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Mammalian spermiogenesis is characterized by a unique chromatin-remodeling process in which histones
are replaced by transition protein 1 (TP1), TP2, and TP4, which are further replaced by protamines. We
showed previously that the import of TP2 into the haploid spermatid nucleus requires the components of
cytosol and ATP. We have now carried out a detailed analysis to characterize the molecular components
underlying the nuclear translocation of TP2. Real-time PCR analysis of the expression of different importins
in testicular germ cells revealed that importin-4 and importin-f33 are significantly up-regulated in tetraploid
and haploid germ cells. We carried out physical interaction studies as well as an in vitro nuclear transport
assay using recombinant TP2 and the nuclear localization signal of TP2 (TP2,¢) fused to glutathione
S-transferase in digitonin-permeabilized, haploid, round spermatids and identified importin-4 to be involved
in the import of TP2. A three-dimensional model of the importin-4 protein was generated using the crystal
structure of importin-B1 as the template. Molecular docking simulations of TP2,, ¢ with the importin-4
structure led to the identification of a TP2; ¢ binding pocket spanning the three helices (helices 21 to 23) of
importin-4, which was experimentally confirmed by in vitro interaction and import studies with different
deletion mutants of importin-4. In contrast to TP2, TP1 import was accomplished through a passive diffusion

process.

A hallmark of eukaryotic cells is the presence of different
subcellular compartments that are surrounded by membranes
that are impermeable to macromolecules. Specific transport
systems have evolved to allow nuclear proteins to be imported
from the cytoplasm. While proteins of less than 45 kDa pas-
sively diffuse through the nuclear pore complex, proteins larger
than 45 kDa are transported through an active process involv-
ing the specific recognition of nuclear localization signals
(NLSs) by suitable receptors present in the cytoplasm (26).
The best-characterized transport process that is involved in the
majority of nuclear proteins is characterized by the recognition
of NLS sequences by importin-a present in the importin-o/B
heterodimer (13, 17, 41) along with Ran and its binding pro-
tein, nuclear transport factor (1, 39). Importin-a provides the
NLS binding site (2), which contains the armadillo motifs and
interacts with importin-8 with its N-terminal importin-8 bind-
ing domain. The transport of the trimeric complex (cargo/im-
portin-a/B) into the nucleus is facilitated by the interaction of
importin-B with nuclear pore complex proteins (18). Inside the
nucleus, Ran in its GTP-bound form binds to importin-3, dis-
sociating the complex and thereby releasing importin-a and its
cargo (16).

Although many of the proteins are imported by an importin-
o/B-dependent pathway, some proteins are imported into the
nucleus by importin-f (40, 49) or importin-a alone (27). In
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addition, many variants within the o and B proteins that are
involved in the import of specific nuclear proteins have been
discovered. Recently, a new group of importins related to
B-importins (also called orphan importins) that can interact
with the NLS of a specific cargo and transport it into the
nucleus independently of importin-a has been described. For
example, importin-4 is involved in the nuclear import of ribo-
somal protein S3a (rpS3a) (25) as well as vitamin D receptor
(VDR) (38). Importin-9 (25) and importin-11 (42) are involved
in the transport of ribosomal proteins S7 and L12, respectively.
Importin-7 is involved in the transport of human immunode-
ficiency virus type 1 (HIV-1) intracellular reverse transcription
complexes (11), while importin-13 mediates the nuclear accu-
mulation of the SUMO-conjugating enzyme human UBC9
(37). Importin-B3 is involved in the nuclear import of ribo-
somal protein (24). The importin family of proteins, in addition
to taking part in the nuclear import pathway, is implicated in
having a secondary role particularly with respect to highly basic
proteins like histones and ribosomal proteins. By complexing
with basic proteins, they shield them against any undesired
interactions with other cellular components and also prevent
them from aggregating (25).

Mammalian spermatogenesis is a unique cellular differenti-
ation system in which there is a continuous and dramatic
change in nuclear morphology and chromatin structure. The
most dramatic changes occur in haploid germ cells following
meiotic division in the spermiogenesis process. This process is
divided into 19 stages, and during stages 12 to 15, nearly 90%
of the histones (including both somatic and testis-specific his-
tones) are replaced by transition protein 1 (TP1), TP2, and
TP4, which are subsequently themselves replaced by prot-
amines. Both TP1 (6.5 kDa) and TP2 (13 kDa) are highly basic
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proteins that have unique biochemical properties, and TP1~/~
and TP2™/~ mice are infertile (53). During the transition
phase, round spermatids must import these basic proteins into
the nucleus. We recently showed that the import of TP2 into
the haploid spermatid nucleus is an active process and hence
involves one of the import mechanisms (51). Here, we describe
a detailed study on the components involved in this import
process and show that importin-4 is involved in transporting
TP2 and interacts with the NLS sequence of TP2. In contrast
to TP2, TP1 is transported into the haploid nucleus by passive
diffusion. We have also modeled the three-dimensional (3D)
structure of importin-4. The docking of this structure with the
NLS of TP2 (TP2y, s) revealed that the three helices (helices
21 to 23) of the importin-4 protein contribute to the TP2; ¢
binding pocket, which was experimentally confirmed with var-
ious deletion mutants of importin-4.

MATERIALS AND METHODS

Oligonucleotides were synthesized and procured from Sigma. Importin-4 poly-
clonal antibodies were raised by immunizing a female New Zealand White rabbit
with recombinant importin-4. TP2 and TP1 antibodies were raised in a male New
Zealand White rabbit using recombinant and in vivo proteins, respectively. Anti-
glutathione S-transferase (anti-GST) (polyclonal) and anti-His-tagged (mono-
clonal) antibodies were obtained from Sigma. Goat anti-rabbit secondary anti-
bodies conjugated with Alexa Fluor 488 dye were purchased from Molecular
Probes. Adult male Wistar rats (Rattus norvegicus; 55 days old) were used for the
purification of different spermatogenic cells by centrifugal elutriation (46). All
procedures for handling animals were approved by the animal ethics committee
of the Jawaharlal Nehru Centre for Advanced Scientific Research. Isolated cells
were analyzed by fluorescence-activated cell sorter (FACS) analysis to check for
the purity of cells, and the cytosol was prepared from round spermatids (51).

