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The nuclear localization signal of zebrafish terra is located within the
DM domain
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Abstract Zebrafish Terra is a member of the DM domain-
containing transcription factor family and is involved in
somitogenesis. The other known members of this family play a
role in sex differentiation across species from Caenorhabditis
elegans to human. Using the green fluorescence protein-Terra
fusion constructs, we have identified the nuclear localization
signal (NLS) of terra by transfecting human HeLa cells. The
terra NLS is located between the two intertwined zinc-binding
sites of the DNA-binding domain. However, the nuclear
translocation of terra is independent of the structure required
for DNA binding. Mutational analysis demonstrates that basic
residues K77 and R78 within the DM domain are absolutely
required for the translocation of Terra into the nuclei. Sequence
comparison discloses that the NLS of Terra is also present in the
other known members of the DM family, indicating the
conservative nature of the NLS of this family during
evolution. © 2001 Published by Elsevier Science B.V. on be-
half of the Federation of European Biochemical Societies.
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1. Introduction

The DM gene family, a novel transcription factor family, is
characterized by sharing a zinc finger-like DNA-binding motif
called the DM domain. The majority of the DM family mem-
bers, including the doublesex (dbx) in Drosophila [1], the mab-
3 in Caenorhabditis elegans [2] and the Dmrtl in mouse [3],
play important roles in sex determination in a variety of ani-
mal species from invertebrates to mammals. The fly dbx gene,
the first member of this family to be identified, is specifically
expressed in germ cells and required for the development of
sexually dimorphic characteristics through alternative splicing
[1]. Recent studies have shown that the Mab-3 in the nema-
tode and Dmrtl in vertebrates are essential for male develop-
ment [2-4]. The human DMRTI, DMRT2 and DMRT3 genes
are located on distal 9p, a region deleted in patients with 46,
XY male-to-female sex reversal [5,6]. In chicken, Dmrtl is
Z-linked and expressed in the genital ridge and Wolffian duct
prior to sexual differentiation [4]. The rainbow trout Dmrtl is
expressed in males during testicular differentiation [7]. Tran-
scription factor Terra, a DM family member identified in
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zebrafish and mouse, is different in expression pattern from
the other known members [8]. The terra gene is transiently
expressed in the presomitic mesoderm and the newly formed
somites, suggesting a role in somitogenesis during vertebrate
embryogenesis [8]. It is obvious that the DM genes have di-
vergent functions.

After synthesis in the cytoplasm, transcription factors are
targeted to the nucleus by an active transport process. Effi-
cient targeting requires nuclear localization signals (NLS)
present in the import proteins. The NLS-binding proteins rec-
ognize and bind to the NLS of an import protein, and the
formed complexes transport through nuclear pore complexes
into the nucleus in an ATP-dependent manner [9]. A large
number of NLSs have been identified, but their sequences
are divergent. The NLSs identified so far are classified into
two main types. The first one consists of a stretch of basic
amino acids, which is represented by the NLS (PKKKRKYV)
present in the simian virus 40 large T-antigen [10]. The second
type contains two stretches of basic amino acids and a spacer
of 10-15 amino acids [11]. It appears that NLS of most DNA-
binding proteins are located within or in the vicinity of their
DNA-binding domains.

In this study, we have identified a NLS of zebrafish Terra
by fluorescence microscopy using green fluorescence protein
(GFP) marker. This signal is located in between the first zinc-
binding sites of the DM domain.

