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Abstract

Gemin4 is a ubiquitously expressed multifunctional protein that is involved in U snRNP assembly,
apoptosis, nuclear /cytoplasmic transportation, transcription, and RNAI pathways. Gemin4 is one
of the core components of the Gemin-complex, which also contains survival motor neuron (SMN),
the seven Gemin proteins (Gemin2-8), and Unrip. Mutations in the SMNI gene cause the
autosomal recessive disorder spinal muscular atrophy (SMA). Although the functions assigned to
Gemin4 predominantly occur in the nucleus, the mechanisms that mediate the nuclear import of
Gemin4 remain unclear. Here, using a novel panel of Gemin4 constructs we identify a canonical
nuclear import sequence (NLS) in the N-terminus of Gemin4. The Gemin4 NLS is necessary and
independently sufficient to mediate nuclear import of Gemin4. This is the first functional NLS
identified within the SMN-Gemin complex.
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Introduction

Gemin4 was originally identified using a biochemical approach to identify additional
members of the SMN/Gemin complex [1]. The deduced 1058 amino acid protein has a
calculated molecular mass of 120kD but migrates as a 97kD protein by Western immunoblot
analysis [1]. Alignment of the cDNA to the human genomic sequence indicates that Gemin4
is without introns. The international Radiation Hybrid mapping Consortium has localised
Gemin4to human Chromosome 17 and a variant of Gemin4, HCAPI, has further refined the
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location to 17p13.3, which is a loss of heterozygosity region in human hepatocellular
carcinoma [2].

Gemin4 is part of a large protein complex, termed the Gemin complex, that also contains the
spinal muscular atrophy (SMA) determining protein, survival motor neuron (SMN) [1].
SMA is the leading genetic cause of infant mortality and is characterised by loss of motor
neurones in the spinal cord and severe degradation of voluntary smooth muscle, [3]. The
core components of the Gemin-complex are Gemin2 (formally known as SMN-interacting
protein-1, or SIP-1) [4], Gemin3 (also known as dp103/ddx20) [5], Gemin5 [6], Gemin6 [7],
Gemin7 [8], Gemin8 [9] and Unrip [10]. The complex is closely associated with the splicing
small nuclear ribonuceloproteins (U snRNPSs) in the nucleus and the cytoplasm [11; 12; 13].
The U snRNPs are the subunits of the spliceosome and consist of a U snRNA, the Sm core
proteins and several proteins unique to the various RNPs [14]. In the cytoplasm, SMN and
Gemin2 perform essential roles in the assembly of the Sm core proteins on the U snRNA
backbones [4; 12]. SMN and Gemin4 both interact specifically with the U snRNA and the
Sm core proteins [4; 12; 15], suggesting they facilitate the assembly by forming a bridge
between the two components [1; 16]. The Gemin complex is also involved in the nuclear
import of the assembled U snRNPs through an interaction with the import receptor, Importin
B [17]. However, no specific nuclear import sequence has been identified and confirmed in
any of the complex members.

Here, using a novel panel of Gemin4 cDNA expression vectors, we have analysed the
Gemin4 protein to identify cellular targeting domains. Based upon mapping experiments and
in silico analysis, we have identified a nuclear localisation signal (NLS) in the N-terminus of
Gemin4. We demonstrate that removal of this sequence results in the cytoplasmic
accumulation of Gemin4 and that this sequence alone is independently sufficient to drive
nuclear import of a heterologous protein, GFP.

Materials and Methods

cDNA Expression Constructs

Gemin4 constructs were cloned into the pEGFP (BD Bioscience), pCI-HA (Promega), and
pCMV-2 (Sigma) mammalian expression vectors as described elsewhere [18], using primers
listed in Table 1 and the combinations listed in Table 2. All products were amplified by PCR
using commercial Gemin4 cDNA cloned into a cloning vector (RZPD; Germany) as a
template. All amplified cDNA contained 5" EcoRI and 3" Xhol restriction sites. Cloned
constructs, with their respective amino acids (aa’s) are as follows: full-length (aa 1-1058),
F1 (aa 1-370), F2 (aa 300-708), F3 (aa 607-1058), F1-2 (aa 1-708), F2-3 (aa 300-1059),
G4AN143 (aa 144-1058), GAAN193 (aa 194-1058), GAAN246 (aa 244-1058), G4AN293
(aa 294-1058), GANLS (aa 194-243), GAANLS (aa 1-193, 244-1058), G4A194-218 and
G4A218-243.