Cloning, protein expression, and purification. The NLS of TP2 (¥ GKVSKR
KAV®) was cloned at the C terminus of GST in vector pGEX-2T, expressed in
BL21(DE3) cells, and purified using a glutathione-agarose column (Sigma). The
nucleotide sequence coding for TP2-NLS was verified by DNA sequencing and
Western blot analysis with anti-TP2 polyclonal antibodies, which recognize TP2-
NLS in the GST-TP2y; g fusion protein. Rat TP2 cloned in vector pET22b and
expressed in BL21(DE3) cells was purified by heparin-agarose column chroma-
tography (36). His-tagged human importin-4 protein was purified from vector
pQESO (a gift from D. Gorlich) with a nickel-nitrilotriacetic acid (NTA) column
(Qiagen) (25). A deletion mutant of importin-4 (deletion of residues 529 to 609
[A529-609]) lacking the TP2y; s-interacting domain was generated by sequential
three-piece ligation. N-terminal importin-4 (fragment A) was released from
wild-type importin-4 in vector pQES0 by EcoRI digestion. The C-terminal frag-
ment of importin-4 (fragment B) was generated by PCR amplification from the
vector DNA with inclusion of an EcoRI site in the forward primer and a HindIII
site in the reverse primer. The PCR product was digested with the above en-
zymes, and fragment A and fragment B were allowed to ligate, followed by
addition of vector DNA digested with EcoRI and HindIIl. To generate a C-
terminal deletion construct lacking the C-terminal domain, wild-type importin-4
in vector pQES0 was digested with Sacl, which releases C-terminal importin-4
(amino acid residues 607 to 1081), and the N-terminal importin-4 in vector
pQES0 was religated. The mutant importin-4 was expressed and purified as
described above for the wild-type importin-4. The complete coding region of rat
importin a6 (NM_001015029) was amplified from cDNA synthesized from round
spermatid cells and was cloned into the Sphl/BamHI sites of vector pQE70.
Protein was expressed in BL21 cells and purified with a Ni-NTA column. GST-
tagged mouse importin-al and mouse importin-B1 were purified from vector
pGEX2T (a gift from Y. Yoneda) with a glutathione-agarose column (Sigma)
(21). Human importin-a3 (in vector pQE60) was a kind gift from M. Kohler, and
the protein was expressed and purified with a Ni-NTA column (14). Human
importin-B2 in vector pQE60 (a gift from D. Gorlich) was expressed and purified
with a Ni-NTA column (22). Xenopus importin-7 in pQE9, a gift from D. Gorlich,
was expressed and purified as described previously (24). Mouse importin-9 in
pQES80 was expressed and purified as described previously (25). Ran and
RanQ69L (a GTPase mutant of Ran which is loaded with GTP) in pQE32 (gifts
from D. Gorlich) were purified by Ni-NTA-agarose as described previously (16).
Human VDR was PCR amplified from pEBFPC-1 vector (a gift from Noa Noy).
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After digestion with BamHI/EcoRI, the DNA fragment was subcloned into
pGEX 4T1 and the expressed protein was purified with a glutathione-agarose
column (Sigma). Polypyrimidine tract binding protein (PTB) in pET22b was
expressed in BL21 cells and purified by ammonium sulfate precipitation followed
by heparin-agarose and poly(U) agarose column chromatography (15). The se-
quence for rat importin-a4 (NM_001014793.1) was cloned into the BamHI and
Xhol sites of pPGEX4T1; the sequence for rat importin-13 (BC100658) encoding
amino acids 332 to 963, which is known to bind to its cargo glucocorticoid
receptor (48), was cloned into the BamHI and EcoRI sites of pPGEX4T1; and the
expressed GST fusion protein was purified with a glutathione-agarose column.
Mouse importin-B3 (BC054814), which has a 98% identity to predicted rat
importin-B3 (XM_224534), was amplified from a cDNA clone purchased from
Open Bio Systems and ligated to the Smal and Xhol sites of pGEX4T1, and the
expressed GST fusion protein was purified with a glutathione-agarose column.
All the clones were verified by DNA sequencing using appropriate primers with
an ABI Prism 3100 sequencer.

Real-time PCR analysis. RNA was isolated from gametic diploid, haploid, and
tetraploid cells using TRIzol reagent (Invitrogen). Testis from 10-day-old rats
served as a source of gametic diploid cells. After treating total RNA with DNase
I (Sigma), reverse transcription was carried out with 2 ug of RNA using avian
myeloblastosis virus reverse transcriptase (NEB). Random hexamer primers
were used for first-strand cDNA synthesis. To design primers for real-time PCR,
most of the mRNA sequences coding for rat importins were downloaded from
the NCBI database, except that importin-8 was initially amplified using mouse
importin-8 primers and after the amplicon was sequenced, internal rat-specific
primers were designed for real-time PCR. Primers were designed for each of the
importins using primer 3 software to amplify the 300- to 400-bp region of each
of the importins. Specificity of these primer pairs was monitored by agarose gel
electrophoresis of the PCR product, and amplicons were further verified by
DNA sequencing. Melt curve analysis was also performed to ensure specific
amplification without any secondary nonspecific amplicons. PCR products were
prepared in a final volume of 20 .l using iQ Sybr green supermix (Bio-Rad). We
also performed a control PCR without carrying out the RT step to make sure
that we were not amplifying pseudogenes in the contaminating genomic DNA.
Real-time PCR analysis was repeated five times with an i-Cycler iQ (Bio-Rad)
using the following reaction conditions: 95°C for 5 min (initial denaturation);
95°C for 15 s, 55 to 56°C for 1 min, and 72°C for 30 s for 40 cycles; and final
extension at 72°C for 5 min. Difference in C; (threshold values) were used to
calculate the difference in expression of mRNA in gametic diploid (2n), tet-
raploid (4n), and haploid (n) cells by the AAC; method (2744€T) of analysis.
Standard deviation of the mean was calculated by standard methods. Nascent
polypeptide-associated complex alfa (NACA) was used as an internal normal-
ization control, as its expression level across different stages of germ cell differ-
entiation was found to be unaltered in our microarray experiments. The details
of the primer pairs used for PCR amplification of different importins are given
in Table 1.

