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ABSTRACT OF THE DISSERTATION 

 

An aging tug of war: The accumulation of the spontaneous L-isoaspartate modification in 

proteins vs. canonical and novel maintenance pathways 

 
by 
 

Rebeccah Warmack 
 

Doctor of Philosophy in Biochemistry and Molecular Biology 
 

University of California, Los Angeles, 2019 
 

Professor Steven G. Clarke, Chair 
 

Alterations in protein stability and propensity for aggregation are hallmarks of 

many prevalent and costly age-related diseases, and are actively investigated in cases 

like Alzheimer’s and cataracts. However, as expensive clinical trials of drugs based on 

the native targets fail, we must reconsider what the toxic species are within these 

protein aggregation diseases. One hypothesis focuses on the alteration of aggregative 

properties by spontaneous protein modifications, which may generate more toxic 

polymorphs. One such age-related post-translational modification, the isomerization of 

aspartate residues (L-isoaspartate, L-isoAsp), is a pervasive modification where 

preliminary evidence for such aggregation enhancement has been obtained. The 

primary goal of this thesis has been to characterize how this form of protein damage is 

linked to aggregation of proteins associated with specific aging diseases, as well as how 

this modification is maintained in the functioning cell. In the context of the water-soluble 

extracts of aging mammalian lens, this work has shown that L-isoAsp accumulates to 

high levels, primarily within aggregated low molecular weight species. In vitro 
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experiments based on our localization of L-isoAsp in the lens revealed that introduction 

of the L-isoAsp modification in a water-soluble derived peptide was accompanied by 

decreased aggregative properties, while the opposite result was observed for a water-

insoluble derived peptide. In further experiments with segments of the Alzheimer’s 

disease-associated amyloid-β (Aβ) peptide it was demonstrated that the rate of Aβ fibril 

formation is greatly accelerated with an isoaspartyl residue in agreement with earlier 

literature. Structural studies revealed the L-isoAsp residue facilitates the formation of a 

novel protofilament interface, which may represent a distinct polymorph of the full-length 

Aβ peptide. Here we also begin the characterization of a novel L-isoAsp maintenance 

pathway distinct from the canonical L-isoAsp repair enzyme – the protein-L-isoaspartyl 

(D-aspartyl) O-methyltransferase or protein carboxyl methyltransferase (PCMT1) - 

through the protein carboxyl domain-containing proteins (PCMTDs). We have shown 

that these proteins assemble with cullin-RING ligase proteins and lower detectable 

levels of L-isoAsp in vitro. From this work, it is clear that L-isoAsp residues have 

significant consequences in protein aggregation diseases, and are attenuated in cells 

through multiple pathways. 
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Introduction 

A majority of post-translational modifications (PTMs) are covalent, enzyme-mediated 

additions to the polypeptide chain that can alter protein functionality, affect protein-protein 

interactions, and clear the cell of proteins that are past their prime (1). These include 

ubiquitination, acetylation, phosphorylation, methylation, and glycosylation among others. 

Unfortunately, due to the reactive nature of certain amino acid residues and modifying groups, 

there are a number of PTMs, which occur spontaneously that can interrupt protein function or 

cause aggregation (2). Tyrosine nitration and protein glycation are examples of the non-

enzymatic addition of a modifying moiety (a nitro group, sugar group, respectively (3, 4)). While 

other spontaneous PTMs do not involve the addition of an external entity, such as 

pyroglutamylation, racemization, and isomerization. Pyroglutamylation occurs exclusively on N-

terminal glutamine/glutamate residues, while racemization and isomerization affect primarily 

serine, aspartate, and 

asparagine residues at 

any site within a 

polypeptide chain (5, 

6). These spontaneous 

modifications 

accumulate over time 

and can strongly 

contribute to loss of 

protein function and 

aggregation. 

 The deamidation and isomerization of asparagine and aspartate residues, respectively, 

both primarily proceed through a five-membered succinimide ring intermediate (Fig. 1, adapted 

from ref. 7). This ring can be hydrolyzed at either carbonyl, but due to the asymmetry of the 

Figure 1: Pathway of L-isoaspartate formation. 
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succinimide, the isomerized aspartate (L-isoaspartate; L-isoAsp) form is usually 60-80% of the 

product compared to the normal L-aspartate (L-asp) product (8). The L-succinimide ring can 

also racemize to yield a D-succinimide intermediate, which can in turn be hydrolyzed to form D-

aspartate (D-asp) and D-isoaspartate (D-isoAsp). The isomerized residues reroute the main 

chain peptide backbone through the side chain methylene, which elongates the backbone with a 

flexible carbon and shortens the negative side chain by one carbon-carbon bond. The L-isoAsp 

products can be recognized and repaired by the protein-L-isoaspartyl (D-aspartyl) O-

methyltransferase (PCMT1). This enzyme specifically recognizes L-isoAsp with high affinity and 

D-asp residues with 700 – 1000 fold lower affinity (9), and methylates the side chain, creating a 

labile methyl ester. This methyl ester is quickly hydrolyzed, catalyzing the reformation of the 

succinimide ring and subsequently the normal L-asp. 

 The significance of the L-isoaspartate damage and PCMT1 repair pathway is evidenced 

not only by growth retardation, but also by the average life span of 42 days within Pcmt1 

knockout mice (10). The cause of death at two months is grand mal seizures. Within tissues of 

equivalent wild-type mice, levels of L-isoAsp are low, reaching maximal levels of 250 pmol L-

isoAsp per mg soluble brain extract, 100 pmol L-isoAsp per mg soluble heart extract, and 200 

pmol L-isoAsp per soluble testis extract. While the short lifespan of the Pcmt-1 knockout mice 

precludes seeing a full plateau in the accumulation of L-isoAsp, in each of the aforementioned 

tissues the levels are significantly higher, with over 2000 pmol L-isoAsp observed per mg 

soluble brain extract, 350 pmol L-isoAsp per mg soluble heart extract, and 450 pmol L-isoAsp 

per soluble testis extract (11). The exact relationship between the knockdown of Pcmt1 and the 

onset of the grand mal seizures remains unknown, but the brains within Pcmt1 knockout mice 

are observed to be ~20-30% larger than wild-type mice brains (12). Intriguingly, treatment with 

the phosphoinositide-3-kinase (PI3K) inhibitor wortmannin decreases this enlargement of the 

brain to within 6% the size of the normal brain, and nearly doubles the lifespan of the knockout 

mice (13). These results suggest that either the enzyme PCMT1 itself or the resultant 
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accumulation of L-isoAsp modifications plays an important role in brain growth and 

development, and perhaps specifically through the insulin-signaling pathway. 

 The importance of the PCMT1/L-isoAsp system is emphasized by the values listed in the 

above paragraph, which show that the Pcmt1 knockout brain tissue has over 4-fold higher levels 

of L-isoAsp than heart and testis tissues (11). This was seen by Vigneswara et al., in 

experiments separating PCMT1-radiolabeled L-isoAsp containing proteins by SDS-PAGE and 

visualized on film (14). In these experiments, PCMT1 substrates within Pcmt1 knockout brain, 

heart, spleen, liver, kidney, thymus, and skeletal muscle tissues were resolved by 1D SDS-

PAGE and again demonstrated that the number of L-isoAsp containing PCMT1 substrates are 

many fold higher within brain tissue than the other tissues analyzed. These researchers went on 

to identify 9 major substrates from the Pcmt1 knockout brain ranging from a-synuclein to the 

microtubule-associate protein-2. Other studies further identified 19 L-isoAsp containing PCMT1 

substrates, which also had a considerable range of cellular functions (15). This wide range of 

substrates is perhaps not surprising in light of earlier in vitro studies which highlighted the high 

affinity the PCMT1 enzyme has for a large number of L-isoAsp containing peptides with varying 

sequences (11). The only sequence-based deviations that appear to affect the PCMT1 

methylation are prolyl and negatively charged residues on the carboxyl side of the L-isoAsp 

residue.  

 This diversity of L-isoAsp-containing PCMT1 substrates begs that question – how does 

the L-isoAsp modification affect structure and function in these different proteins? In vitro aging 

studies of proteins reveal that the rate of L-isoAsp formation varies greatly between proteins, 

within a four week time span it can range from no formation to 1.5 mol L-isoAsp per mol protein 

(16). In many of the cases where L-isoAsp accumulates to high levels, the result is loss of 

function, as is the case for calmodulin (17), the HPr phosphocarrier protein (18), and creatine 

kinase B (19) whose enzyme activities can be partially rescued by repair with the PCMT1 

enzyme. While spontaneous alteration of the native form of the protein backbone is likely to 
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disrupt structure and function, it has been suggested in the case of integrin ligands to cause 

“gain-of-function” (20). The extracellular matrix protein fibronectin contains Asn-Gly-Arg (NGR) 

motifs that deamidate to form isoAsp-Gly-Arg (isoDGR), which can mimic the preferred integrin-

binding motif Arg-Gly-Asp (RGD) (21). Thus, it is clear that the effects of the L-isoAsp 

modification on function can vary between proteins. 

