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Abstract Xenopus early response 1 (XER1) is a fibroblast
growth factor-inducible transcription factor whose developmen-
tally regulated nuclear localization is thought to be important in
the control of cell differentation during embryonic development
[Luchman et al., Mech. Dev. 80 (1999) 111-114]. Analysis of the
XER1 amino acid sequence revealed four regions which contain
potential nuclear localization sequences (NLSs). Using mutant
XERT1 proteins and portions of XER1 fused to green fluorescent
protein (GFP) transfected into NIH 3T3 cells, we have
determined that only one of these, NLS4, located near the
carboxy-terminus of XERI, is necessary and sufficient for
targeting exclusively to the nucleus. Of the other three predicted
NLS sequences, only NLS1, consisting of the sequence
I33RPRRCK'¥? was shown to function as a cryptic, weak
NLS. NLS4 contains a core region consisting of the sequence
463RPIKRQRMD*"! which is similar to the core NLS directing
the human c-MYC protein to the nucleus. The core sequence is
flanked by a predicted cdc2/protein kinase A phosphorylation
motif, however mutation of the serine*’? to alanine or aspartic
acid had no detectable effect on accumulation of GFP-XER1
fusion proteins in the nucleus, demonstrating that this putative
phosphorylation site plays no role in regulating nuclear
transport. © 2001 Published by Elsevier Science B.V. on be-
half of the Federation of European Biochemical Societies.
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1. Introduction

Xenopus early response 1 (XERI1) is a fibroblast growth
factor (FGF)-inducible early response gene activated during
mesoderm induction in Xenopus laevis embryos [2]. XERI
protein was shown to be specifically localized to the nucleus
and to possess potent transcription regulatory activity and
thus is implicated in the regulation of differentiation-specific
gene regulation. During Xenopus embryogenesis, the translo-
cation of XER1 protein to the nucleus is precisely regulated
[1]. XERI protein is present only in the cytoplasm of the
fertilized egg and persists in the cytoplasm throughout cleav-
age stages of early development. At mid-blastula (stage 8),
movement of XERI into the nucleus begins, but ubiquitous
nuclear localization is not complete until several hours later,
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at early gastrula stages. Following gastrulation, XER1 grad-
ually disappears from the nuclei and by tadpole stages, there
is no nuclear XER1 except in a few endodermal cells. The
precise developmental regulation of this nuclear localization
of XERI, together with its potential role as a regulator of
transcription, suggests that the control of nuclear entry may
be an important mechanism for regulating XER1 activity dur-
ing embryonic development. We have also cloned and char-
acterized the human homolog of XER1 and have shown that
this protein is differentially expressed in breast tumors [3].
Thus, elucidation of the sequences responsible for directed
nuclear localization will be important for understanding the
function of XERI.

The nuclear pore complex is the checkpoint for protein
transport into the nucleus [4]. In principle, proteins smaller
that 60 kDa can enter the nucleus by diffusion through the
nuclear pore. However, larger proteins require the importin
transport mechanism and its recognition of intrinsic nuclear
localization signals (NLSs) uniquely present in proteins which
are targeted to the nucleus [4]. Analysis of the nuclear local-
ization signals of many proteins has revealed four main classes
of intrinsic nuclear localization signals. The first consists of a
single cluster of basic amino acids, as exemplified by the NLS
of SV40 large T antigen (PKKKRKYV). In general, this NLS is
a hexapeptide of which a minimum of four amino acids are
positively charged. Moreover, this type of NLS contains no
bulky, acidic, or hydrophobic residues in the core or flanking
regions. The core cluster is usually flanked by proline or gly-
cine that are thought to be important for secondary structure.
The second class is a bipartite type, where two clusters of
basic residues are separated by a 10-14 mutation-insensitive
spacer, as first described in the Xenopus nucleoplasmin protein
(KKPAATKKAGQAKKKK). The third class is exemplified
by the c-MYC NLS in which only three of nine in the cluster
are basic residues (PAAKRVKLD) and where the amino-ter-
minal proline and carboxy-terminal acidic residue are thought
to be important for function [5-7]. The fourth class includes
various other NLSs, such as the ones associated with riboso-
mal proteins and hnRNPS [8,9].