In vitro import assay. Nuclear import of exogenously added cargoes (recom-
binant TP2, GST-NLSyp,, PTB, VDR, and TP1) was studied in vitro using
digitonin-permeabilized round spermatids as described previously (51). Briefly,
round spermatids obtained after centrifugal elutriation were washed with ice-
cold transport buffer {20 mM HEPES, pH 7.3, 100 mM potassium acetate, 5 mM
sodium acetate, 2 mM dithiothreitol, 1 mM EGTA, and protease inhibitor
mixture [4-(2-aminoethyl) benzenesulfonyl fluoride, pepstatin A, E-64, bestatin,
leupeptin, and aprotinin; 1 wg/ml; Sigma]}. Cells were then permeabilized in
transport buffer containing 40 wg/ml digitonin (Sigma) at 0°C for 5 min and
subsequently washed with cold transport buffer. In vitro transport was initiated in
50 pl transport buffer containing round spermatid cytosol (51) or recombinant
importins, TP2, and 1 mg/ml bovine serum albumin with an energy regeneration
system (0.5 mM ATP, 0.5 mM GTP, 5 mM creatine phosphate, and 20 units/ml
creatine phosphokinase). In the indicated experiments, the import reaction was
carried out in the absence of an energy-regenerating system and in the presence
of GTPase mutant Ran (RanQ69L) or by preincubation of digitonin-permeabi-
lized cells with wheat germ agglutinin (WGA) (Sigma) for 10 min at 4°C. To
deplete importin-4, round spermatid cytosol was incubated with anti-importin-4
antibodies for 1.5 h at 4°C. Protein A-agarose (Invitrogen) was added to the
cytosol for an additional 2 h at 4°C and removed by centrifugation. Depletion of
importin-4 from the cytosol was ascertained by Western blot analysis with im-
portin-4 antibodies. PTB and GST-VDR were used as controls in import assays
along with TP2. For reconstitution experiments, purified recombinant importin-4
(0.1 mg/ml) was added to the immunodepleted cytosol. The import reaction was
carried out at 30°C for 30 min. After fixing the cells with 4% paraformaldehyde,
immunofluorescence was performed using anti-TP2/anti-TP1/anti-GST/anti-PTB
antibodies and secondary anti-rabbit antibodies conjugated with Alexa Fluor 488.
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TABLE 1. Primer pairs used for real-time PCR of different importins
Serial o Protein Primer(s) (5'-3") GenBank Amplicon  Representative cargo(s)
. Forward Reverse accession no. size (bp) (reference)
1 Importin-al ATTGCAAACAGCAGAGTTCC GTCCTCCGTCCCAAAGTAAT NM_198726 361 Sgk (32), PTB (45),
STAT1 (35
2 Importin-a2 CTCCTACACCACAACGATCC CTGCCTTAGAGAGGACACCA NM_053483 394 NBS1 (50)( )
3 Importin-a3 AGTTCAGGAGATTTTGCCAGC TCGATCACAGCCTGAACTTG NM_001014792.1 347 STAT3 (30), RNA
helicase A (4)
4 Importin-a4 CAGCAGGTTCAGGCAGTAAT  ATTTTCTCCAGTCCACCACA NM_001014793.1 310 NF-«B (10)
5 Importin-a6 TGAAGAAGCTGCCATGTTTG GGTCTGCTGAGAGGTTCCAG NM_001015029 309 None
6 Importin-31  ACGTTCCTGGTGGAACTGTC ATGGCTTCCAGTGTGGACTC NM_017063.1 355 HIV Tat (49), HIV Rev
(19), SREBP-2 (29),
cyclin B1-Cdc2 (47)
7 Importin-2 GTTCGGCAGAGTTCTTTTGC CATTCCGTGGGATTTGTACC BC090323 335 Ribosomal proteins (24),
mRNA binding
proteins (44)
8 Importin-33 TCAGGAACATCCTTCGATCC GACAGCGTCACGATCACTTC XM_224534 312 Ribosomal proteins (24)
9 Importin-4 GCTGCCTCACTTTCTTGGTC TGCAGCAGTGGGTATAGCAG NM_001106038 384 rpS3a (25), VDR (38)
10 Importin-7 CTTGGCCTGTGTGCTCTTAT CAGGGTTATCCTCATCATCG NM_001107545.1 352 H1 (23), HIV-1
intracellular reverse
transcription
complexes (11)
11 Importin-8 GAGCTGGCTTGGCAGTTTAC," ACCTGTTGAAATCCCACTGCC,” NM_001081113.1 480, 339 SRP19 (9)
GCAbAATCCTGCAGCTGC CATACCGTTCAAAGAGACG?
TTC
12 Importin-9 ATGCATGGGTTCCTGACTAA CTGGGCTGCTAGGTGAATTA NM_001107180 303 pS7 (25)
13 Importin-11  GTCGGTGAAGGCGTTACATT AGTGCAAGGCCTCAAACTGT XM_001064746 308 UbcM2 (42), rPL12 (43)
14 Importin-13  ACTCGACAGTTGGTCCACAT GAGGCAGCAGCTCAGTAAAG BC100658 301 UBC9 (37),
glucocorticoids (48)
15 NACA ATGTCCAAACTGGGTCTTC GGACAGCCTTTGCTCTTGAC XM_213821 332 A

“ Mouse primer.
’ Rat primer.

Images were captured with a confocal laser scanning microscope (LSM 510
META; Carl Zeiss).

Immuno-pull-down assay. Ten microliters of protein A-agarose (Invitrogen)
was incubated with 20 pg of either preimmune serum or TP2 monospecific
antibodies in phosphate-buffered saline (137 mM NaCl, 2.7 mM KCl, 10 mM
Na,HPO,, 2 mM KH,PO,, pH 7.4) for 1 h, followed by washing once with
phosphate-buffered saline. The antibody-bound beads were incubated with bac-
terially expressed TP2 along with importin-a1, importin-a3, importin-a4, impor-
tin-a6, importin-B1, importin-B2, importin-B3, importin-4, importin-7 and
importin-9, C-terminal importin-13 (amino acids 332 to 936), A529-609 impor-
tin-4, or AC-terminal importin-4 in binding buffer A, containing 20 mM HEPES
(pH 7.3), 100 mM Nacl, 10% glycerol, 2 mM dithiothreitol, 5 mM MgCl,, and 0.1
mM phenylmethylsulfonyl fluoride for 3 h, followed by three washes with the
same buffer. The bound proteins were separated by sodium dodecyl sulfate
(SDS)-8% polyacrylamide gel electrophoresis (PAGE), transferred onto a ni-
trocellulose membrane, and probed with anti-His-tagged monoclonal antibody
(Sigma) to detect histidine-tagged importins and anti-GST antibodies (Sigma)
for the detection of GST-tagged importins. Similarly, the interaction of RanGTP
with wild-type and mutant (A529-609) importin-4 was checked after the pull-
down experiment by using an anti-His-tagged monoclonal antibody to detect
six-histidine-tagged RanGTP.

