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Protein homeostasis: live long, won’t prosper
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Abstract

Protein turnover is an effective way of maintaining afunctional proteome, as old and potentially
damaged polypeptides are destroyed and replaced by newly synthesized copies. An increasing
number of intracellular proteins, however, have been identified that evade this turnover process
and instead are maintained over a cell’ slifetime. This diverse group of long-lived proteins might
be particularly prone to accumulation of damage and thus play acritical rolein the functional
deterioration of key regulatory processes during ageing.

Ageing is auniversal phenomenon that challenges al biological systems at multiple levels
and ultimately resultsin their functional decline. Age-dependent changes can beseenina
wide range of organisms, from the decrease in replicative potential observed in unicellular
yeast!, to the reduced performance of vital organsin more complex organisms such as
humans. The rate by which cells and organisms age varies widely and genetic and
environmental factors have been shown to be involved in the age-dependent decline of cell
and tissue function. Although ageing is a complex phenomenon, it is becoming clear that a
cell’ sfailure to maintain proper protein homeostasis plays a magjor role in ageing and age-
related disease?. Constant protein turnover is one of the major strategies utilized in
maintaining this homeostasis, and has been the focus of much work. Recent ageing studies
have now placed a new emphasis on literally old culprits: long-lived proteins, which evade
turnover3 4. In this Opinion article, we discuss the different contexts in which long-lived
proteins have been characterized and the possible functional consequences of their
persistence. We argue that these long-lived proteins play alarger role in organismal ageing
than previously appreciated.

Exceptions to the rule

Proteins are constantly being degraded and subsequently replaced with newly synthesized
copies. Thisturnover process ensures a constant supply of new and functional proteins,
allowing non-functional, damaged, or even toxic species to be destroyed. The rate of
turnover, however, can vary widely from protein to protein, with half-lives spanning orders
of magnitude within the same cell. Studies in budding yeast (~1.5 hour cell cycle) have
found the median and mean protein half-life under normal growth conditions to be ~43
minutes®. This figure increases to 0.5-35 hours in dividing mammalian cells (~24 hour cell
cycle) and ~43 hours in non-dividing cells®: 7. Turnover studiesin mice (lifespan ~1.5 years)
found the average half-lives of proteinsin the brain, liver, and blood to be between 3 and 9
days8. Although half-lives for different proteinsin the cell may range from minutes to days,
protein turnover rates often correlate with their function or subcellular localization. For
example, proteins within the mitochondria and endoplasmic reticulum on average have
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longer half-lives than other proteins®. Large complexes, such as ribosomes and proteasomes,
aso have highly similar rates of turnover for each of their componentsS: 8,

Of all the studies on protein turnover to date, most have concentrated on turnover during
relatively short timescales (i.e. significantly shorter than cellular and organismal life span),
leaving few studies that focus on proteins with long half-lives. Although long-lived proteins
have recently received more attention, the existence of along-lived protein has been awell-
established fact for several decades. As early as 1966, radioisotope pulse labeling (Box 1)
was used to identify histones as having long half-lives®. Later studies from the 1970s also
used radioisotopes to identify myelin and myelin proteolipid protein as long-lived1® 11, Also
in the 1970s, an alternative technique, L- D-aspartic acid racemization (Box 1), was used to
monitor protein turnover, identifying several collagens, elastin, eye lens crystallins, tooth
enamel, and tooth dentine to have half-lives on the order of years (table 1)12-17,

Box 1
Methods for identifying long-lived proteins

L/D aspartic acid racemization. All living organisms exclusively incorporate the L-
enantiomers of amino acids into their proteins. Through a process that is time and
temperature dependent, however, these amino acids very slowly racemize to a mixture of
L- and D-enantiomers. Therefore, with careful calibration, ratios of the abundance of L-
to D-enantiomers can provide the age of a protein. Although the slow rate of
racemization is more suited for determining the age of proteins which are thousands of
years old, racemization of aspartic acid is fastest among the amino acids and has been
used to determine the half-life of particularly long-lived proteins'? 13. 1517 Radio
isotope pulse-labeling. Incorporation, and subsequent persistence, of radio isotopes can
be used to identify long-lived proteins. Here, aradio-labeled precursor, often leucine for
proteins, isinjected into an animal’ s tissue of interest, or added to the mediain cell
culture. Injected animals are sacrificed, or cells harvested, at various timepoints, specific
proteins extracted or immunoprecipitated, and radioactivity measured. Persistent
radioactivity indicates a stable, or long-lived protein, and by taking multiple

measurements post-injection, a half-life of the protein of interest can be
determined® 911, 18, 72-74, 77,78

