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12.1 THE NUCLEUS OF A EUKARYOTIC CELL more mucleoli, which are 1rrcg;ularly shaped electron-dense
' structures that function in the synthesis of ribosormal RNA

" Considering its importance in the storage and utilization | and the assembly of ribosomes (discussed on page 428); (3)
WidFRLus of genetic information, the nucleus of a eukatyotic cel éhwszmplmm. the fluid substance in which the solutes of the

has a rather undistinguished morphology (Figure 121),1 I'F | nudleus are dissolved; and (4) the nudear matriz, which is a
contents of the nucleus are present as a viscous, 1nmr|1hclm |

||1rr:1tLin containing fibrillar network.
mass of material enclosed by a complex wmudear enveclope that i
forms a boundary between the nucleus and w‘tt)pldsm '|I
cluded within the nucleus of a typical interphase (i.e., nonm
totic) cell are (1) the chromosomies, which are present us hl;,,h[ '
extended nucleoprotein fibers, termed chromating '(2) nm:

hfl‘\ﬂm‘lmr Envelmpﬂ

xep.zmtmn of a cell’s genetic matcrial from the surround-
}..m;, u,rmpmm may be the single most important feature that
‘-udl»tmgulshus eukaryotes from prokaryotes, which makes the
'~ appearance of the nuclear envelope 2 landmark in biological
‘evolution. The nuclear envelope consists of two cellular
_ mumbrams arranged parallel to one another and separated by
121010150 om (Figure 12.24). The membranes of the nuclear
cnvelope serve as a barrier that keepsi ions, solutes, and macro-
molecules from passing freely between the nucleus and cyto-
plasm. The two membranes are fused at sites forming ciscular
- pores that contain Lomplex assemblies of proteins. The aver-
age mammah:m cell contains several thousand nuclear pores.

Tl

on W (gu't hpi\qumth drawing showing the
\plex, wuclear laming, and the conti-
 the wugh endoplusmic redivulum

F‘” guvelope vontuin their own dis:
FGURE 121 The cell nucleus, () ! ! b vipn, mictograph of a section
Hela eell nucleus. Heterochromatin (paje | i ind il i o . i envelope o an onion rot tip cell. Note

entire inner surface of | the nmlcug
visible, and clumps of whromat
nuclmpl_.mm (&) Behemuarie ds

iR SPase, N lodr pote cofk
ot (HIC) that does nog ex-



d jpatlmt with | 1(;!"@ demonstrati ng the im-

The outer membrane is generally studded with ribosomes a .
nuclear lamina as a determinant of nuclear

is continuous with the membrane of the rough endoplasmic| [ /poi |

reticulum. The space between the membranes is continuous| | 4 m‘Fturr § intetesting to note that the phenotype de-

with the ER lumen (Figure 12.24). i |‘ | P .'1c‘|‘ in ||"i;|,urc 12,30 has been traced to 2 SYnonymous muta-
The inner surface of the nuclear envelope of animal wllsp H“ Mllmm that § iy, one that generated a different codon for the same

is bound by integral membrane proteins to a thin ﬂ]1mentuus | M aming .md In th13|L‘13e, the change in DNA sequence altered

meshwork, called the nuclear lamina (Figure 12.3). The n ‘! ‘thl: way thu gene transcript was spliced, which led to produc-

clear lamina provides mechanical support to the nuclear crwe ‘ tion of a shortened protein, causing the altered phenotype.

lope, serves as a site of attachment for chromatin fibers at thc" ‘I his emmp]s: illustrates how the sequence of 1 gene serves as
nuclear periphery (Figure 12.22), and has a poorly undlt*rstcmd ! mulup]e ‘code:” one that directs the translation machinery
role in DNA replication and transcription, The M¢mcnts ofil, 'md others that direct the splicing ma:_hmer} and prutem
the nuclear lamina are approximately 10 nm/in dmmLtcr and| | | folding. E A |

composed of polypeptides, called lamins. Lamins are mcmhu-‘; el i Wi
of the same superfamily of polypeptides that assemble into the | | | The Structure of the Nuclear Pore Complex and lts Role in
10-nm intermediate filaments of the cytoplasm (see Table 9.2). | Nucleocytopfasmlq Exchange = The nuclear envelope is the
As in the cytoplasm, the integrity of the mmrmcdmu hlmntntb .| barrier betwn en the nucleus and cytoplasm, and nuclear pores
thar mzke up nuclear lamina is regulated hy phmphuryutmn‘ il araithe gateways across that barrier. Unlike the plasma mem-
and dEﬂhesnho‘s {ation. The disassembly of the nuclear'lam- ‘ brane, which prevents passage of macromolecules between the
ina prior to mitosis is induced by phc}sphc)rvhtmn uf thf.‘ ‘ wmplasm and the extracellular space, the nuclear emrelepe
iamins by 2 specific protein kinase. , 1s @ hub of activity for the movement of RNAs and proteins
Mﬁ:@.ﬂcﬂa in one of the lamin gencx (LMNA} are rmptm Il ‘m ‘both directions between the nucleua and cytoplasm. The
sible for 2 number of diverse human diseases, including a rare, “rcpiuatzon and transcription of genetic material-within the
form of muscular dysmrophy (called EDMI?2) in which mus- . nucleus require the p.lrtlcxpatzon of large numbers of proteins
~ cle cells contain exceptionally fragile nuclei, Mutations in| | that are synthesized in the cytoplasm and transported across’
- LMNA4 have zlso been linked to a disease, called Hutchinson- |+ - the nuclear envelope. Conversely, the mRNAs, tRNAs, s.n%

Gilford progeria syndrome (HGPS), that is characterized by | ribosomal subunits that are manufactured in the nucleus must
prematite aging and death during teenage years from heart | be ransported through the nuclear envelope in the opposite

attack or stroke. Figure 12.3 shows the mjsshapfn nuclel 73 dmrctmn Some «.umponcnts, such as' the snRNAs of the-
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spliceosome (page 444), move in both directions; they are syn-
thesized in the nucleus, assembled into RNP particles in the
cytoplasm, and then thpped back to the nucleus where they
function in mRNA processing. To appreciate the magnitude
of the traffic between the two major cellular compartments,
consider a HeLa cell, which is estimated to contain about
110,000,000 ribosomes. To support its growth, a single HeLa
cell nucleus must import approximately 560,000 ribosomal
proteins and export approximately 14,000 ribosomal subunits
| every minute,

How do all of these materials pass through the nuclear
envelope? In one early approach, a ﬁuspcnsmn of tiny gold
particles was injected into cells and passage of the material
through the nuclear EHVQIDP{. was ﬂl?wy’uqd with the electron
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[ lonayte taken minutes after injection with gold aﬂ:
| coated with a protein normally found in the nucleus, The
| seen to pass thmugh the center of the nuclear ppmﬁ ;

== orgamzauon

microscope. As illustrated in Figure 12.44,5, these particles
move from the cytoplasm into the nucleus by passing single-
file through the center of the nuclear pores. Electron micro-
graphs of cells fixed in the normal course of their activities
have also shown that particulate material can pass through a
nuclear pore. An example is shown in Figure 12.4¢, in which
granular material presumed to consist of a ribosomal subunit
is seen squeezing through one of these pores.