While it is difficult to characterize the biochemical effects of L-isoAsp on protein function 

on a case-by-case basis, it is a monumental achievement to characterize the modification 

structurally. Proteins rarely form the modification at a stoichiometric ratio and creating synthetic 

constructs of L-isoAsp within large protein sequences is not facile, which makes structural 

studies that require homogeneous samples very challenging. However, many researchers have 

persevered and to date there are 41 structures containing L-isoAsp reported in the protein data 

bank (Table 1). A 

majority of these 41 

structures (28 out of 41) 

are actually an enzyme 

involved in bacterial cell 

wall synthesis, murA. In 

each of these studies, 

the L-isoAsp was found 

to be homogeneous 

throughout the 

population in a hinge-

region of the protein, 

and it is assumed in this 

case that it is not an 

aging incident, but 
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rather a necessary modification for the protein, though this has not been probed experimentally 

(22). Another interesting structure is the L-isoAsp residue 115 in porcine trypsin (1C9P). The 

authors discovered that the density of their solution did not match that of the expected Asn115, 

but fit an L-isoAsp (23). Furthermore, this isomerized residue makes contacts to a Thr through 

two hydrogen-bonded waters. The authors state that these crystal contacts might be possible 

for a D-asp residue (seen in previous structures), but are enhanced by the L-isoAsp at this 

position. Thus they suggest that this site might also favor isomerization in order to improve 

contacts within the structure.  

In a very recent study, researchers obtained L-asp and L-isoAsp structures of human 

Norovirus capsid protein and showed that the introduction of the isomerized residue disrupts the 

side chain orientation of an adjacent residue, which in turn affects this residues’ interactions with 

the glycan, resulting in a lowered affinity for the ligand (24). Similarly, in studies of the bovine 

pancreatic ribonuclease and hen-egg white lysozyme, the introduction of the L-isoAsp residue 

causes large shifts of the local peptide backbone (~5 and ~7.5 Å, respectively) away from ligand 

binding regions, and in both cases causes decreases in substrate affinity (25, 26). 

The structures discussed above support both functional and disruptive roles for the L-

isoAsp modification within protein structures, which seem to generally correspond with the 

location of the isomerized residue relative to the binding/active site. In the cases of murA, 

porcine trypsin, and other examples such as the Ustilago sphaerogena ribonuclease U2, where 

the identified L-isoAsp residues are not adjacent to the ligand binding site, the investigators note 

either neutral or beneficial effects (27). Yet, in the Norovirus capsid protein, bovine pancreatic 

ribonuclease, and hen-egg white lysozyme where the modified residue sits near the binding site, 

the result is lowered affinity. There may be examples in which a protein active site-adjacent L-

isoAsp improves substrate recognition, but have yet to be fully characterized. 

Plan of the Dissertation 
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The sum of the Pcmt1 mice knockout studies, and in vitro biochemical and structural 

studies of the L-isoAsp residue underscores the significance of the PCMT1-L-isoAsp balance in 

vivo, as well as the variation in the biochemical effects upon L-isoAsp formation in proteins. To 

avoid an exhaustive cataloging of L-isoAsp in each protein of the body, in order to address the 

relevance of this modification in the context of human health, this thesis focuses on the systems 

in which we already know the L-isoAsp modification to be relevant: the brain and in long-lived 

proteins. This work also includes the beginning characterization of a novel L-isoAsp 

maintenance enzyme, which may complement the activity of the repair PCMT1 enzyme.  

Chapters 2 and 3 revolve around the characterization of the nature and effects of L-

isoAsp in the long-lived proteins of the lens in rodent and human lenses, respectively. In the 

research of Chapter 2, collaborators at the National University of La Plata provided our lab with 

teeth and eye samples from their colony of Sprague-Dawley rats. The average life span of this 

colony was 36 months, but our collaborators also provided us with samples from a “super-old” 

specimen of 44 months age. Proteins embedded in the mineralized matrices of the teeth were 

extracted using acid hydrolysis and analyzed for D- vs. L-asp content, while eye lenses were 

homogenized and evaluated for levels of L-isoAsp. My results showed no significant changes 

with age in D- vs. L-asp levels in proteins extracted from the teeth, but extremely high levels of 

L-isoAsp in the lenses of the aged rats, in spite of the endogenous repair PCMT1 activity being 

maintained with age. 

In Chapter 3, I take these investigations of the eye lens further into the human lens. As 

in the rodent lens I found high levels of the L-isoAsp modification. In these samples I localized a 

majority of the damage in water-soluble extracts to high-molecular weight aggregates, 

specifically within small protein fragments present in the aggregates. In the cases of two water-

soluble derived peptides the L-isoAsp modification appeared to decrease aggregative properties 

compared to native peptides. However, in the case of a water-insoluble derived peptide, the 

modification increased the tendency to aggregate and chaperone inhibition properties. Thus in a 



	 8 

similar manner to L-isoAsp investigated previously in other proteins, the effects of the 

modifications within lens protein fragments appear to differ from peptide to peptide. 

Chapter 4 emphasizes this point in the characterization of the L-isoAsp modification in a 

peptide derived from the Alzheimer’s disease-associated Amyloid-β. In this section I focused on 

an L-isoAsp site that has been previously identified in the literature, L-isoAsp23. The 

replacement of the normal residue with L-isoAsp in synthetic peptides of residues 20-34 greatly 

enhances aggregation of the peptide in vitro. Structural studies of the native and isomerized 

forms of these peptides revealed that both of the peptides form well ordered protofilament 

cores, in what we designate a “β-helix like turn,” that interacts with a protofilament on either site 

through one of two distinct steric zipper interfaces. The L-isoAsp residue plays an important role 

in strengthening one of these two interfaces. 

Within the last chapter I turn to the characterization of novel L-isoAsp recognition and 

maintenance pathways. I focus on a pair of human proteins called the protein carboxyl 

methyltransferase domain-containing proteins (PCMTDs), so called because their N-terminal 

sequences have 26% sequence identity with the PCMT1 enzyme. Most importantly, they 

conserve the cofactor S-adenosylmethionine (AdoMet) binding motifs and the L-isoAsp 

recognition motifs. However, both of these proteins also contain ~130 amino acids beyond the 

sequences that are homologous to PCMT1, which contain what is known as the “SOCS box” 

motif, which is known to recruit a complex of proteins which form cullin-RING ligases. These 

protein complexes form to bring protein substrates into close contact with ubiquitin-activated E2 

proteins, which tag the substrate for degradation or other signaling purposes (28). The 

combinations of motifs in these protein sequences led to my hypothesis that the PCMTD 

proteins are L-isoAsp-recognizing E3 ligase adaptor proteins, which recognize L-isoAsp 

containing substrates and recruit E3 ligase machinery for ubiquitination of the substrate. We 

have been able to show that these proteins effect L-isoAsp levels in lysates, bind AdoMet, and 

associate with E3 ligase components. These experiments are summarized in Chapter 5. 
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Finally, in Chapter 6 I will summarize the results presented in this thesis and their 

significance within the context of the field, as well as lay out possible future directions. 
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CHAPTER 3 

The L-isoaspartate modification within protein fragments in the aging lens can promote protein 

aggregation 

  



The L-isoaspartate modification within protein fragments in the aging lens can promote protein 

aggregation 

Rebeccah A. Warmack, Harrison Shawa, Kate Liu, Katia Lopez, Joseph A. Loo, Joseph 

Horwitz, Steven G. Clarke

ABSTRACT 

Transparency in the lens is accomplished by the dense packing and short-range order 

interactions of the crystallin proteins in fiber cells lacking organelles. These features are 

accompanied by a lack of protein turnover, leaving lens proteins susceptible to a number of 

damaging modifications and aggregation. The loss of lens transparency is attributed in part to 

such aggregation during aging. Among the damaging post-translational modifications that 

accumulate in long-lived proteins, isomerization at aspartate residues has been shown to be 

extensive throughout the crystallins. In this study, we localize the accumulation of L-isoaspartate 

within water-soluble protein extracts primarily to crystallin peptides in high molecular weight 

aggregates, and show with mass spectrometry that these peptides are from a variety of 

crystallins. To investigate the consequences of aspartate isomerization, we investigated two 

water soluble-derived αA crystallin peptides, 52-LFRTVLDSGISEVR-65 and 89-VQDDFVEIH-

98, with the L-isoaspartate modification introduced at Asp58 and Asp91, respectively. 

Importantly, while both peptides modestly increase protein precipitation, the native 52-

LFRTVLDSGISEVR-65 peptide shows higher aggregation propensity. In contrast, the 

introduction of L-isoaspartate within a previously identified anti-chaperone peptide from water-

insoluble aggregates, αA crystallin 66-SDRDKFVIFL(isoAsp)VKHF-80, results in enhanced 

amyloid formation in vitro. The modification of this peptide also increases aggregation of the 

lens chaperone αB crystallin. These findings may represent multiple pathways within the lens 

wherein the isomerization of aspartate residues in crystallin peptides differentially results in 

peptides associating with water-soluble or water-insoluble aggregates. Here the eye lens serves 

as a model for the cleavage and modification of long-lived proteins within other aging tissues. 
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INTRODUCTION 

The synthesis of the main structural proteins of the mammalian lens, the crystallins, 

begins during embryonic lens development within the primary fiber cells, which eventually 

comprise the lens core, termed the lens nucleus (1).  Crystallin synthesis is followed by the loss 

of the cellular nucleus and other organelles via autophagy, mitophagy, and nucleophagy in 

order to minimize light scattering (2). The resulting fiber cells are largely devoid of protein 

turnover machinery yet contain protein concentrations upwards of 450 mg/ml in the human lens. 

These high protein concentrations provide lens transparency via short-range order interactions 

that minimize errors in refraction by destructive interference (3, 4). These proteins, many of 

which have been synthesized by the time of birth, are not protected by the same turnover 

mechanisms present in normal somatic cells, and are thus susceptible to spontaneous, age-

related covalent modifications and aggregation. 