GST pull-down assays. GST-NLSp,, GST, and VDR proteins were immobi-
lized on glutathione-Sepharose beads (Sigma) in binding buffer A for 1 h at 4°C.
Recombinant importin-4 or round spermatid cytosol, in the presence or absence of
RanQ69L (GTPase mutant of Ran loaded with GTP), was added to glutathione-
Sepharose 4B beads coupled with GST, GST-NLS,, or GST-VDR and incubated
at 4°C for 4 h, followed by three washes with the same buffer. Bound fractions were
separated by SDS-8% PAGE, and importins were detected by Western blot analysis
with antihistidine-tagged monoclonal antibody.

Structural modeling of importin-4 and docking studies. PSI BLAST searches
were performed to identify the best templates for importin-4 using the
BLOSUM-62 matrix. Human importin-B1 (accession no. 1ukl) was identified as
the closest sequence homologue (25% similarity without gaps), which was used
as the template to model human importin-4. Consensus secondary structure
prediction was done at NPS@server. The mismatched and nonconserved regions
in the secondary structure alignment were edited to optimize the template and
target alignment up to 39.7%. The backbone was modeled using the Swiss model
server, and the side chains were added from the rotamer library. Loop modeling
was done using CODA software, and the energy minimization operations were
performed with GROMACS. After several rounds of loop fitting and refinement,

the final 3D model was evaluated for the structural quality. The model validation
was done at WHAT IF and iMoltalk servers (bonded, nonbonded interaction,
main chain, side-chain parameters, G factor, and Ramachandran plot analysis).
The backbone and side-chain root mean square deviation between the model and
template was 0.69 A. Molecular simulation and the docking of the importin-4
structure with TP2y, g were performed using Hex 4.5 software. The docking
calculations were done using 3D parametric functions of both the importin-4 and
NLS models, which were used to encode surface shape, electrostatic charge, and
potential distributions. The parametric functions are based on expansions of real
orthogonal spherical polar basis functions. The docking was performed in full
rotation mode; both importin and NLS were taken at the 180° range for 1,000
solutions. To validate our procedure in other known importin-cargo interactions,
we performed the same modeling and docking simulations for docking hnRNP
Al NLS to importin-2 and SREBP2 bound to importin-g1.

RESULTS

The aim of this study was to identify and characterize the
components of the import machinery that are involved in the
transport of the two major nuclear basic proteins, TP1 and
TP2. Previous work from our laboratory showed that the im-
port of TP2 into the spermatid nucleus is an active process,
suggesting that specific receptors of the importin family of
proteins might be involved in the recognition of NLS-TP2,
facilitating its transport into the nucleus (51). We carried out
initial experiments on expression profiling of importin family
proteins in round spermatids to identify the potential importin
family member(s) that TP2 utilizes for its transport.

Expression profiling of importins at different stages of sper-
matogenesis. Although most importins are known to be ubiq-
uitously expressed, there are differences in the expression lev-
els in different testicular cell types (20, 31). In the present
study, we have included all known importin family genes, in-
cluding the orphan receptor genes, to study their expression
pattern in germ cells of different stages of differentiation. The
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FIG. 1. Expression pattern of importins in spermatogenic cells. (A) FACS profile of diploid, tetraploid, and haploid germ cells purified from
rat testes. (B) Real-time PCR analysis of importins. NACA1 was used as a normalization control. Differences in expression of importins were
compared in tetraploid, haploid, and gametic diploid cells, keeping low-expressing cells as the reference. Each value plotted represent an average
from five independent experiments *+ standard deviation. GD, gametic diploid germ cells; T, tetraploid germ cells; H, haploid germ cells.

tetraploid (4n) and haploid (n) germ cells were purified from
rat testis by the technique of centrifugal elutriation, while tes-
ticular cells from 10-day-old rats served as a source of diploid
germ cells. The isolated tetraploid and haploid germ cells, as
checked by FACS analysis (Fig. 1A), were approximately 80
and 95% pure, respectively. The mRNA expression level in
low-expressing cells, namely, the gametic diploid cells, was
taken as a reference—except in the case of importin-8 and
importin-11, where haploid cells were taken as the refer-
ence—to compare the difference (n-fold) in mRNA expression
levels in other types of cells. Results of real-time PCR analysis
of the expression pattern are shown in Fig. 1B. Importin-al,
importin-a3, importin-7, and importin-9 are expressed more or
less at the same level in all the stages of germ cells (2n, 4n, and n).
Importin-a?2 is found to be expressed threefold higher in hap-
loid cells and twofold higher in tetraploid cells compared to
gametic diploid cells. Importin-B1 is expressed sevenfold
higher in tetraploid cells and fivefold higher in haploid cells
compared to gametic diploid cells. Importin-B2 is expressed
threefold higher in tetraploid cells and twofold higher in hap-
loid cells compared to gametic diploid cells. Importin-11 ex-
pression is fourfold higher in gametic diploid cells and sixfold
higher in tetraploid cells compared to haploid cells. Importin-4
expression is 22-fold higher in tetraploid cells and 38-fold
higher in haploid cells compared to gametic diploid cells. Im-
portin-a4 is expressed 8-fold and 10-fold higher in tetraploid
and haploid cells, respectively, which correlates with the pre-
vious report (20). Importin-a6 expression is 3-fold higher in
tetraploid cells and 11-fold higher in haploid cells compared to
gametic diploid cells. Importin-13 expression is 12-fold higher
in tetraploid and haploid cells compared to gametic diploid
cells. The importin-13 expression pattern is consistent with a

previous report (51a), where importin-13 is shown to be in-
volved in nuclear-cytoplasmic translocation of UBC9 during
meiotic differentiation of mouse germ cells. Importin-B3 is
expressed 12-fold higher in tetraploid cells and 27-fold higher
in haploid cells compared to gametic diploid cells. Importin-8
is expressed fourfold higher in gametic diploid cells compared
to tetraploid cells and haploid cells. Expression of NACALI
served as an internal control for normalization. We have also
repeated the real-time PCR analysis of all the importin family
members in biological replicate samples and found that the
expression pattern is similar to the pattern shown in Fig. 1B
(data not shown). Thus, in conclusion, we find that importin-p3
and importin-4 are the most highly expressed importin family
members in haploid round spermatids. Recently, it has been
shown that the relative importin concentration also determines
the rate of import, and hence, the quantitative and qualitative
difference in the expression pattern of each of the importins in
a particular cell type might greatly influence the import of
diverse nuclear proteins into the nucleus (52).