Given the fact that materials as large as gold particles and
ribosomal subunits can penetrate nuclear pores, one might as-
sume that these pores are merely open channels, but just the
opposite is true. Nuclear pores contain an intricate structure
called the nuclear pore complex (NPC) that appears to fill ‘
the pore like a stopper, projecting into both the cytoplasm and
nucleoplasm. The structure of the NPC is seen in the electron
micrographs of Figure 12.5 and the model of Figure 12.6.
The NPC is a huge, supramolecular complex—15 to 30 times
the mass of a ribosome—that exhibits ocl;agonal symmetry
due to the eightfold repetition of a number of structures (Fig-
ure 12.6). Despite their considerable size and camplexstv, ‘
NPCs contain only about 30 different proteins, called rmdea"‘
porins, which are largely conserved between yeast and verte-
brates. Each nucleoporin is present in at least eight copies, in
keeping with the octagonal symmetry of the structure. The
NPC is not a static structure, as evidenced by the finding that.
many of its component proteins are replaced with new copies
over a time period of seconds to minutes.

Among the nucleoporins is a subset of proteins that

- possess, within their amino acid sequence, a large number of

pheny!alamne-glvcme repeats (FG, by their single letter

- names). The FG repeats are clustered in a particular region of
~each molecule called the FG domain. Because of their unusual
: aﬂnm:raﬂd composition, the FG domains possess a disordered

 structure (page 56) that gives them an extended and flexible
Tﬁe FG repeat-conmimng nucleoponns are

cqlihnti,un sigunl (N LS). This

“studied, or "classical” NLSs,
s of positively charged
‘ lﬂﬂ hy th_q:_vims SV40, l'or

hagic ammu nmds in this sequmce
mino agid, the pmtem fails to be-

‘onversely, if this NLS is fused
1§ s .tlbumin, and injected
;m& profein becomes concen-

[,ctlmg m pwtcmb o the D= o




g ,&g:ﬁ'f?',ﬂ‘ HER % P s oy
o e 5 R

3 7

._1?:,{“;‘1~ Ly _'J‘,‘.J‘." .,.:, .‘

(c) T Usum

FIGURE 125 Scanning electron micrographs of the nuclear pore com- |

plex from isolated nuclear envelopes of an amphibian oocyte. (a) The
cytoplasmic face of the nuclear envelope showing the peripheral cyto-
plasmic ring of the nuclear pore complex. (4) The nuclear face of the nu-
clear envelope showing the basket-like appearance of the inner portion
of the complex. (¢} The nuclear face of the envelope showing the distri-
bution of the NPCs and places where intact patches of the nuclear lum-
ina (NEL) are retuined. In all of these micrographs, isolated| nuclear
envelopes were fixed, debydrated, dried, and metal-coated. (FIOM M. W.
SOLIMERG AND T 1. ALLEN, |. CLLs BIOL, 119:1431, 1992, 5y COIYINGHT
PERMISSION OF THE ROCKEVEILER UNIVEUSITY PHISS.)
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FIGURE 126 A model of a vertebrate nuclear pore complex (NPC).
Three-dimensional representation of a vertebhrate NPC as it is situated
within the nuclear envelope. This elaborate structure consists of several
parts, including a scaffold that anchors the complex to the nuclear enve-
lope, a cytoplasmic and a nuclear ring, a nuclear basket, and eight
cytoplasmic filaments. The FG-containing nucleoporins line the channel
with their disordered I'G-containing domains extending into the opening
and forming a hydrophobic meshwork.

cleus is similar in principle to trafficking of other proteins that
are destined for segregation within a particular organelle, such
as a mitochondrion or a peroxisome (page 309). In all of these
cases, the proteins possess a specific “address” that is recog-
nized by a specific receptor that mediates its transport into the
organelle.

The study of nuclear transport has been a very active area
of research, driven by the development of in vitro systems ca-
pable of selectively importing proteins and RNPs into the
nucleus. Using these systems, researchers can identify which
proteins are required for the nuclear import of a particular

' macromolecule. These efforts have identified a family of

proteins that function as mobile transport recepiors, ferrying
macromolecules across the nuclear envelope. Within this fam-
ily, importins move macromolecules from the cytoplasm into
the nucleus and exporting move macromolecules in the oppo-
site direction.

Figure 12.7a depicts some of the major steps that occur
during the nuclear import of a protein, such as nuclcuplns-
min, that contains a classical NLS. Import begins as the NLS-
containing cargo protein binds to a heterodimeric, soluble
NLS receptor, called importin o3, that resides in the ¢yto-
plasm (step 1, Figure 12.74). The transport receptor is thought
to escort the pratein carga to the euter surface of the nucleus
where it likely docks with the cytoplasmic filaments that ex-
tend from the outer ring of the NPPC' (step 2). Figuee 12.75
shows a number of gold particles bound to these filaments,
these particles were coated with an NLS-containing nuclear
protein that was being transported through the nuclear pore



complex. The receptor—cargo complex then mo
the nuclear pore (step 3, Figure 12.7a) by cnga;,ln;,
ries of successive interactions with the FG d m:u
FG-containing nucleoporins, These mteracnon
to “dissolve” portions of the FG-rich meshwork t
interior of the channel, allowing passage ¢ oi' the recep
complex through the NPC, ‘ il

Now that we've gotten the bound cargo throug
and into the nuclear compartmept, we need to Lﬂtr()fl e
another key player, a GTP-binding protein caled Ran. Like |
other GTP-binding proteins, such as Sarl (f page 2 290) ‘}h
EF-Tu (page 464) discussed in earlipr cmptura‘f Run can exist |
in an active GTP-hound form or an inactive GDP-bound |
form. Ran's role in regulating nudcmytop!ahmi‘. transpe
based on 2 mechanism in which the cell maintains a hi
centration of Ran-GTP in the nucleus and a yery low mnwnw
tration of Ran-GTP in the uytujll}asm'r"rhg steepy gradient

' FIGURE 127 Importing proteins from the cytoplasm into the nucleus.

i {a) Pmpns:d steps in: nuclear protein import, as described in the text.
" The! protcxn bc:mng a nuclear localization slgna.l (NLS) binds to the

hctcmdjmcnc receptor (ampamn a/B) (stcp 1) forming a complex that
 associates with a cytoplasmiic filament (step 2). The receptor-cargo com-
‘ plcx moves'through the nuclear pore (step 3) and into the nucleoplasm
Iimhcrc it interacts with Ran-GTP and dissodiates (step 4). The importn
i B subunil, in Assncmtlun thh Rnn-GTP is transported back to t}u: cy-
scqucnl!)r u‘unspnrtcd bngk ta the nucleus, e it is can\ﬂ:rtcd to
i R:ll'l*G In Canvcrscly importin a is tmnsportad back to the cymplzsm.