Post-translational modifications that accumulate over time have been identified within all 

the major crystallin families – α, β, and γ. These alterations are largely age-dependent 

spontaneous reactions leading to deamidation, isomerization, racemization, oxidation, and 

glycation (5, 6). Among these, isomerization and deamidation has been extensively 

characterized in the aged lens (7-11). The primary mechanism of asparagine deamidation and 

aspartate isomerization involves the formation of an intermediate L-succinimide ring, which can 

be hydrolyzed at either of its two carbonyls resulting in either L-aspartate (L-Asp) or L-

isoaspartate (L-isoAsp; Fig. 1).  Additionally, the L-succinimide intermediate can racemize to D-

succinimide and yield D-aspartate (D-Asp) or D-isoaspartate (D-isoAsp). The major products of 

these reactions are L-isoaspartyl residues (12).  Deamidation can affect the structural integrity 

of proteins through the introduction of a negative charge, but L-isoAsp is particularly harmful at 

both asparagine and aspartate sites within proteins due to the addition of a backbone methylene 

group that effectively “kinks” the polypeptide chain (13).  Aspartate isomerization products can 

be difficult to distinguish from normal aspartyl residues with canonical mass spectrometry 
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techniques and their identification remains challenging, often requiring specific fragmentation 

methods such as electron transfer dissociation, electron capture dissociation, or complex 

labeling strategies (14, 15). Because of these difficulties, our understanding of L-isoAsp 

modifications within the context of the human lens is still incomplete.  

There is a repair pathway within most cells, including the lens fiber cells, that results in 

the conversion of L-isoaspartyl to L-aspartyl residues by the L-isoaspartate (D-aspartate) O-

methyltransferase (PCMT1) (16, 17). The major PCMT1 activity initiates the recognition of L-

isoaspartyl residues forming methyl esters that can then spontaneously result in their 

conversion to normal L-aspartate residues. This enzyme can also recognize D-aspartyl residues 

with a much lower affinity (at least 700 times) in reactions that can lead to D-isoaspartyl 

formation (18).  However, it has been shown that aspartate isomers are still present within lens 

proteins. Various groups have shown the accumulation of the four Asp isomers at specific sites, 

particularly within the α crystallins of aged and cataractous lenses (19-24).  The accumulation of 

these residues presumably reflects the rate of their formation and the rate of their removal by 

either repair or degradation reactions. However, the effects of these modifications on lens 

function remain unclear. Takata et al., 2016 linked aspartate isomerization to dissociation of 

crystallins from the native oligomeric form (25). Other studies have shown deamidation within 

crystallins in vitro to be associated with aggregation (6).  

Here we investigated the localization, extent, and possible consequences of L-isoAsp 

accumulation within the human lens.  We took advantage of the specificity of PCMT1 and the 

high sensitivity of radiolabeling techniques to demonstrate that L-isoAsp residues accumulate 

within the aged lens to high levels, with the greatest accumulation in the urea-solubilized water-

insoluble (WI) nuclear extract proteins. Size exclusion separation of water-soluble (WS) lens 

extracts followed by radiolabeling and SDS-PAGE separation of polypeptides containing L-

isoaspartyl reveals that the highest levels of labeled residues are localized to aggregated low 

molecular weight (LMW) protein fragments that migrate primarily below 14 kDa on SDS-PAGE. 
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Mass spectrometry of these LMW species shows these fragments come from a number of 

different lens proteins. Finally, to investigate the potential consequences of this modification 

within lens protein fragments, we probed the effects of L-isoAsp residues in αA crystallin-derived 

peptides. Our assays within three peptides revealed that the introduction of the L-isoAsp residue 

can increase or decrease the aggregation tendencies of the given peptide, which may dictate 

whether peptides in the lens eventually become primarily WI- or WS-associated. 

RESULTS 

L-isoaspartyl residues accumulate to high levels within water-soluble (WS) and urea 

solubilized water-insoluble (WI) extracts of aged lenses despite endogenous PCMT1 

activity 

 Recombinantly purified L-isoaspartyl/D-aspartyl protein methyltransferase PCMT1 was 

used as an analytical probe with [3H]AdoMet to specifically label L-isoAsp residues and to 

quantitate the extent of isomerization by detecting [3H]methanol in a volatility assay after base 

hydrolysis of the [3H]methyl esters formed in the incubation. L-isoAsp content in the WS and 

urea solubilized WI extracts of whole human lenses from ages spanning 26-76 years old was 

observed to increase with age (Fig. 2A). Levels for the WI extracts were ~five-fold higher than 

the WS extracts in the younger samples and some two-fold higher in the older samples. Control 

experiments using the peptide substrate KASA-isoD-LAKY showed that urea content of the WI 

samples did not affect the PCMT1 activity (Fig. S1). 

 The nuclear regions of the lens develop prior to birth, while the cortical regions continue 

to grow throughout an organism’s life span. Thus the interior nuclear sections of the spherical 

lens are more aged than the exterior cortical regions. To see how L-isoAsp levels compared 

between these regions, separate lenses from 47-76 year olds were further dissected into 

nuclear and cortical regions. The 75-year-old WS dissected lens sample averages 6960 pmols 

L-isoAsp/mg protein extract, while in the 76-year-old WS whole lens sample has a mean value 

of 6590 pmols L-isoAsp/mg protein extract, showing that the averages of the aging WS cortex 
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and nucleus correspond well with the values observed in the WS whole lens extract. The urea 

solubilized WI extracts again demonstrated the greatest level of the L-isoAsp modification, and 

in both the WS and WI extracts the lens nucleus contained higher amounts than the cortex (Fig. 

2B). However, the averages of the WI nucleus and cortex protein extracts were significantly 

higher than the WI whole lens protein extracts, with the 75-year-old WI nucleus and cortex 

averaging 17,200 pmols L-isoAsp/mg protein extract, and the 76-year-old WI whole lens 

averaging 12,300 pmols L-isoAsp/mg protein extract. These variations may be the result of 

differences in efficiency of urea-solubilization of the whole lenses versus the dissected lens 

regions. 

  The high levels of the L-isoAsp modification - up to 17,200 pmol L-isoaspartate/mg 

protein in the urea-solubilized water-insoluble nuclear lens extract - corresponds to an average 

of approximately 0.4 isoaspartyl residues per polypeptide chain, indicating that almost half of all 

proteins in this fraction may be modified.  We did not quantify total L-isoAsp within water-

insoluble urea-insoluble (UI) fractions due to the inability to fully solubilize this protein fraction in 

a buffer compatible with the PCMT1 enzyme. This UI fraction has been shown to increase to up 

to 30% of the fiber cell mass after 50 years of age (26, 27). Thus, within our assays we may 

only be quantifying a small portion of the total L-isoAsp within the lens. However, our calculation 

of 0.4 isoaspartyl residues per polypeptide chain can be taken as a minimal estimate of the total 

levels of aspartate isomerization within lens proteins. 

 The L-isoAsp repair enzyme PCMT1 is present in the aging lens and should mediate the 

accumulation of L-isoaspartyl residues (16). In Fig. 2C, endogenous PCMT1 activity levels 

between the human 26-year-old and 44-year-old whole lens extracts were found to decrease 

from approximately 18.5 pmol/min/mg to 12.5 pmol/min/mg, then remained relatively constant 

throughout the 61-, 66-, and 76- year-old tissues, reaching a minimum activity of 10.4 

pmol/min/mg in the 76-year-old extract.  In the dissected nuclear and cortical lens extracts, 

enzyme activity levels were an average of 7 pmol/min/mg higher within the cortical extracts than 
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the nuclear extracts of the same lens, suggesting that endogenous PCMT1 activity within the 

nucleus may be affected by the age of the enzyme. However, the levels of PCMT1 activity 

observed within the 76-year-old whole lens sample and the 51 and 75 year-old nuclear samples 

are still some 50% of the highest activities in younger lenses. These data show that while the 

activity of the L-isoaspartyl repair enzyme may decrease slightly with age in the human lens, it is 

still significant within the oldest samples. The lack of PCMT repair activity is unlikely to be due to 

limiting amounts of the AdoMet cofactor, as studies have reported that in the aged nucleus the 

minimum level of AdoMet observed is 10 μM (28). Thus in vivo, the repair enzyme may be 

inhibited by another small molecule or occluded from repairing the L-isoAsp sites, resulting in 

the accumulation of L-isomerized aspartyl residues seen in Figures 2A and 2B. 

 To investigate the possibility that endogenous PCMT1 may be obstructed from repairing 

L-isoAsp sites, exogenous PCMT1 activity was tested against soluble and aggregated αA66-80, 

isoAsp76 peptide (SDRDKFVIFL(isoAsp)VKHF). The purified enzyme was able to methylate 

over 100% of the analyzed soluble peptide, which may indicate that the other aspartate residues 

within the peptide are partially isomerized (Fig. S2). In contrast, only 2% of analyzed peptide 

aggregates were observed to be methylated. These results support the hypothesis that the 

repair enzyme cannot access L-isoAsp sites within heavily aggregated species for repair. 

Age-related L-isoaspartyl sites are largely localized to low molecular weight polypeptides 

PCMT1 was again used as an analytical probe with [3H]AdoMet to specifically label and 

visualize L-isoAsp sites within lens polypeptides by radiolabeling and subsequent SDS-PAGE 

separation. PCMT1-radiolabeled whole lens extracts were separated via SDS-PAGE as shown 

in Figures 3A and B. The gels were exposed to a film to localize radioactive signals 

corresponding to polypeptides containing L-isoaspartyl residues. In the fluorographs of whole 

lens extracts from the 26-year-old sample, radioactivity is found predominately in the positions 

corresponding to the molecular weights of the α- (~19-20 kDa), β- (~22-28 kDa), and γ- (~20-21 

kDa) crystallins (lower panels, Figures 3A & B).  However, in the older lens samples, there is 
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reduced radioactivity in the crystallin polypeptides but now significant amounts of radioactivity 

are present in the extreme high (>200 kDa) and low molecular weight (<14 kDa) regions of the 

gel.  These results suggest that isomerization of crystallins may result in their aggregation to 

species resistant to SDS denaturation or in their proteolysis. 

