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ABSTRACT
The nuclear pore complex (NPC) is the sole gateway for molecular transport between the
nucleus and the cytoplasm in eukaryotes. The NPC is composed of approximately 30 different
kinds of protein components called nucleoporins. The functional structure of the NPC is highly
conserved among various eukaryotes. However, the exact mechanisms by which many of the
nucleoporins exert their specific functions still remain unclear. The single cell ciliate
Tetrahymena has two functionally distinct nuclei, a macronucleus and a micronucleus, and we
have discovered that these two nuclei have compositionally distinct NPCs. We initially identified
four nucleus-specific Nup98-s and demonstrated that they are required for macronucleus- and
micronucleus-specific nuclear transport. More recently we identified two nucleus-specific
paralogs of Nup214 and Nup153 and two nucleus-specific transmembrane proteins Pom121
and Pom82. Our findings argue that Nup214, Nup153, and Pom121/Pom82 also act as key
molecules for transport machineries to differentiate the two functionally distinct nuclei present
in this organism.
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The nucleus of the eukaryotic cell is compartmental-
ized from the cytoplasm by the nuclear envelope
(NE). Nuclear pores present in the NE allow for
molecular transport between cytoplasm and nucleus.
These nuclear pores are formed by a nuclear pore
complex (NPC), a huge protein complex approxi-
mately 60 MDa in yeast and »120 MDa in mamma-
lian cells, composed of multicopies of around 30
kinds of protein species called nucleoporins
(Nups).1–3

As a ciliated protozoan, Tetrahymena thermophila, a
unicellular eukaryote, has dimorphic nuclei that are
functionally distinct, a highly expressed somatic mac-
ronucleus (MAC)17 and a transcriptionally silent
germline micronucleus (MIC),18 in a single cytoplasm
(Fig. 1A). These nuclei replicate their DNA at different
times and the method of nuclear division is different:
an amitosis segregates centromere-lacking MAC chro-
mosomes whereas conventional mitosis segregates
MIC chromosomes.19 These facts are evidence that the
two nuclei communicate independently with the cyto-
plasm and that functionally distinct NPCs are likely
required by each nucleus.

Structural components of the eukaryotic NPC

The Nups can be classified into three categories by their
molecular structures and functions. The first group of
nucleoporins are transmembrane proteins bearing an
a-helix domain. These transmembrane Nups penetrate
the NE and anchor the NPC to the pore membrane.

The second group of nucleoporins are scaffold pro-
teins bearing both a-helices and b-strands over their
entire length. These proteins compose the framework of
the NPC. There are two well defined subcomplexes of
the proteins categorized into this group: one is the
Nup93 complex (the Nic96 complex in budding yeast)
forming the inner ring structure of the NPC,4,5 and the
other is the Nup107-160 complex (the Nup84-120 com-
plex in budding yeast, also called the Y-complex)6,7

forming nuclear and cytoplasmic outer ring structures.8,9

The last group of nucleoporins are the FG-repeat pro-
teins bearing repeats of Phe-Gly (FG) resides that have
an unfolded conformation.10 In the NPC, the FG repeat
regions have a hydrophobic nature and form an entropic
barrier that functions to exclude nonspecific passage of
molecules over approximately 40 kDa, but facilitates the

CONTACT Tokuko Haraguchi tokuko@nict.go.jp
Addendum to: Iwamoto M, Osakada H, Mori C, Fukuda Y, Nagao K, Obuse C, Hiraoka Y, Haraguchi T. Compositionally distinct nuclear pore complexes of function-
ally distinct dimorphic nuclei in ciliate Tetrahymena. J Cell Sci. 2017;130:1822–34; PMID: 28386019; DOI: 10.1242/jcs.199398

© 2017 Masaaki Iwamoto, Yasushi Hiraoka, and Tokuko Haraguchi. Published with license by Taylor & Francis.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/
4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in
any way.