In this report we describe the identification of a single,
functional NLS that is similar in sequence to the ¢c-MYC
NLS and that is located near the carboxy-terminus of
XERI1. Although the XER1 protein possesses three additional
putative NLS signals, only NLS1 may function as a cryptic,
weak NLS for XER1. Furthermore, site-directed mutagenesis
of a potential cdc2/protein kinase A (PKA) phosphorylation
site adjacent to the core region of NLS4 had no effect on the
targeting of XER1 constructs to the nucleus.
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2. Methods and materials

2.1. Generation of green fluorescent protein (GFP)-ERI fusion proteins

For all constructs, a full-length Xenopus laevis Xerl cDNA (acces-
sion number AF015454) in PCR2.1 [2] along with the following Xer!I-
specific primers were used:

. gaagatctcaaacatggcggagccttcactcag

. gaagatctttaaacctctccatgtg

. gtatcaaaatacttgcagattacttctcgtac

. gtacgagaagtaatctgcaagtattttgatac

: ggatgtagattataccacatgtagtagaatgccac

. ctacatgtggtataatctacatcctggtg

: ctagatctgattacttctcgtacatctce

. ctagatctcttgcaccgacgtggacggattac

: agagatctattttgatacaaatcatgaaatagaagagg

10: ctagatcttacatgttcatatagggcctge

11: agagatcttaaaatgcaattttgacacagaagaggc

12: gaagatctgtagattatacttcttttttee

13: ctagatctccacatgtagtagaatgccacacattc

14: gaagatctcgtataatctacatcctggtgtaacgg

15: ggtcgaccgtttgtatcatctggatttgtgtcag

16: ggtcgaccagggctgtccatacgttgec

17: agagatctactacatgtggaaaaaatcagaacg

18: gagatctatccagatgatacaaacg

19: cagatcttcttcccagggetgtec

20: gatctgcgtaatccgtccacgtcecggtgcaaga

21: gatctcttgcaccgacgtggacggattacgca

22: gatctaggcattgagaagactaagatttaatgtcaaagccgccaga—
gaagaag

23: tcgacttcttctctggecggetttgacattaaatcttagtecttecteca—-
atgccta

24: gatctcaaacgaaaggccaataaaaaggcaacgtatggacg
25: tcgacgtccatacgttgectttttattggectttegtttga
26: ccagatgatacaaacgaaaggcaacgtatggacagccctggg
27: cccagggctgtccatacgttgectttegtttgtatcatectgg
28: ggcaacgtatggacgcccctgggaaggaaag

29: ctttccttececcaggggegtecatacgttgec

30: ggcaacgtatggacgaccctgggaaggaaagtac

3]1: gtactttccttceccagggtegtecatacgttgec

O 001N WU AW —

The primer pair(s) for each construct was:

GFP-ER1-493: 1 and 2
GFP-ER1-143: 1 and 8
GFP-ER144-250: 9 and 10
GFP-ER251-319: 11 and 12
GFP-ER251-340: 11 and 13
GFP-ER339-493: 14 and 2
GFP-ER1-461: 1 and 15
GFP-ER1-473: 1 and 16
GFP-ER461-471: 24 and 25
GFP-ER457-475: 18 and 19
GFP-ANLS4:
GFP-ER1-137: 1 and 7
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GFP-ER136-143: 20 and 21
GFP-ANLS1: 1 and 3; 4 and 2; 1 and 2
GFP-ER259-273: 22 and 23
GFP-ER318-340: 17 and 12
GFP-ANLS3: 1 and 5; 6 and 2; 1 and 2
GFP-ANLS4: 26 and 27

GFP-ER-S$*2 > A: 28 and 29
GFP-ER-S*? - D: 30 and 31

The primers contained Bg/Il or Sall restriction sites (underlined in the
primer sequences) to facilitate cloning. PCR was performed as de-
scribed [3] and the PCR products cloned into PCR2.1 using the
TOPO-TA cloning kit (Invitrogen Laboratories) according to the
manufacturer’s directions. cDNA inserts were subcloned into the
EGFP-C2 expression vector (Clontech Laboratories) and sequenced
using Sequenase, Version 2 (USB).

The ANLS1 and ANLS3 were generated by three separate PCRs, as
follows: two complementary primers were designed to contain the
deletion and span the flanking regions. Each of these primers was
used in separate reactions along with primers representing either the
5" or the 3’ end of the XER1 coding sequence, thus generating two
overlapping PCR products that encompass the full-length sequence.
These two PCR products were combined and heated to 95°C for 10
min and then slowly cooled to room temperature. A third PCR was
performed with primers 1 and 2, creating a full-length XER1, lacking
the NLS1, 3 or 4. These were subcloned into EGFP-C2 and se-
quenced, as described above.

The ANLS4, GFP-ER-S*> > A and GFP-ER-S$*? - D were gener-
ated by site-directed mutagenesis, using two complementary primers
(Oligo’s Etc.) containing the deletion or mutation and the Quik-
Change® Site Directed Mutagenesis kit (Stratagene), according to
the manufacturer’s protocol.