Physical interaction of TP2 with importin-4. From the re-
sults presented above, it is clear that expression of importins is
differentially regulated during spermatogenesis and several im-
portins are up-regulated in postmeiotic haploid cells. We sur-
mised that one of the highly expressed importins in haploid
round spermatids may have a role in the transport of TP2. To
identify the importin involved in TP2 import, we initially car-
ried out physical interaction studies with TP2 and importins
using the immuno-pull-down assay. Recombinant TP2 was
bound to anti-TP2-protein A-agarose beads and then incu-
bated with recombinant importin-al, importin-a3, importin-
a4, importin-a6, importin-B1, importin-B2, importin-p3, im-
portin-4, importin-7 and importin-9, and importin-13 (amino
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FIG. 2. Nuclear import of TP2 is mediated by importin-4. (A) Phys-
ical interaction of TP2 with different importins. TP2 (3 ng) was incu-
bated with 3 g of importin-al, importin-a3, importin-a4, importin-
a6, importin-B1, importin-B2, importin-B3, importin-4, importin-7,
importin-9, and C-terminal importin-13 (amino acids 332 to 963) and
then bound to protein A-agarose beads coupled with anti-TP2 anti-
bodies. Preimmune sera (PIS) bound to protein A-agarose beads (lane
1) and TP2 antibody without TP2 protein (lane 2) were used as a
negative control. The interacting proteins were analyzed by Western blot
analysis using anti-GST antibodies for importin-al and importin-g1 and
anti-His-tagged antibodies for other importins (Imp). (B) In vitro nuclear
import assay. The import assay was carried out essentially using digi-
tonin-permeabilized round spermatid cells (18). Recombinant import-
ins like importin-a1, importin-B1, and importin-4 were used along with
Ran and an energy regeneration system and recombinant TP2 as the
cargo. After 30 min of incubation at 30°C, cells were fixed using 4%
paraformaldehyde, and the localization of TP2 was monitored by in-
direct immunofluorescence using anti-TP2-monospecific antibodies
and Alexa green-labeled anti-rabbit secondary antibodies. Panel 1,
absence of TP2; panel 2, absence of importins; panel 3, presence of
importin-B1 (1 wM); panel 4, presence of importin-al/B1 heterodimer
(1 uM each); panel 5, presence of importin-4 (1 wM); panel 6, impor-
tin-4 preincubated with RanGTP (5 pM); panel 7, digitonin-perme-
abilized round spermatids preincubated with WGA (0.4 mg/ml).
DAPI, 4',6'-diamidino-2-phenylindole.

acids 332 to 963). The bound proteins were separated by SDS-
PAGE and probed with either anti-GST antibodies (for im-
portin-al, importin-a4, importin-13, importin-g3, and impor-
tin-B1 proteins) or anti-His-tag antibodies for the rest of the
importins. The results presented in Fig. 2A clearly show that,
among all the importin family members tested, only recombi-
nant importin-4 physically interacted with TP2. In these exper-
iments we have used mouse importin-B3 for our interaction
studies with TP2. The mouse importin-3 sequence shows
98.5% identity with the predicted amino acid sequence of rat
importin-B3 (XM_224534). There are eight amino acid
changes in the C-terminal region (harboring the cargo binding
domain) and two changes in the N-terminal region. It remains
to be seen whether rat importin-g3 can bind TP2 because of
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these minor amino acid changes present in its C-terminal do-
main.

Importin-4 mediates nuclear import of TP2. After demon-
strating that importin-4 physically interacts with TP2, we car-
ried out a series of experiments to see whether importin-4
mediates the transport of TP2 into the haploid spermatid nu-
cleus. For this purpose, we reconstituted the import assay using
various components of the energy-regenerating system and
recombinant proteins in digitonin-permeabilized round sper-
matids (Fig. 2B). The localization of TP2 was monitored with
monospecific TP2 antibodies. In the absence of any added
importins, TP2 did not enter the spermatid nucleus (Fig 2B,
panel 2). The addition of importin-B1 (Fig. 2B, panel 3) or
importin-al and -B1 (panel 4) also did not facilitate the trans-
port of TP2. When recombinant importin-4 was added to the
transport assay mixture, most of the recombinant TP2 was
observed inside the spermatid nucleus (Fig. 2B, panel 5). To
further substantiate that this transport is physiologically rele-
vant, we incubated recombinant RanGTP (which disrupts the
interaction of importin and cargo) along with importin-4, in
which case the import of TP2 was completely abolished (Fig.
2B, panel 6). Finally, we also observed that WGA also com-
pletely abolished the import of TP2 into the haploid spermatid
nucleus (Fig. 2B, panel 7). WGA binds to nuclear pore com-
plex protein, preventing their interaction with the importin
receptors and thus blocking active transport (12).

All the above-described experiments were done with recom-
binant proteins and a reconstituted transport assay system. In
order to demonstrate that importin-4 is present in the cyto-
plasm of round spermatids, which facilitates the transport of
TP2, we carried out transport assays with digitonin-permeabi-
lized round spermatids reconstituted with immunodepleted
round spermatid cytosol as described in Materials and Meth-
ods. The specificity of anti-importin-4 polyclonal antibodies
used in this experiment is evident from the Western blot anal-
ysis shown in Fig. 3A. The antibodies reacted with recombinant
importin-4 and in vivo importin-4 but not any other importins
in the round spermatid cytosol. The localization pattern of TP2
in this series of import assays is shown in Fig. 3C. The addition
of control untreated round spermatid cytosol did facilitate the
import of TP2 inside the haploid nucleus (Fig. 3C, panel 2),
which is energy dependent (panel 3). On the other hand, when
endogenous importin-4 was immunodepleted using anti-im-
portin-4 antibodies, the round spermatid cells failed to facili-
tate the import of TP2 (Fig. 3C, panel 4). The addition of
exogenous recombinant importin-4 to the immunodepleted cy-
tosol restored the import of TP2 (Fig. 3C, panel 5). The West-
ern blot analysis shown in Fig. 3B confirmed the complete
absence of importin-4 in the immunodepleted cytosol. The
Coomassie blue-stained pattern of cytosol before and after
immunodepletion showed very similar protein profiles. Figure
3C (panels 6 and 7) shows that the import of TP2 was blocked
by RanGTP as well as WGA, substantiating the conclusion that
the import of TP2 follows the well-established pathway
through the nuclear pore complex. Importin-4-depleted cy-
tosol also failed to import VDR, which is a known cargo trans-
ported by importin-4 (38). In order to confirm that the impor-
tin-depleted cytosol is functionally active and can still support
the transport of cargoes mediated by other importins, we
tested the import of PTB using importin-4-depleted cytosol.
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FIG. 3. In vitro nuclear import of TP2 with round spermatid cy-
tosol. (A) Western blot analysis of round spermatid cytosol proteins
with anti-importin-4 antibodies. Lane 1, recombinant importin-4; lane
2, round spermatid cytosol. (B) Western blot analysis of round sper-
matid cytosol with anti-importin-4 («a-Imp-4) antibodies before and
after immunodepletion. Lane 1, undepleted cytosol; lane 2, depleted
cytosol. The bottom panel shows the Coomassie-stained pattern of
depleted and undepleted cytosol. (C) Import assay. Panel 1, absence of
cytosol; panel 2, with cytosol; panel 3, presence of cytosol but without
an ATP-regenerating system; panel 4, importin-4-immunodepleted cy-
tosol; panel 5, immunodepleted cytosol replenished with exogenous
recombinant importin-4 (rImp4) (0.1 mg/ml) (scale bar, 10 pm).
(D) Import assay for the VDR using importin-4-depleted cytosol
(panel 2) and mock-depleted cytosol (panel 1). Localization of VDR
after the import assay was detected by anti-GST polyclonal antibodies.
(E) Import assay with PTB using importin-4-depleted cytosol (panel 2)
and mock-depleted cytosol (panel 1). Localization of PTB after the
import assay was detected by anti-PTB rabbit polyclonal antibodies.
DAPI, 4',6'-diamidino-2-phenylindole.

