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Summary

Regulation of microtubule dynamics and organization
in mitosis by a number of microtubule-associated
proteins (MAPs) is required for proper bipolar spindle
assembly, yet the precise mechanisms by which
many MAPs function are poorly understood [1]. One
interesting class of MAPs is known to localize to the
nucleus during interphase yet fulfill important spindle
functions during mitosis. We have identified Xenopus
nuclear factor 7 (Xnf7), a developmental regulator of
dorsal-ventral patterning [2, 3], as a microtubule-bind-
ing protein that also associates with the nuclear im-
port receptor importin «/p. Xnf7 localized to inter-
phase nuclei and metaphase spindles both in Xenopus
egg extracts and cultured cells. Xnf7-depleted spin-
dles were hypersensitive to microtubule-depolymeriz-
ing agents. Functional characterization of Xnf7 re-
vealed that it binds directly to microtubules, exhibits
RING-finger-dependent E3-ubiquitin-ligase activity, and
has C-terminal-dependent microtubule-bundling ac-
tivity. The minimal microtubule-bundling domain of
Xnf7 was sufficient to rescue the spindle-hypersensi-
tivity phenotype. Thus, we have identified Xnf7 as a
nuclear MAP whose microtubule-bundling activity,
but not E3-ligase activity, contributes to microtubule
organization and spindle integrity. Characterization of
the multiple activities of Xnf7 may have implications
for understanding human diseases caused by muta-
tions in related proteins.

Results

Biochemical Identification of Xnf7 as a Microtubule-
Associated Importin g Cargo

A number of microtubule-associated proteins (MAPs)
have been shown to localize to the spindle during mito-
sis and to the nucleus during interphase [4, 5]. MAPs
that exhibit this localization pattern are candidates for
regulation by Ran and import receptors. To identify po-
tential importin B-regulated MAPs, we performed com-
plimentary affinity-chromatography-based purifications.
First, MAPs from metaphase cytostatic factor (CSF)-
arrested Xenopus laevis egg extract were isolated and
subsequently subjected to an importin § column to en-
rich for potential cargoes (Figure 1A). Reciprocally, im-
portin B cargoes were isolated from extract and incu-
bated with pure taxol-stabilized microtubules to identify
those that behaved as MAPs (Figure 1B). These compli-
mentary biochemical purifications both yielded a prom-
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inent common band at ~78 kDa that was identified as
Xnf7 by microsequencing. Pulldowns were performed
with purified components to demonstrate that the
nuclear localization signal (NLS) of Xnf7 mediates bind-
ing of Xnf7 to importin § via the adaptor protein impor-
tin o in a RanGTP reversible manner (see Figure S1 in
the Supplemental Data available with this article online).
Xnf7 was previously identified as a regulator of dor-
sal-ventral patterning in the Xenopus embryo [2, 3]. Nu-
clear accumulation of Xnf7 requires a bipartite NLS that
has been mapped to amino acids 31-127 (Figure 1C)
[6]. In addition, Xnf7 contains an N-terminal CHROMO
domain (aa 31-91), a C3HC4-type RING finger (aa 145-
184), a B-box (aa 219-260), a leucine-rich coiled coil
(aa 270-393), and a C-terminal PRY/SPRY domain (aa
431-609) (Figure 1C). The conserved arrangement of its
RING-finger, B-box, and coiled-coil domains identifies
Xnf7 as a tripartite motif (TRIM) family member [7, 8].