COMMUNICATIVE & INTEGRATIVE BIOLOGY
2018, e1384890 (5 pages)
https://doi.org/10.1080/19420889.2017.1384890

http://crossmarksupport.crossref.org/?doi=10.1080/19420889.2017.1384890&domain=pdf
http://orcid.org/0000-0001-9407-8228
http://orcid.org/0000-0001-9407-8228
http://orcid.org/0000-0002-3813-6785
http://orcid.org/0000-0002-3813-6785
mailto:tokuko@nict.go.jp
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1080/19420889.2017.1384890
http://www.tandfonline.com


passage of nuclear transport receptors (NTRs). There are
several models under debate of how FG-repeat regions
form an entropic barrier, and also how the NTRs pass
through the pore by interacting with this entropic bar-
rier.11-16

TetrahymenaMAC and MIC NPCs

The NPCs of the MAC and MIC of T. thermophila are
remarkably distinctive in the signature of the FG-repeat
regions of the Nup98 orthologs: the MAC-specific Mac-
Nup98A and B have Gly-Leu-Phe-Gly (GLFG) repeats
and the MIC-specific MicNup98A and B have Asn-Ile-

Phe-Asn (NIFN) repeats.20,21 These distinct Nup98
repeats function in exclusive nuclear transport of
nucleus-specific linker histones,20 suggesting that func-
tional differentiation of the NPCs based on distinct
structures of selective Nups is related to the different
functions of the nuclei.20-22

Our comprehensive search for T. thermophila nucleo-
porins identified a total of 28 proteins.20,23 Characteriza-
tion of these nucleoporins clearly showed that there are
nucleus-specific Nups other than the Nup98s:
MicNup214, MicNup153, and Pom82 are MIC-specific,
and MacNup214, MacNup153, and Pom121 are MAC-
specific (Fig. 1B). The other Nups, including most FG-

Figure 1. (A) A bright field micrograph of T. thermophila overlaid with fluorescence images of the macronucleus (MAC) and micronu-
cleus (MIC) stained with a DNA-specific fluorescent dye, 4 0,6- diamidino-2-phenylindole (DAPI). Scale bar, 10 mm. (B) Molecular domain
structures of nucleus-specific FG-Nups. Blue or red letters in the protein names denote MIC-specific or MAC-specific components, respec-
tively. The green box is a b-strand-rich domain. Gray boxes are ordered regions mainly composed of a-helices. Red ellipses are predicted
transmembrane helices. Vertical lines indicate the positions of FG or FX repeats (X means any residues, but the majority are N and Q). (C)
The structural model of Tetrahymena NPCs. Left panel is a MIC NPC and the right panel is a MAC NPC. Upper and lower sides are cyto-
plasmic and nucleoplasmic sides, respectively. The components represented as filamentous structure are FG-Nups. Red and blue indicate
MAC- and MIC-specific FG-Nups, respectively. FG-Nups extending to the cytoplasmic side indicated by asterisks are MicNup214 (in the
left panel) and MacNup214 (in the right panel). The components extending to nucleoplasmic side indicated by arrowheads are
MicNup153 (in the left panel) and MacNup153 (in the right panel). Pom82 in the MIC NPC and Pom121 in the MAC NPC are distin-
guished by yellow outlines. Central channel FG-Nups that are shared by both NPCs are colored in gray. Green and brown blocks are
Nup107-160 complexes (Y-complex) and Nup93 complexes, respectively.
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Nups that locate to the central channel and the structural
Nups that are involved in assembling the Nup93- and Y-
complexes are shared by the two nuclei. However, there
is a difference in the number of Y-complexes of the two
nuclei: there are more Y-complexes in the MIC NPC
than the MAC NPC (see green components in Fig. 1C),
although, the effects of this difference are currently
unknown. The other components seem to be equally
localized to both NPCs (see grey and brown components
in Fig. 1C). Importantly, all of the nucleus-specific Nups,
including the transmembrane Pom82 and Pom121 (see
yellow-outlined components in Fig. 1C), are FG-repeat
containing Nups that directly function in nuclear trans-
port, strongly suggesting that the differences in T. ther-
mophila MAC and MIC NPCs result in specialized
nuclear transport for each nucleus.