Cell culture and immunohistochemistry

Human cervical carcinoma (HelLa) cells were grown in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10 % (v/v) fetal calf serum (FCS) and 1 % (w/v) each
of penicillin and streptomycin in 5 % (v/v) CO, at 37 °C. Subconfluent cells were grown on
coverslips and transfected with 1 jtg cDNA using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s recommendations and as previously reported [19]. Post-
transfection, cells were incubated for 4 hours in 5 % (v/v) CO, at 37 °C, then washed and re-
fed with DMEM containing 10 % FCS and incubated for a further 24 hours. Transfected
cells were washed three times with 1 x phosphate-buffered saline (PBS) and then fixed with
50% acetone / 50% methanol. Immunochistochemistry staining was carried out as previously
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described [19; 20; 21]. Target proteins were visualised using the following antibodies:
Gemin4 (C-18; Santa Cruz), Gemin2 (3-F8; Santa Cruz), Sm core protein (Y-12; Zymed),
and Actin (C-2; Santa Cruz) and secondary antibodies conjugated to either FITC (green), or
TRITC (red). Cell nuclei were counterstained with 4", 6”-diamidino-2-phenylindole (DAPI).

Results and Discussion

The N-terminus of Gemin4 contains a nuclear localisation signal (NLS)

Although Gemin4 clearly localises in nuclear Cajal bodies, the mechanisms that control its
nuclear import remain unclear. To determine whether Gemin4 contained a functional
nuclear localisation signal (NLS), a panel of Gemin4 sub-domains was generated and
transiently expressed in HeLa cells (Fig. 1). In initial experiments, full-length Gemin4 was
over expressed in HeLa cells (Fig. 2). Unlike endogenous Gemin4, which is found in the
cytoplasm and the nucleus, transiently expressed HA-tagged full-length Gemin4 was
predominantly nuclear (Fig. 1). Similar distribution patterns were also seen with GFP and
FLAG fusion tag constructs, suggesting this altered distribution is not due to the HA-tag. As
all three tags are N-terminal, it is possible that the addition of any N-terminal tag alters the
distribution of Gemin 4. Although HA-tagged EWS displays a similar distribution pattern
when over expressed in HeLa cells, it is possible that nuclear accumulation could be a
consequence of transient over expression [19]. However, although the expressed Gemin4
does not accumulate in the cytoplasm, both the FLAG and HA-tagged Gemin4 co-localised
with endogenous SMN and Sm core proteins in Cajal bodies in the nucleus, demonstrating
that the tags do not prevent the correct nuclear targeting of Gemin4 (data not shown).

As Gemin4 is efficiently imported into the nucleus, a panel of deletion constructs were then
used to identify potential NLS’s. Constructs lacking F1 (F2, F3, and F2-3) were
predominantly present within the cytoplasm with Gemin4 primarily concentrated within
large cytoplasmic aggregates (Fig. 1; white arrows). The formation of these aggregates is
likely a result of improper localisation of Gemin4 after the NLS has been removed.
Conversely, proteins containing the amino-terminal F1 domain (F1, F1-2 and FL Gemin4;
Fig. 2) localised to the nucleus (FL) or to the nucleus and the cytoplasm (F1, F1-2). Since
Gemin4 sub-constructs lacking the F1 region were not detected within the nucleus, these
results suggested that the F1 domain might contain a functional nuclear localisation signal
(NLS) (Fig. 1). Similar distribution patterns were seen for constructs expressing N-terminal
FLAG or GFP tags (data not shown).

To delineate the putative NLS encoded within the F1 domain, HA epitope tagged Gemin4
constructs with progressively shorter N-terminal domains were transiently transfected into
HelLa cells; GAAN143 (aa 144-1058; data not shown), G4AN193 (aa 194-1058; Fig. 2A),
G4AN246 (aa 244-1058; Fig. 3A), G4AN293 (aa 294-1058; Fig. 2A). G4AN143 and
G4AN193 displayed similar distribution patterns to full-length Gemin4 (Fig. 2A). However,
G4AN243 and G4AN293 localised predominantly in cytoplasmic aggregates (Fig. 2A;
white arrows), suggesting that the region between G4AN193 and G4AN243 (aa 194-243)
encoded the NLS required for targeting Gemin4 to the nucleus. This localisation pattern was
observed with GFP-tagged and HA-tagged constructs (Fig. 2A and data not shown).

