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Vsx-1 is a paired-like:CVC homeobox gene whose expression is
linked to bipolar cell differentiation during zebrafish retinogen-
esis. We used a yeast two-hybrid screen to identify proteins
interacting with Vsx-1 and isolated Ubc9, an enzyme that conju-
gates the small ubiquitin-like modifier SUMO-1. Despite its inter-
action with Ubc9, we show that Vsx-1 is not a substrate for SUMO-1
in COS-7 cells or in vitro. When a yeast two-hybrid assay is used,
deletion analysis of the interacting domain on Vsx-1 shows that
Ubc9 binds to a nuclear localization signal (NLS) at the NH2

terminus of the homeodomain. In SW13 cells, Vsx-1 localizes to the
nucleus and is excluded from nucleoli. Deletion of the NLS disrupts
this nuclear localization, resulting in a diffuse cytoplasmic distri-
bution of Vsx-1. In SW13 AK1 cells that express low levels of
endogenous Ubc9, Vsx-1 accumulates in a perinuclear ring and
colocalizes with an endoplasmic reticulum marker. However, NLS-
tagged STAT1 protein exhibits normal nuclear localization in both
SW13 and SW13 AK1 cells, suggesting that nuclear import is not
globally disrupted. Cotransfection of Vsx-1 with Ubc9 restores
Vsx-1 nuclear localization in SW3 AK1 cells and demonstrates that
Ubc9 is required for the nuclear localization of Vsx-1. Ubc9 con-
tinues to restore nuclear localization even after a C93S active site
mutation has eliminated its SUMO-1-conjugating ability. These
results suggest that Ubc9 mediates the nuclear localization of
Vsx-1, and possibly other proteins, through a nonenzymatic mech-
anism that is independent of SUMO-1 conjugation.

As regulators of retinal progenitor cell proliferation and cell
specification, homeobox proteins are one set of transcrip-

tion factors that are essential to vertebrate eye development
(1–5). Of these, the paired-like homeobox proteins (3, 6, 7) are
particularly important during retinogenesis. Vsx-1 and Vsx-2
are two paired-like homeobox proteins that were originally
discovered in the regenerating visual pathway of goldfish
(8–10) and further studied in the developing zebrafish (11, 12).
During retinal development, the complementary expression of
Vsx-1 and Vsx-2 mRNA suggests that Vsx-1 is involved in
bipolar cell differentiation whereas Vsx-2 is involved in cell
proliferation (12).

Vsx-1 and Vsx-2 are denoted as paired-like:CVC homeobox
proteins because their primary structures contains a conserved
54-aa CVC domain that is downstream and adjacent to the
homeodomain. Orthologs of Vsx-1 and Vsx-2 have been isolated
and characterized from other organisms, including Caenorhab-
ditis elegans (13) and chicken (14), as well as mammals (15–17).
More specifically, Chx10 is the mouse and human ortholog of
Vsx-2 (18), whereas the bovine Vsx-1, named RINXyVsx-1, has
recently been identified (16). The functional importance of these
genes is clear because a human CHX10 gene mutation results in
microphthalmia (19). Furthermore, a homozygous null allele for
Chx10 gives rise to an ocular retardation phenotype in mice that
can be partially rescued (20).

Such a functional role in retinogenesis suggests that these
transcription factors are likely to be temporally and spatially
regulated within the cell. Several mechanisms probably contrib-
ute to such tight regulatory control. For example, in developing
zebrafish, Vsx-1 and Vsx-2 mRNAs are expressed in a precisely
coordinated sequential pattern (12). In addition to its transcrip-
tional regulation, Vsx-1 protein is ubiquitinated and subse-
quently degraded by the 26S proteasome in vitro and in vivo.
Thus, we have proposed that Vsx-1 is developmentally regulated
by ubiquitin-mediated proteolysis (21).