‘clcopl.ismm and mjcctcd into thr.- maplasm ofa l’snapas ooy, ﬂx:y
‘are geen to bind to the cvalasrmc filaments (CF) projecting from the
outer ring of the nuclear | pore complex. Several particles are also seen in
ko transit thmugh thn pore (NP) into the nucleus. (a: BASED ON A MODEL
il IIY'M. OHNO L'I'M..,CLU.V’J!T 1998; B: FROM W. D. RICHARDSON ET AL,
. .‘;\CLIJ 52 662, 19&8 UY PERMISSION OF CELL PRESS, COURTESY OF A. D.

| df R n- GTP across the nucle.nr envelope depends on the
‘qum mrqmta]uanon of certain accessory proteins (see Fig-
ure \15 194 for further discussion). One of these accessory
. pumlm {namctll RCCY) is sequestered in the nucleus where it
il pmmmeg thq conversion uf Ran-GDP to Ran-GTP, thus
| mqﬂnnmlng thmhlgh nuclear level of Ran-GTPR. Another
il aqcepamy protein (named RanGAP1) resides in the cytoplasm
whmq it promotes the twq rolysis of Ran-GTP to Ran-GDE,
”;thua maintaining the low cytoplgbmic level of Ran-GTR
i Thus the energy mquﬁlrmhy GTD hydrolysis is used to main-
tain the Ran-¢ ;TM P untlmm& the m.gcltpat envelope. As
- discussed lwluw,t llwrmli*gmtlwnt drives nuclear trans-
port by alpmuhsn 1l ar (lmpumls only on receptor mediated dif-
L fuqlﬂm e motor protatas or A T'Pases have been implicated.
L W cnnrmpt rotu i tt'n our duauiplmn of the classical
NLS impor pqthwuy ‘Wh!ﬁlll the importin-cargo complex
: urﬂws. i.n tw uq.lemh lt‘ w qu: hy 4 mulu;ulu of Ran-GTR
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I I \ ‘
which binds to the complex and causes its disassembly as in- | fit 2 mctc L of DNA into a nuclcu# only 10 p.tn (1% 1077 m)
dicated in step 4, Figure 12.7a. This Is the apparent function ‘m lilamctcr and, at the same time, maintain the DNA in a
of the high level of Ran-GTP in the nucleus: it promotes the state that i accessible to enzymes and regulatory proteins?
disassembly of complexes imported from the cytoplasm. The w[ﬁst as| impormﬁk how is the single DNA molecule of each
imported cargo is released into the nucleoplasm, and one pdn-~ Lht’(ll‘ﬁ]() urnmurgamnd 50 that it does not become hopelessly
tion of the NLS receptor (the importin B subunit) is shuttled ‘ | mn;,lcd w:lh the| moleculLs of other chromosomes? The an-
back to the cytoplasm together with the bound Ran~dTP ‘ .s'.vcrbltw in 't ¢ emarkable manner in which a DNA molecule
(step 5). Once in the cytoplasm, the GTP molecule bbund ‘\ ||| is Pﬁ“ age T || il It

to Ran is hydrolyzed, releasing Ran-GDP from the anportm \ I |

B subunit. Ran-GDP is returned to the nucleus, where it !S: Nu!dmmmc: Tbe Lowa{sf Lewvel o f Chromosome Orgamzm’ron
converted back to the GTP-bound state for addltmnnl mundjs il {0 hromoso f-.'\ are compnscd of IDNA and associated protein,

of activity. Importin e is transported back to the Lytoplasm by |‘ which together is called chromatin. The orderly packaging

one of the exportins. gk ) i il '-" i1 of f.u.karyonc DNA depmds on lustones, a remarkable group
Ran-GTP plays a key role in the escort of' mncromule- “of small | le-otcms that| posseas an unusuall) high content of
cules from the nucleus, just as it does in thmr import f frc:m thc |I | the basn amino acids arginine and lysine. Histones are di-

cytoplasm. Recall that Ran-GTP is esse ntmlly tonfined to the,
nucleus. Whereas Ran-GTP induces the dl.assemhlv of im-| !

| vided into five Lla‘ﬁ(ﬁ which can be distinguished by their
argimneflvsme ratlo (Table 12. 1). The amino acid sequences

ported complexes, as shown in step 4 of Fig igure 12.7a, Ran-  of histones, partn:ul:ulv H3 and H4, have undergone very
GTP promotes the assemély of exported mmplt.xes Pmtcsns - little change over long periods of evolutionary time. The H4
exported from the nucleus contain amino aud sequenu:s- ' hu.tunesof bath! peas and cows, for example, contain 102 amino

(called nudlear export signals, or NES:) that arc'rucogn}zcd by' Hlh
transport receptors that carry them through thc nudca.r enve-
iope to the cytoplasm. Most of the traffic moving in this direc- | | interact with the backbone of|the DNA molecule, which is
tion consists of various types of RNA moluuics—ucapmally || || identical i in all organisms. In addition, nearly all of the amino
mRNAs, rRNAs, and tR.NA'%—that are synthuucd in the| ||| acidsina hxsmno molecule are, engngcd in an interaction with
nucleus and function in the, cytoplasm ln most! cascs, thesc " another molecule,uther DNA or another histone. As a result, -
RNAs move through the NPC as nbunudleoprutmn:, (RNPs) vm-y few amino acids in a hlsmne can be ‘replaced with other

' acids, and their sequences differ at only 2 amino acid residues.
‘\Nhy are h:stuncs 50 highly conscrved?‘ ‘One reason is histones

Transport of an mRNP from the nucleus to L)rmpfasm armno acids without severely affectmg ‘the functlon of the
is associated with extensive rcmodchng ccrt:un proteins are | protem sy :
smppad from the mRNA, while others are add{.d w0 the Lom— | j ' 'In the early, 1‘?705, 1t was found that when chromzmn was

plex. Transport of mRNPs does not apptal' tolrequm'lﬂan buti il
does require the activity of an RNA | helicase located on the cy-
toplasmic filaments of the NPC. It is spemlated thzﬂE the he}

case provides the motive force to move the mRNA into t
cytoplasm. Numerous studies have demon stratcd o ﬁmutmrpal i
link between pre-mRNA splicing and mRNA m_xpﬂrt, only i
mature (Le., fully processed) mRNAs are cnpgbte of nucl ear

export. If an mRNA still contains an unspthed mtron, 'tt;

RNA is retained in the nucleus.

matcd with nonspecific nucleases, most of the DNA was con-
wverted to fragments of| npproumatelv 200 base pairs in length.
' In contrast, a mmﬂar treatment of naked DNA (i.e., DNA de-
| void of pmtcms) produced a randomly sized populzmon of
I ‘fmgments This finding suggested that chromosomal DNA
|| was prote'..lted from enzymatic attack, except at certain peri-
udtc sm: nlqn;,,hts length. It was presumed that the proteins

iate ¥ th the DNA were providing the protection. In

4. us g thc data from nuclease digestion and other types
|int-m; :mon , Roger Kornberg, then at Harvard Umvemw,