 The localization of L-isoAsp-containing polypeptides to low and high molecular weight 

species seen in the older whole lens extracts in Fig. 3A was also observed in lens samples 

dissected into nuclear and cortical regions (Fig. 3B). Here, we only observed distinct bands 

corresponding to intact crystallin molecular weights in the cortical extracts. These results further 

support the idea that soluble crystallins accumulating isomerized L-aspartate residues may be 

become insoluble or degraded over time in the nucleus of the aged lens. 

L-isoaspartyl-containing polypeptides of high and low molecular weight regions from 

SDS-PAGE gels are localized to the void volume fraction of size exclusion 

chromatography 

WS whole and nuclear lens extracts were fractionated by size on a native gel filtration 

column that has a void volume corresponding to proteins of greater than 670 kDa. Four distinct 

UV absorbing peaks were detected which match those identified by Harding (29): a high 

molecular weight (HMW) peak in the void volume, an α crystallin peak, βH/βL crystallin peaks, 

and a γ crystallin peak (Fig. 4A & 4B). We found that the UV absorbance of the HMW peak in 

both the whole lens and the nuclear extracts increases with age in respect to the soluble 

crystallin fractions, likely correlating to an increase in aggregated protein. When fractions of the 

whole lens extracts were analyzed for L-isoaspartyl levels by PCMT1-radiolabeling, little signal 

was found in the 26-year-old and 44-year-old samples, while a large peak of radioactivity was 

found in the HMW fraction of the 76-year-old extract.  In the nuclear extracts, radioactivity is 

found in all age samples in the HMW and crystallin fractions, but does increase with age (Fig. 

4B).   Interestingly, no peak was seen to correspond to very low molecular weights below the γ 

crystallin peak, nor was damage observed in that region, as might be expected from the results 
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seen in Fig. 3, where large amounts of L-isoaspartate signal was seen in the LMW region of the 

SDS-PAGE fluorograph.  This result suggests that the low molecular weight isoaspartyl-

containing polypeptides seen on SDS-PAGE are aggregated in the absence of SDS.   

To investigate the possibility suggested above, the gel filtration fractions were 

concentrated by precipitation with trichloroacetic acid, and resuspended pellets were 

radiolabeled by PCMT1, separated by SDS-PAGE, and the L-isoAsp signal detected by 

fluorography in whole lens samples (Fig. 5) and in nuclear extracts (Fig. S3).  Trichloroacetic 

acid precipitation would be expected for peptides of 2 kDa or higher (30).  Strikingly, the LMW 

species observed in Fig. 3 reappear via fluorography within the HMW gel filtration fraction in 

both whole lens extracts and nuclear extracts and again show large amounts of the L-isoAsp 

signal. These LMW species are below the intact weights of the human crystallins suggesting 

they are cleaved fragments that must be aggregated or otherwise interacting with larger protein 

species. 

The aggregated LMW species from the HMW gel filtration fraction represent a variety of 

lens protein fragments, which accumulate with age and contain isomerization-prone sites 

 The HMW fractions from the 44-year-old and 76-year-old WS whole lens samples were 

resuspended in urea, and LMW species were isolated by passage through a molecular weight 

cut off filter as described in the “Experimental Procedures” section. These LMW eluents were 

analyzed by mass spectrometry (without any protease treatment) to identify specific 

endogenous protein fragments against a database of 10 highly abundant lens proteins: αA 

crystallin, αB crystallin, βA3 crystallin, βA4 crystallin, βB1 crystallin, βB2 crystallin, γC crystallin, 

γS crystallin, filensin, and phakinin. Peptide fragments were identified from all of these proteins, 

although only one peptide was identified from γC crystallin. All peptides with an ion score of 26 

or higher are shown in Tables S1-S9, while the top five peptides as ranked by ion score of each 

protein are represented in Table 2. Of the proteins, αA crystallin, αB crystallin, filensin, and 

phakinin had the highest numbers of identified peptide sequences perhaps reflecting high levels 
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of these lens protein fragments within the WS-HMW aggregates, the sequence coverage of 

each of the 10 proteins is shown in Table 1. The frequency of specific residues at the N- and C-

termini of all the protein fragments combined is represented in Fig. 6A. Although there is not a 

strong occurrence of any one residue at the termini, the most frequent residues found at the N-

termini were Ser, Arg, and Gly residues, while at the C-terminus Leu, Gln, Lys, and Phe 

residues were most abundant (Fig. 6A). Notably, neither Asn nor Asp was prevalent at the 

termini, which suggests that non-enzymatic cleavages via the succinimide ring intermediate are 

not common within the aged WS extract (31). 

 The relative abundances of the peptide fragments were quantified to see which peptides 

increased between the 44- and 76-year-old samples. A majority of these peptides increase in 

abundance in the 76-year-old sample. In Fig. 6B, the sites of cleavage for αA and αB crystallin 

were mapped onto a diagram of the domains of these crystallins. Although there are a higher 

absolute number of cleavages within the core α crystallin domain, there are also a significant 

number within the terminal domains. Together these results suggest that there is no strong 

sequence specificity of the crystallin fragmentation of αA and αB crystallin in the WS 

aggregates, but that the α-crystallin domain of the proteins may be more accessible to cleavage 

due to the involvement of the terminal domains in oligomerization of the crystallins (32). There 

are , however, strong biases within the βA4 crystallin, βB1 crystallin, βB2 crystallin, and Filensin 

proteins. The majority of fragments observed for these proteins are from the C-terminus, 

perhaps indicating that these are derived from truncations of the proteins (Tables S4-S7). 

Isomerized forms of MS-identified peptides αA52-65 and αA89-98 modestly increase 

protein precipitation 

Of the 38 peptides with an ion score of 26 or higher identified from αA crystallin, 34 were 

found to contain at least one of the following aspartate residues: Asp58, 67, 76, 84, 91, 92, and 

136. All of these sites, excepting 67 and 136, have been shown in previous literature to be 

highly isomerized, particularly Asp58 and Asp 91/92 (19, 23), which lie in the N-terminal region 
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and the α-crystallin domain, respectively. To investigate the possible effects of L-isoaspartate 

accumulation in short peptides within the water-soluble extract of the aging lens, we used 

synthetic peptides of two αA crystallin peptides that were identified from the WS-HMW peak by 

mass spectrometry (Table S1), 52-LFRTVLDSGISEVR-65 (αA52-65) and 89-VQDDFVEIH-98 

(αA89-98), with the L-isoaspartate modification introduced at Asp58 (αA52-65, isoAsp58) and 

Asp91 (αA89-98, isoAsp91), respectively. 

The α-crystallins are related to small heat shock proteins and act as molecular 

chaperones within the lens, suppressing aggregation of misfolded crystallins (33). In order to 

see the effect of these peptides on the chaperone activities of αB crystallin, the αA crystallin 

segments were first incubated with purified αB crystallin and alcohol dehydrogenase (ADH) 

under conditions that cause ADH to denature and aggregate. The ability of αB crystallin to 

prevent ADH aggregation was then monitored over time by light scattering at A360. In Fig. 7A, 

the aggregation of ADH is largely prevented by the addition of chaperone αB crystallin, as 

shown by the significant reduction in light scattering.  Neither the addition of the αA52-65, 

isoAsp58 nor the αA89-98, isoAsp91 peptide appears to alter the levels of aggregation when 

added to ADH with αB crystallin. Thus inhibition of the activity of the αB crystallin chaperone by 

the isomerized peptides was not observed under these conditions. 

In order to probe the peptides effects on crystallin solubility, two different amounts of 

αA52-65, isoAsp58 and αA89-98, isoAsp91 peptides were then incubated with the 47-year-old 

WS nuclear extract. After centrifugation, the pellets were solubilized and separated by SDS-

PAGE (Fig. 7B). Increases in the amount of protein in the pellet were seen when both 25 and 50 

μg of the peptides were present as quantified by densitometry (Fig. 7C). Thus, the addition of 

the isoaspartyl-containing peptides, especially αA89-98, isoAsp91, may modestly promote 

insolubilization of the lens proteins. 

The isomerized αA52-65, isoAsp58 peptide shows decreased self-aggregation and lens 

protein precipitation compared to the native αA52-65 peptide 
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The αA52-65, αA52-65, isoAsp58, and αA89-98, isoAsp91 peptides were all soluble at 

physiological pH, while the native αA89-98 could only be solubilized in  3% ammonium 

hydroxide. To facilitate comparison between native and isomerized peptides, the αA52-65 

peptides were solubilized in Tris buffer and the αA89-98 peptides were solubilized in ammonium 

hydroxide as described in the “Experimental Procedures” section.   While none of the peptides 

were observed to bind thioflavin T (ThT), self-aggregation of the native and isomerized forms 

was monitored by light scattering at 340 nm (Fig. 8A). The only peptide to show significant 

increases in light scattering as a result of precipitation was the native αA52-65 peptide. 

  We observed in the previous experiment that the isomerized peptides were able to 

induce moderate increases in precipitated lens proteins. To investigate the effects of the 

isomerized peptides relative to the native forms, the αA52-65 and αA52-65, isoAsp58 peptides 

were incubated with 47-year-old WS nuclear extract. The αA89-98  peptides were not used due 

to the high alkaline conditions required for solubilization of the native peptide which alone may 

affect lens protein stability. In Fig. 8B, the increases in protein levels within the precipitated 

pellet with the native αA52-65 peptide can be readily visualized. Densitometry analyses of these 

gel lanes again show limited increases in protein with the αA52-65, isoAsp58 peptide, but more 

significant shifts are observed with the native αA52-65 peptide (Fig. 8C). 