2. Materials and methods

2.1. Plasmid construction

A sequence encoding the second to the last amino acids of zebrafish
Terra was amplified with primers P5'Sa/l (5'-ACGCGTCGACG-
GATCTGTCCGGCACGG-3') and P3’'BamHI (5'-CGCGGATCCT-
TACTGAGATTTCCGATTTAAAG-3'). After digestion with Sall
and BamHI, the amplified fragment was inserted into Xhol and Bam-
HI sites of expression vector pEGFP-C2 (Clontech). The resulted
recombinant plasmid pGFP-Terra can produce GFP-Terra fusion
protein. The following constructs were designated according to the
retained residues of Terra. Construct pK115-Q507 was generated by
fusing a region positioning from 543 to 1724 of terra cDNA in frame
to the GFP coding region in pEGFP-C2, which lacks the sequence
encoding the putative DNA-binding domain of Terra. Constructs
pT2-G148 and pT2-R350 were generated by deleting the 1030-bp
EcoV/BamHI fragment and the 605-bp Xhol/BamHI fragment in the
3" region of terra cDNA from the pGFP-Terra, respectively. The
other deletion and mutation constructs were generated by inserting
a required fragment, which was a Sall/EcoRI-digested product of
amplified fragment using a pair of primers, in frame into Xhol and
EcoR1 sites of pEGFP-C2. Primers P5'Sa/l and P470 (5'-CG-
GAATTCCCAGTTTGCGCACTGACAGTC-3') were used for
generating pT2-C90, P5'Sall and P434 (5'-CGGGAATTCCCT-
CTTGTGCCCCTTTAGACA-3") for pT2-R78, P5'Sall and P419
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(5'-CGGGAATTCTAGACAAGACACAACGCCGTG-3') for pT2-
L73, P5'Sall and P401 (5'-CGGGAATTCGTGGTTCCTACATCG-
GGCGCA-3') for pT2-H67, P5'Sall and P356 (5'-CGGAATTC-
TGGTCTCCAGAGCCGAG-3') for pT2-Q52, P5'Sall and PK77E
(5'-CGGGAATTCCCTCTCGTGCCCCTTTAGACAAGA-3’, the
underlined is a mutated base) for pT2-R78-K77E, P5'Sa/l and
PR78E (5'-CGGGAATTCCTCCTTGTGCCCCTTTAGACAAGA-
3") for pT2-R78-R78E, P354 (5'-ACGCGTCGACGCAGCGCAA-
ACTGAGCCGCA-3') and P716 (5'-GGAATTCCATGCGGTC-
GCTCAGAGGAG-3") for pQ52-M173, P366 (5'-ACGCGTCGA-
CAGCCGCACGCCCAAATGCGC-3') and P716 for pS56-M173,
and P420 (5'-ACGCGTCGACAAGGGGCACAAGAGGTTCTGC-
3") and P716 for pK74-M173. The sequences containing mutations
were confirmed by sequencing.

To test whether KGFKR alone can confer the ability to be trans-
located, a region downstream of the multiple cloning sites of pEGFP-
C2 was amplified with primers NLS5" (5'-GGAATTC AAG GGG
CAC AAG AGG ATCCACCGGATCTAGATA-3'; the underlined
sequence encodes the KGFKR) and GFP3" (5'-GTGCAATC-
CATCTTGTTCAATC-3'). The amplified product was digested with
EcoRI and AfI111, and the resulted fragment was inserted into EcoR1/
AfIII sites of pEGFP-C2 to generate construct pK74-R78 so that the
putative NLS KGFKR was placed C-terminal to GFP. Two identified
clones for pK74-R78 were sequenced to confirm the correct addition
of the sequence encoding the NLS.

2.2. Cell culture and transfection

Human HeLa cells were grown in Dulbecco’s modified Eagle’s me-
dium (Life Technologies, Inc.) supplemented with 10% fetal bovine
serum at 37°C in a chamber supplied with 5% CO,. When cell density
in a culture plate reached 70% confluence, the cells were transfected
with plasmid DNA using the Calcium Phosphate Transfection system
(Life Technologies, Inc.) according to the manufacturer’s recommen-
dations. The old medium was replaced with fresh medium 12 h after
transfection and then incubation continued until observation.