A il “ fikl ) u cc an entirely new structure for chromatin. Kornberg
Chromosomes and Chromatin | i i I I S[ﬂd that DNA and histones are organized into repeating
Chromosomes seem to appear out of nowhere r\r g btgim ‘ ’“ﬁh’.ﬂ““’ L:llled nucieosumes. Wc now know that each nucleo-

ning of mitosis and disappear once again wlwn cell dlﬂhh n. ‘

has ended. The appearance and d|sappemamc of chrpu }

somes provided early cytologists with a challenging quﬂhtt
“f

= B 34‘4‘

il | i

What is the nature of the chromosome in the npnmltp tie | .*'I il Hils ;
We are now able to provide a fairly mmprphc,nsivuw jq ‘m ‘::?al‘r‘mﬁ ﬂrll ‘9" i | : T :
s quesdon; i i [l i-‘.lz\'-%;n il \ IR Sacy

DAl i et n"‘ L G S
Packsging the Genome An aw:mge humap‘ ‘celi wnta;ps il HIF 4"” .....'Pi "ﬂ hui ISR, . Y
about 6.4 billion base pairs of DNA divided ;ummg 46 chrpn | i m| i i:!- ﬂm (I i - 8
mosomes (the value for a diploid, unrephupwd lmmbcr pf | | ‘ll"J\ il 12'& il L B, 1 60
chromosomes). Each unreplicatéd chromospme mnmlw TR i ms.- S 18 il AT 3?3
single, continuous DNA molecule; the larger the chromp-| | | IH 1A e 15.\:_ i 1l g 9
some, the longer the DNA it Lautains..(;lvm that egch hase 1 IOJ SHBLIRLL S SR " THIL W
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pair is about 0.34 nm in length, 6 bluﬂ(m base [M b | ﬁum sighal ‘ ;.' i 'Um{ gwuhmnmy lwmufh qin.{ uqup e & protin's apineg dis) I
stituie @ DNA molecule fully 2 m h)ﬂg IWW l& ‘] ;mpwihlu ﬂ) A—lmq‘c hy 1 manq H*M .lwumcqmm hml xlm.e;gm.? ‘




which binds to the mmp]ﬂ and causes its disagsernbly ag in-

dicated in step 4, Figure 12.7a. This is the apparent function
of the high level of Ran-GTT in the nucleus: it |1mn11ln|m the
disassembly of complexes imported from the eytoplasm. The

imported cargo is released into the nucleoplasm, and one F'm:— ‘

tion of the NLS receptot (the importin B sabunit) is shuttled
back to the cytoplasm together with the bound Ran-GTP
(step 5). Once in the cytoplasm, the GTP molecule bound
to Ran is hydrolyzed, releasing Ran-GIMP from the |mpurtln

B subunit. Ran-GDP is returned to the nucleus, where it is |
converted back to the GTP-bound state for additional rounds
of activity. Importin e is transported back to the cytoplasm by

one of the exportins.

Ran-GTP plays a key role in the escort of macromole-
cules from the nucleus, just as it does in their import from the |
cvtoplasm. Recall that Ran-GTP is essentially confined to|the
nucleus. Whereas Ran-GTP induces the disassembly of im-
ported complexes, as shown in step 4 of Figure 12 ?a, Ran- |
GTP promotes the asscmi:!p of cxportcd L(Jﬂ]Pl[L\L“J Pmtemﬁ

exported from the nucleus contain amino acid :equunws‘

(called maclear export signals, or NESs) that are recognized by

tansport receptors that carry them through the nuclear crwe w|
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fit 2 meters of IYNA into a nucleus only 10 pm (1 # 10" 7 m)
in diameter and, at the same time, maintain the 1NA if a
stite that is accessible m enpymes dnd rc;;ulatﬂry proteins?
Just as important, how i the single DNA miolecule of sach
chromosome organizéd so that it does not hecame hopelessly
tangled with the molecules of other chromosomes? The an-
swers lie in the temarkable manner in which a DINA molecule
is packaged. -
Nrdrfwmmcn 1 ljr f vwest Level qf Chromosome Orgamzm‘mn
| Chromosomoes are'composed of DNA and associated protein,
~ which mguhur is called chromatin. The orderly packaging
it dukfu‘ymil, NA deperids on histones, a remarkable group

I il Gl Sl proteins that possess an unusually high content of
i t'[ﬂ.‘ asic aming acids arginine and lysine. Histones are di-
i |“ vided into five classes, which can be dﬁtmgu:shcd by their

‘ Mglmnu/!vbmc nltLJJ (‘Table 12.1). The amino acid sequences

uf histones, partnculnrly 'H3 and H4, have undetgone very
| ittle change over long periods of evolutionary time. The H4
|histones uf Both pC‘AS :md cows, for example, contain 102 2mino

“ “ .\‘ ag:dx, :md thelr scquences difter at only 2 amino acid residues.

hy lare hlsmnm mhxghly conserved? One reason is histones

lope to the cytoplasm. Most of the traffic moving in this chmr_-' it H‘ Jinteract with' the backbnm: of the DNA molecule, which is

ton consists of various types of RNA mule«.ulumc-apcually i

identical in all organisms. In addition, neatly all of the amino

mRNAs, tRNAs, and tRNAs—that are synthesized in the| “ ” auds in a‘h:stone molecule are engaged in an interaction with

_ mucleus and function in the cytoplasm. In' most cases, | these

| il anmhcr mblen.ul.r: either DNA or another histone. As a result,

RNAs move through the NPC as ribonucleoptoteins (RNl’sL | “ | very tcw aming acids i in a histone can be replaced with other

_Transport of an mRNP from the nucleus to t.vtoplasm 'i‘-
is associated with extensive remodeling; certain pmtun-s are, | |

SD'I"!PEd from the mRNA, while others are added tqlthe com-

plex. Transport of mRNPs does not appear to require Ran but |

does require the activity ofan RNA helicase lor.:lled on thc cv-

mpi_sﬂc Slaments of the NPC.Itis speculated thatlthe hch— |

case provides the motive force to move the mRNA' mt[:) thc
Cv:ophsm_ Numerous studies have demonscmted a fum:tm al
link benween pre-mRNA splicing and mRNA cxporr. cmly

mature {ie., fully processed) mRNAs are capablew of nucleﬁu |

export. If an mRNA still contains-an unspllccdw 1ntfon, .
R_\A is rerzmai in the nudeus g i ittt

Chfamos.emes ami Chmmatm “  ‘:? il
- Chromosomes seem to appear out of nowhere at he‘hegr -

ning of mitosis and disappear once ngam when ccll dmsl(?n |
r

‘What is the nature of the chromosome in the non
We are now able to provide a fairly comprehensT
this question. i i