The previously identified WI-derived αA crystallin peptide 66-SDRDKFVIFLDVKHF-80 

displays enhanced amyloid formation and precipitation of αB crystallin in vitro upon the 

introduction of L-isoAsp at Asp76 

 The αA crystallin 66-SDRDKFVIFLDVKHF-80 (αA66-80) anti-chaperone peptide 

fragment was previously shown to accumulate within WI lens extracts (34). Our mass 

spectrometry of WS-HMW peptides showed overlapping fragments in this region of αA, but the 

full αA66-80 was not found (Table S1).  Isomerization at the Asp76 within αA crystallin has been 

previously demonstrated (19, 23). We were thus interested in the effects of isomerization of the 

αA66-80 peptide on its aggregation and anti-chaperone activity.  We show in Fig. 9A that a 
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synthetic αA66-80 peptide containing L-isoAsp at Asp76 (αA66-80, isoAsp76) demonstrates 

increased rates of aggregate formation compared to the unmodified peptide as measured by 

ThT fluorescence. The peptides were incubated in buffer without ThT, and resultant fibers are 

shown in Fig. 9B.  Thus, in vitro the peptides are forming ordered, fibrillar aggregates. 

 The αA crystallin peptides were then incubated with αB crystallin and alcohol 

dehydrogenase (ADH) under conditions that cause ADH to denature, which was monitored by 

light scattering at A360 nm. In Fig. 9C, the light scattering of ADH alone plateaus at 

approximately 0.5 absorbance units.  When the chaperone αB crystallin is introduced, the level 

of light scattering is significantly reduced. However, when the αA anti-chaperone peptide is 

introduced, the levels are similar to ADH alone. When the L-isoAsp-modified αA segment is 

used, the levels rise over those of ADH alone. This is unlikely to be due to extra scattering by 

the aggregation of the peptide with itself, as this yields relatively low light scattering (Fig. 9D).  

However, when the peptide is incubated with αB crystallin alone, there is significant light 

scattering (Fig. 9D). We tested the peptides’ abilities to aggregate the chaperone at lower 

concentrations, and found that as little as 5 μg of L-isoAsp modified peptide to 40 μg of αB 

crystallin was sufficient to cause light scattering (Fig. S4). Thus the inhibition of αB crystallin’s 

chaperone abilities may not be entirely direct, but rather an increase in the aggregation of the 

chaperone itself, exacerbated by the L-isoAsp modification in the α-crystallin fragment. 

DISCUSSION 

In this study, we aimed to establish the extent and potential repercussions of the 

isomerization of asparaginyl and aspartyl residues across the human lens proteome using 

highly sensitive and specific radiolabeling of modified residues by PCMT1 with [3H]AdoMet. 

This method revealed that the L-isoAsp modification in the aged lens localizes to aggregates 

that elute above 670 kDa on native gel filtration but is found there in low molecular weight 

peptide species after SDS-PAGE. Roy and Spector (35) previously demonstrated that WS-

HMW species were identical to the insoluble protein fraction in human lenses, with the only 
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distinction being the size of the particles still in suspension. Remarkably they also found that a 

major component of these HMW protein fractions appeared to be degraded polypeptides near 

11 kDa (35). It has since been determined that crystallin fragments ranging in size between 2.8 

and 18 kDa can comprise up to 14-27% total protein content in WS-HMW aggregates of aged 

and cataract lens extracts (36-38). Our mass spectrometry results reveal the presence of 

endogenous short peptides in the WS-HMW native gel filtration void volume fraction from ten 

different lens proteins (Table 2, Tables S1-S9).  The mechanisms by which these fragments are 

produced are not fully understood. Due to the presence of fragments cleaved at specific sites 

and truncated crystallins during aging it is believed that some protease activity remains in the 

lens during aging and slowly degrades the crystallin proteins (39-42).  

Previous work shows αA and αB crystallins to be extensively truncated, and some hot 

spots have been identified such as the between Asp129-Prol130 bond in αB (43, 44). Two αB 

peptides identified within the work presented here have N- or C-terminal cleavage at or near the 

Asp129-Prol130 bond, including RIPADVD and RIPADVDPL (Table S2). More recently, MALDI-

tissue imaging was performed on lenses of different ages, identifying intact crystallin fragments 

in both the nuclear and cortical regions of the tissue (45). The smallest peptide identified in this 

study was αA crystallin 1-34 (4,265 Da), while the largest αA peptide identified in the work 

presented here corresponds to residues 130-147 (1,971 Da). Thus, there were no exact 

matches in identified peptides. However, several residues found at the C-terminus of truncated 

products overlapped between this study and the MALDI-imaging results, including Gln50, 

Asp58, Arg65, and Phe80. Arg65 appears repeatedly within the peptides presented here and in 

all cases is more abundant in the 76-year-old sample than the 44-year-old. The consistent 

identification of truncation sites between studies may highlight their susceptibility to truncation. 

Interestingly, Harrington et al., found that the WS-HMW fraction of normal aged lenses 

contained primarily fragments of αA and αB crystallin, while cataractous lenses also had βA3 

and βB1 crystallin fragments (44). In the work presented here, tables S3 and S5 list five and 16 
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peptides of βA3 and βB1 crystallin, respectively. All of the βB1 peptides are higher in 

abundance within the 76-year-old sample, including eight which occur only within this aged 

sample, while four of the five βA3 increase within the 76-year-old sample. This information 

parallels literature that has shown that over half of deamidations within the insoluble protein 

fraction of aged lens were found in the β-crystallins, particularly βA3 and βB1 (7). From this 

study we know that residues Asn108 of βB1 and Asn133 of βA3 have mass shifts of +1 Da 

each. While the mass shift does not reveal whether the product of the deamidation is Asp or 

isoAsp, both residues sites were found contained within fragments here and these peptides 

should be examined for the effects of isomerization. Therefore, the βA3 and βB1 peptides 

identified here which increase with age may be significant formations for loss of transparency in 

both aged and cataractous lenses. 

Previous studies have investigated the possible combinatorial effects of truncations and 

proteolysis on the properties of crystallins, including βB1 and γS. In the case of βB1, the 

combination of deamidation and truncation had the most severe effects on protein stability, 

while truncation alone had little effect, however, deamidation has not been examined in short 

βB1 peptides (46).  Similarly, isolated N- and C-terminal domains of human γS crystallin showed 

high heat and pH stabilities (47). Thus truncated crystallin monomers may be relatively stable. 

However, it is known that truncation of the β crystallins affects assembly formation, which may 

in turn affect lens transparency (48). A number of other studies have investigated the effects of 

shorter fragments produced by truncations on protein aggregation in vitro, and found that 

peptides derived from both αA- and βL- crystallins can act as anti-chaperones, interfering with 

the action of intact αA and αB crystallins against protein misfolding, or as mini-chaperones 

promoting stability of other proteins (34, 49, 50). A majority of these studies have focused on the 

unmodified sequences of these crystallin fragments. 

Most of the peptides identified within our WS-HMW native gel filtration void volume 

fraction contained Asp residues that are known to isomerize in the aging lens (23, 51; Tables 1 
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and 2; Tables S1-S9). Our studies of two peptides found in this fraction showed that while the L-

isoAsp peptides could modestly promote protein precipitation, the native peptides had more 

severe solubility and aggregation properties. Thus, it appears the L-isoAsp residue within these 

two WS HMW-derived peptides actually decreases their propensities for self-aggregation and 

protein precipitation. In contrast with these results, we found that for a WI-derived anti-

chaperone peptide, the L-isoAsp form showed increased levels of self-aggregation over the L-

Asp peptide, as well as increased precipitation of the lens chaperone αB crystallin. It is 

important to note that while we demonstrated the aggregates of the peptide alone were amyloid 

in nature, amyloid structures have not definitively been demonstrated within the human lens, but 

these may be representative of other forms of aggregation in vivo (52). Thus, the effects of the 

L-isoAsp modification within cleaved peptides can be variable.  

Our current work does not fully resolve the fundamental question of how this 

modification affects cataract formation. Truscott and Friedrich emphasized the difficulties of 

establishing causative relationships between specific PTMs and the opacification of the lens 

(11). It is conceivable that modification of an intact enzyme by isoaspartyl formation may affect 

its activity as reviewed by Reissner and Asward (53). On the other hand, it could be that for 

many enzymes or other structural lens proteins, where the modification is not near the active 

site, isomerization may be benign. However, it could well be that the isomerization of the 

peptides may lead to aggregation, or such peptides may serve as inhibitors of a particular 

enzyme or a seed for aggregation of other proteins.   

In the molecular heterogeneity of the lens, these peptides will be interacting and 

aggregating with other species in complex manners. In these cases it is too early to predict the 

effects of the isomerization based solely on the sequence of the damaged peptide. However, in 

the experiments conducted here, we see a correlation between propensity for self-aggregation 

and the precipitation of other proteins (Figures 8 & 9). Thus, if a peptide is predicted to have 
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higher self-aggregative properties, then it may be more likely to aid in the precipitation of other 

proteins. 

Here we have only presented three cases of isomerization within lens peptides, 

therefore, it is difficult to definitively extend these results to other peptide sequences. However, 

some theories concerning the propensity to self-aggregate can be put forth combining the 

peptide work presented here with previous literature. Assuming amyloid as a model of self-

aggregation, the interdigitation of amino acid side chains is crucial for the formation of the steric 

zipper, and is highly sequence-dependent (54). Thus, the isomerization of an aspartate or 

asparagine in the core of a steric zipper is likely to disrupt interdigitation due to the introduction 

of the extra carbon-carbon bond in the main chain. Additionally, if the aspartate residue is 

important for forming salt bridges or similar interactions, the isomerization will likely distance the 

aspartyl side chain and break these bonds. The disruption of a salt bridge by Asp109 

isomerization in �B crystallin has recently been probed by molecular dynamics and suggests 

that the loss of this interaction destabilizes the protein and leads to insolubility (55). These 

points may help explain decreased aggregation of certain peptides in vitro, which we have 

shown to form amyloid. If the aspartate is removed from steric zipper forming regions, it may 

have no effect, or provide needed flexibility to form a second steric zipper interface, enhancing 

aggregation. 