2.3. GFP observation

The transfected cells were observed 40-48 h after transfection
for GFP expression by fluorescence microscopy under a GFP filter
(Leica). Pictures were taken using a digital camera connected to the
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microscope. The presented pictures were produced by superimposing
a fluorescent image on the parallel bright-field image using Adobe
Photoshop software.

3. Results and discussion

3.1. NLS of Terra is located within the DNA-binding domain

We have previously shown that zebrafish ferra encodes a
putative transcription factor, since it contains a potential
DNA-binding domain sharing a high identity to that of Dro-
sophila Doublesex (DSX). Nuclear localization of Terra was
evidenced by the fact that Terra—GFP fusion protein was
completely translocated into the nuclei after the mRNA en-
coding the fusion protein was microinjected into zebrafish
fertilized eggs [8]. To facilitate the identification of Terra’s
NLSs through deletion analysis, we generated construct
pGFP-Terra by fusing Terra to the C-terminus of GFP in
this study. Human HeLa cells were transfected with pGFP-
Terra and transient expression of GFP was observed by fluo-
rescence microscopy. Control transfection with pEGFP-C2
shows that GFP is distributed both in the cytoplasm and
the nuclei of the transfected cells (Fig. 2A). By contrast, cells
transfected with pGFP-Terra accumulate the GFP fusion
protein exclusively in the nuclei (Fig. 2B), suggesting that
Terra protein must contain NLS. Since the cytoplasmic local-
ization of the GFP fusion protein is almost invisible, the re-
tention of any new GFP-Terra fusion proteins in the cyto-
plasm will indicate loss of the NLSs in the retained Terra
regions.

To identify the NLSs of Terra, a series of deletion con-
structs was generated for transfection (Fig. 1). The first two
deletion constructs, pT2-R350 and pT2-G148, which both
retain the putative DNA-binding domain (Q52-D114) of

Construct Map Localization
Names
T2 wlm Qs07

pGFP-terra [ 1 N
pT2-R350 T2 [ T ] R350 N
pT2-G148 T2 ] G148 N
pPK115-Q507 K115 [ ] Q507 C/N
pT2-C90 T2 [ co90 N
pT2-R78 T2 Il Rr78 N
pT2-L73 T2 [ 173 C/N
pT2-H67 T2 M He7 C/N
pT2-Q52 T2 [ 052 C/N
pQ52-G148 Q52 I ] vi73 N
pS56-G418 S56 ] vi73 N
pK74-G418 K74 1 wM173 N
pK74-R78 K74 1 Rr7s8 C/N

Fig. 1. Schematic drawing of Terra and deletion constructs. The filled box represented the putative DNA-binding domain. The N- and C-termi-
nal residues of retained Terra peptides in each construct are indicated. Localization of the GFP-Terra fusion proteins after transfection is indi-

cated on the right as N for the nuclei and C for the cytoplasm.
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Fig. 2. A-L: Localization of GFP-Terra fusion proteins in HeLa cells transfected with various constructs. The constructs include pEGFP-C2
(A), pGFP-Terra (B), pT2-R350 (C), pT2-G148 (D), pK115-Q507 (E), pT2-C90 (F), pT2-R78 (G), pT2-L73 (H), pT2-H67 (1), pT2-Q52 (J),
pT2-R78-K77E (K), pT2-R78-R78E (L), pQ52-M173 (M), pS56-M173 (N), pK74-G173 (O) and pK74-R78 (P).

Terra, can efficiently target the GFP to the nuclei (Fig. 2C,D).
Construct pK115-Q507, which lacks the DNA-binding do-
main, gives rise to preservation of GFP in the cytoplasm
(Fig. 2E) as does pEGFP-C2. Another construct, pT2-Q52,
which has 51 amino acids at the N-terminus of Terra but
excludes the entire DNA-binding domain, also results in the
retention of GFP in the cytoplasm (Fig. 2J). These results
suggest that the potential NLSs of Terra should be localized
within the DNA-binding domain. In fact, concomitance of
NLSs and DNA-binding domains has been seen in many
types of transcription factors, including zinc finger factors
[12], homeodomain factors [13], HMG domain factors [14],
and basic helix-loop-helix factors [15]. This economical de-
sign should be conserved during evolution.