Here, we show that Vsx-1 is also regulated by an interacting
protein, ubiquitin-conjugating enzyme 9 (Ubc9). Ubc9 is similar
to other ubiquitin-conjugating enzymes (E2) but conjugates an
ubiquitin-like protein that is designated as Smt3c in yeast (22)
and SUMO-1 in vertebrate cell culture systems (23, 24). Unlike
polyubiquitination, SUMO-1 conjugation of target proteins
(sumoylation) does not signal proteolysis. Instead, recent results
indicate that sumoylation has roles in subcellular protein trans-
location [RanGAP1 (25)] and in nuclear body formation [PML
(26) and TEL (27)]. Sumoylation also has been shown to protect
proteins from ubiquitin-mediated proteolysis [IkBa (28) and
Mdm2 (29)] and to regulate transcriptional activity [Dorsal (30),
IE2-p86 (31), HIPK2 (32), p53 (33), androgen receptor (34), and
c-Jun (35)]. Other reports indicate that Ubc9 mediates tran-
scriptional activity independent of SUMO conjugation [e.g.,
ETS1 (36), TEL (37), and androgen receptor (38)]. We now show
that, despite its interaction with Ubc9, Vsx-1 is not a substrate
for SUMO-1 conjugation. Rather, Ubc9 binds to a NLS on Vsx-1
and facilitates nuclear localization of Vsx-1. Therefore, in ad-
dition to its SUMO-conjugating function, Ubc9 may have a role
in protein translocation and may have a capacity to operate
nonenzymatically.

Materials and Methods
Reagents. Yeast strains L40 and AMR70 (39) as well as associ-
ated two-hybrid constructs were generously provided by R.
Sternglanz [State University of New York (SUNY), Stony
Brook, NY]. The anti-LexA antibody was purchased from
CLONTECH. We also used the following generously provided
reagents: anti-Myc ascites (9e10), D. Bar-Sagi (SUNY, Stony
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Brook, NY); guinea pig anti-human Ubc9 antibody, E. Golub
(Yale University, New Haven, CT); Lens lectin and anti-calnexin
(8211–1) antibody, J. Trimmer (SUNY, Stony Brook, NY); and
recombinant glutathione S-transferase (GST)-SUMO-1 and
Ubc9 (Xenopus) protein, H. Saitoh (Picower Institute for Med-
ical Research, Manhasset, NY). Easytag Express Protein Label-
ing Mix (35S-labeled methionine and cysteine) was purchased
from NEN.

Plasmids and Cloning. All gene names refer to cDNAs. Plasmid
pYVsx-1a was generated by inserting a blunt-ended Sau3A
fragment of goldfish Vsx-1 that encoded the NLS through the
putative PEST site (amino acids 135–326) into a blunt-ended
BamHI site of pBTM116 ADE2. This plasmid was used as the
target for the initial yeast two-hybrid library screen. Subsequent
two-hybrid experiments used pSTT91, a derivative of pBTM116,
as a vector. The following inserts were amplified by PCR and
cloned into EcoRI and BamHI restriction enzyme sites: zVsx-
1(ORF); zVsx-1DC-term (deletes amino acids 211–344); zVsx-
1DCVC (deletes amino acids 211–268); zVsx-1DN-term1 (de-
letes amino acids 1–150); zVsx-1DNterm2 (deletes amino acids
1–146); zVsx-1DNLSyhomeo domain (HD) (deletes amino acids
147–210) ; and zVsx-1DNLS (deletes amino acids 147–153). For
immunocytochemistry, the Vsx-1 variants listed above were
cloned into the EcoRI and XbaI sites of pCS2MT vector
(generous gift from D. L. Turner and R. A. W. Rupp, Fred
Hutchinson Cancer Research Center, Seattle): zVsx-1, zVsx-1DC-
term, zVsx-1DCVC, zVsx-1DN-term1, zVsx-1DNterm2, zVsx-
1DNLSyHD, and zVsx-1DNLS. Plasmid pcDNA 3.11A.S.hUbc9
was constructed by amplifying hUbc9 from pTY316-hUbc9wt
(generous gift from J. Benson, Harvard Medical School, Boston)
and cloning in reverse orientation into the EcoRI and XbaI sites
of pcDNA 3.1 (Invitrogen). For rescue experiments, plasmid
pcDNA3.11zUbc9 was generated by subcloning zUbc9 as a
EcoRIyNotI fragment from pBS1zUbc9, and pCMV-Flag-Ubc9
and pBK-CMV-UBC9 (C93S) were generous gifts from G.
Nucifora (Loyola University Medical Center, Maywood, IL).
pEGFP-N11STAT11NLS1GFP was a generous gift from K.
McBride and N. Reich (SUNY, Stony Brook, NY). Sumoylation
experiments used pCI-RanGAP1, pET-28a(1)-RanGAP1,
pEGFP-N1-SUMO-1, and pEGFP-N1-SUMO-2, which were
generous gifts from H. Saitoh. All plasmids were verified by
DNA sequencing.

