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Abstract

It has only recently been appreciated that the human body contains many long-lived proteins.
Their gradual degradation over time contributes to human aging and probably also to a range of
age-related disorders. Indeed progressive damage of proteins may be implicated in the fact that
many neurological diseases do not appear until after middle age. A major factor responsible for the
deterioration of old proteins is the spontaneous breakdown of susceptible amino acid residues
resulting in racemisation, truncation, deamidation, and cross-linking. When proteins decompose in
this way, their structures and functions may be altered and novel epitopes can be formed that can
induce an autoimmune response.
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Many of your body’s proteins are present for decades

In the human body, old proteins are everywhere. Indeed the most abundant protein in the
body, collagen which represents ~ 30% of total protein is one such old, or long-lived protein
(LLP). Its half-life varies, depending on the anatomical site and type of collagen, but has
been estimated to be 117 years in articular cartilage [1] and between 95-215 years in
intervertebral discs [2].

LLPs are present in the heart [3], arteries [4], lungs [5], skeleton [2], muscle [6], joints [7],
skin [8], hair [9], teeth [10], fat cells [11], eye [12-14], epiglottis [15], oocytes [16] and
brain [17]. What perhaps is more remarkable is that some proteins in the body do not turn
over at all. They are with you for life. Sadly for us, these long-lived macromolecules are not
stable; they degrade with age and the consequences for human health, aging and disease are
likely to be profound. In this article we propose that age-related protein deterioration plays
an important role in each of these conditions.
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Why are proteins long-lived?

It is likely that longevity is a consequence of several factors. Firstly it is wasteful
energetically, and from a resource standpoint, to continually renew proteins if this is
unnecessary. Secondly, it may be difficult or impossible to achieve. For example, it is
presumably challenging to rebuild a highly insoluble, crosslinked protein such as elastin, and
to regenerate an internal lens cell, considering the architecture of the lens where cells are
added continuously throughout life on top of a pre-existing lens. Extracellular renewal/re-
synthesis may present particular problems. Many such issues can be considered in terms of
reproductive lifespan. We are “‘designed’ to last for approximately 30-40 years, which was
sufficient time, when we were evolving, to reproduce and raise children. If a biological
structure can achieve this outcome within the timeframe, then it will not be selected against.
So a degree of protein decomposition in this period may be tolerated if function is not
greatly compromised.

What is an LLP?

For the purposes of this article, LLPs are considered to be those whose half-lives are longer
than 48 h. This definition is somewhat arbitrary but is taken in the context of what is known
about the typical lifetimes of proteins within cells. This ranges from <1 h to 22 h [18]. In
fact, most proteins discussed in this review have lifetimes of months or years, with some
showing no turnover at all. It is likely that many more proteins will be discovered to be long-
lived.

How do we know that proteins are long-lived?

There are three main ways in which the lifetime of a protein can be determined. In the case
of humans, perhaps the most rigorous method is determination of 14C content. This assay
takes advantage of the fact that atmospheric levels of 14C reached a maximum in the late
1950s due to above ground testing of nuclear weapons. 14C levels in the atmosphere and
food then declined once the 1963 nuclear test ban treaty was implemented. In a sense, all
people born after this time are subjects in a pulse chase experiment. If a molecule in the
human body does not turnover its content of 14C will reflect that of the atmospheric levels at
the time of birth [19].

In animals information about turnover of proteins can be estimated by feeding stable
isotopes [17, 20]. Examination of the extent of retention of 15N or 13C in particular proteins
by mass spectrometry can reveal if they are subject to degradation or not. Such experiments
have revealed some surprising results, but typically can only be performed over a short time
period e.g. one or two years. In one recent study [17] components of the nucleus and myelin
were found to be LLPs as well as, surprisingly, several cytosolic enzymes. Currently known
LLPs are highlighted in Table 1.