Xnf7 Localizes to Interphase Nuclei and Mitotic
Spindles in Xenopus Extract and Cultured Cells

In order to further characterize Xnf7 localization and
function, we generated a polyclonal antibody against
recombinant Xnf7 that detected a single band at 78 kDa
by western blot of egg extracts (Figure 1D) and speci-
fically immunoprecipitated Xnf7 as determined by mass
spectrometry (data not shown). By immunofluores-
cence analysis, we determined that Xnf7 localized to
spindles assembled in metaphase extract and was nu-
clear during interphase (Figure 1E), a pattern similar to
that observed in post-mid-blastula transition (MBT)
X. laevis embryos [9, 10]. Interestingly, the phosphoryla-
tion-dependent cytoplasmic-retention mechanism that
prevents nuclear localization of Xnf7 in the early embryo
appears to be absent from the extract system, perhaps
as a result of differing phosphorylation states and/or
lack of a cell cortex. A similar localization pattern was
also observed in cultured Xenopus cells (Figure S2).
Notably, Xnf7 localized to discrete and punctate nu-
clear bodies in interphase cells. PwA33, a Pleurodeles
waltl ortholog of Xnf7, has been proposed to associate
with an RNP matrix [11, 12]; however, the nature and
composition of the Xnf7 nuclear bodies is currently un-
known.

Xnf7-Depleted Spindles Are More Sensitive

to Microtubule Depolymerization

In order to investigate the function of Xnf7 in spindle
assembly, we used the polyclonal antibody to deplete
greater than 95% of the protein from egg extracts as
determined by western-blot analysis (Figure 2A). Xnf7-
depleted extracts supported the assembly of spindles
with normal morphology around sperm nuclei or chro-
matin beads when compared to mock-depleted reac-
tions (Figure 2B). To examine whether the structural in-
tegrity of the spindle was nevertheless compromised,
we challenged mock- and Xnf7-depleted spindles with
microtubule-destabilizing factors. The addition of Op18/
Stathmin, a microtubule catastrophe-inducing factor, to
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Figure 1. Biochemical Identification of Xnf7
and Its Localization in Xenopus Egg Extracts

(A) Mitotic MAPs, purified from Xenopus egg
extract, were incubated with an importin
matrix, eluted, and subjected to SDS-PAGE
before Coomassie staining. The arrow points
to the abundant 78 kDa MAP that was iden-
tified as Xnf7 by microsequencing.

(B) Importin B cargoes were purified from
Xenopus egg extracts, eluted, and incubated
with taxol-stabilized microtubules before pel-
leting through a sucrose cushion. The micro-
tubule-associated cargoes were then eluted,
subjected to SDS-PAGE, and silver stained.
The most abundant band after tubulin (aster-

isk) was the 78 kDa protein Xnf7 (arrow).
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approximately 1.5 times its endogenous concentration
caused the shortening and collapse of Xnf7-depleted
spindles but had little effect on control spindle mor-
phology (Figure 2C) [13-15]. Similarly, titration experi-
ments with the microtubule-depolymerizing drug noco-
dazole revealed that Xnf7-depleted spindles were more
sensitive to the drug and collapsed and/or lost bipolar-
ity at concentrations (10 and 50 ng/ml) that had minimal
effects on control spindles (Figure 2D). Thus, Xnf7 func-
tion appears to contribute to the overall structural in-
tegrity of the spindle apparatus.

Xnf7 Binds to and Bundles Microtubules in vitro
Having observed that Xnf7 interacts with microtubules
in extracts and tissue-culture cells (Figure 1 and Figure
S2) and contributes to spindle integrity, we sought to
determine whether Xnf7 could affect microtubule poly-
merization and organization directly. Purified Xnf7 co-
sedimented with microtubules at tubulin concentra-
tions equal to or above 0.5 pM (Figure 3A), indicating
that Xnf7 binds directly and specifically to microtubules
in vitro [4, 16].

Xnf7 did not appear to affect the polymerization of
pure tubulin in vitro (data not shown). However, we
found that taxol-stabilized microtubules became orga-
nized into large bundled arrays in the presence of Xnf7
at concentrations greater than ~0.5-0.75 pM in a
dose-dependent manner (Figure 3B). The structures

DNA/Xn{7
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(C) Schematic representation of the domain
structure of Xnf7.

(D) The affinity-purified Xnf7 antibody recog-
nizes one 78 kDa band by western-blot
analysis of total egg extract.