Stable isotope pul se-chase mass spectrometry. Incorporation, and subsequent persistence,
of the stable 15N isotope can also be used for long-lived protein identification. Here, 2
generations of rats are fed a diet where the sole nitrogen source is from 15N algae,
resulting in a uniformly 15N-labeled animal1®. The diet is then switched to a normal 14N
diet for the chase period, and animals sacrificed at appropriate time points?. Tissues can
then be harvested and digested followed by MS. The MS not only identifies each
detectable protein, but can also determine relative ratios of the 15N versions to their 14N
equivalents’. Any identified proteins with significant 15N after along chase period
would be considered to be long-lived.

Recent advancements in pul se-chase labeling provide strong evidence that more long-lived
proteins remain to be discovered. In two recent studies, it was found that nuclear pore
complex (NPC) proteins and a major component of the DNA cohesin complex were long-
lived3 18, While previous studies that identified these long-lived proteins necessarily relied
on apriori knowledge that they may indeed be long-lived, recent advancesin high-
resolution mass spectrometry (MS) coupled with stable isotopic pulse-chase labeling of
whole animals (Box 1)19, has allowed the non-biased identification of long-lived proteins.
These studies confirmed the longevity of the myelin and histone proteins, and extended the
known lifespan of NPC proteins to over 1 year®. The surprising message from all these
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studiesisthat asmall but critical part of the cellular proteomeis as old as the host cells, and
they may play amajor role in the age-dependent functional decline of their respective
tissues.

Long-lived proteins and ageing

To exemplify how alack of protein turnover can contribute to the ageing process, we will
use an analogy of amodern car. The cars we drive today are complex machines made up of
many components. Parts of the car that are under constant use wear down over time. This
often is not a problem, as these parts such astires and filters are replaced, extending the life
of the machine. The engine and chassis, however, are large and expensive, and typically are
not replaced for the life of the car. They are long-lived components, and as they lose their
function, so doesthe car.

Although biological systems such as cells are not mechanical devices but rather do operate
on principles of statistical thermodynamics, the idea of continuous replacement of individual
parts in order to maintain the entire system can be applied. We have aready mentioned the
process of protein turnover, in which polypeptides are continuously being degraded and
replaced with newly synthesized copies, eliminating damage or toxic protein species.
However, if a protein cannot be turned-over, its persistence may lead to damage that is not
easily repaired, which in turn might adversely affect cell function (Fig 1.). To illustrate the
potential impact that along lifetime has on protein function, we will first discuss crystallin, a
well-studied long-lived protein that is confined to eye lens cells and experiences well-
characterized age-dependent changes and modifications but has physiological consequences
that are isolated to the eye lens, and the extra-cellular matrix (ECM) proteins collagen and
elastin. Second, we will discuss the NPC, a multiprotein assembly containing long-lived
components that are not solely structural in nature, but also play an activerolein the
transport of molecules into and out of all nuclei. These are just afew examples of long-lived
proteins with important functions; as these long-lived proteins age their functions decline,
which may play amajor rolein the ageing of their respective cells and tissues.