Cell Culture. COS-7 cells were propagated in DMEM supple-
mented with 10% FBS, 1 mM sodium pyruvate, 1% glutamine,
100 unitsyml penicillin G, and 100 mgyml streptomycin sulfate.
SW-13 c1.1 Vim1 (SW-13) cells, provided by R. Evans (Uni-
versity of Colorado Health Sciences Center, Denver), were
maintained as described (40). SW-13 AK1 cells were generated
by transfecting SW-13 cells with pcDNA 3.11A.S.hUbc9 (neoR).
Stable transfectants were maintained in a 1:1 mixture of Dul-
becco’s modified Eagle’s medium and Ham’s F12 (GIBCOy
BRL), supplemented with 5% FBS, 100 unitsyml penicillin G
sodium, 100 mgyml streptomycin sulfate, and 300 mgyml G418.

Immunocytochemistry. Plasmid DNA, as noted in the figure
legends, was transfected into SW-13 cells with FuGene 6 (Roche
Molecular Biochemicals) according to the manufacturer’s in-
structions. Proteins were detected 24 h after transfection by
using the indirect immunofluorescence method (40). Myc tag
(MT)-zVsx-1 fusion proteins were detected by using 1:250 9e10
and 1:500 anti-mouse IgG1-FITC (Southern Biotechnology As-
sociates). Calnexin was detected with 1:50 anti-calnexin and
1:1,000 anti-rabbit IgG2b-tetramethylrhodamine B isothiocya-
nate (Southern Biotechnology Associates), with the nucleus
labeled by using 2 mgyml Hoechst 33258 for 10 min. NLS-
STAT1-GFP was detected by washing cells twice in PBS, fixing

in MeOH at 220°C for 10 min, and washing in PBS four times
for 5 min each.

Yeast Two-Hybrid Screen. The two-hybrid screening was done
essentially as previously described (39). However, using AMR70
for mating, specificity testing used six nonspecific proteins:
histone H4 (amino acids 1–30), lamin, Saccharomyces cerevisiae
topoisomerase 1, Xenopus topoisomerase 1, alcohol dehydroge-
nase 1, and the yeast-silencing gene SIR1. The cDNA library was
constructed from random-primed and oligo(dT)-primed mRNA
from zebrafish. Library cDNAs were cloned into the EcoRI site
of pGAD10 (CLONTECH). To screen for interacting proteins,
we cotransformed 5 mg of pYVsx-1a or pSTT911zVsx-1, 5 mg of
the zebrafish cDNA two-hybrid library, and 25 mg of denatured
sheared salmon sperm DNA in each 20-ml culture of logarithmic
phase L40 yeast. In subsequent two-hybrid tests between the
zUbc9 clone and zVsx-1 deletions, quantification of b-galacto-
sidase activity used the CPRG (chlorophenol red-b-D-
galactopyranoside) liquid culture assay (64).

Immunoblotting and Fluorography. Proteins were fractionated on
Tris–glycine SDSyPAGE minigels and electrophoretically trans-
ferred onto poly(vinylidene difluoride) membranes (PVDF;
Amersham Pharmacia) in 3-(cyclohexylamino)-1-propanesulfo-
nic acid (CAPS; Sigma) buffer (10 mM CAPSy10% methanol)
at 400 mA for 35 min. Gradient gels were purchased from
Bio-Rad. Membranes were incubated for 1 h at room temper-
ature in TBS-T wash buffer (Tris-buffered saline, pH 7.4y0.2%
Tween 20) containing 5% nonfat dry milk. Membranes were
probed with 1:2500 9e10 ascites to detect MT-Vsx-1 fusion
proteins and also with 1:7000 guinea pig anti-HsUbc9 antibody,
1:2000 rabbit anti-RanGAP1, and 1:1000 mouse anti-SUMO-1
antibody (Zymed). Secondary antibodies were conjugated with
horseradish peroxidase. Proteins were visualized by enhanced
chemiluminescence (ECL; Amersham Pharmacia). Radioac-
tively labeled proteins were fractionated by SDSyPAGE. Gels
were fixed in 10% acetic acid and 30% methanol overnight and
incubated in EN3HANCE (DuPont) fluorography solution ac-
cording to the manufacturer’s protocol. To reduce the risk of gels
cracking during drying, gels were incubated in a solution of 7%
acetic acid, 7% methanol, and 1% glycerol for 5 min before
drying.