(E) Immunolocalization of Xnf7 in interphase
(top) and metaphase (bottom) extracts. Nu-
clei were stained for DNA (blue) and Xnf7
(green). Xnf7 localizes to spindles assem-
bled in metaphase-arrested extract. In the
merged metaphase image, microtubules are
red, DNA is blue, and Xnf7 is green. The
scale bar =10 pm.

484-609

were negatively stained and viewed by electron micro-
scopy to confirm that they were indeed bundled micro-
tubules. Whereas control conditions contained indivi-
dual microtubule polymers, in the presence of Xnf7 we
observed bundled arrays often consisting of greater
than ten aligned microtubules (Figure 3C). Importin o/
binding did not significantly affect the microtubule
binding or bundling by Xnf7, indicating that these activ-
ities are not regulated by the importin/RanGTP pathway
(Figure S3).

For monitoring the kinetics of the Xnf7-mediated
microtubule bundling, flow cells containing fluores-
cently labeled taxol-stabilized microtubules were as-
sembled and imaged by time-lapse fluorescence mi-
croscopy as Xnf7 was introduced. A stable network of
microtubule bundles formed within several seconds of
introducing Xnf7 (Figure 3D and Movie S1). These bun-
dles were extremely stable and did not dissociate over
the course of several hours (data not shown). To investi-
gate how such stable Xnf7-cross linked microtubule
bundles would behave in the presence of microtubule-
based motor activity, we employed a motility assay with
conventional kinesin (Kinesin 1). Xnf7-generated micro-
tubule bundles rapidly split apart into smaller structures
that were transported away by immobilized motors (Movie
S2). When bundles consisting of Alexa 488-labeled
(green) and X-rhodamine-labeled (red) microtubules
were utilized in the assay, we observed bundles split-
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Figure 2. Xnf7-Depleted Spindles Are More
Sensitive to Microtubule Depolymerization

(A) Western blot of total, Xnf7-depleted, and
mock-depleted extract probed with Xnf7 an-
tibodies to show that >95% of Xnf7 was re-
moved from the extract whereas the control
protein (RCC1) was unaffected by the de-
pletion.

(B) Both sperm spindles and chromatin-bead
[ - spindles assembled normally in Xnf7-depleted
)‘ extracts. Tubulin is shown in red and DNA in
blue. Scale bars =10 pm.

(C) Addition of low levels (~3 puM) of the ca-
tastrophe factor Op18 to extracts had little
effect on the morphology of mock-depleted
spindles but induced Xnf7-depleted spindles
to collapse and/or become less organized.
Tubulin is red and DNA is blue. The scale
bar =10 pm.

(D) A representative nocodazole titration ex-
periment highlighting that low levels (10 and
50 ng/ml) of the microtubule depolymerizer
had a more dramatic effect on Xnf7-depleted
spindles compared to spindles assembled in
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ting apart into smaller mobile structures consisting of
both green and red microtubules (Movie S3). Thus,
Xnf7-mediated microtubule bundles, although extremely
stable in the absence of applied forces, are readily con-
verted into motile, nonstatic structures upon interaction
with motor proteins.

The Coiled Coil and SPRY Domains of Xnf7 Are
Required for Its Microtubule-Binding

and -Bundling Activities

Consistent with recently published results, we found
that, in addition to its microtubule-bundling function,
Xnf7 also exhibited RING-finger-dependent ubiquitin-
E3-ligase activity in vitro (Figure 4A and Figure S4). A
series of Xnf7 truncation mutants were constructed to
identify which domains were essential for its functions.
Xnf7 lacking the SPRY domain failed to bundle pure
microtubules and also appeared to act in a dominant-
negative fashion by inhibiting the bundling activity of
Xnf7 in vitro, perhaps by sequestering Xnf7 into inactive
aggregates (Figure S5). Other C-terminal truncations
including Xnf71-265 Xnf71-218 and Xnf7'-141 all failed
to bind or bundle microtubules (Figure 4A). By con-
structing several N-terminal truncations, we were able
to define Xnf725-609 consisting of the coiled coil (a re-

either mock-depleted or untreated extracts.
N = 100 structures for each condition. Re-
presentative examples of spindles from con-
trol and Xnf7-depleted reactions are shown
next to the graph with tubulin in red and DNA
in blue. The scale bar =10 pm.

ported homo-oligomerization domain [17]) and SPRY
domains, as the minimal microtubule-binding and -bund-
ling domain of Xnf7 (Figures 4A and 4B). Similar obser-
vations were reported for the related microtubule-
bundling protein Mir1 [18].