Crystallin and lens structure

Crystallins from the eye lens were among the first long-lived proteins discovered, and
represent perhaps the most complete picture, to date, linking protein longevity and adverse
consequences’®. The crystallin proteins, which are expressed as three different isoforms
(alpha, beta and gamma), comprise over 90% of the total protein content in eye lensfibre
cells, and greater than 35% of their wet weight?%: 21, Their longevity is derived from the
unique developmental programme that the lens fibre cells undergo during embryogenesis
and adult life. The bulk of the lensis composed of non-dividing lens fibre cells that vary
with age, with the oldest fibre cellsin the centre ‘nucleus’, and cells of decreasing age with
each layer outward (Fig. 2a)22. The outer most layer is composed of areplicating population
of cellsthat givesrise to the underlying fibre cells. Upon differentiation into non-dividing
fibre lens cells, their organelles, including the nucleus, are al degraded through regulated
processes that utilize proteases and nucleases, |eaving behind membrane-enclosed bags of
crystallin protein?3. This organelle evacuation is necessary to ensure the transparent quality
of the lens, as organelles scatter light whereas ordered proteins (crystallins) do not24. This
differentiation process occurs throughout adult life, producing rings of new fibre cells
analogousto the rings of atree. Asthe fibre cells have no organelles, protein synthesisis
minimal or non-existent as is protein degradation, resulting in crystallin proteins, and
perhaps others, that are synthesized at the birth of the cell persisting throughout the life of
the organism.
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Aslensfibre lack the ability to maintain protein homeostasis through protein turnover, other
mechanisms must be in place to help preserve the proper folded state of the crystallins. For
one, alpha-crystallin functions as a molecular chaperone, binding and maintaining the folded
state of the beta and gamma crystallins,2>: 26 the absence or mutations of which accelerates
aggregation of lens proteins?®: 27, A second mechanism is the use of reactive oxygen species
scavengersin fibre cells. Compounds such as reduced glutathione (GSH) circul ate from the
outer lens epithelium throughout the lensinterior, clearing oxygen radicals and other
oxidizing compounds from fibre cells?® 22, These systems help prevent the misfolding,
aggregation, and accumulation of damage on long-lived crystallins. Nonetheless, their
activity does decrease with damage and age3%-33,

These quality control mechanisms for crystallin proteins are limited, and over time cannot
meet the demand of the increasingly stressed lens-cell proteome. Lens crystallins must cope
with unique stresses such as ultraviolet radiation as well as common ones such as oxidative
stresses. These insults result in several modifications of the lens proteins, including
deamidation, glycation, mixed disulphides, and truncation3*-3% (Box 2). In response to
damage, the crystallin proteins unfold and begin to aggregate into large molecular weight
species®® 41, These large aggregates are |ess transparent than the natively folded protein,
resulting in opague lenses and impaired vision, also known as cataracts (Fig 2b.). Although
biological repair mechanisms become exhausted, modern medicine has devised away to
revive these ageing lenses using surgery to replace cataract lenses. Other long-lived proteins,
however, may not have so elegant a solution.

Box 2
Protein Damage

Proteins can accumulate diverse forms of damage and modifications, far too many to list
here. Below are the major forms of damage mentioned in this review.

Deamidation: Deamidation is the nonenzymatic loss of amide groups on the side chains
of asparagine and glutamine residues. This process is context dependent, modulated by
surrounding amino acids as well as structure, and results in a negative charge in the side
chain, which may affect the degree to which proteins are hydrolyzed8. Advanced
Glycation End (AGE) products: A diverse group of modifications, AGEs are the
conjugation of carbohydrates or carbohydrate fragments onto proteins. This modification
can result in crosslinking of different peptides, and include glyoxal, methylglyoxal, and
carboxymethyl-lysine among many othersl. Levels of AGE can be increased in aged
tissues such as the aged myocardium8?2,

Mixed disulfides: Asthe burden of oxidative stress increases, aberrant disulfide
crosslinks can be made between protein cysteins and GSH, or to other cysteins forming
intra- or intermolecular crosslinks®3: 84, These crosslinks can result in large protein
species often found in aggregatesd?.

Truncation: Proteins can experience truncations, where amino acids are lost from the Nor
C- termini®, or cleaved at internal residuesS®. Truncation may be causes or products of
other types of damage.

