immunoblot assays (Fig. 1), was found to label CBs well
in addition to the RNP matrix of the chromosomal loops and
the nucleoplasmic RNP granules (Fig. 5). Together, these data
suggest an unexpected but physiologically relevant association
of NF7 with CBs, which are discrete organelles previously
implicated in the transcription and processing of all nuclear
RNAs (16).

NF7 trimerization occurs in the cytoplasm prior to nuclear
import. The fact that nucleoplasmic NF7 exists as a homotri-
mer, together with the finding that the coiled coil is essential
for the association of NF7 with the chromosomal loops sug-
gested a model in which homotrimerization of NF7 precedes
its association with the RNAPII active transcriptional units. To
test this hypothesis further, we examined when trimer forma-
tion occurs by following the cellular fate of two modified forms
of NF7 coexpressed in oocytes. The first one was named ANLS
as it corresponds to full-length NF7 with the 15 residues form-
ing the bipartite NLS deleted. As shown in Fig. 6, newly made
ANLS, which has an apparent molecular mass of ~80 kDa, is
unable to enter the cell nucleus when expressed alone. The
second one corresponds to AC448, which lacks the entire RFP/
B30.2 domain. Because it still has the endogenous bipartite
NLS, however, newly made AC448 is recruited well to the
nucleus (Fig. 6). Both the ANLS and AC448 proteins have an
intact coiled coil and can therefore be involved in the forma-
tion of trimers. Importantly, because the amount of newly
synthesized endogenous NF7 is very low in the cytoplasm, it is
unlikely to participate in heterotrimer formation with either
AC448 or ANLS polypeptides. Interestingly, when AC448 and
ANLS synthetic transcripts were coinjected into the cytoplasm
of oocytes, both newly made proteins were recruited to the
nucleus. We concluded that the nuclear targeting of ANLS was
the result of heterotrimer formation with AC448. Together,
these data demonstrate that NF7 trimerization can occur in the
cytoplasm immediately after translation and strongly support a
paradigm in which NF7 is recruited to the nucleus as a ho-
motrimer that subsequently associates with active transcrip-
tional units (Fig. 7).

DISCUSSION

A large pool of nucleoplasmic NF7. In the present study,
biochemical purification of NF7 revealed that it is an abundant
protein of the amphibian oocyte (~100 pg of the nucleoplas-
mic NF7 was purified from 400 mg of oocyte extract). Such a
large pool of NF7 was expected, as it can be readily detected in
immunoblot assays from fewer than 10 nuclei. It is also con-
sistent with the fact that NF7 is a maternal nuclear factor,
which is transmitted to the egg cytoplasm at the time of the
nucleus breakdown and must reenter all ~4,000 embryonic
nuclei at the mid-blastula transition (1, 29). Such a situation is
not unusual in the amphibian oocyte, which was previously
shown to maintain in its nucleus high concentrations of many
regulatory proteins, for example, RNAPII. Interestingly, many
factors that are stored during oogenesis, such as transcription
factors TFIIIA and FRGY2, are also functionally active (38).
In the case of NF7, its association with the elongating RNAPII
transcripts on the loops of the LBCs provides direct in vivo
evidence for a role in pre-mRNA transcription and/or process-
ing. In agreement with such a role, which is often ignored for
NF7, its reentry into embryonic nuclei corresponds to the time
when zygotic gene expression starts.

Homotrimerization of NF7 depends primarily on its coiled-
coil domain. Gel filtration and glutaraldehyde cross-linking
analyses further demonstrated that all detectable nucleoplas-
mic NF7 exists as a homotrimer. Several TRIM family mem-
bers were previously characterized as forming homo- and/or
heteromultimers, and while the coiled coil is essential for
their multimerization, the RING finger, the B box, and the
B30.2 domain were also shown to be implicated. In partic-
ular, the multimerization of two proteins closely related to
NF7 in their primary sequences, RFP and TRIMS5a, de-
pends on the B box and the B30.2 domain, respectively. In
the case of TRIMSa, the B30.2 domain contributes greatly
to the formation and/or the stability of TRIMSa trimers and
its deletion results in the accumulation of TRIM5«a dimers
instead (30). In contrast, the homomultimerization of RFP
and its heteroassociation with the PML (promyelocytic leu-
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ACC284-409