Interestingly, addition of exogenous Xnf7'-432 Jacking
the PRY/SPRY domain to extracts during spindle-assem-
bly reactions resulted in aberrant and poorly organized
microtubule structures containing large clumps of Xnf7
(Figure 4C). The effect of this truncation is notable be-
cause mutations in the SPRY domain of other TRIM
family members are linked to a number of human dis-
eases [19]. For example, loss of the SPRY domain in
the microtubule-associated TRIM family member MID1
induces cytoplasmic aggregation of the protein and
causes the human developmental disorder Opitz syn-
drome (OS) [20-22].

The Bundling Activity of Xnf7, Not Its E3-Ligase
Activity, Contributes to Spindle Integrity

The nocodazole sensitivity of Xnf7-depleted spindles
could be rescued by the addition of full-length recombi-
nant Xnf7 to depleted extract at estimated endogenous
levels (~3 wM), indicating that Xnf7 was the relevant
activity being immunodepleted (Figures 4D and 4E).
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Figure 3. Xnf7 Binds Directly to Microtubules
and Organizes Them into Bundled Arrays

(A) Microtubule cosedimentation analysis
with the indicated concentrations of taxol-

stabilized microtubules in the presence of
0.25 pM Xnf7. Equal loads of the superna-

1758
A OuM  05uM  1uM 2uM 4 uM
MTs MTs MTs MTs MTs
S P § P S P S P S
Xnf7 p - - e
Tubulin : - —

tants (S) and pellets (P) from each microtu-
bule concentration were blotted for Xnf7 (top

Taxol MTs
+Xnf7

Tubulin
Control

Xnf7
+Xnf7

5 7,500X

Timelapse of MT Bundling by Xnf7

Utilizing the various Xnf7 truncations and point mutants
that we had generated, we next investigated which func-
tional domains of Xnf7 were required for spindle integrity.
The nocodazole hypersensitivity of Xnf7-depleted spin-
dles was fully rescued by adding back the minimal mi-
crotubule-bundling domain of Xnf7 (Xnf7265-699) which
lacks E3-ligase activity (Figures 4A, 4D, and 4E). These
data strongly indicate that loss of Xnf7’s microtubule-
bundling activity rather than its E3-ligase activity is
responsible for the hypersensitivity of Xnf7-depleted
spindles to depolymerizing agents. Thus, Xnf7 contrib-
utes to the structural integrity of the spindle by bundling
microtubules.

Discussion

Microtubule Bundles and the Spindle

In addition to individual microtubule polymers, the mi-
totic spindle consists of subpopulations of differentially
bundled microtubules. For proper spindle structure and
function, MAPs and motor proteins must act in the con-
text of these bundled arrays to stabilize, destabilize,
transport, and move along microtubules. Examining
how MAPs and motors behave in the context of bun-
dled fibers may further our understanding of what is
happening in the complex spindle environment. For ex-

panel) and tubulin (bottom panel). Xnf7 co-
sedimented with microtubules at concentra-
tions equal to or above 0.5 puM.

(B) Taxol-stabilized microtubules are bun-
dled by recombinant Xnf7. Two micromolar
Xnf7 was incubated with 1 wM rhodamine-
labeled taxol-stabilized microtubules, and
the reactions were spun down and stained
for Xnf7 by immunofluorescence. Microtu-
bule bundles were detected at Xnf7 concen-
trations above ~0.75 wM. The scale bar =
10 pm.