There are three main sub-classes of NLS’s: (1) Simian Virus (SV40)-like signals, which
contain a stretch of basic residues; (2) bipartite signals, which consist of two clusters of
basic aminoacids separated by a spacer; and (3) Mata2-like signals, which contain a KIPIK-
motif [22; 23; 24; 25; 26]. Sequence analysis of Gemin4 revealed two putative nuclear
localisation signals; a strong SV40-like NLS signal (Fig. 2B; bold type) and a bipartite NLS
signal consisting of the potential SVV-40 signal, a 15 amino acid spacer sequence containing
numerous proline residues, followed by a cluster of basic residues (Fig. 2B; underlined).

Biochem Biophys Res Commun. Author manuscript; available in PMC 2013 April 02.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lorson et al.

Page 4

Consistent with our previous studies, the region between amino acids 194-243 contained
these two predicted nuclear localisation signals (Fig. 2B; bold font). To examine the
requirement for the predicted Gemin4 NLS, additional Gemin4 GFP-fusion constructs were
generated and transiently expressed in HeLa cells (Fig. 2C). Expression of minimal NLS
sequence was independently sufficient to drive nuclear import of GFP (NLS; Fig. 2C), while
its removal from Gemin4 (Gemin4 ANLS; Fig. 2C) resulted in exclusive cytoplasmic
localisation of the GFP-tagged construct. Approximately 99% of transfected cells displayed
a similar distribution pattern (data not shown).

To determine whether the complete bipartite import signal was required for nuclear
localisation, additional Gemin4 constructs were generated that lacked either the N-terminal
(G4A193-218) or C-terminal (G4A218-243) region of the identified NLS. Both of these
constructs were predominantly cytoplasmic when expressed in HeLa cells (Fig. 3). These
studies suggest that both elements of the bipartite signal are required for Gemin4 nuclear
localisation (Fig. 3). The N-terminal amino acids preceding the NLS did not display a
localisation pattern different from GFP-alone (data not shown), confirming the specificity of
the NLS sequences and further supporting the N-terminal deletion analysis that identified
Gemin4 aa’s 194-243 as those responsible for nuclear localisation (Fig. 2 and 3). Therefore,
the Gemin4 NLS is necessary and sufficient to target Gemin4 to the nucleus.

To identify the mechanisms that control Gemin4 import, various import receptors
(snurportin-1, B1-karyopherin, B2-karyopherin, and a2-karyopherin) were
immunoprecipitated using commercial antibodies to see if they associated with Gemin4.
However, endogenous Gemin4 was not precipitated in a complex with any of the isolated
import receptors (data not shown).

This reflects the transient nature of the nuclear import complex. In a previous report, p2-
karyopherin (f2-Importin) has been identified as the import receptor that mediates the
nuclear import of SMN [17]. This report did not demonstrate a complex between
endogenous p2-karyopherin and SMN, and is therefore consistent with this current study.
However, in the previous study an association between SMN and f2-Importin was seen
using transiently over-expressed SMN with a myc tag, or in ex vivo pull down experiments
using GST-tagged SMN [17].