! _&-
about 6.4 billion base pairs of DNA divided ﬂmong %\Chmﬂ il
mosomes (the value for a diploid, umcpl:catcd numbey pf Bt

chromosomes). Each unreplicated chromosome mntaina! all

single, continuous DNA molecule; the larger the chromor| T‘ i

some, the longer the DNA it contains, Given that chh bukg
pm is about 0.34 nm in length, 6 billion base p;mf, would con+
stitute 2 DNA molecule fully 2 m long. How is it pusslhh. 0

‘muno ac.tds w:thout severel)r aﬂ'ectmg the function of the
protem il
1T the carly 19705, it was found that when chromatin was

treated with n[mspecmc nucleases, most of the DNA was con-
vertr.d to fragments of « appmxxmately 200 base pairs in length.
| In antmst a ‘,‘Il'm.[m' treatment of naked DNA (i.e., DNA de-
\rmd of pmteins) pruduced a randomly sized population of
"fragrncnts This ﬁndmg su_ggeqted that chromosomal DNA
[was, pwtcu:cd from cn?ymatlc attack, except at certain peri-
odxc Sltl}b along its/ Icngth. It was presumed that the proteins
‘:aikountcd with the DNA were providing the protection. In
! 1974, usmf; the dala from nuclease digestion and other types
| 'of. mformatmn‘ ‘Roger Kornberg, then at Harvard University,
\pmposed .m ennrdy new structure for chromatin. Kornberg
: e.cll that DNA and histones are organized into repeating
ubunit cal%ed nucleusomes We now know that each nucleo-
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The Cell Nucleus

Robert Brown for the first time in 1833 discovered
a prominent body within the cell and termed it
nucleus. A synonymous term for this organelle is
the Greek word karyon. A German biologist,
J. Hammerling, demonstrated in 1934 that the

- nucleus determines the characters of the cell and

ultimately the characters of the individual. He
conducted certain experiments using two species of
a green alga, Acetabularia. The two species, namely
A. crenulata and A. mediterranea used in this
experiment differ in the shape of their caps. While
in A crenulata the cap has loose rays, in A.
mediterranea an umbrella-like cap is found. The
nucleus in both the species is situated in rhizoid at
the bottom of stalk. If cap is cut off, it will develop
again and its shape will be that of the original type.
However, if after removing the caps, stalk of one
species, is grafted on rhizoid (containing the
nucleus) of the other species, shape of cap will be
determined by nucleus and not by stalk (Fig. 12.1).
If the nucleus belongs to A. crenulata, shape of cap
will be of the crenulata type and if the nucleus
comes from A, mediterranea, cap will be of
mediterranea type. When both nuclei are present,
shape of cap will be intermediate. Th:s experiment
demonstrated clearly for the first time that
characters of an individual are controlled by nucleus
of the cell or cells. This controlling attribute of the
nucleus is now well established and is known to
be due to the presence of chromosomes in this
organelle.

A. mediteranea A.crenuiata

C3P  crenulata mediterranea gﬁ
stalk interrmediate _.&
| ‘ -

A

&

A. crenulata

7 =

Fig. 12.1. Hammerling's experiment in Acetabuluria showing

relative roles of nucleus and cytoplasm (redrawn from Swanson:
The Cell, 1971).

On the basis of presence or absence of
well-defined nucleus, living organisms were earlier
classified into two groups by molecular biologists.
These groups are (i) prokaryotes, the individuals
which do not have a well-organized nucleus and
will therefore include viruses, bacteria and
blue-green algae; and (ii) eukaryotes, which would
include the remaining types, which have a
well-organized nucleus, However, according to a
phylogenetic classification . proposed in 1996, living
organisms are classified into the following three
gropus | bacteria ; @ archaea and
(i eucarkya (see Chapter 1 for more details of
this new phylogenetic classification). The nuclear
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oquivalent of & prokaryotic organism is
prokaryon Or more commonly as nucle
than a nucleus. The “prokaryon’ or *nucleoid’ does
not have & true chromosome; it is not enclosed iy g
puclear envelope alnd does not divide by regular
mitosis. The nuclei may even be absen in some

jalized cells of eukaryotes. For instance mature
mammalian red blood cells are alsp without any
puclei. This 18 why they are often called as red
blood corpuscles rather than cells.

A nucleus may be described as having three
i‘.;n-m; parts, namely, nuclear membrane or
nuclear envelope, nucleolus and chromosomes.
The flaid, in which nucleclus and chromosomes are
present and which is enc,]]osed in nuclear membrane,

known as
oid rather

is called nucleoplasm.

\Nuclear Envelope

anclear boundary of interphase and prophase nuclei

—
is called nuclear membrane or nuclear envelope. It
breaks down at the end of prophase and is reformed
at the end of the nuclear division. It consists of a
double membrane having two unit membranes (Fig. 12.2).
The space between two unit membranes varies in
width and is known as perinuclear space. Outer
membrane is continuous with the endoplasmic
reticulum.

Each unit membrane is 7.5 nm (1 nm = 10 A)
in diameter and perinuclear space may vary from
regular 15 nm wide spaces to irregular cavities
several hundred times wide. Outline of nuclear
envelope is smooth and interrupted by pores which
appear circular in surface view. Diameter of these
pores varies from 36 nm to 100 nm. In sections. it s
obvious that at the boundary of these pores, outer
and inner uait membrares are joined. These pores
provide direct contact between nucleus and
cytoplasm and allew import and export of protein
and RNA (particularly export of messenger RNA,
which. is synthesized in the nucleus and then
reaches cytoplasm for protein synthesis). The ir!ner
nuclear membrane is lined by the nuclear lamina,
Which is composed of A and B type lamins
(specialized type of intermediate filament proteins).
Similarly, the outer membrane is surrounded by a
network of intermediate filaments, which are not gs
well organized as the nuclear lamina (Fig. 123&
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lnna; membréane
‘5 nm

oufer Jp;rmraﬂﬂ
g clear
Pegpace
150 nm

nucleus

endoplasmic

\ reficulum

nuclear pore
30-100 nm

Fig. 12.2. Nuclear membrane showing double structure.

chromatin

endoplasmic
reticulum

intermediate
filaments

ALY,
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nuciear lamina
pore
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1 um

euter ndclear membrane
nuclear envelope

inper nuclear membrare

Fig. 12.3. Structure of nuclear envelope.

v[gassembly and reassembly of

nuclear envelope

Efs mentioned above, the nuclear envelope
isassembles at the onset of mitosis and is
reassembled at the end of mitosis. The mechanism
of assembly involves (i) the attachment of vesicles
to the chromatin, followed by (ii) the fusion of
vesicles to form a double membrane system. The
binding of vesicles to the chromatin requires both
chromatin and membrane bound proteins, but does
not require ATP. On the other hand, the fusion of
membrane bound vesicles to form the nuclear
membrane does require ATP and GTP hydrolysis,
that is also required in membrane fusion events
during exocytosis and endacytosis (for details,
consult Chapter 16). The vesicles used for assmebly
of nuclear envelope form a subset of ER-derived
vesicles, and are distinct from the majority of other
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ER-derived vesicles (COPII). L

; s .amin-depolymeri-
zation and polymerization during disassembly and
reassembly of the nuclear envelope also invloves
reversible phosphorylation. '

Naclear pore complex (NPC)
L Nuc{car pore occupies a central position among the
major cellular structures, but still remains one of the
least understood structures. However, during the late
1980s and early 1990s, significant progress was
made towards a better understanding of the structure
and function of the nuclear pore) During this period,
mew pore proteins were identified (particularly in
yeast), the genes for several of these proteins
were cloned, a number of mutants in these pore
proteins were isolated and detailed mechanism of
nucleocytoplasmic traffic was proposed. Further, the
pore was reconstituted in vitro, a number of ‘signal
sequences’ and one or more °‘signal sequence
receptors’ were identified, and a new ‘basket-like
structure’ was found attached to the inner side
of the nuclear pore. (Consult review by Douglass J.
Forbes in Ann. Rev. Cell Biol., 1992 for detailed
account).