In humans, the most commonly used method to gauge a protein’s lifetime assays the
chemical fingerprints of aging which comprise a distinct subset of post-translational
modifications (PTMSs). Some amino acids within LLPs change in characteristic ways to yield
stable products, “signatures” that can be assayed using proteomic techniques [21, 22]. The
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details of these changes and their functional consequences will be discussed in more detail
later in this article.

Why are LLPs important?

Unfortunately LLPs decompose over time. From the time that an LLP is formed (Figure 2),
it comes under relentless attack by enzymes and reactive small molecules, resulting in
degradation. Another source of degradation arises from spontaneous processes, i.e. reactions
that take place due to the intrinsic instability of some amino acids and are the inevitable
result of heat and time. Spontaneous degradation appears to be the most common cause of
LLP decomposition[23].

What happens to long-lived proteins in the body?

The most commonly used clinical method for assessing diabetic compliance (the overall
control of blood sugar levels) employs an assay for glycosylated hemoglobin. If glucose
levels are raised in the blood then the a-amino group of hemoglobin becomes more highly
modified by the aldehyde moiety of glucose. This simple example illustrates that proteins
can be significantly modified by molecules that exist throughout the body and that
modification can take place over a period of days given that the lifetime of an erythrocyte is
about 110 days. In the biochemical soup that is the cell cytosol, there are many reactive
small molecules. Each metabolite can attack LLPs and leave an indelible imprint. Exposure
to reactive oxygen species can also permanently alter the structure of amino acids present in
LLPs [24].

The extent of modification of LLPs due to enzymes is more difficult to assess; however, the
adult human lens can be used to investigate this for reasons that are outlined in a later
section.

Spontaneous decomposition of amino acids within LLPs is a major source
of breakdown

The lens of the eye is composed of proteins that do not turnover [12]. It is an ideal tissue for
investigating the sources of LLP breakdown because of its peculiar manner of growth, its
simple composition, and the availability of samples across the age range. The center of the
lens was present when you were born and the mature fiber cells lack cellular organelles, so
the ability to synthesize macromolecules is therefore absent. Over time, the enzymes that
were present at birth in the lens centre, become denatured and eventually cease to be active
[25]. By following the time course of protein degradation in the lens center i.e. using lenses
of different ages, we can therefore indirectly discover which are the most important
processes that affect LLPs.

Based on lens data, it has become apparent that spontaneous decomposition is the major
reason for the breakdown of LLPs. Three of the twenty amino acids; Asp, Ash and Ser are
particularly susceptible to spontaneous processes [26—28].
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Surprisingly, given the example of hemoglobin outlined above, modification of lens proteins
by metabolites such as glucose was found to occur only at very low levels [29, 30].
Oxidation of lens crystallin proteins, even up until old age, was also barely detectable in
normal lenses [31]. Both of these observations can be potentially explained by maintenance
of high concentrations of cellular glutathione in the lens, which protects LLPs from covalent
modification [32].

Racemization, Cleavage and Crosslinking

If indeed spontaneous reactions are a major factor in alterations to LLPs over time, what are
they? Four main types of reactions occur, most often involving Asp, Asn and Ser. These are

amino acid racemization, deamidation, cleavage and covalent crosslinking. These are briefly
summarized in this section.

Deamidation/Racemization

Racemization is the conversion of the normal L- form to the D-form of the amino acid. In
the case of Ser [33], this may involve direct removal and re-insertion of the alpha proton of
the amino acid; however, for Asn and Asp, racemization in proteins occurs predominantly
via a cyclic succinimide intermediate (Figure 3) [34]. In the case of both Asn and Asp, four
products result: L-Asp, D-Asp, L-isoAsp and D-isoAsp [34]. A susceptible neutral Asn
residue can therefore be converted into four negatively charged products. Thus, in the case of
a susceptible Asn residue, racemization and deamidation are intimately linked. Analagous
processes occur with Glu and Gln but to a smaller degree. The extent of all of these reactions
in LLPs increases with age, and these have been termed “molecular clocks” [35]. To gauge
the quantitative importance of this single process, in the human lens every protein chain
contains, on average, 2-3 D-amino acids by age 60 [26].