Results
Vsx-1 Interacts with Ubc9. To identify proteins interacting with
Vsx-1, we used the yeast two-hybrid system (41). The two-hybrid
cDNA library was created from a 1-mo-old zebrafish and was
designed to produce Gal-4 activation domain fusion proteins.
pYVsx-1a encoded a fusion protein, which joined the LexA-
binding domain to a region of goldfish Vsx-1 that encompassed
the NLS, HD, CVC domain, and putative PEST site (21). By
using this portion of Vsx-1 as the target, an initial screening of
the library identified one clone that specifically interacted with
the target. After sequencing, this clone (GenBank accession no.
AF128240; Fig. 1A) showed highest homology [BLAST p(n) 5
5.9e257, high score 5 435] to Ubc9, a SUMO-1-conjugating
enzyme from mouse (42) and from human (43). The predicted
amino acid sequence for zebrafish Ubc9 (zUbc9) differed from
its mouse and human orthologs by only two amino acids (shaded;
Fig. 1B). Additional two-hybrid library screenings replicated our
initial finding and identified a single clone that was identical in
size and sequence to the original zUbc9 clone. Screening the
library with full-length Vsx-1 identified the same zUbc9 clone as
well as an allelic variant of zUbc9 (zUbc9–2, GenBank accession
no. AF332623). Experiments to test nonspecific interactions with
other proteins (see Materials and Methods) demonstrated a
specific association between Vsx-1 and Ubc9 in this system (data
not shown).
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To identify sequences on Vsx-1 that interact with zUbc9, we
determined whether Vsx-1 deletion constructs would bind to zUbc9
in the two-hybrid system. Deletion analysis showed that COOH-

terminal amino acids of Vsx-1 are not required for interaction with
zUbc9. Because the function of the CVC domain is unknown, we
determined whether this domain contributed to the interaction.
Results show that the CVC domain does not participate in Ubc9
binding (Fig. 2A) or in other interactions with proteins represented
in the present cDNA library. Furthermore, in the yeast two-hybrid
system, zUbc9 did not interact with the HD alone (data not shown).
zUbc9 interacted strongly with the NH2 terminus and the HD. This
interaction was eliminated solely by deleting the seven amino acids
(QKRKKRR) that comprised the putative NLS region at the NH2
terminus of the homeodomain (Fig. 2A). Because the vector,
pSTT91, contains an NLS within the LexA-binding domain
(Y. Rhee, SUNY, Stony Brook, NY, unpublished data), this
difference in the interaction of Vsx-1DNLS with zUbc9 should not
be because of a failure of Vsx-1DNLS to enter the nucleus. Protein
expression in the yeast was confirmed by Western blot analysis using
the anti-LexA antibody (Fig. 2B).

Fig. 1. A region of goldfish Vsx-1 encoding the NLS-HD-CVC-PEST and
full-length zVsx-1 was used to screen a zebrafish cDNA yeast two-hybrid
library and detected an interaction with zUbc9. (A) zUbc9 cDNA sequence. (B)
Amino acid comparison of zUbc9 to human and to mouse Ubc9 show differ-
ences at M29 and S156 (bolded).

Fig. 2. zUbc9 interacts with a NLS at the NH2 terminus of the homeodomain.
(A) Vsx-1 deletion mutants: 1, zVsx-1(ORF); 2, zVsx-1DC-term; 3, goldfish Vsx-1
target; 4, zVsx-1DCVC; 5, zVsx-1DN-term1; 6, zVsx-1DN-term2; 7, zVsx-1DNLSy
HD; and 8, zVsx-1DNLS. (B) Liquid culture assay using CPRG as substrate
(CLONTECH) was used to calculate b-galactosidase activity. One unit of
b-galactosidase equals the amount that hydrolyzes 1 mmol of CPRG to chlo-
rophenol red and D-galactose per minute per cell. In the graph, the means
(6SEM) are the result of samples processed in triplicate. (C) Anti-LexA
antibody Western blot of yeast lysates shows expression of the LexA-
binding domain fusion proteins noted in A.