‘The nuclear pore is a large complex structure
o 5 million daltons or 30 times the size of a
eukaryotic ribosome. The pore is 120nm in diameter
and 50nm in thickness. It consists of four separate
elements : (i)}t;:e scaffold, which includes majority
of the pore, (NJ the central hub or transporter,
which carries out active transport (both import and
export) of proteins and RNAs, (i) short thick
filaments attached to the cytoplasmic side of the
pore and (iv) a newly discovered basket attached (o
the pucleoplasmic side of the porc.\

The scaffold is a stack of three closely apposed
rin namely the cytoplasmic  ring, the
nucleoplasmic ring and a central ring of thick
spokes, EmMLﬁﬁ_g?jﬁMi@ld symmetry, The
spokes of central ring are attached to the transporter
on the inner side, and to the nucleoplasmic and
cyloplasr;ic rings on the outer side. Interspersed
between the spokes are aqueous channqls. 9nm
wide, which allow diffusion of proteins and
metabolites between the nucleus and the cytoplasm.

&e transporter is a proteinaceous ring, 36-3
nm in diameter and consists of two irises of eight
arms each. The two irises are assumed to be stacked
atop one another and open sequentially, cach like
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Cytoplasmic
filaments(33A°)

central channel dg. Channel (S0A")

(90A%)

outer
membrane

cytoplasmic ring

inner
membrane

two irises
(eight arms
each)

(NR)

central transporter
(~360 — 3BOA?)

CR+NR+S5= scaffcld
(64 subunits) (1200A°%)

&
600A°

Fig. 12.4. Detailed structure of the nuclear pore, showing irts
and transporter.

the diaphragm of a camera, to_let a nuclear protein
or RNA pass through from the _nucleus to the

cytoplasm. On_the cytoplasmic _side of the pore,
thick fibres (3.3nm in diameter) extend into the
— . - -
cytoplasm. On the nuclear side, a large basket like
structure is found, which consists of eight filaments
(each 100 nm long), extending from nucleoplasmic
ring of the pore and meeting a smaller ring (60 nm
in diameter) within the nucleus. This_basket may
play an important role in RNA exportﬁﬁ\e detailed
structure of nuclear pore complex shown 1n
Figure 12.4.

Nucleocytoplasmic transport

Nuclear pore complexes (NPCs) are the sites of
xchange of macromolecules between the cytoplasm
and the nucleus. Each NPC has a mass of 125
megadaltons in higher eukaryotes and contains about
100 different polypeptides called Nup (nuclear
pore proteins or nucleoporins)’) Following are
some of the characteristic features of many of these
nucleoporins : (i) modification of O-linked N-acetyl
glucosamine; (i) presence of short degenerate
repeats (e.g. FXFG repeats in Nup153p and p62.
and GLFG repeats in Nup98p; in FXFG and GLFG
repeats, each letter stands for an amino acid; X
means any amino acid; consult Chapter 3).{The
nuclear pore complex has a passive diffusion
channel, 9nm_in_diameter, permitting diffusion of
many bul not all small proteins including
cytochrome c. Several small proteins like histones
(<9nm) and other larger proteins (>9nm and upto
25nm) pass through NPC by an active transport
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process. The active process is facilitated by
(L energy. Wi-signal sequence and\(iii) saturability
so that the process is mediated by Molecules,

‘ 1 The transport “"‘9“_8‘1 NPCs involves both
import to and export from the nucleus, All nuclear
proteins are imported from e cytoplasm where
they “are synthesized and all \RNAs/mRNAs are
exported to the cytoplasm, where they are used for
protein synthesis, There are also molecules that are
first exported tothe cytoplasm and then reimported.
For instance, some of the small nuclear RNAs
(snRNAs) involved in RNA splicing (see Chapter
39) include Ul, U2, U4, and U5. They are exported
out of the nucleus after transcription. In the
cytoplasm, they assemble with Sm core proteins and
undergo a number of modifications such as cap
hypermethylation involving conversion of the cap
m’GpppN5’ 10 ml'mGpppN. These partly mature U
snRNPs re-enter the nucleus and associate with
proteins specific for U snRNPs. In case of U4, the
U4 snRNP re-enters the nucleus and associates with
U6 RNA. Thus the snRNPs complete their assembly
by export followed by reimport in the nucleus. The
situation is reverse in case of ribosomal proteins.
They enter the nucleus, get incorporated into
ribosomal subunits and are then re-exported as parts
of ribosome subunits. It has been estimated in HeLa
cells, that 100 ribosomal proteins and 3 ribosomal
subunits travel through each pore each minute. This
demonstrates that transport through NPC is a major
activity. The details of components of the transport
machinery and the mechanism involved in this
transport will be briefly discussed in this section.
For a detailed account, the readers may consult two

carrier molecules, )
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recent reviews (Science, 15 March, 1996, pages
1513-1518; 24 April, 1997, pages 779-787).

Signals for transport across the pore.f The
import and export of proteins and RNPs acros$ the
NPCs are facilitated by the presence of signal
sequences. A number of these signal sequences that
have been studied and characterized are listed in
Table 12.1. Some of these sequences, described as
‘classical’ nuclear localization sequences (NLSs),
are characterized by one or more clusters of basic
amino acids. The two examples of NLSs include
signal sequences in large antigen of SV40 and the
bipartite NLS of nucleoplasmin. It has been shown
that both these NLSs use the same receptor. While
NLSs are used for import, similar export signal
sequences are also known, which are described as
nuclear export signal (NES). These NES
sequences have already been found in atleast
following three cases : (i) human immunodeficiency
virus (HIV) Rev protein, (ii) PKI, an inhibitor of
protein kinase A and (iii) transcription factor IIIA
(TFIIIA) used for transcribing SSRNA genes, tRNA
genes, eic.)The only solitary example of a signal
sequence ~that directs both jmport and export by
shuttling between the nucleus a e cytoplasm is
the M9 domain t—such as RNP
protein Al, also called hnRNPA1 (a human protein
invted in mRNA export).