(C) Structures were assembled in the pres-
ence of 2 M Xnf7 before being imaged by
electron microscopy to confirm that microtu-
bules were indeed bundled. In the presence
of Xnf7, large microtubule bundles were de-
tected, whereas in control reactions, only in-
dividual microtubules were observed. The
7,500x scale bar = 1 um; the 30,000x scale
bar = 200 nm.

(D) A flow cell was filled with taxol-stabilized
microtubules and imaged as Xnf7 was added
to the chamber. A stable network of bundled
microtubules assembled within ~2 s of intro-
ducing Xnf7. See Movie S1.

ample, how might a processive directional motor move
along a bundle of antiparallel microtubules? Also, how
might microtubule destabilizers such as MCAK and
Op18 act on a bundle of microtubules like a kinetochore
fiber? The application of in vitro assays with bundled
microtubules could help address these questions.

Stable, Xnf7 cross-linked microtubule bundles within
the spindle could contribute to integrity and morphol-
ogy by physically buttressing the structure. However,
the stable Xnf7-mediated microtubule bundles can also
transition into a dynamic and fluid state upon force ap-
plication by molecular motors. Thus, bundling factors
may generate microtubule arrays that impart structural
stability to the spindle while simultaneously retaining
critical dynamic properties when necessary.

RanGTP and importins do not appear to regulate the
microtubule-binding and -bundling activity of Xnf7
during mitosis despite the fact that it is a nuclear cargo.
It is possible that other activities of Xnf7 are regulated
by the Ran pathway, or that the regulation exists purely
at the level of localization, because nuclear transport
could function to sequester Xnf7 away from microtu-
bules. At the least, regulation of Xnf7 by import recep-
tors likely serves an important developmental function
because it is known that the localization pattern of Xnf7
is regulated during embryogenesis [2].
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Figure 4. Functional Dissection of Xnf7 Re-
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veals that Its Minimal Microtubule-Bundling
Domain Is Sufficient to Rescue Spindle Hy-
persensitivity Caused by Xnf7 Depletion

(A) Schematic of the various Xnf7 trunca-
tions and point mutants generated in this
study with a summary of the E3-ligase and
microtubule-binding and -bundling activities
of each recombinant protein. The gray box
and asterisk denote the minimal microtu-
bule-bundling domain defined as Xnf7265-609,
(B) Immunofluorescent and negative-stain
images of microtubule bundles assembled in
the presence of 2 uM Xnf7265-6%9, The 40x
scale bar = 10 um, the 7,500x scale bar = 1
pm, and the 30,000x scale bar = 200 nm.
(C) Addition of 5 puM Xnf7'-432 (Xnf7ACTD) to
spindle-assembly reactions dramatically dis-
rupted microtubule organization and led to
the formation of microtubule-associated and
cytoplasmic clumps of Xnf7. In merged
images, DNA is blue, tubulin is red, and Xnf7
is green. The scale bar =10 pm.
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tions. The recombinant Xnf7 was slightly
smaller than the endogenous version of the
protein. All the versions of recombinant Xnf7
used in these experiments were added at a
final concentration of 3 uM to depleted ex-
tracts.

(E) Spindles were assembled in mock- and
Xnf7-depleted extracts and challenged with
50 ng/ml nocodazole for 15 min before the
number of collapsed/disorganized struc-

AXnf7

Tubulin/DNA

tures was tallied. Addition of either Xnf7 WT or Xnf7265-609 to depleted extracts rescued the nocodazole sensitivity of AXnf7 spindles. Images
show examples of spindle structures assembled in each condition. Tubulin is red and DNA is blue. The scale bar = 10 um. The data were
compiled from five separate depletion experiments, three of which included rescue conditions. The total numbers of structures counted were
as follows: AMock and AXnf7 = 500, WT rescue = 200, and Xnf7219-699 rescue = 300. Error bars are + 1 standard deviation.