Fig. 3. Zebrafish Vsx-1 is not a substrate for SUMO-1 conjugation in vitro or
in COS-7 cells. Open and closed arrows indicate unconjugated MT-zVsx-1 and
RanGAP1, respectively. Asterisk shows RanGAP1 conjugated to endogenous
SUMO-1. (A) Xenopus RanGAP1 (lanes 1–4) or MT-zVsx-1 (lanes 6–9) were in
vitro translated and labeled with [35S]Mety[35S]Cys. Recombinant GST-
SUMO-1 and Ubc9 were added as indicated. Ubc9 (33) was added to lanes 4,
5, 9, and 10. Western blots using anti-SUMO-1 or anti-hsUbc9 antibodies show
relative levels of GST-SUMO-1 and Ubc9. (B) COS-7 cells were transfected with
expression plasmids encoding RanGAP1, MT-zVsx-1, and GFP-SUMO-1. Cell
lysates were immunoblotted with anti-RanGAP1 antibody (lanes 1 and 2 in
upper gel), 9e10 antibody (lanes 3–5 in upper gel), or anti-GFP antibody (lower
gel). Identical results were observed when GFP-SUMO-2 was substituted for
GFP-SUMO-1.
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Vsx-1 Is Not a Substrate for SUMO-1 Conjugation. Interaction be-
tween Vsx-1 and zUbc9 suggests that Vsx-1 may be a target for
SUMO-1 conjugation. Therefore, we determined whether
SUMO-1 could be conjugated to Vsx-1 in vitro by using rabbit
reticulocyte lysate, a system that efficiently sumoylates RanGAP1
(44). Fig. 3A, lane 1 shows that RanGAP1 is efficiently translated
and appears as two bands, a 70-kDa unconjugated band and a
90-kDa sumoylated form (45–47). When GST-SUMO-1 is added to
the reaction, a new higher molecular weight band appears that
corresponds to the additional 25-kDa GST tag (lane 2). As ex-
pected, addition of recombinant Ubc9 to the reaction increased the
intensity of the GST-SUMO-1-conjugated form of RanGAP1 (lane
3). Although expression of RanGAP1 is decreased in lane 4,
additional Ubc9 increased the proportion of the 90-kDa form
relative to the 70-kDa form. Unlike lanes containing RanGAP1,
MT-Vsx-1 lanes display multiple high molecular weight bands
[shown to be ubiquitin conjugates (21)]. Comparison of lanes 7 and
2 (Fig. 3A), shows that adding GST-SUMO-1 does not induce a
size-shifted band. Addition of recombinant Ubc9 to the transcrip-
tionytranslation reaction (lanes 8 and 9) failed to yield GST-
SUMO-1-conjugated MT-Vsx-1. Immunoblot analysis confirms the
presence of GST-SUMO-1 and Ubc9 proteins in the reactions (Fig.
3A). These experiments show that Vsx-1 was not conjugated with
SUMO-1 in vitro and that Ubc9 did not induce SUMO-1 modifi-
cation of Vsx-1.

To determine whether Vsx-1 was conjugated to SUMO-1 in
live cells, we cotransfected COS-7 cells with pEGFPN11
SUMO-1 and either pCS2MT1zVsx-1 or pCI1RanGAP1. As
observed in vitro, immunoblotting of cell lysates did not show
GFP-SUMO-1 modification of Vsx-1 (Fig. 3B). To determine
whether Vsx-1 was conjugated to an alternate SUMO protein, we
repeated the COS-7 transfection experiment by using GFP-
SUMO-2 instead of GFP-SUMO-1. In contrast to RanGAP1,
results show that Vsx-1 was not conjugated to SUMO-2 (data not
shown). Therefore, Vsx-1 is not a substrate for sumoylation in
COS-7 cells.

Vsx-1 Localizes to the Nucleus. Human SW-13 cells were propa-
gated on glass cover slips and transfected with pCS2MT1zVsx-1.
Immunocytochemistry with 9e10 antibody and a fluorescent

secondary antibody showed that MT-Vsx-1 localized diffusely in
the nucleus, but was excluded from presumptive nucleoli (Fig. 4).