In light of these results and in the context of the aging lens, we suggest that L-isoAsp 

containing proteins and peptides take a number of different pathways towards becoming 

associated with WS and WI aggregates. We believe it is unlikely that the L-isoAsp residues are 

specifically targeted by proteases, as in our own data set N- or C-terminal aspartate residues 

were rare, nor have aspartate residues been identified as a significant site of truncation by other 

literature studying the LMW lens fragments (44). Instead, to explain the high concentration of 

the L-isoAsp modification found in the WS aggregated lens protein fragments, we note that the 

native peptides themselves were highly prone to aggregation and insolubility, while the 
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isomerized αA52-65 and  αA89-98 forms aggregated less. The diminished capacity for these L-

isoAsp peptides to cause aggregation may represent a tendency for certain isomerized peptides 

to become associated with WS protein aggregates, while their native counterparts associate 

with WI protein aggregates. Conversely, our experiments with a WI-derived anti-chaperone 

peptide demonstrated more severe protein precipitation and anti-chaperone activity in the 

isomerized form, and this peptide could not be found in our mass spectrometric analyses of the 

WS-HMW aggregates (34). Thus it may be that the peptides in which the L-isoAsp modification 

produces more aggregation-prone properties are more likely to be found in the WI aggregates, 

while the peptides in which the L-isoAsp modification lessens these characteristics are more 

likely to be associated with WS aggregates. 

 Our results do not rule out that intact crystallins could become associated with HMW 

aggregates and isomerize while aggregated. These modified, aggregated crystallins could then 

become cleaved while in the aggregate form possibly in attempts by lens proteases to clear the 

light-scattering aggregates, and the modified peptides would then only be detected as distinct 

fragments by denaturing SDS-PAGE. However, the formation of the L-isoAsp residue may be 

less favorable in an aggregate due to the fact that L-isoAsp residues are less readily formed 

within rigid structures, such as that of a large aggregate. In these structures, the peptide bond 

nitrogen is not often posed to attack the side chain carbonyl group of the aspartate or 

asparaginyl residue (Fig. 1, Ref. 56). The flexibility of short peptides naturally allows the 

backbone to sample a number of conformations in which the backbone nitrogen approaches the 

L-Asp side chain close enough for nucleophilic attack. 

Irrespective of the path that gives rise to L-isoAsp-containing peptides in HMW 

aggregates, our results show that L-isoAsp may either increase or decrease the aggregation 

propensity of peptides depending on the sequence of the fragment, and both are likely to 

contribute to WI and WS aggregation. Thus, the initial production of short crystallin fragments 

may represent a significant risk for the stability of other intact crystallins, and regulation of 
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protease activity within the aging lens may help attenuate the onset of cataract. The lens tissue 

also acts as an ideal model of aging due to the lack of cellular and protein turnover, and the 

results presented here may be representative of a number of age-related diseases, such as the 

polypeptide aggregates of amyloid-β and tau in Alzheimer’s disease, in which protein 

modifications at different sites have variable effects on protein aggregation. 

 

EXPERIMENTAL PROCEDURES 

Water-soluble (WS) and water-insoluble (WI) lens extract preparation 

 We studied 10 pairs of unfixed eye lenses, collected within three days post-mortem from 

three eye banks (San Diego Eye Bank, San Diego, CA; Sightlife, Seattle, WA; and OneLegacy, 

Los Angeles, CA). None of the lenses had known ocular diseases. Eyes were a kind gift from 

Dr. Joseph Demer and were obtained in conformity with legal requirements. Lenses were 

thawed on ice. Whole lenses were lysed in 300-500 μL ice cold 50 mM Tris-HCl, pH 7.9, 150 

mM NaCl in a glass tube with a Teflon pestle rotating at 300 rpm for two periods of 30 sec each. 

In some cases lens samples first had the nucleus removed using a 6 mm trephine. The 

remaining peripheral material was pooled for the preparation of the cortical extract. Both nuclear 

and cortical regions were then lysed with the same procedure as whole lens extract.  Lysates 

were spun at 20,000g for 20 min at 4 °C. The supernatant was removed as the water-soluble 

extract and stored at -80 °C. 

 Pellets were resuspended in 300 μL of 6 M urea in 50 mM Tris-HCl, pH 7.9, 150 mM 

NaCl and homogenized by hand in an Eppendorf 1.6 mL microcentrifuge tube with 80 strokes of 

a form fitting plastic pestle and rotated for 30 min at 4 °C (Kimble-Chase Kontes pellet pestle 

7495150000). After centrifugation at 15,000g for 15 min at 4 °C, the supernatant fraction was 

set aside and the pellet was re-homogenized with 50 strokes, then spun at 15,000g for 15 min 

at 4 °C. The pellet was then re-homogenized and re-centrifuged one additional time. The three 

supernatants were then combined as the WI extract and stored at -80 °C. Protein 
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concentrations were quantified by a Lowry assay after protein precipitation with 10% 

trichloroacetic acid (57). 

Determination of L-isoaspartate levels by the PCMT1 methanol vapor diffusion assay 

PCMT1 was used as an analytical reagent to quantify L-isoAsp levels in the lens extract 

proteins. In a final volume of 100 μL, 12.5 to 25 μg of lens extract protein was incubated for 2 h 

at 37 °C with 5 μg PCMT1 (purified as a His-tagged enzyme from Escherichia coli (E. coli) 

containing the expression plasmid #34852 available from Addgene.com as described by 

Patananan et al. (58) with a specific activity at 37 °C of 5,300 pmol of methyl esters formed on 

KASA(isoD)LAKY/min/mg of enzyme). Final concentrations in the reactions included 135 mM 

Bis-Tris-HCl, pH 6.4, and 10 μM S-adenosyl-l-[methyl3H]methionine ([3H]AdoMet) (prepared by 

a 1600-fold isotopic dilution of a stock of 72 Ci/mmol [3H]AdoMet (PerkinElmer Life Sciences, 

NET155H00) with nonisotopically labeled AdoMet (p-toluenesulfonate salt; Sigma-Aldrich 

A2408)). The reaction was stopped by adding 10 μL of 2 M sodium hydroxide, and 100 μL of the 

110 μL mixture was transferred to a 9 by 2.5 cm piece of folded thick filter paper (Bio-Rad; 

catalog number 1650962) wedged in the neck of a 20-mL scintillation vial above 5 mL 

scintillation reagent (Safety Solve, Research Products International, catalog number 121000), 

tightly capped, and incubated at room temperature. After 2 h, the folded filter papers were 

removed, the caps replaced, and the vials were counted thrice for 5 minutes each in a Beckman 

LS6500 scintillation counter. Background radioactivity in a reaction containing no substrate was 

determined by incubating the recombinant human PCMT1, 135 mM Bis-Tris-HCl buffer, and 10 

μM [3H] AdoMet as described above and was subtracted from the value obtained in 

experimental samples. Samples were analyzed in duplicate or triplicate as indicated in the figure 

legends. 

Buffered-urea control reactions were carried out by resuspending the KASA(isoD)LAKY 

peptide in 50 mM Tris-HCl, pH 7.9, 150 mM NaCl with or without 6 M urea. Buffer alone, 10 
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pmol KASA(isoD)LAKY, or 100 pmol KASA(isoD)LAKY in volumes of 25 μL were PCMT1 and 

[3H]AdoMet in a final volume of 100 μL as described above. 

L-isoAsp quantification in soluble versus aggregated 66-SDRDKFVIFLDVKHF-80 

peptide was performed in the same reaction conditions as described above. Aggregated peptide 

was prepared by dissolving 66-SDRDKFVIFLDVKHF-80 at 1 mg/mL in 50 mM Tris-HCl, pH 7.6, 

150 mM NaCl, (TBS) and shaking continuously for 5 days. Aggregate solutions were stored at 

room temperature until analysis. Soluble peptide solutions were prepared by dissolving 66-

SDRDKFVIFLDVKHF-80 peptide in TBS with 10 % DMSO and filtering through Corning® 

Costar® Spin-X® centrifuge tube filters immediately prior to analysis (Millipore Sigma, catalog # 

CLS8161). 

Determination of endogenous lens protein L-isoaspartyl methyltransferase (PCMT1) 

activity by the methanol vapor diffusion assay 

In a final volume of 100 μL, 10 μg of lens extract protein was incubated for 2 h at 37 °C 

with final concentrations of 100 μM KASA(isoD)LAKY peptide, 125 mM Bis-Tris-HCl, pH 6.4, 

and 10 μM [3H] AdoMet, as prepared above. The reaction was stopped by adding 10 μL of 2 M 

sodium hydroxide, and 100 μL of the 110 μL mixture assayed for volatile radioactivity, as 

described in the section above. Background radioactivity was determined in a control lacking the 

lens extract and was subtracted from the value obtained in samples containing the lens extracts. 

Samples were analyzed in duplicate or triplicate as indicated in the figure legends. 

L-isoaspartate analysis in lens polypeptides by SDS-PAGE fluorography 

Analyses were performed using the approach described by Patananan et al. (56). 