Protein aggregation: Protein aggregation is formation of non-native high molecular
structures. These aggregates typically incapacitate the aggregated protein, and may be the
result of other modifications such as deamidation, glycation and mixed disulfides.
Aggregates are also a hallmark of a number of neurodegenerative diseases, such as
Huntington’s and Alzheimer’s diseases?’.
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Carbonylation: One of the most studied oxidative damage modifications, carbonylation is
an irreversible addition of a carbonyl group, typically on lysine, argenine, or proline
residues. This metal-catalized oxidation (M CO) modification is the result of reactive
oxygen species (ROS) produced within the cel 88,

Collagen and Elastin

Studies on the longevity of collagen and elastin have followed a similar trajectory as lens
crystallins, and anal ogous to the inactive environment of lens fiber cells, collagens and
elastin typically reside in extracellular regions, which are isolated from the cellular milieu.
Collagens and elastins are aggregates of proteins that are synthesized by the cell as pre-pro-
proteins, and subsequently cleaved and secreted into the ECM where they crosslink and
form higher order structures. Although equipped with arobust network of proteases used for
remodeling of the ECM, the ECM isn’t under the constant flux of protein turnover that
intracellular proteins are subjected to*2.

Likelens crystallins, collagen and elastin are aso particularly prone to damage, presumably
due to their longevity. These chemical modifications include glycation, crosslinking, and
fragmentation of their large protein structures3 4345 As this damage accumul ates,
concomitant changes in the physical properties of collagen and elastin has been observed,
such asincreased rigidity, resistance to denaturation!3: 44 45, and impaired performance of
the underlying tissue®>48. Although collagen and elastin were determined to be long-lived,
unlike crystallins there is considerabl e evidence for their continued expression and
degradation throughout the life of the host organism13. Thus, the exact contributions of the
long-lived versus newly synthesized collagens and elastins to the ageing processis yet to be
fully understood.

Long-lived proteins in metabolically active cells

The discovery that the NPC contained long-lived proteins was a surprise because, unlike the
crystallins, it isan intracellular structure and is ubiquitously expressed. The NPC is a

~90M Da protein structure of eightfold symmetry that is composed of ~30 nucleoporins
(Nups) in multiple copies®® 59, This complex is embedded in the nuclear envelope (NE) at
sites where the inner nuclear membrane (INM) and outer nuclear membrane (ONM) are
joined®l. NPCs act as exclusive transport channels that mediate all nuclear trafficking and
thus maintain proper nuclear/cytoplasmic compartmentalization®2. Indeed, the NPC
represents one of the most active transport channels as each NPC can mediate cargo
transport up to 1,000 times per second®3. With thousands of nuclear pores per nucleus®, the
NPCs of agiven cell are responsible for correctly allowing passage of millions of transport
cargos while excluding all other complexes. Breakdown of this essential gate would result in
loss of proper nuclear/cytoplasmic compartmentalization, and consequently, all cellular
regulation that relies on this sequestration.

Similarly to other large protein assemblies, the NPC is composed of several subcomplexes,
each of which contribute specific functions and biophysical properties to the pore (Fig. 3).
First are at |east three transmembrane Nups which are thought to anchor the NPC to the
membrane®>>’, Lining the inside of the pore are the scaffold Nups, made up of the multi-
component Nup107/160 and Nup205 complexes®®: 59, These scaffold complexes are thought
to provide a structural foundation to which several other Nup complexes are bound®.
Attached to the scaffold in the center of the pore are the FG-Nups, which contain
phenylalanine/glycine rich domainsS! and have been shown to establish the nuclear
permeability barrier, allowing signal-dependent the passage of cargo®2 63, Finally, are the
peripheral Nups, which extend into the cytoplasmic and nuclear space and form the
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cytoplasmic filaments and nuclear basket, respectively. These peripheral complexesaid in

transport and transport directionality, providing docking sites for cargo and other transport
molecules?®: 52,

Thefirst evidence that NPC proteins are long-lived came from a study of C. elegans NPCs,
where it was discovered that expression of scaffold Nups, but not peripheral Nups, was
amost absent by adulthood, although the respective proteins were still present3. This
suggested that whereas the peripheral Nups are continuously turned over, the scaffold of the
NPC is built during embryogenesis and | asts the lifetime of the worm, which is on the order
of weeks. These results complemented other work demonstrating that scaffold NPC proteins
could persist on the nuclear pore without exchange for hours®. Thiswas in contrast to
peripheral Nups, which resided on the pore for mere seconds, representing a 4-orders-of-
magnitude difference in residence time of different components of the same complex.