For the constructs representing NLSI1, 2 and 4 (GFP-ER136-143,
GFP-ER259-273 and GFP-ER461-471), two complementary primers
(Oligo’s Etc.) were annealed by heating to 95°C and then slowly cool-
ing down to room temperature. The ends were phosphorylated with
T4 DNA Kinase (Life Technologies), according to the manufacturer’s
protocol and the dsDNA ligated into EGFP-C2. The resulting plas-
mid DNA was sequenced, as described above.

2.2. Cell culture and fusion protein expression

NIH 3T3 cells were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM; Life Technologies) containing 7.5% bovine serum,
2.5% fetal bovine serum (Life Technologies), 50 U/ml penicillin G
and 50 pg/ml streptomycin sulfate (Life Technologies), at 10% CO,,
37°C. Transfection was carried out in a 35 mm dish using Lipofect-
amine Plus (Life Technologies), according to the manufacturer’s pro-
tocol with the following changes: 2 ug DNA, 6 ul Plus reagent and
6 ul Lipofectamine were used. Following transfection, cells were cul-
tured for 24 h in DMEM containing serum and were then subcultured
into chamber slides (Lab-tek, Nalge Nunc) or six well plates and
observed 48 h after transfection. For all transfections, the EGFP-C2
vector and EGFP-C2-ER1-493 were used as controls.

2.3. Fluorescence microscopy
At 48 h after transfection, the cells in the chamber slides were fixed
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Fig. 1. Identification of potential NLS in XERI. A: Schematic of the XERI1 protein showing all prolines and basic residues within the se-
quence, with the remaining residues as dots. Four clusters of basic amino acids (shaded) that we called NLS1-4 and that have the potential to
function in targeting XERI to the nucleus. B: Amino acid comparison of NLS4 of XERI to the NLS of the ¢c-MYC protein. A core region
within the identified NLS4 shows significant homology to the core NLS of c-MYC. Identity and conservative changes are indicated by double
and single dots, respectively.
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Fig. 2. Nuclear localization of GFP-ER1 fusion proteins. GFP-ERI1 fusion proteins spanning the entire XER1 protein were constructed and
transfected into NIH 3T3 cells. Subcellular localization was determined by fluorescence microscopy 48 h after transfection. A schematic illus-
trating each of the fusion constructs is shown on the left. Numbers on top of the GFP-ER1-493 construct indicate the position of the corre-
sponding NLS described in Fig. 1. The numbers beside each construct indicate the XER1 amino acid numbers contained in the GFP fusion
protein. Photographs illustrating the subcellular localization of each GFP fusion protein and DAPI staining of the same field to visualize nuclei
(arrows) are shown for each construct. The percentage of cells showing exclusive nuclear localization (%N) is indicated in the column on the
right hand side. A: GFP alone. B: GFP-ER1-493 (full-length). C: GFP-ER1-143. D: GFP-ER144-250. E: GFP-ER251-319. F: GFP-ER251-

340. G: GFP-ER339-493.

in 4% paraformaldehyde in phosphate-buffered saline (PBS; pH 7.4)
for 30 min. After fixation, the nuclei were stained by incubation in 20
ng/ml Hoechst 33342 (Sigma) in PBS for 10 min. After washing in
PBS, the slides were mounted in 10% glycerol in PBS, viewed by
combined fluorescence/brightfield microscopy on an Olympus BH2
microscope using DPlanApo/UV objectives and the images captured
with a Coolsnap digital camera. Subcellular localization of the con-
structs was compared to GFP and GFP-ER1-493. All experiments
were repeated at least three times and at least 200 cells were counted
for each construct in each experiment. Cells were scored as either N
(exclusively nuclear fluorescence), N> C (nuclear fluorescence was
greater in intensity than cytoplasmic) or WC (whole cell fluorescence,
in which nuclear fluorescence was equal in intensity to cytoplasmic
fluorescence). XER1 possesses an estimated molecular weight of
56000 Da, based upon amino acid composition, and thus the majority
of the GFP-ER1 constructs will be below the approximately 60 kDa
cut-off which prevents proteins from entering the nucleus by simple
diffusion [10,11].

2.4. Western blotting

At 48 h after transfection, cells grown in six well plates were lysed
in sample buffer (0.125 M Tris pH 6.8, 2% SDS, 5% B-mercaptoeth-
anol, 2% glycerol) and separated by SDS-PAGE. The proteins were
electroblotted onto a Hybond membrane (Amersham Pharmacia Bio-
tech) and fusion proteins were visualized using an anti-GFP antibody
(1:1000) (Clontech) or an anti-XERI1 polyclonal antiserum (1:5000)
followed by chemiluminescence detection, using the Femtolucent sys-
tem (Chemicon).