Possible functions of nucleus-specific Nup214,
Nup153 and Pom121/pom82

It is known that in other organisms that Nup214 and
Nup153 are localized to the cytoplasmic and nucleoplas-
mic sides of the NPC, respectively.24,25 These asymmetri-
cal FG-Nups are probably involved in the selection of
nuclear transport cargos at the entrance and release at
the exit of the NPC. Similarly to Nup98, MicNup214 and
MacNup214 are clearly different in their repeat signa-
tures. MicNup214 has a NIFN/Q-rich repeat while
MacNup214 has a more conventional FG repeat signa-
ture (Fig. 1B). Therefore, Nup214s may function in the
regulation of nucleus-specific transport in cooperation
with nucleus-specific Nup98s. In addition, the b-strand-
rich structure in the N-terminal region that is generally
conserved in the Nup214 homologs is present in
MicNup214, but is lacking in MacNup214 (Fig. 1B). This
b-strand-rich domain is known to interact with DEAD-
box RNA helicases in yeast and human cells.26,27

Although the function of the b-strand-rich domain of
Tetrahymena MicNup214 has not been experimentally
determined, the presence or absence of this structure
may be involved in a divergence of nuclear function.

In contrast to Nup214s, MicNup153 and MacNup153
don’t have significant differences in their FG-repeat sig-
natures,23 therefore, they may not have intrinsic differen-
ces in nuclear transport function. However, the N-
terminal structural domains of the two proteins, which
by analogy with human Nup15328 are presumed to have
Ran binding activity as well as NPC targeting activity,
are somewhat different. Ran, a GTPase, is a key regulator
of nuclear transport, and differences in Ran binding by
MicNup153 and MacNup153 could provide significant
differences in their nuclear transport functions and con-
trol the release of cargo at the NPC in a nucleus-specific

manner. Currently, however, the Ran binding properties
of the Nup153s have not yet been examined. Beside its
nuclear transport functions, Nup153 is known to be
involved in the regulation of gene expression in mamma-
lian cells,29 suggesting that in Tetrahymena MacNup153
may have a role in the regulation of gene expression.
Because no gene expression occurs in the MIC during
vegetative growth, MicNup153 does not have an active
role on gene expression in vegetative cells. Further stud-
ies are required for understanding the functions of the
nucleus-specific Nup153-s.

Both MAC-specific Pom121 and MIC-specific Pom82
are transmembrane Nups bearing FG-repeats (Fig. 1B). It
was surprising that Tetrahymena had a Pom121-like
nucleoporin, because Pom121 has so far been found only
in vertebrate species30; although, it is unclear whether ver-
tebrate and Tetrahymena Pom121 have a common origin
of molecular evolution. The localization of Pom121 is
biased to the nucleoplasmic face of the MAC NPC.
Pom82, in contrast, is localized to the cytoplasmic face of
the MIC NPC, and it exhibits a decidedly different organi-
zation of secondary structures and domains from those of
Pom121 (Fig. 1B). These differences imply that Pom82 is
functionally and evolutionary different from Pom121.
Pom82 may be a Tetrahymena-specific Nup, because no
Nups with similar molecular architecture have so far been
found in other organisms including Paramecium, Oxytri-
cha, and Stentor, although, functional homologs may exist
in those species. The fact that Pom121 and Pom82 are
nucleus-specific suggests that the targeting of these trans-
membrane proteins to the MAC and MIC is an initial
step in the assembly of compositionally different NPCs in
the same cytoplasm. To confirm this hypothesis, it will
need to be determined which Nups associate with these
Pom proteins within the NPC architecture. Resolving
when and how Tetrahymena acquired these Pom proteins
during their evolution may help in understanding the
establishment of ciliate nuclear dimorphism.

Nuclear dimorphism is one of the most important
issues in ciliate biology. Because the nucleus-specific
Nups can be easily distinguished by transport factors,
these Nups can function as key factors in various
nucleus-specific events, including nucleus-specific con-
trol of cell cycle progression during cell proliferation and
nuclear differentiation during sexual reproduction.
Future studies on the dynamic behavior and functions of
these nucleus-specific Nups will open new windows to
understanding nuclear dimorphism in ciliates.
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