The Putative NLS Is Required for Vsx-1 Nuclear Import. Although the
yeast two-hybrid data (Fig. 2A) suggested that Ubc9 binds to a
putative NLS (QKRKKRR) amino acid sequence of Vsx-1, we
hypothesized that deletions of the NLSyHD or the NLS would
prevent Vsx-1 from entering the nucleus of SW-13 cells. SW-13 cells
were transfected with plasmids pCS2MT1zVsx-1DNLSyHD or
zVsx-1DNLS. They were probed 24 h later with anti-calnexin and
with the 9e10 antibody to the MT, followed by nuclear staining with
Hoechst 33258. Both of these deletions failed to enter the nucleus
and were distributed evenly throughout the cytoplasm with slight
increases near the nuclear membrane and the endoplasmic retic-
ulum (Fig. 4). This result shows that the NLS is functional and is
required for the nuclear import of Vsx-1.

Ubc9 Is Required for Nuclear Localization of Vsx-1. To determine
whether Ubc9 influenced Vsx-1 localization, we modified SW-13
cells with a stable transfection of human antisense Ubc9
(A.S.hUbc9). Compared to SW-13 cells, these SW-13 AK1 cells
expressed decreased levels of endogenous Ubc9 (Fig. 5A).
Morphologically, the SW-13 AK1 cells appeared normal but
grew more slowly than the SW-13 cells. As shown above,
MT-zVsx-1 localized to the nucleus in SW-13 cells (Fig. 5B).
However when expressed in SW-13 AK1 cells, MT-zVsx-1
accumulated in a perinuclear distribution, suggesting that Vsx-1
was unable to enter the nucleus (Fig. 5C). This result suggested
a role for Ubc9 in the nuclear import of Vsx-1.

To confirm the role of Ubc9 in the nuclear import of Vsx-1,
we performed the following rescue experiment. By using the
SW-13 AK1 cells that express low levels of endogenous Ubc9,
mammalian plasmids expressing Ubc9 (pcDNA3.11zUbc9 or
pCMV-Flag-Ubc9) were cotransfected with pCS2MT1zVsx-1.
In these experiments, Vsx-1 localized to the nucleus (Fig. 6B). As
a parallel control, MT-zVsx-1 localized around the nucleus when
cotransfected with the vector pcDNA3.1 (Fig. 6A). Thus, we
conclude that Ubc9 is required for nuclear localization of Vsx-1
in cell culture and may have a similar role during retinogenesis.

To determine the specific nonnuclear localization of Vsx-1 in
SW13 AK1 cells, we costained these cells with anti-calnexin anti-

Fig. 4. MT-zVsx-1 localizes to the nucleus. SW-13 cells were transfected with
plasmids expressing MT-zVsx-1 (A), MT-zVsx-1DNLSyHD (B), or MT-zVsx-1DNLS
(C). (Top) Indirect immunofluorescence using the 9e10 antibody. (Middle)
Hoechst 33258 staining of nuclei. (Bottom) Indirect immunofluorescence us-
ing anti-calnexin antibody 8211–1. MT-zVsx-1DNLSyHD and MT-zVsx-1DNLS
show diffuse cytoplasmic staining with a slight increase around nuclei and
endoplasmic reticulum.

Fig. 5. Ubc9 is required for nuclear localization of zVsx-1. (A) Western blot of
fractionated cell lysates from SW-13 cells and SW-13 AK1 cells after probing with
anti-hsUbc9. SW-13 AK1 cells express A.S.hsUbc9 and show decreased levels of
endogenous Ubc9. (B and C) Indirect immunofluorescence using the 9e10 anti-
body in MT-zVsx-1-transfected SW-13 cells (B) and SW-13 AK1 cells (C).
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body to label the endoplasmic reticulum and with Lens lectin (data
not shown) to label the Golgi apparatus. In all experiments, Vsx-1
colocalized with calnexin, suggesting that Vsx-1 is retained at the
ER membrane in cells expressing low levels of Ubc9 (Fig. 6C).