Peptide bond cleavage and covalent crosslinking

Because this is a relatively new area of biochemistry, the reactions underlying cleavage and
crosslinking of LLPs are only now being elucidated. Ser is one site where autolytic cleavage
of peptide bonds has often been observed. The side chain hydroxyl group is involved and
zinc is crucial in catalyzing the hydrolysis [36]. As expected, a similar process occurs with
Thr. Cleavage next to Asn/Asp has also been documented [37].

A major pathway of non-disulfide covalent crosslinking of proteins in the lens has been
shown to be due to decomposition of phosphoSer and phosphoThr [38]. In the case of
phosphoSer the intermediate is reactive dehydroalanine which can also arise from Cys [39].

An important feature observed in the breakdown of all LLPs, is that the spontaneous events
are localized within unstructured regions of the proteins [22, 40]. Conformational flexibility
is necessary.
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Consequences of protein decomposition for aging

While it seems clear that spontaneous processes within LLPs are a major contributor for age-
related conditions of the human lens, such as presbyopia and cataract [23], the situation for
other tissues is more difficult to determine. Correlations must suffice.

It is well known that the physical properties and functionality of blood vessels, lungs and
teeth change over time. For example, forced expiratory volume declines by 1 to 2% per year
after the age of 25. The capacity of the heart is diminished over time mainly by a decrease in
its elasticity coupled with that of the arterial system [41].

It is likely that racemization of susceptible amino acids is at least, in part, responsible
because in these tissues there is a large and remorseless age-related increase in the content of
D-Asp. For example, in the aorta and lung, levels increase almost linearly from < 1% in
childhood, to ~5% by age 60 years [4], matching closely the profile documented for dentine
from teeth. Analysis of D-Asp in teeth is an established method to assess the age of an
individual in forensic investigations. If this increase does not seem substantial, it is useful to
translate it into residues/polypeptide. For a 40kDa protein with ~40 Asp or Asn residues, this
translates into 2 D-Asp residues in every single protein. For any protein, this will almost
certainly adversely affect the structure of the protein, its interactions and, if it is an abundant
LLP, the tissue where it resides. This is especially true when the most abundant form of D-
Asp in aged tissues is D-isoAsp, where an extra methylene group has effectively been
inserted into the main protein chain.

It should also be noted that the % calculation of D-Asp content in tissues or individual
proteins is an underestimate of LLP change, since it does not measure the content of L-
iSOASP.

The increase in D-Asp with age is not always linear

In collagen extracted from cartilage [42] and bone[43] there is also a roughly linear increase
in the content of D-Asp with age, although the levels are about half those seen in aorta and
lung. Interestingly in the human lens, the age-related increase in modification of LLPs is
typically not linear, however the reasons for non-linearity are unclear. The increase in D-Asp
content with age in elastin isolated from arteries [4] mirrors more closely the age-dependent
profile for total D-Asp from human lenses [26] in that there is more rapid increase up until
adult years. The reason for this bi-phasic age response is also unknown.

Racemization and crosslinking not only alter the structures and interactions of LLPs with
other molecules but also make the modified LLPs difficult to remove from the cell or tissue
is which they are formed. This is because the cellular protease enzymes that recycle proteins
are impeded by D-amino acids and covalent crosslinks [44]. This factor, along with LLP
modification by reactive lipids, may be responsible for the formation of pigment granules
known as lipofuscin, a characteristic feature of old post-mitotic cells.
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Consequences of protein decomposition for disease

Once the scale of age-related changes in human LLPs is appreciated, it becomes more
apparent how these alterations could translate into the inevitable decline of the body’s parts
with age, as well as disease outcomes. This is a new area of medicine and data are, at present
scarce, however there are some intriguing observations. It is well known that the incidence
of diseases such as cataract, Alzheimer’s disease, Parkinson’s disease, and a host of others,
is markedly age-dependent. The LLP changes noted above provide one explanation.

This is a large topic and, for this reason, the following considerations regarding LLPs and
disease will be largely confined to the brain.