FIG. 4. Trimerization and an intact B box are required for the association of NF7 with RNAPII active transcriptional units. (A) Transcripts
of several modified forms of HA-tagged NF7 were injected into the cytoplasm of stage V oocytes, and nuclear spreads were prepared 18 h later.
Newly made proteins (in red) were detected with anti-HA MAb 3F10 and an Alexa 594-conjugated secondary antibody. In all preparations, DNA
was counterstained with picogreen (nucleoli and chromosomal axes are the only structures labeled) and the merged images are presented. A
differential interference contrast image and its corresponding fluorescence micrograph are presented for ACC284-409 to emphasize the fact that
while chromosomal loops are present, they are not labeled by MAb 3F10. Note that the two domains required for chromosomal association are
the B box (AN275) and the coiled coil (ACC284-409). CBs, which were found to accumulate several of the newly expressed proteins, are indicated
by arrows. Scale bars are10 um. (B) Western blot analysis of the newly expressed protein with MAb 3F10. Each lane corresponds to 10 nuclei of
stage V oocytes. The values on the left are molecular sizes in kilodaltons.

kemia) oncogene directly involve its B box (11, 12). In ad- protein for which oligomerization involves all three subdo-
dition, while homo- and heterodimeric RING complexes mains of the TRIM motif, including the RING finger (33).
have been described in non-TRIM proteins such as BRCA1 Importantly, then, NF7 distinguishes itself as the coiled coil
and BARD1 (10), the transcriptional corepressor KAP-1 was found in our deletion analysis to be the primary motif
(KRAB-associated protein 1) is an example of a TRIM involved in its trimerization.
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mAb37-1A9

Picogreen

FIG. 5. Association of NF7 with CBs. Differential interference contrast (DIC) and corresponding fluorescence micrographs of nuclear spreads.
The DNA in both preparations was counterstained with picogreen. (A) The transcript coding for ACC284-409 was injected into the cytoplasm of
stage V oocytes, and nuclear spreads were prepared 18 h later. The newly made protein was detected with MAb 3F10 (in red). Nucleoli, which
are well labeled with picogreen, are weakly stained by MAb 3F10. In contrast, ACC284-409 is detected at a high concentration within CBs, as
exemplified by the one present in the field (arrow). Note that the B snurposomes (arrowheads), which are the analogous structures of the somatic
interchromatin granule clusters, are weakly labeled. (B) Immunostaining of endogenous NF7 with MADb 37-1A9 (in red). The lateral chromosomal
loops and CBs (arrow) are well labeled, while nucleoli (green) and B snurposomes are negative. Scale bars are 5 pm.

Association of NF7 trimers with RNAPII transcriptional
units requires the B box. The coiled coil was also shown here
for the first time to be implicated in the association of NF7
with the chromosomal loops. Trimerization is not sufficient,
however, as deletion of the B box resulted in the same loss of
NF7 chromosomal targeting. This is consistent with a previous
study where the point mutation H266N, which prevents the B
box from chelating zinc and presumably from folding correctly,
inhibited NF7 chromosomal targeting (Table 1 and reference

(%’(;Iknsa)CHDH RHBH cC H B2
acess [iHowolE}{ » He H co }-

Cytoplasm Nucleus
ANLS RNA + - + + - +
AC488 RNA + + - + + -

FIG. 6. NF7 trimerization occurs in the cytoplasm. Western blot
assay showing the cellular distribution of two modified forms of NF7
upon expression in stage V oocytes. Both proteins were tagged with the
HA epitope, and MAb 3F10 was used for their detection. Whether the
transcripts coding for ANLS (80 kDa) and AC448 (60 kDa) were
injected individually or coinjected is indicated by the plus and minus
signs above the lanes. Cytoplasmic and nuclear protein samples were
prepared 18 h after injection, and each lane corresponds to either five
cytoplasms or 10 nuclei. The values on the left are molecular sizes in
kilodaltons.