We next transfected SW-13 AK1 cells with an expression plasmid
encoding NLS-tagged STAT1-GFP (pEGFPN11STAT11NLS1
GFP) to determine whether decreased concentrations of Ubc9
blocked nuclear import, in general. STAT1-NLS-GFP fusion pro-
tein normally localizes to the nucleus and concentrates in nuclear
dots (48). In SW-13 AK1 cells, NLS-STAT1-GFP exhibited a
normal nuclear staining (Fig. 6D). Because nuclear import is
otherwise normal in these cells, we conclude that the effects of
zUbc9 on nuclear localization are specific to Vsx-1.

Vsx-1 Localizes to the Nucleus Without SUMO-1 Conjugation. To
evaluate whether SUMO-1 is involved in the nuclear import of
MT-Vsx-1, we tested whether the addition of pBK-CMV-UBC9
(C93S) to SW-13 AK1 cells would normalize the localization of
Vsx-1. Because Ubc9 C93S is mutated at the active site cysteine and
does not form a thioester bond with the C terminus of SUMO-1
(37), it is unable to catalyze sumoylation. When hUbc9 (C93S) and
MT-Vsx-1 were cotransfected into SW-13 AK1 cells, MT-Vsx-1
localized to the nucleus with high efficiency (Fig. 7). This result
suggests that SUMO-1 is not involved in Vsx-1 nuclear localization.
Furthermore, it suggests that Ubc9 mediates nuclear localization of
Vsx-1 through a mechanism other than sumoylation.

Discussion
Our two-hybrid screens using the NLS-HD-CVC-PEST region of
goldfish Vsx-1 uncovered only one specific interacting protein,

zUbc9. Subsequent screenings using full-length zebrafish Vsx-1
showed interaction only with zUbc9 and an allelic variant,
zUbc9–2. Because many mammalian chromosomal segments
occur as duplicates in the zebrafish genome (49), it is not
surprising that we isolated a second Ubc9 with our full-length
zVsx-1 screen. Although these two clones differ significantly at
the nucleotide level, zUbc9–2 and our original zUbc9 clone
differ by only two amino acids at the protein level. At this time,
we do not know whether zUbc9 and zUbc9–2 serve differing,
complementary or overlapping functions.

The amino acid sequence of zUbc9 is also quite similar to
those of mouse and of human Ubc9 (42, 43), differing by only 2
amino acids (Fig. 1B). M29 (threonine in HsUbc9) resides in the
first b-strand. The second amino acid change, S156 (alanine in
HsUbc9) resides at the COOH terminus. Both M29 and S156 are
distal to the active site and uncharged (50). Consequently, these
amino acid changes are unlikely to alter the target protein
binding or catalytic activity of zUbc9 across species.

Although the two-hybrid library used in this study represented
mRNA from a 1-mo-old zebrafish, we would anticipate finding
the same interaction in a library from embryonic tissue. The
retina of teleosts, such as zebrafish, display continuous growth
throughout life (51). In mature teleosts, this embryonic-like
growth persists at the retinal margin where cell proliferation and
differentiation occur (52, 53). Consequently, in regions of retinal
growth, we would expect the same proteins to regulate Vsx-1.

In screening the two-hybrid library, a major impetus was to
determine the function of the CVC domain, which was, and
remains, unknown. Although a goal was to test whether the CVC
domain functions in protein–protein interaction, our results
suggest that this is not the case. However, because the CVC
domain is adjacent to the DNA-binding homeodomain in paired-
like:CVC homeobox proteins, it most likely mediates the spec-
ificity or strength of DNA binding and essentially replaces the
function of the paired box seen in paired, but not paired-
like:CVC homeobox proteins (54).

In addition to showing that zUbc9 and Vsx-1 interact in a yeast
two-hybrid system, we also have demonstrated a functional require-
ment for Ubc9 in the nuclear localization of Vsx-1 in cell culture.
In the SW13 AK1 cells, which have reduced levels of endogenous
Ubc9, the nuclear localization of Vsx-1 is disrupted. However, Vsx-1
will again localize to the nucleus when levels of Ubc9 are normal-
ized by cotransfection with Ubc9-expressing plasmids.