Results show that the import of PTB was not affected when we
used importin-4-depleted cytosol; PTB is known to be im-
ported by an importin-o/3-mediated pathway (45), thus un-
equivocally proving that importin-4 is involved in the transport
of TP2.

NLS of TP2 (residues 87 to 95) interacts with importin-4. By
various deletion analyses, we previously identified the NLS of
TP2 to be localized to the region between amino acid residues
87 and 95, which is rich in basic amino acids (36). Since we
have now identified importin-4 as being the receptor that car-
ries the TP2 cargo into the nucleus, we were curious to exam-
ine whether the NLS of TP2 does physically interact with
importin-4. We generated a GST fusion protein with the
TP2y, s sequence at its C terminus. The recombinant GST-
TP2y; s was authenticated by its reaction with anti-TP2 anti-
bodies (Fig. 4A). The GST-TP2y, ¢ fusion protein was im-
mobilized on glutathione beads and used for subsequent
pull-down experiments with either recombinant importin-4 or
round spermatid cytosol. GST alone was used as a negative
control for the nonspecific pull-down of proteins. The ad-
sorbed proteins were separated by SDS-PAGE and probed
with importin-4 antibodies after transferring them onto a
nitrocellulose membrane. Results from the pull-down experi-
ments are shown in Fig. 4B. It is clear that GST-TP2y, g in-
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FIG. 4. Interaction of importin with NLS of TP2. (A) Western blot
analysis of GST-NLSp, fusion protein with anti-TP2 antibodies. The
left panel shows the Coomassie blue-stained pattern, and the right
panel shows Western blot analysis. (B) GST pull-down assay. Two
micrograms of recombinant importin-4 (rImp-4) or cell extract was
included with either GST or GST-NLS |, prebound to glutathione-
Sepharose. Interacting proteins were analyzed by Western blotting
using antibodies against importin-4 (o Imp4). Lane 1, importin-4 pull-
down with GST; lane 2, importin-4 pull-down with GST-NLSp,; lane
3, round spermatid extract (RSCE) pull-down by GST-NLSp,. (C) Ef-
fect of RanGTP on the interaction of importin-4 with GST-NLSp,.
Lane 1, GST pull-down in the presence of RanGTP; lane 2, GST
pull-down in the absence of RanGTP.

teracts with recombinant importin-4 as well as endogenous
importin-4 present in the round spermatid cytosol. GST alone
did not bind to importin-4, showing the specificity of the in-
teraction with TP2y;s. Furthermore, the interaction of
TP2y, s with importin-4 was abolished when RanGTP was
added to the binding assay as shown in Fig. 4C. We also
performed the GST-TP2y, g interaction study for all the six-
His-tagged importins that we used for the immuno-pull-down
experiment with TP2 (Fig. 2A). None of the other importins
studied were found to interact with TP2y; g, which shows the
specificity of the interaction (data not shown).

Importin-4 mediates nuclear import of GST-fused TP2; s.
After demonstrating that TP2y; ¢ physically interacts with im-
portin-4, we examined whether importin-4 can mediate the
transport of the GST-TP2y, ¢ fusion protein. These experi-
ments were carried out with digitonin-permeabilized round
spermatids as described above, and the immunolocalization
patterns after staining with anti-GST antibodies are shown in
Fig. 5A. In the presence of importin-f or importin-o/B, GST-
TP2y s Was restricted to the cytoplasm (Fig. 5A, panels 1 and
2), while importin-4 facilitated the transport of GST-TP2, ¢
into the round spermatid nucleus (panel 3). The addition of
RanGTP blocked this importin-4-mediated transport of GST-
TP2y s (Fig. 5A, panel 4). We also used round spermatid
cytosol as the source of importin, and it is clear from Fig. 5B
that GST-TP2, 5 could be transported into the haploid sper-
matid nucleus in the presence of round spermatid cytosol
(panel 1). However, we did not observe any import of GST-
TP2y; 5 in the presence of cytosol that had been immunode-
pleted of importin-4 (Fig. 5A, panel 2). Furthermore, RanGTP
abolished the import of GST-TP2y; ¢ (panel 3).