3. Results and discussion

3.1. Identification of putative NLS sequences in XERI
We demonstrated previously that XERI1 is localized exclu-
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Fig. 3. Western blot analysis of GFP-ER1 fusion proteins expressed
in NIH 3T3 cells. Cells transfected with the indicated GFP fusion
construct were harvested 48 h after transfection and subjected to
Western blot analysis using an anti-GFP antibody, as described in
Section 2. The positions of molecular weight markers are indicated
on the left. All constructs demonstrated similar levels of expression
in NIH 3T3 cells; asterisks indicate the fusion proteins that local-
ized to the nucleus.
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Fig. 4. Identification of NLS4 as a strong NLS sequence in XERI.
GFP-ER1 fusion proteins containing various XER1 NLS4 con-
structs were transfected into NIH 3T3 cells and scored for subcellu-
lar localization after 48 h, in order to define the minimal sequence
that could function as an NLS. A: Schematic illustrating the fusion
constructs; the percentage of cells (%N) demonstrating exclusive nu-
clear localization is listed on the right of each construct. B: Photo-
graphs illustrating nuclear localization of the GFP-ER461-471 (pan-
el a) and GFP-ER457-475 (panel c) constructs; DAPI staining of
the same fields is shown in panels b and d. Arrows indicate the nu-
clei of cells expressing GFP fusion proteins. C: Western blot analy-
sis of cells expressing GFP-GFP-ER461-471 (lane 3) or ER457-475
(lane 4), along with controls expressing either GFP (lane 1) or
GFP-ER1-493 (lane 2). The positions of molecular weight markers
are indicated on the left.

sively to the nucleus in transfected NIH 3T3 cells [2]. Exami-
nation of the amino acid sequence of XER1 and analysis by
the PSORT computer program [12] revealed four clusters of
positively charged amino acids which have the potential to
serve as putative NLSs (Fig. 1A). In NLSI (¥ RPRRCK!'¥),
the four positively charged residues are flanked by tyrosine
and phenylalanine, both bulky residues which are predicted
to interfere with recognition of the NLS by the import appa-
ratus [13]. The NLS2 core cluster (**) RRLR?%*) contains only
three positively charged amino acids and is flanked by bulky
residues. NLS3 ((?’KKSERYDFFAQQTRFGKKK?3*®) was
very similar to the described canonical NLS sequences of
the bipartite type [4,14]. NLS4 (“*RPIKRQRMDSPGK*7%)
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was most similar to the c-MYC type of NLS (Fig. 1B) in
which the cluster of positively charged residues is flanked by
a proline and an acidic residue [5-7].

3.2. XERI contains a functional NLS near the C-terminus

To determine which of the putative NLS sequences were
functional, we fused portions of XERI in frame to a heterol-
ogous cytoplasmic protein (GFP) in the expression plasmid
EGFP2. These constructs were transiently transfected into
NIH 3T3 cells and the subcellular localization of these fusion
proteins monitored by fluorescence microscopy 48 h after
transfection. In the first series of experiments, we generated
six GFP fusion constructs containing different regions of
XER1: GFP-ER1-493, GFP-ER1-143, GFP-ER144-250,
GFP-ER251-319, GFP-ER251-340 and GFP-ER339-493
and transfected these constructs into NIH 3T3 cells (Fig. 2).
We compared the subcellular localization of these fusion pro-
teins to cells transfected with GFP alone or with GFP fused to
full-length XER1 (GFP-ER1-493). The exclusive nuclear lo-
calization of GFP-ER1-493 in all experiments demonstrated
that the GFP tag did not disturb the nuclear localization of
the fusion proteins and that the chosen conditions did not
result in a saturation of the import apparatus. In addition,
cells transfected with each of the constructs had similar levels
of fusion protein expression, as determined by Western blot-
ting (Fig. 3). The only construct, other than the full-length
XERI, that showed exclusively nuclear staining was GFP-
ER339-493, containing NLS4 (Fig. 2G). In cells transfected
with GFP-ER1-143, the intensity of nuclear fluorescence was
noticeably greater than that in the cytoplasm (Fig. 2C, see
Section 3.5).
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Fig. 5. Identification of NLS1 as a potential additional weak NLS
sequence. A: Constructs expressing GFP-ER1 fusion proteins con-
taining deletions of predicted XER1 NLS sequences and those con-
taining putative core NLS sequences were transfected into NIH 3T3
cells and the subcellular localization scored 48 h after transfection.
Cells were scored as having exclusively nuclear (%N) localization,
nuclear localization greater than cytoplasmic (%N >C) and those
where the whole cell fluoresced evenly (%N =C, not listed). The val-
ues for %N and %N > C are reported to the left of each construct.
B: NIH 3T3 cells expressing GFP-ER136-143 (panel i), an example
of N> C localization; corresponding DAPI staining for nuclei (ar-
rows) is shown in panel ii.
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3.3. NLS4 is necessary and sufficient for nuclear localization
of XERI