Microtubule-Associated Developmental Regulators
Xnf7 was initially characterized as a developmental reg-
ulator of dorsal-ventral patterning in the early Xenopus
embryo. It is possible that Xnf7 is primarily involved in
development but has been co-opted to fulfill a spindle
role during mitosis by organizing microtubules. It is now
evident that Xnf7 is not alone in this distinction. Devel-
opmental regulators such as APC, [-catenin, GSK-3f3
and dishevelled have all been shown to influence
microtubule behavior [23-29]. It will be of significant in-
terest to determine how the microtubule regulatory
activities of these factors contribute to developmental
patterning.

Xnf7 is retained in the cytoplasm of pre-MBT embryos,
where it associates with microtubules throughout the
early cell cycles [9, 17]. Perhaps this cytoplasmic reten-
tion of Xnf7 contributes to the proper organization of
microtubules and/or affects the activity, level, or local-
ization of other microtubule-associated proteins that
contribute to early embryonic patterning. Interestingly,
the E3-ligase activity of Xnf7 has recently been shown
to be required to regulate the activity of another ubiqg-
uitin ligase, the anaphase-promoting complex (APC)
[30]. Although this study indicated a role for Xnf7 in

cell cycle regulation that could potentially be linked to
spindle function, it does not preclude the participation
of Xnf7 in developmental signaling pathways. In fact,
targeting the E3-ligase activity of Xnf7 to microtubules
may be an ideal strategy for spatially regulating the
downstream targets of Xnf7 during both cell-cycle pro-
gression and development. In light of our work and the
recent findings of Casaletto et al. [30], it will be ex-
tremely interesting to address the relative contributions
of the different functional activities of Xnf7 and its
downstream targets in dorsal-ventral patterning.

Xnf7 Family Members and Human Disease

A number of TRIM family members have been impli-
cated in human diseases and developmental defects
including the following: cancer (PML and RFP), muli-
brey nanism (MUL), familial Mediterranean fever (PYRIN),
Opitz syndrome (MID1), and HIV infection (TRIM50) [31-
33]. Whereas members share homology in the N-ter-
minal tripartite regions, the C-terminal portion of TRIMs
is divergent. The C-terminal SPRY domain of Xnf7 ex-
hibits high homology with the C-terminal portions of
several disease-linked TRIM family members including
MID1 and TRIM5a [19, 32].
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Interestingly, many mutations in MID1 that lead to
Opitz syndrome (OS), a developmental disorder, affect
the C-terminal SPRY domain and result in loss of
proper microtubule localization and cytoplasmic aggre-
gation of MID1 [20-22, 34]. In addition to its microtu-
bule localization, MID1 has been shown to have ubiqg-
uitin-E3-ligase activity and has been proposed to
indirectly regulate microtubule stability and organiza-
tion by targeting phosphatase PP2A-C for degradation
on microtubules potentially influencing MAP phosphor-
ylation [35]. Perhaps MID1, like Xnf7, is itself a MAP
that directly influences microtubule organization via
bundling.

HIV emerged as a TRIM-linked disease when it was
discovered that the protein TRIM5 mediates resistance
to the human virus in rhesus monkey cells [33, 36, 37].
TRIMb50, the isoform that confers resistance, requires
both its RING-finger and C-terminal SPRY domain to
mediate the infection block [33]. Because the SPRY do-
main of Xnf7 and MID1 is required for proper microtu-
bule localization, it will be interesting to investigate
whether TRIM5q is also targeted to microtubules by its
SPRY domain. Furthermore, it will be important to de-
termine whether, like Xnf7 and MID1, TRIM50. exhibits
RING-finger-dependent ubiquitin-E3-ligase activity and, if
so, how this contributes to cellular HIV resistance.

Considering the similarities between Xnf7 and sev-
eral TRIM family members, we envision that an under-
standing of Xnf7 may provide insight into TRIM-linked
human diseases at the molecular, cellular, and develop-
mental levels.

Supplemental Data

Supplemental data, including three movies, five supplemental fig-
ures, and Supplemental Experimental Procedures, are available at
http://www.current-biology.com/cgi/content/full/15/19/1755/DC1/.
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