The brain contains numerous LLPs and many seem to be predominantly unstructured [45,
46]. Thus they are vulnerable to the sort of age-related modifications described here. In the
case of motor neuron disease (ALS), transport through the nuclear pore complex may be
compromised. Hexapeptide/dipeptide repeat expansions may play a role in this inhibition
[47]; however, age-related degradation of the nuclear pore complex (Table 1) may also be a
contributing factor.

Both of the protein components of pivotal importance to Alzheimer’s disease (AD); Tau and
AP, have been shown to contain a large number of racemised amino acids in brain tissue
from elderly human donors [48, 49]. Plaque in brain that is characteristic of AD, is
composed of highly modified forms of Ap 1-40 and AP 1-42. In a recent paper it was
demonstrated that each of the plethora of modifications is due to a spontaneous process [50]
implying that plaques are old and also that their toxicity could change with age, as more
highly modified forms of Ap accumulate.

Others have postulated that the reduced flexibility of major blood vessels, such as the aorta,
that occurs with age due to LLP degradation (see earlier), could lead to pressure spikes.
These, in turn, could promote micro aneurisms in the brain that, in turn, could precipitate
AD [51]. In this way, LLP breakdown at one anatomical site can affect distant organs.

Perhaps the most convincing data illustrating the importance of LLPs for normal brain
function, has come from animal studies where the repair enzyme, protein isoaspartate
methyl transferase (PIMT) was deleted. PIMT knock-out mice suffered seizures and a
markedly reduced lifespan [52]. PIMT appears to be the most important enzyme for
repairing the ravages outlined in old proteins. PIMT is only a partial solution however, since
it is active only on L-isoAsp, and, to a lesser degree, on D-Asp[53]. PIMT is inactive on D-
isoAsp and other modified amino acids. It also cannot revert any of the Asp isoforms to Asn.
It is currently the only known enzyme that can ameliorate Asp racemization. The existence
of one main repair enzyme for aged proteins is in marked contrast with the scores of repair
enzymes that exist for DNA [54].

LLPs and autoimmunity

It is apparent that significant changes to an LLP will markedly affect its structure. This has
implications for autoimmune diseases because the modified LLP may now be seen by the
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body as being foreign. This is an area that deserves much greater attention. Mamula and
colleagues have shown that changing an L-Asp residue to an isoAsp in a peptide can render
it a potent antigen [55, 56]. Supporting this idea, isomerization of Asp25 in histone H2B is
implicated in lupus erythematosis [56].

Approximately 80% of people with rheumatoid arthritis have autoantibodies to citrullinated
peptides derived from the LLP, collagen [58]. Citrulline can be formed by deiminase action
on Arg residues [58] but spontaneous processes could also lead to deimination of Arg,
although these have yet to be elucidated. Myelin basic protein isolated from human brain is
heavily modified with age, implying that it is an LLP [59]; labeling studies in rodents
support this [17]. Myelin basic protein isolated from the brains of multiple sclerosis (MS)
patients was also highly modified but appears to have consistent differences in its pattern.
Could these MS-specific sites be potent antigens and be responsible for generating the
immune response that underpins the etiology of MS?

Concluding remarks and future perspectives

A great deal of research needs to be undertaken before we understand clearly the impact of
LLP deterioration on human health. To emphasize this it is not yet widely appreciated that
LLPs exist in the human body, or that they probably play an important role in aging, age-
related diseases, and even lifespan [60]. The field of old proteins is still in its infancy. To
illustrate this point, novel spontaneous PTMs are still being characterized [38, 50, 61]. It will
be vital in future research to establish the relationship between the degree of PTM to LLPs
within a tissue and age-related changes as well as the onset of disease.