Briefly, 25 μg extracts were analyzed in a 30 µL reaction volume with final concentrations of 74 

mM Bis-Tris-HCl, pH 6.4, 6 µg recombinant human PCMT1, 0.3 µM S-adenosyl-L-[methyl-3H] 

methionine (PerkinElmer Life Sciences; 75-85 Ci/mml, 0.55 mCi/ml in 10 mM H2SO4:ethanol 

(9:1, v/v)), and incubated for 2 h at 37 °C.  The reaction was stopped by adding 5 µL SDS-

PAGE loading buffer (250 mM Tris-HCl, pH 6.8, 10% (w/v) SDS, 50% (v/v) glycerol, 5% (v/v) β-
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mercaptoethanol, and 0.05% (w/v) bromophenol blue).  Samples were heated at 100 °C for 3 

min and separated on a 12% SDS-polyacrylamide gel prepared in Bis-tris-HCl, pH 6.4 and run 

at 140 V for 1 h. Gels were stained with Coomassie (0.1% (w/v) Brilliant Blue R-250, 10% (v/v) 

glacial acetic acid, and 50% (v/v) methanol) for 1 h and destained with 10% (v/v) acetic acid and 

15% (v/v) methanol.  For fluorography, gels were subsequently incubated with EN3HANCE 

(PerkinElmer Life Sciences, catalog number 6NE9701) for 1 h, incubated in water for 30 min, 

and dried before the gels were exposed to film (Denville Scientific, 8 × 10-inch Hyblot Cl) for 2-3 

days at −80 °C. 

 

Size exclusion chromatography and fluorography of lens extract protein fractions 

Size exclusion chromatography was performed on an ÄKTA prime system. A Superose 

6, 10/300 GL gel filtration column (GE Healthcare, 17-5172-01, column length 30 cm, column 

inner diameter 10 mm, 13 µm average particle size) was equilibrated with 50 mM Tris-HCl, pH 

7.9, 150 mM NaCl.  Approximately 1 mg of lens extract protein was loaded for each run. One 

mL fractions were collected at a flow rate of 0.4 mL/min at room temperature. 

 Twenty-five μL were removed from fractions for subsequent L-isoaspartate quantification 

by the PCMT1 methanol vapor diffusion assay as described above. The remaining portion of the 

fraction was precipitated with 10% trichloroacetic acid overnight at 4 °C, pelleted at 20,800g for 

10 min at 4 °C, and the supernatant was discarded. Pellets were resuspended in 100 μL of 100 

mM Tris-HCl, pH 7.9, 150 mM NaCl, 6 M urea, 0.1% sodium dodecyl sulfate. Thirty μL of the 

resuspended pellet was radiolabeled in a reaction volume of 60 μL with a final concentration of 

80 mM Bis-Tris-HCl, pH 6.4, 6 µg recombinant human PCMT1, 0.3 µM S-adenosyl-L-[methyl-

3H] methionine, and incubated for 2 h at 37 °C as described in the section above. The reaction 

was stopped with 15 μL of SDS-PAGE loading buffer. Samples were heated at 100 °C for 3 min 

and separated on a 4-20%, 10 well ExpressPlus PAGE gel (Genscript, catalog # M42010) at 
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140 V for 1 h.  Staining, enhancing, and fluorography proceeded as described in the section 

above. 

Mass spectrometric identification of low molecular weight peptides in WS HMW gel 

filtration fraction 

Lens samples were separated by size exclusion chromatography.  The HMW fraction 

was concentrated in a Savant SpeedVac concentrator, and resuspended in 200 uL of 50 mM 

Tris-HCl, pH 7.9, 150 mM NaCl, 6 M urea. Diothiothrietol (DTT) was added to a final 

concentration of 5 mM and the solution was incubated at 56 °C for 30 min. Iodoacetamide was 

then added to a final concentration of 14 mM, and incubated at room temperature for 30 min. An 

additional amount of DTT was added at a final concentration of 5 mM and the sample was 

incubated for 15 min at room temperature in the dark. Sample was then applied to a Microcon 

YM-30 30,000 MW cut off filter (Millipore, Burlington, MA) and filtrate was collected for analysis. 

Equal amount of the two samples were injected into the mass spectrometer. LC-MS/MS 

analysis was performed on an EASY-nLC 1000 coupled to a Q Exactive mass spectrometer 

with nanoESI source (Thermo Fisher Scientific). The peptides were separated on a 75 um 

diameter × 25 cm C18 reversed phase column (Thermo Fisher Scientific) with a gradient from 

5% solvent B (0.1% formic acid in acetonitrile), 95% solvent A (0.1% formic acid in water) to 

40% solvent B for 30 min at a constant flow of 300 nl/min, followed by an increase to 80% B 

during 30-50 min. The mass spectrometer was operated in data-dependent acquisition mode 

with a top 10 MS/MS method. Orbitrap resolving power was set to 70,000 at m/z 200 for MS1 

and 17,500 at m/z 200 for MS2. Peptides in raw data were searched against a database of 10 

highly abundant human lens proteins using Proteome Discoverer, version 2.2 (Thermo Fisher 

Scientific) for identification and label-free precursor ion quantification. Identification was 

performed with Mascot search engine with no enzyme specificity. The mass tolerances were set 

to 10 ppm and 0.02 Da for precursor and fragment ions. Methionine oxidation and cysteine 

carbamidomethylation were considered as dynamic modifications. Fixed value PSM validator 
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was used with maximum delta Cn of 0.05. For label free quantitation, feature detection and 

retention time alignment were performed. Quantification values were based on intensities at 

apex of chromatographic peak. Peptide abundance was calculated as a sum of abundances of 

individual peptide-spectral matches that pass a quality threshold, and protein abundance was 

calculated as sum of peptide abundances. Because there were major differences observed in 

the total abundances of searched peptides between the two samples, no normalization was 

performed. Instead, we compared total ion counts of the two runs and they indicated close to 

equal peptide loading amounts. The raw abundances were scaled such that the average 

between the two samples was 100 for better visualization purposes such as comparing the two 

samples and noticing peptides that exist only in 1 sample. 

Purification of recombinant αB crystallin 

The pET20-αB crystallin plasmid in the E. coli BL21 strain was a kind gift from Dr. 

Wayne Hubbell at the UCLA Stein Eye Institute. Cells were grown at 37 °C to an OD600 of 0.6. 

Isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to a final concentration of 0.5 mM and  

cell growth continued for 3 h at 37 °C. Cells were harvested at 5,000 g for 15 min at 4 °C. Cell 

pellets were resuspended in 20 mM Tris-HCl, pH 8.5, 10% glycerol, 1 M NaCl with 1 mM 

phenylmethylsulfonyl fluoride (PMSF), 5 mM β-mercaptoethanol, 25 U/mL benzonase, and a 

Pierce protease inhibitor tablet, EDTA-free (ThermoFisher Scientific, A32965). Cells were lysed 

on an Emulsiflex with 3 passages at 15,000 psi. The lysate was spun at 9,700 g for 50 min at 4 

°C. Nucleic acids were precipitated from the supernatant by the addition of 0.1% final 

polyethyleneimine and incubation at room temperature for 15 min. The mixture was spin at 

13,000 rpm for 50 min. The supernatant was removed and subsequently loaded onto a 5 mL GE 

Healthcare HisTrap HP (catalog # 17-5248-01) equilibrated with wash buffer (20 mM Tris-HCl, 

pH 7.5; 100 mM NaCl; 5% glycerol; 20 mM imidazole). Proteins were eluted with an isocratic 

gradient from 0 – 100% elution buffer (20 mM Tris-HCl, pH 8.5; 100 mM NaCl; 5% glycerol; 500 

mM imidazole) over 60 min at 1 mL/min. All fractions containing αB crystallin were pooled and 
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applied to a 5 mL GE Healthcare HiTrap Q HP anion exchange column (GE29-0513-25) 

equilibrated with wash buffer (20 mM Tris-HCl, pH 7.5; 5% glycerol).  Proteins were eluted with 

an isocratic gradient from 0 – 100% elution buffer (20 mM Tris-HCl, pH 8.5; 5% glycerol; 1 M 

NaCl) over 70 mL at 1 mL/min. All fractions containing the polypeptide corresponding to αB 

crystallin after SDS-PAGE were pooled and loaded onto a HiPrep 16/60 Sephacryl S-200 HR 

gel filtration column (GE Healthcare 17116601). Proteins were separated at 0.4 mL/min over 

200 mL wash buffer (20 mM Tris-HCl, pH 7.5; 100 mM NaCl). Fractions containing aB crystallin 

were pooled, glycerol was added to a final concentration of 5%, and the protein was 

concentrated in an Amicon Ultra-15 centrifugal filter unit (Millpore Sigma, UFC901008). 

Thioflavin T binding and light scattering conditions for peptide aggregation assays 

Synthetic peptides of 66-SDRDKFVIFLDVKHF-80 with either an L-Asp or L-isoAsp 

residue at the 76 position were obtained from Genscript and dissolved in water at a 

concentration of 100 μM. Thioflavin T (Sigma, T3516; ThT) was dissolved at a concentration of 

100 μM in 100 mM Tris-HCl, pH 7.6, 300 mM NaCl (TBS, Sigma, 94158). For a final volume of 

200 μL in a 96 well plate (Fisherbrand, flatbottom, clear, nonsterile, 12565501) 100 μL of 

peptide stock was mixed with 100 μL of the 100 μM ThT stock. Plates were continuously shaken 

at 60 rpm and fluorescence readings were taken every 15 min (excitation of 450 nm and 482 nm 

emission) in a Varioskan plate reader. 