3.2. Nuclear translocation of Terra is independent of
DNA-binding structure
To identity amino acid stretches controlling nuclear trans-

location of Terra, constructs pT2-C90, pT2-R78, pT2-L73
and pT2-H67 were generated, which removed different
lengths of the DNA-binding domain from the C-terminus.
Transfection experiment revealed that the T2-H67 and T2-
L73 regions were unable to target the fusion proteins into the
nuclei, while T2-R78 and T2-C90 could do so (Fig. 2F-I).
This indicates that the K74-R78 domain, a motif KGHKR, is
required for nuclear translocation of Terra. The T2-R78 re-
gion lacks four cystines that are zinc-binding residues required
for forming the first and second zinc fingers as suggested by
the structure of the DM domain of Drosophila DSX [16]. This
strongly suggests that the nuclear targeting of Terra is inde-
pendent of Zn?>* coordination and DNA recognition struc-
ture.

It is noted that the T2-R78 region allows a little more GFP
to be retained in the cytoplasm compared to the T2-C90
region (Fig. 2F,G). This could be because the extra 12 amino
acid residues C-terminal to the NLS can help to stabilize the
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Terra 52 -QRKLSRTPKCARCRNHGVVSCL
hDMRT1 67 -SKKSPRLPKCARCRNHGYASPL
hDMRTZ 114 -PRKLSRTPKCARCRNHGVVSCL
mDmrtl 66 -KKSPRLPKCARCRNHGYASPL
pDmrtl 62 -NKKSPRLPKCARCRNHGYASPL
chmrtl 4 -GKKLPRLPKCARCRNHGYSSPL
rtbmrtl 21 -GKKPPRMPKCSRCRNHGYVSPL
DSX 35 -SISPRTPPNCARCRNHGLKITL
MAB-3a 19 —~LAEQEKNYYCQRCLNHGELKPR
MAB-3b 85 ~DGKRVRDPHEARESA§GVLVPL

Fig. 3. Sequence alignment of DM domains of different DM protein
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F- cRWRDCOCANCLLVVERQRVMAAQVALRRQQATED
F- cMWRDCOCKKCNL I AERQRVMAAQVALRRQQAQEEELGISHP
F-cRWRDCQCANCLLVVERQRVMAAQVALRRQQATEDKKGLSG
F-cMWRDCQCKKCSLIAERQRVMAAQVALRRQQAQEEELGISHPT
F-eMWRDCQCKKCNLIAERQRVMARQVALRRQQAQEEELGI SHPT
F-cMWRDCQCKKCSLIAERQRVMAVQVALRRQQAQEEELGI SHPV
F-cNWRDCQCOKCKLIAERQRVMAAQVALRRQQAQEEEMGLCS

{ | Y-cKFRYCTCEKCRLTADRQRVMALQTALRRAQAQDEQRALHMHE

D-eRYLKCPCRECTMVEQRRQLNNLLSKKKIHCTPATQTR
TMeQFVTCECTLCTLVEHRRNLMAAQIKLRRSQQKSRDGKE PKRN

s. Ligand-binding residues in the first zinc-binding site are shown in under-

lined bold lowercase and those in the second zinc-binding site are in underlined bold capital letters. The two strongly basic residues (K77 and
R78 of Terra) required for nuclear translocation are shaded in black. These sequences were obtained from the GenBank database with acces-
sion numbers AF080622 for zebrafish Terra, AF130728 for human hDMRTI1, AF130729 for human hDMRT2, AF202778 for murine mDmrtl,
AF216651 for pig pDmrtl, AF123456 for chicken cDmrtl, AF209095 for rainbow trout rtDmrtl, M25292 for Drosophila DSX, and 7992788
for C. elegans MAB-3. MAB-3a and MAB-3b are the first and second DM domains of C. elegans MAB-3, respectively.

conformation of the NLS domain or the formation of the
nuclear pore targeting complex.