To conclude, a nuclear localisation signal in Gemin4, encoded by amino acids 194-243, has
been identified that is necessary for efficient nuclear import of Gemin4. Furthermore, this
sequence is independently sufficient to mediate the nuclear import of GFP. This is the first
active NLS that has been confirmed within the Gemin complex. One of the major functions
performed by the SMN complex is the cytoplasmic assembly and subsequent nuclear import
of the U snRNPs [1; 27]. Therefore, these studies suggest Gemin4, through the newly
characterised NLS, may play a functional role in the nuclear import of the U snRNPs.
Experiments are currently being performed to confirm this, and also to identify the
mechanism through which the NLS mediates import.
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Figure 1. The N-terminal region of Gemin4 contains a nuclear localisation signal (NLS)
Sub-confluent HeLa ATCC cells (adenocarcinoma) were grown on coverslips and
transiently transfected with pCI-HA containing FL-Gemin4 (aa 1-1058), F1 (aa 1-395), F2
(aa 306-708), F3 (aa 665-1058), F1-2 (aa 1-708), F2-3 (aa 306-1058). Expressed proteins,
containing the HA-tag, were visualised using an anti-HA mouse monoclonal and an anti-
mouse FITC-conjugated secondary antibody. All experiments were repeated with constructs
cloned into the pEGFP and pFLAG-cmv vectors (data not shown). Nuclei were
counterstained with DAPI (blue). Cytoplasmic aggregates formed in cells expressing cells
lacking F1 (F2-3, F2 and F3) are indicated (white arrows).
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Figure 2A
DAPI merge
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G4AN243
&

G4AN293

FL

Figure 2B

LOEFP HPPKRLR SDPDACPTMPLLAMLL RGTOIQSRIL GPGRE CCALANL
aa 194 aa 243
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Figure 2C

G4NLS

G4ANLS

Figure 2. Identification of a canonical NL S encoded by amino acids 194-243 of Gemin4

A) Sub-confluent HeLa cells were transiently transfected with 0.5 pg of a panel of truncated
Gemin4 constructs: G4AN193, G4AN243, or G4AAN293, cloned into the pCI-HA vector.
Transfected cells were incubated for 24 hrs and expressed proteins were visualised using an
anti-HA mouse monoclonal and an anti-mouse FITC-conjugated secondary antibody. Full-
length Gemin4 (FL) is shown as a reference and is taken directly from Fig. 1. Cytoplasmic
aggregates are indicated (white arrows). The bar represents ~30um. B) A schematic of the
region containing the predicted NLS. The encoded amino acids are shown, with the putative
SV40-like simple (bold font) and the canonical complex (underlined) NLS’s indicated. The
corresponding amino acid numbers are shown. C) Expression of aa 194-243 of Gemin4
(G4ANLYS) is sufficient for nuclear localisation. Removal of the predicted NLS from Gemin4
(G4ANLS) results in exclusive localisation of Gemin4 to the cytoplasm. G4NLS and
G4ANLS are cloned into the pEGFP vector (BD Biosciences). An empty pEGFP vector
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(GFP), is shown as a reference. DAPI was used to counter-stain nuclei (blue). The bar
represents~30wm.
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DAPI merge

G4A193-218

o - -

Figure 3. The SV40-like and basic regions of the conical NL S are both essential for efficient
nuclear import
cDNA constructs lacking the SV40-like sequence (G4A193-218) and the basic region

(G4A218-243) were cloned into the pEGFP vector and transiently expressed in sub-
confluent HeLa cells. Nuclei were counterstained with DAPI (blue). Bars represent ~30m.
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Table 1

Primer sequences

Primer Name
G4 F1

G4 F2

G4 F3

G4 R1

G4 R2

G4 R3
G4AN193 F
G4AN243 F
G4AN293 F

Primer Sequence

GATC GAATTC ATG GAC CTA GGA CCC TTG AAC ATC
GATC GAATTC GCC AAA CTC CCC AGT GAG ACCATT TTC
GATC GAATTC GAG GTAGAC CTC AGT CTG AGG ATC
GATC CTC GAG TCA GAA GAT GCT CAT CTT CTG CAA CAG
GATC CTC GAG TCA GAA GAT GCT CAT CTT CTG CAA CAG
GATC CTCGAG GTT CTT CAG CACCGT GCTCGTTTT
GATC GAATTC GAT GAG TTC CCC CAT CCT CCA

GATC GAATTC GCT GACATGCTGACT GTG TTT

GATC GAATTC AAG GAG GCA GAA CGG GAT GTC
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Table 2

Primer combinations used to for each cDNA construct

Construct
G4 FL

F1

F2

F3

F1+2
F2+3
G4AN193
G4AN243
G4AN293

Primer Pairs
G4F1+G4R1
G4F1+G4R3
G4F2+G4R2
G4F3+G4R1
G4Fl+G4R2
G4F2+G4R1
G4AN193 F + G4 R1
G4AN243 + G4 R1
G4AN293 + G4 R1
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