A more recent study used stable isotopic pulse-chase labeling analyzed by MS (Box 1) to
determine NPC longevity in the rat, which has a more complex physiology and longer
lifespan, on the order of 2 years®. In this study, rats were sacrificed at 6 and 12 months of
chase, and nuclei from liver and brain tissue were analyzed by MS. Datafor every NPC
protein was obtained from the nuclei of brain and liver tissues, and indeed found that only
scaffold NPC proteins were still labeled with the pul se isotope after 6 and 12 months,
specificaly in the brain and not the liver. Thisindicated that these scaffold Nupswerein
excess of 1 year old, far exceeding the normal life-span of a protein and on par with some of
the longest-lived proteins known to date.

Both the worm and rat studies similarly found that only the scaffold Nup107/160 and
Nup205 complexes, and not the peripheral, membrane, or FG Nups, were long-lived: 4.
Thus, unlike large protein complexes such as the ribosome or proteasome, it appears that the
NPC does not turnover as a single unit, but instead individual sub-complexes have different
rates of turnover, and some exhibit no or very little turnover.

The persistence of these long-lived NPC components does not seem to occur without
conseguences, and we now know some of the ramifications of their longevity. Nuclei
isolated from older worms and rats were both found to have reduced levels of scaffold Nups
aswell as an increase in oxidative damage compared with younger nuclei3. In both cases,
this resulted in a compromised nuclear permeability barrier and the surprising discovery of
tubulin aggregates inside nuclel from old rat brains. The presence of nuclear aggregatesin
old brain nuclei is significant, as these types of aggregates have been linked to several
neurodegenerative diseases®.

Why might a dynamic protein complex contain long-lived components, particularly when
there are known ramifications? Perhaps this due to the NPC being a membrane-embedded
multicomplex structure that needs to maintain a selective permeability barrier at al times.
Many proteins function as part of large multi-component complexes, which need to be
disassembled first before being turned over. This disassembly results in the loss of function
of that complex, which is often of no consequence as replacement complexes are already
present. However, what would happen if loss of function of just afew complexes had major
conseguences? This may be the case for NPCs, as loss of afew nuclear pores can result in a
loss of cytoplasmic/nuclear compartmentalization®. Thus, the turnover of an NPC would
strike a delicate balance between removing and replacing components, while maintaining
enough nuclear pore integrity to maintain the permeability barrier. As peripheral Nups come
on and off the NPC at high rates and may be present in excess, they can be replaced with
little difficulty®4. The same cannot be said of the scaffold Nups, which are responsible for
the structural integrity of the NPC, and act as points to which peripheral and central channel

Nat Rev Mol Céell Biol. Author manuscript; availablein PMC 2013 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Toyama and Hetzer

Page 7

Nups are bound. Thus, removing large portions of the scaffold might not only destabilize the
NPC, but would also necessarily displace any bound peripheral and channel Nups. Loss of
scaffold Nups such as Nup93 results in aloss of permeability barrier, so continuous
exchange of these core Nups while also ensuring pore integrity and proper transport
functions may not be possible3 (Fig 3). This could be thought of as similar to changing parts
of acar's engine while the car is running.

For dividing cells, there are times when the NPC is ‘turned off’ and therefore a window of
opportunity for NPC turnover exists. During mitosis in dividing cells, the NE breaks down
(NEBD) resulting in NPC disassembly and dispersion into the cytosol and ER®’. This might
present the only time for scaffold Nups to be replaced with newly synthesized copies as
cytoplasmic/nuclear compartmentalization is not present or needed. Once mitosis has
completed and Nups have had an opportunity to turnover, the NE then reassembles around
chromatin along with NPCs, and the permeability barrier is soon restored®8, If acell has
exited the cell cycle and no longer divides (for example, neurons), or if thereisno NEBD in
mitosis (for example, in budding yeast), there may be no easy way to replace potentially
damaged NPCs. Thus, other novel ways of turnover or maintenance must be used to combat
the accumulation of damage in Nups, but ultimately this may have negative consequences
for ageing NPCs.