The above results cannot exclude the possibility that Terra
requires a bipartite NLS which has other components in the
N-terminus of the DM domain. To test this possibility, we
generated constructs pQ52-M173, pS56-M173 and pK74-
G173 in which different N-terminal parts of Terra were de-
leted. After transfection with any of these constructs, the fu-
sion protein was translocated into the nuclei (Fig. 2M-O).
Along with the result from the C-terminal deletion analysis,
this indicates that the KGHKR?® is the only NLS.

We next asked whether KGHKR is sufficient for nuclear
translocation. We generated another construct, pK74-R78,
that encodes GFP coupled to KGHKR at its C-terminus.
The cells transfected with this construct have little more
GFP in the nuclei than those transfected with pEGFP-C2
(Fig. 2P,A). 1t is likely that the KGHKR domain, when lo-
cated at the terminus of a protein, has an unstable conforma-
tion and thus can not serve as an effective NLS.

3.3. K77 and R78 are essential for nuclear targeting of Terra

Scrutiny of the *KGHKR® motif identifies two consecu-
tive strongly basic amino acids, i.e. K77 and R78. Since a
common feature of NLSs is the presence of continuous basic
amino acids, K77 and R78 of the Terra’s NLS should play a
key role in the nuclear translocation of Terra. To confirm
their roles, K77 and R78 were mutated to glutamate (E), a
strongly acidic residue, to generate constructs pT2-R78-K77E
and pT2-R78-R78E. The cells transfected by either of these
two constructs have cytoplasmic GFP as much as the cells
transfected with pEGFP-C2 (Fig. 2K,L,A). This indicates
that K77 and R78 are key components of the NLS of Terra.

3.4. The Terra’s NLS is conserved among DM family members

Terra is a member of the expanding DM protein family that
is characterized by the presence of the DM domain, a DNA-
binding domain. The DM domain contains a novel zinc mod-
ule consisting of intertwined CCHC and HCCC Zn>*-binding
sites [16]. Although Terra is the only member not known to be
involved in sex determination, the NLS of the form KGHKR
of Terra is also present in the other sex-related DM family
members across species from invertebrates to vertebrates (Fig.
3), suggesting its conservative nature during evolutionary pro-
cess. Residue H76 of the NLS, which corresponds to H59 in
Drosophila DSX, is a ligand-binding residue for the first Zn>*-

binding site [12]. Residues K59 and R60 of DSX, correspond-
ing to K77 and R78 of Terra, are in the chain connecting the
two ligand-binding sites. In C. elegans Mab-3 contains two
DM domains [2]. The first DM domain of Mab-3 is signifi-
cantly divergent from its own second DM domain and the
DM domains in other species in the C-terminal basic tail
that is required for DNA recognition [16]. We note that the
potential NLSs within the first and the second DM domains
of Mab-3 are *KGHKP* and '"7RGHKR!!!, respectively,
both of which have one residue different from the NLS of
Terra. Because R107 is also a strongly basic residue, this
substitution for the first lysine residue of the KGHKR motif
should not affect the nature and function of the motif. On the
other hand, P45 is a non-polar residue and thus the
4K GHKP* motif may not be able to act as an effective
NLS. It is most likely that C. elegans Mab-3 uses
107R GHKR!'"!! within the second DM domain as a NLS for
nuclear translocation. It has been found that several muta-
tions in the DM domains of Drosophila DSX and C. elegans
Mab-3 cause intersex development [2,17]. It remains un-
known, but interesting, whether the mutations within the po-
tential NLS in these species can also affect development of
sex-specific phenotypes.
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