Identification of the TP2y, ¢ binding pocket in importin-4.
Since several importins including importin-o/B and orphan
members have been described to be involved in the recognition
and transport of a variety of cargoes, it would be interesting to
see their 3D structural features that dictate their interaction
specificity. So far, only the structures of importin-a and - have
been solved by X-ray crystallography to date (5-8, 28, 33, 34).
It is evident from the crystal structure that importin-f is a
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FIG. 5. Nuclear import of GST-NLSp, by importin-4. (A) In vitro
nuclear import of GST-NLSp, using different recombinant importin
proteins. Nuclear translocation of TP2 was reconstructed in digitonin-
permeabilized round spermatids in the presence of importin-o/B (Imp-
a/B), importin-B, or importin-4. Panel 1, presence of importin-B; panel
2, presence of importin-o/B heterodimer; panel 3, presence of impor-
tin-4; panel 4, importin-4 preincubated with RanGTP. Subcellular
localization was probed with anti-GST antibodies («GST), and the
nucleus was stained with DAPI (4',6'-diamidino-2-phenylindole).
(B) In vitro nuclear import assay of GST-NLSp, using cytosol made
from round spermatids as a source of importins (panel 1) and impor-
tin-4-immunodepleted cytosol (panel 2) and import assay in the pres-
ence of RanGTP (panel 3).
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helicoidal molecule constructed from 19 HEAT repeats, each
formed from a pair of alpha-helices connected by a short loop
(3, 7). The N-terminal region of importin-g contains both a
RanGTP binding domain and components of the nuclear pore
complex binding domain, while the C-terminal region harbors
the cargo-binding domain. In order to identify the TP2y,; ¢-
interacting domain in importin-4, we have modeled the 3D
structure of importin-4 using the importin-B1 structure (Fig.
6A) as the template. The final 3D model of importin-4 con-
sisting of 900 amino acids from the N terminus, 36 alpha-
helices, and 16 tandem HEAT repeats, which provides a su-
perhelical conformation to its 3D structure (shown in Fig. 6B).
A comparison of the tertiary structure revealed that the sec-
ondary structure elements of importin-4 are significantly sim-
ilar to those of importin-B1 except that the importin-4 model
possesses two antiparallel beta-sheets between helices 19 and
20, which are not found in the template structure (Fig. 6A and
B). A superimposed image of importin-31 and modeled im-
portin-4 is shown in Fig. 6C. The amino acid sequence in
importin-4, which is absent in importin-B1, contributes to the
beta-sheet helix structure (Fig. 6D). The molecular docking
studies showed that the TP2, ¢ has a single binding site be-
tween the 21st and 23rd helices (residues 529 to 609) (Fig. 6E).
The surface view of the complex of the NLS and importin
shows an NLS binding pocket (Fig. 6F). The NLS binding
domain is acidic in nature, with a pI of 4.3. A similar molecular
docking exercise with importin-al and importin-g1 did not
reveal any interaction with TP2, q.

To further validate our modeling strategy, we performed a
modeling and docking simulation study on the known structure
of importin-B2 with its cargo, hnRNP A1-NLS (28), and im-
portin-B1 with its cargo, the transcription factor SREBP2 (29).
We observed through docking exercises that the NLS docked
exactly between 8th and 20th HEAT repeats of importin-32,
coinciding with the position and orientation of docking as
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reported previously (28) (data not shown). A similar exercise
also revealed a perfect match in the position and orientation of
SREBP2-NLS with importin-B1 as reported previously (29)
(data not shown).

To experimentally confirm that the region in importin-4 that
we have identified by molecular docking studies does indeed
interact with TP2, we performed in vitro pull-down experi-
ments with the A529-609 deletion mutant of importin-4. There
was no interaction of this deletion mutant with TP2, as can be
seen from Fig. 7A, and the mutant also failed to facilitate the
import of TP2 inside the nucleus (Fig. 7E). However, AC-
terminal importin-4 could interact with TP2, which harbors the
TP2-NLS-interacting domain (Fig. 7A). To rule out the possi-
bility that the absence of an interaction with TP2 is due to the
malfolding of the mutant importin-4 protein, we performed
interaction studies of the wild-type protein and mutant im-
portin-4 protein with TP2 and VDR, which is known to interact
with importin-4 in its C-terminal region (amino acids 846 to
1081) (38). As can be seen in Fig. 7B, VDR was able to interact
with both the wild type and the A529-609 deletion mutant of
importin-4. However, there was no interaction of GST-VDR
with AC-terminal importin-4, as it lacks a VDR-interacting
domain (Fig. 7B). RanGTP is known to interact with importins
in its N-terminal domain, as depicted in Fig. 6A. Interaction
studies with wild-type and A529-609 importin-4 with its
RanGTP showed that RanGTP interacts with wild-type as well
as mutant importin-4 (Fig. 7D), indicating that the N-terminal
domain is properly folded in this deletion mutant. Thus, all
these experiments confirm that the stretch of amino acids from
residues 529 to 609 of importin-4 is indeed involved in its
interaction with TP2.

Nuclear import of TP1 is a passive process. TP1 (6.5 kDa)
is another major basic nuclear protein comprising about 55%
of chromatin proteins in elongating spermatids. To examine
whether TP1 also utilizes a similar import pathway, we per-
formed import assays using TP1 as cargo. The results pre-
sented in Fig. 7F (panels 1 and 2) show that the import of TP1
occurs in both the presence and absence of cytosol and also in
the absence of energy regeneration systems (panel 3). Prein-
cubation of digitonin-permeabilized round spermatid cells with
WGA also had no effect on the nuclear import of TP1 (Fig. 7F,
panel 4). Thus, TP1 is imported into the haploid spermatid
nucleus by a passive process.

DISCUSSION

Import of nuclear proteins (of greater than 45 kDa) from the
cytoplasm is a highly regulated process, and the key step is the
recognition of the NLS signal by one of the importin/karyo-
pherin family members. Importins can be classified into three
groups, namely, «, 3, and orphans. It is generally believed that
several importins have evolved so as to recognize the NLSs of
the nuclear protein cargoes, which are both definitive and fuzzy
(7, 28, 29). We have been studying the various molecular as-
pects of chromatin remodeling that occur during mammalian
spermiogenesis following meiotic division wherein there is a
dramatic change in the chromatin structure during stages 12 to
19. The testis-specific proteins TP1 and TP2 are two major
nuclear proteins that replace nearly 90% of the histones and
their variants during this stage. The spermatids at this stage
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FIG. 6. Schematic representation of the 3D structure of the importin-4 model using importin-B1 as a template. (A) Ribbon diagram of human
importin-B1. The N-terminal nuclear pore complex binding domain (NPC BD) (labeled in green), the RanGTP binding domain (labeled in white),
and the C-terminal cargo binding domain (labeled in blue) are shown. (B) Ribbon diagram of the predicted structure of rat importin-4 protein in
the same orientation. This superhelical structure is an alternate arrangement of 36 helices and loops. Two antiparallel beta-sheets that are not
present in the importin-B1 structure are prominently seen in this structure (arrow). (C) Structural superimposition of importin-f (magenta) and
importin-4 (yellow). The arrow indicates the antiparallel beta-sheets present in importin-4. (D) Representative amino acid sequence alignment
showing amino acids (with shade) in importin-4 (Imp-4) contributing to the beta-sheet structure, which is absent in importin-B1 (h, helix; ¢, random
coil; s, beta-sheet). (E) Importin-4 (yellow) docked with TP2y, ¢ (red). The position of docking of TP2y, ¢, shown by an arrow, lies in the region
between helices 21 to 23 corresponding to the amino acid stretch at residues 529 to 609 of importin-4. (F) Surface view of the NLS binding pocket
in importin-4. The surface view of the complex shows the pocket structure rich in acidic charge in which the NLS is embedded completely. Acidic
and basic surfaces of the protein are shown in red and blue, respectively, and the arrow indicates the TP2y, ¢ (blue) buried inside the NLS binding

pocket.

have to cope with the import of these highly basic proteins. In
this report, we have addressed the molecular components of
the import machinery in the round spermatids that are in-
volved in the import of TP1 and TP2.