The export of RNA from the nucleus is actually
characterized by the following three features —
(i) the mRNA needs to be released from the
retention process which allows the precursor mRNA"
to stay in the nucleus for post-transcriptional
processing events; (ii) RNAs are exported in the

Table 12.1. Signal sequences involved in protein transport across the nuclear pore complex (NPC)

Function Signal (length)* Amino acid sequence*
1. Import SV40 large T antigen NLS (7)* PKKKRKYV
Nucleoplasmin bipartite NLS (16)* KRPAAIKKAGQAKKKK
2. Export HIV-10Rev NES (9)* LPPLERLTL
TF Il A NES (19)* QPPDASKADPALPVLENLTLK L
PKI NES (10)* ALKLAGLDI
3. Targels import receptor to nucleus IBB domain of importin (41)* RMRKFKNKGKDTAEL
RRRRVEVSVELR KAKK
DEQILKRRNV
4. Confers rapid shuttling hRNPA] M9 (38)* NQSSNFGP MKGGNFGG

RSSGPYGGGG QYFA Kp RNQGGY

* length represents number of amino acid residues; figures in parentheses represent numbers of amino acid residues
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form' of RNPs (ribnnuc[coprmcins).
associated proteins (e.g. Rev with NES domain or
TFIIIA) actually carry the signals; (iii) many signals
may be involved in the export of large RNPs
making the study of the mechanism difficult. The
only well defined example of RNA export thus is

U snRNAs with hypermethylated cap (m* %7 GpppN),
which binds to the proteins (cap binding proteins
complex or CBC) involved in export, thus forming
RNPs.

port of nuclear proteins/ The following four
factors are known to be required™n nuclear protein
import: @-fmportin-a. (also called NLS receptor;
called SRP1p in yeast) (#y-importin-B (also called
p97 or PTC97), (i) the small GTPase Ran, and
(3)-ppl15 (also called pl10 or NTF2). Importin is
also called karyophorin. The import actually
involves several stages including the following —
the protein to be imported has an NLS which helps
in binding of protein to importin o — B heterodimer,
the latter thus acting as a receptor, the receptor site
being present in subunit importin . An importin
B binding (IBB) domain in importin—o subunit

where

nuclear protein.

@NLS

importin o
(NLS receptor)

IBB=importin f
binding domain
of importin o

CYTOPLASM
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helps not only in interaction with importin—§3, but
also facilitates translocation through NPC to the
nucleus. The NLS-protein-receptor complex docks
to the nuclear pore complex via improtin— B and is
subsequently translocated through the pore by an
energy-dependent mechanism. It also requires Ran
and ppl5. The energy required for translocation
across the NPC comes atleast partly frnrm GTP
hydrolysis, which is faciliated by Ran (a GTPase).
The Ran GTPase needs the nuclear protein, RCCI
(a Ran activating protein). The function of ppl5
will be known in future only. Since the distance to
be travelled by NLS-protein-receptor complex is
atleast 100nm and one GTP can help movement
(through motor protein kinesin or the myosin power
stroke) to only 8-10nm, it is estimated that the
movement of a NLS-protein receptor complex
would need 10 GTP molecules. After the
translocation, the constituents of NLS-protein-
receptor complex become separated, of which the
protein remains in the nucleus and importin— B and
importin— o are recylced to the cytoplasm, the
former rather rapidly and the latter rather slowly

Ran=GTPase

~10GTP
molecules

(100nm distance)

Ran helps
hydrolysis of
GTP to give
anergy

importin
accumulates
atl the nuclear
envelope

Fig. 12.5. Steps involved in the import of muclear proteins (redrawn from Science, 15 March 1996)

(BC-27)
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due to the requirement of dissociation
(Fig. 12.5).

~ Export of RNA from the nuclens, RNA export
from the nucleus across NPC is also mediated by
some signal sequences in the proteins that associate
with RNA to form RNPs. The RNA to be exported
‘may contain response elements. The best studied
such protein is HIV-1 Rev protein. An intron in
unspliced HIV-1 RNAs contains RRE (Rev
response element), where several Rev molecules
can bind and allow export of unspliced RNA.,

Rev protein has a RNA binding domain and
an ‘activation domain’ the latter being a nuclear
export sequence (NES). When coupled with a
heterologous protein, the NES of Rev protein
directs the rapid export of the fusion product. When
NES directs export of a protein the bound protein is
also exported automatically. A search for a receptor
for NES suggested that human proteins hRip or Rab
and yeast protein Riplp are the possible candidates
for such a receptor (Rip = Rev-interacting protein;
Rab = Rev activation domain binding protein).
These proteins seem to be related to nucleoporins,
but their role in export is not yet fully understood,
although atleast two models are available. In ore
model sequential interaction of Rev-NES first with
Rip and then with nucleoporins takes place, while
in the second model Rev-Rip complex is
translocated across NPC through interactions
between Rip and other nucleoporins (Fig. 12.6).

Export and reimport of RNAs. Two examples
of export followed by reimport of RNA are 5S
BNA and U SnRNAs. Two proteins (TFIIIA and
ribosomal protein L5) seem to be involved as
mediators in export of 58 RNA. TFIIIA seems to
contain a sequence similar to Rev NES. Similarly
for export of U SnRNAs, a nuclear monomethyl
cap binding profein complex (CBC) seems to be
involved. CBC contains two proteins (CBP80
containing NES Jike sequence -and another
nucleoplasmic protein CBP20), - Another human
protein hnRNPA1 and several other hnRNP proteins
are also involved in export. They shuttle rapidly
between the nucleus and the cytoplasm, The protein
hnRNPA| remains bound to polyA-RNA. A short
domain M9 of hnRNPAl confers the shuttling
behaviour. More information about these shuttling
proteins will become available in future, - '

(BC.27)

from NLS)

nuclear
envelope

NUCLEOPLASM

Rip=Rev interacting
protein
(a receptor)

NES=nuclear export
signal

(activation domain)

Fig, 12.6. Two models for Rev-mediated export of RNA from
the nucleus (redrawn from Science, 15 March 1996)

Evolutionery origin of nucleus

There are atleast two contrasting theories available
for evolutionary origin of the nucleus: (i) Karyo

genic hypothesis. According to this hypothesis the
nucleus and its surrounding membranes were
gradually — acquired through some unspecified
segregating process. (ii) Endokaryotic hypothesis.
According to this hypothesis, the nucleus, like other
eukaryotic  organelles (e.g. mitochondria and
chloroplasts) enclosed in double membrane, has been
derived through capture byan engulfing species. In
this case, the guest (the nucleus), rather than being
under the control of the host, has taken over control
of the host. This h ’

the origin of nucleus, chloroplasts and mitochondria

ypothesis is simple and explains

o
i

it -——uwmrﬂm’—-—”:ﬂw‘
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by the same mechanis
mechanisms needed

nucleus and the o ‘
and mitochondria.