6). We further demonstrated that the B box and the coiled coil
are the only two domains essential for the association of NF7
with chromosomal loops. In addition, the fact that AN275 is
still efficiently cross-linked by glutaraldehyde into a trimeric
form but fails to target the RNAPII transcriptional units sup-
ports a model in which the interaction of NF7 with the RNP
matrix of the loops is mediated by the B box (Fig. 7). In this
model, the coiled coil is required to form a trimeric B box,
which then can associate with components of the RNP matrix
on chromosomal loops. A similar paradigm has been recently
presented for the recruitment of the transcriptional corepres-
sor KAP-1 to gene promoters (33). In this case, however, an
intact TRIM motif is required to mediate the interaction be-
tween KAP-1 homotrimers and KRAB domain-containing
transcriptional repressors. The lack of involvement of the
RING finger in NF7 chromosomal targeting, however, does
not antagonize the emerging concept of a functionally inte-
grated TRIM motif (28). Indeed, an interesting possibility is
that both the coiled coil and B box are necessary to bring NF7
to transcriptional units where the RING finger plays its newly
demonstrated role of a ubiquitin E3 ligase. Yet, in the light of
the recent demonstration that the coiled coil and the B30.2
domain are also implicated in the recruitment of NF7 to the
mitotic spindle (25), one could argue that a key to the apparent
multifunctions of NF7 resides in its oligomerization, in addi-
tion to its modular organization (Fig. 7). In such a model, the
coiled coil would also be used independently of the TRIM
motif to produce trimeric versions of the other domains de-
fined in NF7. In the case of the B30.2 domain, its multimer-
ization would offer NF7 the opportunity to contact several
microtubules simultaneously, resulting in the microtubule-bun-
dling activity presented in reference 25.

NF7 trimerization occurs in the cytoplasm. Deletions and/or
mutations of the B box have an effect on NF7 subnuclear
distribution, but they do not influence its oligomerization.
While newly expressed B-box mutants are likely to enter the
nucleus as homotrimers, one cannot exclude the possibility of
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FIG. 7. Paradigm of NF7 trimerization and association with chromosomal loops. In this model, NF7 trimerization mediated by the coiled-coil
region occurs in the cytoplasm. NF7 homotrimers are then recruited to the nucleus, where they associate with the chromosomal loops through their

trimeric B box. Whether NF7 transits through CBs remains uncertain.

a subsequent heterotrimerization with the endogenous nuclear
NF7. The fact that B-box mutants do not associate with the
RNP matrix of the loops could therefore suggest a dominant
negative effect of such mutants on NF7 chromosomal target-
ing. Yet another interesting possibility is that little heterotri-
merization between endogenous NF7 and an expressed B-box
mutant occurs. In support of that idea is the demonstration
that the interaction between full-length KAP-1 and the KAP-1
TRIM domain requires both polypeptides to be coexpressed in
Sf9 cell cultures, as the mixing of both polypeptides expressed
individually could not promote the formation of heterooli-
gomers (33). Similarly, it was reported that wild-type PML
could oligomerize with various PML mutants only if these
polypeptides were coexpressed in reticulocyte lysates (7). To-
gether, these data suggest that the multimerization of these
TRIM proteins might be coupled to translation or occur im-
mediately after. Importantly, they also underscore a high sta-
bility of the TRIM homomultimers. Consistent with such a
model, the demonstration that the nuclear targeting of newly
expressed NF7-ANLS can be rescued by coexpression of AC448,
presumably by heterotrimer formation, strongly suggests that
NF7 trimers form in the cytoplasm immediately after transla-
tion and are subsequently recruited to the nucleus, where they
remain stable.

Transient interaction of NF7 with CBs? In addition to a loss
of chromosomal targeting of the various B-box and coiled-coil
mutants tested, a striking relocalization of these newly made
proteins to nucleoli and CBs was observed. While an aberrant
association with nucleoli of a large variety of expressed pro-
teins (both wild-type and mutant proteins) is commonly seen in
the oocyte and attributed to nonspecific interactions, it is not

the case for CBs. The nucleolar factor NO38 is another exam-
ple in amphibian oocytes of a protein, normally absent from
CBs, for which some mutants were observed to accumulate
within CBs (32). The reason for such a redistribution was not
investigated and remains unclear, however. For NF7, this effect
is not correlated with the lack of interaction between the mu-
tated proteins and the chromosomal loops since A448 targets
the RNP matrix of RNAPII transcriptional units well and dis-
plays the highest level of association with CBs. Interestingly,
another component of the RNP matrix, the Ul snRNP, is
normally detected in oocyte CBs by in situ hybridization at a
level slightly higher than background levels obtained with con-
trol probes (42). Yet, upon truncation of its first 20 nucleo-
tides, endogenous Ul accumulates in CBs (39). Because the
splicing snRNPs traffic through CBs (27), one likely interpre-
tation is that the exchange kinetics of U1 between CBs and the
nucleoplasm are changed, resulting in an accumulation of Ul
in CBs. Similarly, and consistent with a role in pre-mRNA
processing, our data suggest that NF7 associates specifically
but transiently with CBs.
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