In order to narrow down the region directing the localiza-
tion of XER1 to the nucleus, we constructed GFP-ER1-461
which is truncated just before NLS4, and GFP-ER1-473
which includes the core NLS4. GFP-ER1-473 was almost
exclusively nuclear (90%N), while GFP-ER1-461was not
(1%N; Fig. 4A), indicating that residues between 461 and
473 are important. In order to identify the minimal region
of XERI1 required for directing GFP to the nucleus, we gen-
erated two constructs: GFP-ER457-475 which contains the
full NLS4 sequence and GFP-ER461-471 which contains
the core region. GFP-ER457-475 (*’PDDTNERPIKRQR-
MDSPGK*®) was almost as efficient as the full-length se-
quence at directing exclusive nuclear targeting (74%N), while
GFP-ER461-471 was much less efficient (43%N; Fig. 4A-C).
To verify that NLS4 is a bona fide NLS, we constructed GFP-
ERA464-467 which deletes residues PIKR from the core.
When transfected into NIH 3T3 cells, this deletion virtually
abolished nuclear localization (39%N, Fig. 4A). Thus, the
NLS4 sequence is necessary and sufficient to direct XER1 to
the nucleus.

GFP-ER461-471 contains the predicted core NLS, includ-
ing the amino-terminal P**, the neutral Q*® and the acidic
D*'! residues, all of which have been shown to augment the
efficacy of the core c-MYC NLS [5-7]. The reduced nuclear
targeting efficiency of this construct may be due to the exclu-
sion of flanking P*7 and “*PG*’* residues that might be
important for secondary structure and/or recognition by the
import apparatus. Alternatively, differential phosphorylation
of T or $*72 may be critical.

3.4. Mutation of a cdc2|PKA site adjacent to NLS4 does not
alter nuclear localization of XERI

It is well documented that phosphorylation of sites in and
around NLSs can have a profound influence on the recogni-
tion of the NLS, the rate of nuclear transport and the level of
nuclear accumulation of targeted proteins [4,15]. Examination
and computer analysis of the GFP-ER457-475 sequence using
pbase_predict (www.cbs.dtu.dk/databases/PhosphoBase/pre-
dict/predform.html) and NetPhos (www.cbs.dtu.dk/services/
NetPhos) [16] revealed a potential cdc2/PKA phosphorylation
site at S*72, adjacent to the core. We investigated the potential
role of the cdc2/PKA site by mutating S¥>—> A or —D in
GFP-ER339-493 and in the full-length XER1 fusion protein,
GFP-ER1-493. When these mutants were transfected into
NIH 3T3 cells and scored for nuclear localization after 24
and 48 h, no significant augmentation or reduction in nuclear
localization was evident for any of the mutated constructs
(data not shown). This suggests that phosphorylation of this
cdc2/PKA site is not important for regulating nuclear target-
ing of XER1 in NIH 3T3 cells.

3.5. Additional weak NLSs in XERI
Several of the GFP-ER fusion constructs which did not
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contain NLS4 and which did not demonstrate exclusive nu-
clear localization appeared to have a greater level of fusion
protein in the nucleus than in the cytoplasm, not accountable
for by simple diffusion. This suggested that there might be
additional, albeit weak NLSs in XER1. We generated addi-
tional fusion constructs in an attempt to identify regions of
XER1 which could function as weak NLSs. These included
GFP-ER1-137, GFP-ER1-143, GFP-ER136-143, GFP-
ERA136-143, GFP-ER259-273, GFP-ER318-340 and GFP-
ERA318-340 (Fig. 5A). After transfection, only GFP-ER1-
143 and GFP-ER136-143 demonstrated a significant number
of cells (40% and 83%, respectively) in which nuclear fluores-
cence was greater that cytoplasmic (Fig. 5B). Thus, in absence
of NLS4, the predicted NLS1 appears to function as a weak
nuclear targeting signal for XER1. There are several nuclear
proteins which contain multiple NLS sequences which coop-
erate to achieve nuclear localization, such as in the APC [17]
and p53 [18] proteins. Alternatively, there are those in which
the additional predicted NLSs function in a cryptic, less effi-
cient manner, such as in c-MYC [5] and BRCAL1 [19] proteins.
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