How might the negative consequences of NPC ageing in mammalian non-dividing cells be
attenuated? Careful inspection of the rat NPC turnover data might yield some clues. In this
study, there were long-lived 15N-labeled scaffold Nups even after a 1 year chase, but over
50% of peptides from the respective proteins were 14N“. One option might be through
limited cell growth or tissue turnover in the chase period, as these 15N peptides were found
in the brain which contain a complex mixture of glial and neuronal cells. Another possibility
would beinsertion of new NPCs that would dilute out the old pulse labeled peptides.
Although in interphase NPCs can indeed be inserted into an intact NE®9, such a process
would have to be coupled to whole NPC removal in post-mitotic cells to avoid the
uncontrolled increase of nuclear pores. Finally, the most likely scenario isthat thereis
minimal replacement of individual subcomplexes, while largely maintaining overall NPC
structure and function. Although residence times are long for scaffold Nups, they are not
infinite®4, and small and infrequent temporary loss of some scaffold Nups may be tolerated.
This slow exchange process would therefore help prevent accumulation of damaged scaffold
Nups through a normal, although slow, protein turnover mechanism. Irrespective of which
scenario will turn out to be correct, there is still asignificant population of NPC components
that are >1 year old. This makes NPC components some of the oldest polypeptides that are
part of an active protein machine. The presence of these long-lived proteins in non-dividing
cells such as neurons might present a functional problem as unlike eye lenses, neurons are
almost irreplaceable, and degeneration of their function may result in their permanent loss.

Other long-lived molecules

Long-lived molecules are not limited to proteins; they appear in several other biological
processes. The cell’s genome is replicated in a semi-conservative manner before mitosis,
and as aresult, is never replaced once the cell stops dividing. Thus, DNA in neuronsis as
old as the organism itself, which has been confirmed through 14C carbon dating’®. Other
nucleic acids can be long-lived; studies in plant seeds found pools of MRNAs that lay
dormant, for perhaps years, until germination isinitiated’2, and RNA poolsin Xenopus
laevis oocytes were found to have half-lives of over 2 years’2. Finally, early isotopic studies
also found that cholesterol and lipids associated with the myelin sheath were long-

lived”3 74, This s consistent with the observation that two other components of the sheath,
myelin basic protein and proteolipid protein, are also long-lived. The longevity of these non-
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protein molecules emphasizes that alack of turnover may not be a problem limited to the
aging proteome, but may impact the age-dependent accumulation of damage on other
components of the cell.

Concluding thoughts

Our appreciation that a subset of nuclear proteinsislong-lived and therefore evades protein
turnover has important implications for cellular and organismal aging as was discussed for
eye lens crystallin and nuclear pore proteins. Might long-lived histones be responsible for
the observed loss of youthful gene expression programs in post-mitotic tissues’? Does Rec8
longevity contribute to age-related increases in meiosis errors as was speculated by the
authors!8? The perhaps most important question at this point is, whether additional long-
lived proteins exist that remain to be discovered in the brain, or other tissues with limited
turnover such as the heart and ovaries’®? It isimportant to address these questions, since
with perhaps limited means to repair age-associated damage, long-lived proteins may prove
to be the Achilles heel of the ageing proteome.
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Figure 1.

Long-lived proteins and the accumulation of damage. Most proteins participate in a constant
cycle of synthesis and degradation. Some proteins, however, evade degradation and are
long-lived. Due to their longevity, these long-lived proteins are more prone to the
accumulation of damage, which can lead to impaired protein function and cellular ageing.
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Eye lens structure. @) The position of the eye lensis depicted in a cross-section of the eye, as

well asthe general organization of lens structure (inset). The eye lens experiences radial
growth, with the older lens fiber cellsresiding in the center and the younger cells on the
outer rings. b) Lens cells through ageing. Asthe eye lens ages, long-lived crystallin

mol ecul es accumulate damage, leading to their aggregation into larger ordered structures

which disrupts their transparency properties.
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Figure 3.
Schematic of the nuclear pore complex. The NPC is embedded in a double membrane
structure separating the nucleus and cytoplasm. It is composed of several subcomplexes,

including the peripheral, membrane, channel FG, and scaffold Nups. Whereas the
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peripheral, channel, and membrane Nups turnover continuously, the scaffold Nups are

stable. We propose this stability is necessary and that rapid exchange or loss of these

components would result in adisrupted permeability barrier. Thus, maintenance or turnover
of these scaffold complexesis necessarily slow, if at all.
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