Through its SUMO-conjugating activity, Ubc9 is known to
mediate the nuclear localization of the Rel family protein, Dorsal
(30) and the localization of RanGAP1 to the nuclear pore
complex (25). However, it is clear that SUMO-1 conjugation
does not facilitate protein targeting of all sumoylated proteins.
For example, localization of the Ubc9-interacting proteins,
Sp100 (55) and IE2-p86 (31), are not dependant on their
sumoylation status. Furthermore, fewer than one-half of the
known Ubc9-interacting proteins have been shown to be sub-
strates for sumoylation (56).

Several lines of direct and indirect evidence suggest that Vsx-1
is not sumoylated by Ubc9. In our yeast two-hybrid screens, we
did not isolate SUMO-1 from our library as interacting with
zVsx-1. This result seems unlikely to be caused by difficulties in
detecting SUMO-1 protein interactions because SUMO-1 has
been isolated from other yeast two-hybrid screens (e.g., see refs.
57 and 58). In addition, exact SUMO-1 conjugation consensus
sites (28, 59) are not found in Vsx-1. More directly, we now show
that Vsx-1 is not conjugated with SUMO-1 either in vitro or in
COS-7 cells. Furthermore, Ubc9 C93S rescues the nuclear
localization of Vsx-1 in cells that have reduced Ubc9 levels, even
though it is incapable of conjugating SUMO-1. Together these
results suggest that Ubc9 mediates the nuclear localization of
Vsx-1 without catalyzing the covalent modification of Vsx-1 by
SUMO-1. For proteins that are sumoylated within the nucleus,

Fig. 6. Ubc9 restores nuclear localization of zVsx-1 in SW-13 AK1 cells. (A)
Indirect immunofluorescence using the 9e10 antibody in SW-13 AK1 cells
cotransfected with MT-zVsx-1 and vector. (B) Indirect immunofluorescence
using the 9e10 antibody in SW-13 AK1 cells cotransfected with MT-zVsx-1 and
Flag-Ubc9. (C) Indirect immunofluorescence with anti-calnexin antibody in
SW-13 AK1 cells labels the endoplasmic reticulum. (D) STAT1-NLS-GFP local-
ization in fixed SW-13 AK1 cells.

Fig. 7. Ubc9 C93S also restores zVsx-1 nuclear localization. Indirect immu-
nofluorescence with 9e10 antibody of SW-13 AK1 cells transfected with
MT-zVsx-1 and vector control (A), MT-zVsx-1 and Flag-Ubc9 (B), and MT-zVsx-1
and Ubc9C93S (C).
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such nonenzymatic mediation of nuclear import may facilitate
eventual SUMO conjugation because the Ubc9-substrate is
imported in an already complexed form.

Ubc9 may be capable of binding both positively and negatively
charged regions on target proteins. Because the b sheet domain
forms a patchy positively charged noncatalytic face (50), this distinct
electrostatic potential has been postulated to account for the
interaction of Ubc9 with a variety of proteins (50, 56, 60). However,
Ubc9 also interacts with basic amino acid regions. Putative elec-
trostatic interactions between Ubc9 and these basic amino acids
would likely occur at negatively charged patches of Ubc9 rather
than at the positively charged face. For example, Ubc9 binds the
basic region of the bipartite NLS of the androgen receptor (38).
With Vsx-1, our deletion analysis shows that Ubc9 interacts with a
basic NLS located at the NH2 terminus of the Vsx-1 homeodomain.

For proteins containing a ‘‘classical’’ monopartite NLS, such as
the simian virus 40 large T antigen NLS (PKKKRKV) (61), nuclear
import is facilitated by the heterodimeric complex of importin a and

b (62, 63). Because Ubc9 binds such an NLS sequence, we propose
three potential mechanisms for the role of Ubc9 in nuclear import:
(i) Ubc9 may bind the NLS, subsuming the role of the importins; (ii)
Ubc9 may present Vsx-1 to the importin complex, and (iii) the
importins may present proteins to Ubc9 and, thereby, permit Ubc9
to enter the nucleus with the target. Regardless of the specific
mechanism, however, we propose that Ubc9 mediates nuclear
import of Vsx-1 by interacting with the NLS signal of Vsx-1. In so
doing, Ubc9 may play a role in the subcellular localization of this
protein that is nonenzymatic and distinct from SUMO-1 conjuga-
tion. Further in vivo experiments will determine whether Ubc9 is an
integral component of the system that regulates Vsx-1 during retinal
development and growth.
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