Nucleolus

m, rather than two separate
) one for the origin of the
ther for the origin of chloroplasts

In hi :
sphe‘:%::‘l:" cg;%;gznﬁ;dev:gl dcell imu:lcus llms a
associated with a y ed nucleolus, whu.:hl is
T ; particular nucleolar organizing
e me .(Flg. 12.7 ). A special region in this
dmosome is known as the nucleolar organizing
m‘l (NOR‘) o which usually the nucleolus
N ns assocnat%d. (Fig. 12.8). Quite often, more
an one nucleoli in the same nucleus may also be
observed. These several nucleoli may subsequently
coalesce and give rise to a larger single nucleolus.
While chromatin mainly consists of DNA,
nucleolus mainly consists of RNA, acidic dyes and
basic dyes; phospholipids and alkaline phésphatase
are also found. Nucleolar DNA had also been

.. bivalents

- nucteolar
.organizing
* chromosomes

nucleolus

Fig. 12.7. A diakinesis cell showing attachment of a bivalent
with nucleolus.

nucleolar
organizer

satellite /
nucleolar

organizing
chromosome

nucleolus

Fig, 12 8. A satellited chromosome and an anached nucleolus,
1E: o
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reported in a number of cases. This DNA is
believed to represent the nuclolar organizer.

The nucleolus was first described in [781 by
Fontana. Ever since then, vast literature has been
published on the nucleolus which has been
adequately covered in a monograph entitled "The
Nucleolus and Ribosome Biogenesis" published in
1985. This monograph was written by the
distinguished ~ French molecular biologist, Asem
Hadjiolov, who suddenly passed away in April
1996. Since the publication of the above
monograph, considerable work has been done,
‘which was adequately covered in a special issue of
the journal Chromosoma brought out in the year
1997 in the memory of Dr. Hadjiolov. The present
status of he biology of nucleolus is briefly
summarized here.

Nucleologenesis

Nucleolus can be seen as a very conspicuous
structure in the interphase nucleus. It disappears
during mitosis and reappears at the next interphase.
The process by which the nucleolus is formed, is
described as nucleologenesis. During prometaphase
to early télophase, when the nucleolus remains
disappeared, a number of non-ribosomal nucleolar
proteins (c.g. B23, fibrillarin, nucleolin and p52)
as well as U3 snoRNA are found in (i) the
peripheral regions of chromosomes an in the
(i) nucleolus derived foci (NDF) found as
cytoplasmic particles 1-2t in diameter; the number
of these NDFs can reach as many as 100 per cell
at mid- to late-anaphase, but later their number
declines to few or none at telophase.

The decline in the number of NDF
approximately coincides with the appearance of
prenucleolar bodies (PNBs) and reforming of the
nucleoli. The nucleolar shuttling phospho-
protein, Nopp 140, however, did not follow the
above pattern of localization. It remains dispersed
throughout the cytoplasm during pro-metaphase (0
early telophase, and 1s not found in NDF. These
observations suggest that the NDF and prenucleolar
bodies are the precursors . of the newly formed
nucleoli, but the forces that bind them together 10
form nucleoli are still unknown.

Nucleologenesis can also be induced in cultured
cells by experimental treatment. It has been show.n
that the nucleolus disapperars upon hypotonic
shock of the interphase cells and reappears when

(RC-27)11
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Fig. 12.9. Three regions of the nucleolus showing their roles in ribosomal RNA

(rRNA) synthesis.

these cells are returned to isotonic medium,
although the cells continue to remain at interphase.
Actinomycin D also blocks the formation of
aucleolik from prenucleolar bodies (PNBs),
suggesting that the nucleolus formation requires
active transcription of ribosomal RNA (rRNA)
genes by RNA polymerase I.

Nucleolus and the ribosome biogenesis

The nucleolus is the site of ribosome biosynthesis,
where the synthesis of ribosomal RNA (rRNA) and
the assembly of ribosome takes place. It has been
shown that the genes for ribosomal RNA are
clustered at the nucleolar organizer region in the
foorm of  tandemly repeated ribosomal DNA
(rDNA) units (see details in Chapter 49). The
initiation, production and maturation of ribosomes
in the nucleolus seem to proceed from centre to the
periphery in the following three distinct regions:
(i) Fibrillar centre (FC), where rRNA genes of
NOR (nucleolar organizing region) are located; the
transcription of rRNA genes (RNA synthesis on
DNA template) also takes place in this region,
(ii) Dense fibrillar component (DFC), which
surrounds the fibrillar centre and where RNA
synthesis progresses, The 808 ribosomal proteins
(rps) also bind to the transcripts in this region,
(iii) Cortical granular component (GC), which is
the outermost region and where processing and
(BC-27)

maturation of pre-ribosomal particles occurs. These

three regions of the nucleolus and their roles in =

ribosome formation are shown in Figure 12.9.

The transcription for the synthesis of pre-rRNA

actually occurs in FC and particularly at its edge in
a region described as transcription zone (txmn). In
this region are observed the structures described as

‘christmas trees’ by O. Miller. The ribosomal
precursors  (pre-tfRNAs) move from  one
compartment to the next for different stages of
processing and are subsequently transported to the
cytoplasm to make mature ribosomes.

Small nucleolar RNAs (snoRNAs)
and rRNA processing

Like small nuclear RNAs (U snRNAs; e.g. Ul, U2,
U4, US, U6, etc.) found in the nucleus, small
nucleolar RNAs (U snoRNAs; e.g. U3, U7, US,
Ul4, etc.) are found in the nucleolus. During the
last more than a decade, the list of snoRNAs has
grown to over 50, which can be grouped into two
major categories (excluding 7-2/MRP); (i) those
derived from evolutionarily conserved DNA
sequences called boxes C and D (box C =

5'-RUGAUGA-3', hox D = 5'-CUGA-3") present a—t

the 5’ and 3'. ends respectively, and (ii) those with
an ACA motif at the 3' end Most of the snoRNAs
of box C/D class are encoded within introns of

—————yp
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Fig 12.10. A cycle involving association and dissociation of U3
snoRNA with pre-tRNA in the nucleolar regions

other genes and are important for rRNA methylation
and rRNA processing . It is believed that U3
snoRNA associates with the nascent pre-rRNA and
accompanies it, when it passes through the different
domains of the nucleolus during its processing. This
U3 snoRNA recycles from the granular component
(GC) to the dense fibrillar component (DFC)
for association with another nascent pre-rRNA
(Fig. 12.10).

While some of the snoRNAs are ubiqutous (e.g.
U3 and U14), there are others, which are described
either only in vertebrates or only in yeast. Seven
snoRNAs (U3, U8, Ul4, U22, SnR10, SnR30, RNA
component of RNAase MRP) are now known to be
required in the processing of pre-rRNA. Of these
U3 and Ul4 are bound to ETS and/or ITS1, which
are removed by early processing (the precursor
rRNA  consists of  5’-ETS1-18S-ITS1-5.88
_ITS2-28S-ETS2-3’; ETS = external transcribed
spacer; ITS = internal transcribed spacer; for
structure of rRNA genes consult Chapter 49). It is
not known, however, whether, these snoRNAs act
as chaperones to help in correct folding of the
pre-rTRNA, so that the correct sites are exposed for
cleavage or whether the snoRNAs themselves are

involved directly in cleavage reactions,
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