There are many issues that need to be addressed (see Outstanding Questions). First, all
major age-related PTMs need to be characterized. Each should then be quantified in the
LLPs from different human tissues as a function of age. The physical properties of various
organs, for example the heart and lungs, also need to be measured and the data correlated
with the various PTMs. Do some PTMs contribute to the loss of function more than others?
As one specific example, to what degree can the age-related loss of elasticity in the heart/
arteries/lungs be attributed to racemization of elastin by comparison with glycosylation,
calcification, crosslinking etc? In addition, to what extent can animal models be employed to
study changes to LLPs that take place within a short time-frame, and is there significant
species variation?

One large impediment to answering these vital questions is that animal models, which have
been traditionally used by researchers to investigate other diseases, will be mostly irrelevant.
The reason is simply that the sorts of changes to LLPs that are of importance for human
health, take years, and often decades, to become evident. This is a new area of science where
scientists may be confined to studying humans, or other long-lived primates, and
correlations may often have to suffice. Nevertheless, recognition of the ubiquity of LLPs and
their inevitable deterioration and its consequences, should be at the forefront of experiments
that seek to understand the reasons for human aging and the onset of age-related diseases.
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Long-lived proteins are present throughout the body. Their inevitable degeneration over time

is associated with the age-related decline of human organs and tissues and may also be

implicated in the diseases that accompany old age. This figure was created using
BodyParts3D/Anatomography.
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Figure 2.
Important structures within cells, and extracellularly, are composed of long-lived proteins. A

Neuron is illustrated because the proteins of myelin (derived from oligodendrocytes) are
long-lived. Synapsin 1 is a client protein for protein isoaspartate methyl transferase (PIMT)
and has been suggested to be long-lived [80].
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Long-lived proteins (LLPs) decompose in the body. A common site of deterioration is at
asparagine and aspartic acid which can undergo racemization via succinimide intermediates.
These are spontaneous events that occur primarily in unstructured regions of the protein,
leading to four possible Asp isomers: L-Asp, D-Asp, L-isoAsp, and D-isoAsp. Asp residues
converted to isoAsp appear to be stable and undergo little interconversion. In most cells
protein isoaspartate methyl transferase (PIMT) can ameliorate Asp racemization by
methylating L-isoAsp and D-Asp, enabling the conversion back to L-Asp. Currently this is
the only known repair enzyme for the repair of racemised Asp in LLPs.
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Table 1

Known long-lived proteins.

Tissue Long-lived proteins
Lens Crystallins[12]
Aquaporin 0 [62]
Vitreous Collagen[63]
Retina Histones[64]
Lamins B1 & B2[65]
Brain Myelin basic protein[17]

Myelin proteolipid protein [59]

Myelin oligodendrocyte glycoprotein[17]
2’,3’-Cyclic-nucleotide 3’-phosphodiesterase[17]
Histones [17]

Tau[17]

AP peptide[49]

Isoaspartyl peptidase/L-asparaginase[49]
NAD-dependent protein deacetylase sirtuin-2[17]
Nucleoporins[17]

Lamins B1 & B2[17]

Neurofilament medium polypeptide [17]
Ectonucleotide pyrophosphatase/phosphodiesterase[17]
Immunoglobulin superfamily member 8[17]
Tubulin[66]

Proteoglycans[67]

SOD1[20]

Versican core protein[17]

Immunoglobulin superfamily member 8[17]
Collagen[17]

Motor Neuron

TPD43[68]

Heart, Arteries

Elastin[3]
Collagen[69]
Histone H4[70]
Lamin B1[70]

Lung Elastin[5]
Collagen[69]
Teeth Dentine phosphoprotein [71]
Liver Serine hydroxymethyltransferase[72]
Muscle Collagen [6]
PKA catalytic subunit[73]
Myosin[74]
Blood (Erythrocytes) | Membrane protein band 4.1 [75]
Ankyrin[76]
Skin Elastin[8]
Collagen[69]
Hair Keratin
Bone Collagen[2, 69]
Osteocalcin[7]
Epiglottis Elastin[15]
Cartilage Proteoglycans[78]
Collagen[42]
Oocytes Rec8[16]
Serine hydroxymethyltransferase[9]
Fat Cells Unknown proteins[11]
Tendons Collagen[69]
Ligaments Collagen[69]
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