From the results of our relative expression study of different
importins in rat spermatogenic cells by real-time PCR (Fig.
1B) and expression studies of mouse importin-a and - pro-
teins by other groups (20, 31), it is clear that different importins
have a distinct pattern of expression in testicular cells, which
might have specific roles in the nuclear import of different
cargoes during different stages of spermatogenesis. Of all the
importin family members we have studied by real-time PCR
analysis, we observed that importin-33 and importin-4 are
highly expressed in haploid spermatids compared to gametic
diploid cells. We previously localized the NLS sequence of TP2
to 8’GKVSKRKAV?®, which defines its nuclear import that

was dependent on cytosol and ATP (36, 51). The series of
experiments described here involving both the physical inter-
action studies using an immuno-pull-down technique and in
vitro transport assays have clearly demonstrated that it is im-
portin-4 that is involved in the transport of TP2 into the hap-
loid spermatid nucleus. Importin-4 belongs to the importin-3-
related family (also called orphan importin) discovered only
recently (25). The two protein cargoes that have been identi-
fied for importin-4 are VDR (38) and rpS3a (25), both of
which are also basic proteins. Thus, TP2 becomes the third
cargo to be imported by importin-4. Since all the three cargoes
identified so far are basic in nature, it is quite likely that
importin-4 might have specifically evolved to transport highly
basic proteins.

Since importin-4 had the highest homology with importin-1
and since its crystal structure has been determined, we mod-
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FIG. 7. Identification of TP2y, ¢ binding pocket in importin-4. (A) Immuno-pull-down experiments with mutant importin-4 lacking amino acids
529 to 609 with TP2 (top) and mutant importin-4 lacking C-terminal amino acids 647 to 1081 (bottom) as described in the legend to Fig. 2A. Lane
1, preimmune sera (PIS) with wild-type (WT) importin-4 and TP2 protein; lane 2, TP2 antibody with wild-type importin-4 TP2 protein; lane 3, TP2
antibody with mutant (MT) importin-4 and TP2. (B) A GST-VDR pull-down experiment for mutant (A529-609) and wild-type importin-4 (top)
and GST-VDR with wild-type importin-4 and AC-terminal importin-4 (bottom) was carried out as described in the legend to Fig. 4B. Lane 1, GST
with wild-type importin-4; lane 2, GST-VDR with wild-type importin-4; lane 3, GST-VDR interaction with mutant importin-4. (C) Fifty percent
input for both wild-type (lane 1) and mutant (lane 2) importin-4. (D) Immuno-pull-down of RanGTP with wild-type and A529-609 importin.
RanGTP was detected with the His-tagged antibody. Lane 1, preimmune sera with wild-type importin-4 (I4); lane 2, immune serum with wild-type
importin-4; lane 3, immune serum with A529-609 importin-4; lane 4, input RanGTP used for pull-down studies with importin-4. (E) Nuclear import
of TP2 with Aimportin-4 (A529-609). The import assay was carried out as described in Materials and Methods. Panel 1, import assay in the absence
of wild-type importin-4; panel 2, import assay in the presence of wild-type importin-4; panel 3, import assay in the presence of Aimportin-4 (scale
bar, 10 wm). (F) Nuclear import of TP1. An in vitro import assay using TP1 as a cargo was carried out as described above for TP2. Panel 1, import
assay in the presence of cytosol; panel 2, import assay in the absence of cytosol; panel 3, import assay in the absence of an energy regeneration

system; panel 4, import assay in the presence of WGA. DAPI, 4',6'-diamidino-2-phenylindole.

eled the 3D structure of importin-4. The overall structure of
importin-4 is similar to that of importin-B1 except for an an-
tiparallel beta-sheet between helices 19 and 20 (Fig. 6A, panels
1 and 2). Molecular docking studies have aided us in identify-
ing the TP2, ¢ binding pocket within importin-4. Our model-
ing approach was also substantiated by similar modeling and
docking simulation studies with the known structure of impor-
tin-31 and importin-B2 and their cargoes, hnRNP Al and
SREBP2, respectively.

This theoretical prediction of the TP2y, ¢ binding pocket
was further confirmed experimentally using deletion mutants
of importin-4 by in vitro interaction experiments as well as
import assays. The interaction study with VDR and importin-4
has identified the C-terminal region of importin-4 as being the
cargo interaction domain corresponding to amino acids 846 to
1081 (38). This is quite different from the region that we have
identified for TP2 in the present study, which encompasses
amino acids 529 to 609. Several control experiments with var-
ious deletion mutants of importin-4 and their interaction with
TP2, VDR, and RanGTP clearly demonstrated that this region
in importin-4 is the TP2, s-interacting domain.

The molecular mechanisms that underlie the recognition of
the protein cargoes by their transport receptor or importins are
rather poorly understood. The amino acid sequence differ-
ences among the members of the importin family of proteins

might contribute to the diversity of the cargoes that they in-
teract with to facilitate their import into the nucleus. Attempts
are now being made to determine the crystal structure of
importin complexed with its appropriate NLS to identify the
cargo binding sites. To date, few such structures have been
solved in importin- proteins complexed with their cargoes.
These structures are importin-B1 bound to the nonclassical
NLS of PTHrP (6); importin-g bound to SREBP2, a transcrip-
tion factor (29); and importin-B2 bound to hnRNP Al (28).
From these studies, it is becoming clear that the general fea-
tures that govern this recognition process still seem to be
elusive.

While all the evidence presented in this communication has
shown that TP2 is imported into the nucleus through classical
import pathways involving importin-4, the import of another
major basic spermatid nuclear protein, TP1, was found to be
achieved through a passive diffusion process. Both TP1 and
TP2 are small basic proteins, and the fact that TP2 has taken
the route of a specific receptor-mediated import mechanism
suggests that its import into the nucleus needs to be a regulated
event. During the final stages of spermiogenesis, TPs are fur-
ther replaced by protamines pl and p2. Since protamines are
also highly basic and abundant proteins in mature spermato-
zoa, it remains to be seen whether they are imported by a
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passive diffusion process, as in the case of TP1, or whether a
specific transport receptor mechanism is involved.
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