Synthetic αA crystallin peptides, 52-LFRTVLDSGISEVR-68 and 89-VQDDFVEIH-98, 

were obtained from Genscript. For assessment of self-aggregation by light scattering, both 

native and isomerized 52-LFRTVLDSGISEVR-68 peptides were dissolved at a concentration of 

3 mg/ml in 50 mM Tris-HCl, pH 7.5, 1% DMSO. Because of the highly insoluble nature of the 

native 89-VQDDFVEIH-98 peptide, both of the native and isomerized 89-VQDDFVEIH-98 

peptides were first dissolved at 2.5 mg/ml in 3% ammonium hydroxide in water (final 

concentration of 1.58 M from a 28% stock of Fisher certified ACS Plus reagent) and diluted to 2 

mg/ml in a final concentration of 50 mM Tris-HCl, pH 7.5. The final pH of this solution as tested 
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by pH strip (BDH VWR analytical; catalog #BDH35309.606, pH range 0-14), was found to be 

between pH 9 and 10. Two wells of 100 μL volume were assayed for each peptide solution in a 

Varioskan plate reader at 340 nm. Plates were continuously shaken at 600 rpm and readings 

were taken every 15 min. 

Chaperone inhibition assays 

Saccharomyces cerevisiae alcohol dehydrogenase (ADH; Sigma A7011), 125-150 μg; 

αB crystallin, 40-50 μg; and peptides, 40-50 μg, were mixed in a final volume of 300 μL of 

reaction buffer (50 mM sodium phosphate, pH 7.0, 100 mM NaCl, and 10 mM phenanthroline). 

Denaturation was monitored by absorbance at 360 nm every 15 min with continuous shaking at 

60 rpm in a Varioskan plate reader. 

Transmission electron microscopy 

Formvar/Carbon grids (Ted Pella, catalog 01754-F) were prepared with 3 μL αA66-80, isoAsp76 

fiber stock solution for 3 min, washed with water, then 2 μL Ted Pella uranyl acetate alternative 

(Ted Pella, catalog 19485) was applied for 2 min, rinsed with water and air dried.  Images were 

collected on an FEI T12 instrument. 

Protein precipitation gel assays of peptide and lens extract mixtures 

The αA52-65, isoAsp58 and αA89-98, isoAsp91 peptides were incubated with 500 μg of 47 year 

old lens WS protein extract for 14 h at 37 °C in a final volume of 120 μl 50 mM Tris-HCl, pH 7.9. 

Reactions were then spun down for 10 min at 960 g. The supernatant was removed and the 

pellet was resuspended in 40 μl of 1x SDS-PAGE loading dye and separated by SDS-PAGE on 

a 4-20%, 10 well ExpressPlus PAGE gel (Genscript, catalog # M42010) at 140 V for 1 h. 

Densitometry of lanes was performed in ImageJ (59).  
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TABLE 1. Parent proteins of lens fragments. Lens peptides were isolated from the gel 

filtration HMW fraction and identified as described in “Experimental Procedures” against the 10 

proteins in the table below. The sequence coverage and number of unique peptides are 

reported. 

 
 
 
 
  

Accession Description Coverage [%] # Unique 
Peptides 

P02489 Alpha-crystallin A 75 74 
P02511 Alpha-crystallin B 78 54 
P05813 Beta-crystallin A3 55 15 
P53673 Beta-crystallin A4 57 24 
P53674 Beta-crystallin B1 52 31 
P43320 Beta-crystallin B2 67 25 
Q12934 Filensin 30 73 
P07315 Gamma-crystallin C 5 1 
P22914 Gamma-crystallin S 47 15 
Q13515 Phakinin 46 68 
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TABLE 2. Top five peptides identified from each of 10 abundant lens proteins. Lens 

peptides were isolated from the gel filtration HMW fraction and identified as described in 

“Experimental Procedures.” The five peptides with the highest ion scores from each of the 

proteins listed in Table 1 are displayed with their corresponding theoretical mass and relative 

abundances in a 44-year-old and 76-year-old whole lens sample on a scale of 0-200. Full 

peptide tables for each protein can be found in Supporting Tables 1-9. 

	

Parent	protein Sequence	 Theo.	MH+	
[Da] 

Relative	
abundances 
44	year	old 

Relative	
abundances 
76	year	old 

αA	crystallin 
52	–	LFRTVLDSGISEVR	–	65	 1591.88023 2.2 197.8 
56	–	VLDSGISEVR	–	65			 1074.57896 12.9 187.1 

134	–	SADGMLTFCGPKIQ	–	147		 1524.71851 6 194 
54	–	RTVLDSGISEVR	–	65		 1331.72775 68.3 131.7 

51	–	SLFRTVLDSGISEVR	–	65		 1678.91226 	 200 

αB	crystallin 
93	–	VLGDVIEVH	–	101		 980.54112	 57.2	 142.8	
29	–	GEHLLESDLFPT	–	40		 1357.66342	 9.8	 190.2	
123	–	RIPADVDPLTIT	–	134		 1310.73144	 2.2	 197.8	
123	–	RIPADVDPLTITS	–	135		 1397.76347	 2.7	 197.3	

95	–	GDVIEVH	–	101		 768.38864	 		 200	

βA3	crystallin 
29	–	GPWKITIYD	–	37		 1092.57242	 200	 		

152	–	GWFNNEVGSMKIQ	–	164		 1509.71547	 		 200	
127	–	TIFEKENFIGRQ	–	138		 1481.7747	 16	 184	

124	–	SKMTIF	–	129		 726.38547	 1.4	 198.6	
139	–	WEISDDYPSLQAM	–	151		 1554.67809	 0.4	 199.6	

βA4	crystallin 
108	–	TIFEQENFLGKK	–	119		 1453.76856	 		 200	
109	–	IFEQENFLGKK	–	119		 1352.72088	 1.4	 198.6	

120	–	GELSDDYPSLQAM	–	132		 1425.62024	 1.8	 198.2	
105	–	SRLTIFEQENFLGKK	–	119		 1809.98576	 		 200	
104	–	DSRLTIFEQENFLGKK	–	119		 1925.0127	 		 200	

βB1	crystallin 
238	–	HLEGSFPVLA	–	247		 1069.56767	 		 200	

238	–	HLEGSFPVLATEPPK	–	252		 1621.85843	 21	 179	
240	–	EGSFPVLATEPPK	–	252		 1371.71546	 2.3	 197.7	
242	–	SFPVLATEPPK	–	252		 1185.6514	 54.3	 145.7	
38	–	TLAPTTVPITSAK	–	50		 1299.75184	 22.2	 177.8	

βB2	crystallin 
121	–	KMEIIDDDVPSFHAH	–	135		 1753.8214	 		 200	
121	–	KMEIIDDDVPSFHA	–	134		 1616.76248	 		 200	

121	–	KMEIIDDDVPSFHAHG	–	136		 1810.84286	 		 200	
122	–	MEIIDDDVPSFHAH	–	135		 1625.72643	 		 200	

143	–	SVRVQSGTWVGYQYPGYRGL	–	162		 2273.14618	 		 200	

Filensin 
79	–	GELAGPEDALARQVE	–	93		 1554.77583	 66.3	 133.7	
324	–	FIETPIPLFTQSH	–	336		 1529.79986	 		 200	

239	–	RVELQAQTTTLEQAIK	–	254		 1829.0127	 5.8	 194.2	
324	–	FIETPIPLFTQ	–	334		 1305.70892	 1.1	 198.9	

191	–	QQIIHTTPPASIVTS	–	205		 1592.86425	 2.6	 	197.4	

γS	crystallin 
60	–	YILPQGEYPEYQRWM	–	74		 1972.9262	 		 200	

98	–	IFEKGDFSGQ	–	107		 1127.53677	 		 200	
65	–	GEYPEYQRWM	–	74		 1358.5834	 13.2	 186.8	
50	–	YERPNFAGYM	–	59		 1247.55137	 		 200	

98	–	IFEKGDFSGQMYETTED	–	114		 1996.84806	 10	 190	

Phakinin 
162	–	QQVGEAVLENARL	–	174		 1426.76487	 		 200	

157	–	WASSCQQVGEAVLENARL	–	174		 2017.976	 		 200	
211	–	KVIDEANLTKM	–	221		 1261.68205	 6.3	 193.7	
266	–	TGLDDILETIRIQ	–	278		 1486.81115	 		 200	

162	–	QQVGEAVLENARLM	–	175		 1557.80535	 4	 196	
γC	crystallin 166	–	SLRRVVDLY	–	174		 1120.64732	 	 200	
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FIG. 1. Pathway for L-isoaspartate (L-isoAsp) formation and repair. Normal L-asparagine and 

L-aspartate residues (top), can undergo deamidation or dehydration, respectively, to yield a five 

membered L-succinimide ring (center) which is readily hydrolysed under cellular conditions to 

yield either L-aspartate (~15-40% of product), or, more frequently, L-isoaspartate (~60-85%; lower 

left (15)). This abnormal residue can be repaired by reactions initiated by the L-isoaspartyl/D-
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aspartyl O-methyltransferase PCMT1, which uses S-adenosylmethionine (AdoMet) as a methyl 

donor to create a methyl ester that can be quickly hydrolysed back under cellular conditions to 

the L-succinimide intermediate, allowing the reformation of L-aspartate residues. The L-

succinmide ring can racemize during this pathway and yield D-aspartate and D-isoaspartate 

isomers which are not shown here. D-aspartate is an additional substrate for the PCMT1 repair 

enzyme (albeit with kcat/Km values reduced 1000-fold or more (17), while D-isoaspartate is not. 
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FIG. 2: The L-isoAsp modification accumulates to high levels within the aged human lens 

polypeptides while endogenous methyltransferase repair activity remains high with age. 

Lens extracts (25 μg of protein) were radiolabeled by 6 μg PCMT1 and 10 μM [3H] AdoMet for 2 

h at 37 °C as described in the “Experimental Procedures” section . A) L-isoAsp quantified in 

whole lens extracts. Closed circles represent a single eye lens; open circles represent the other 

eye from the same individual. The solid line includes the soluble (WS) extracts; the dashed line 

includes the urea-solubilized water-insoluble (WI) extracts. Each symbol represents one 

technical replicate. Error bars represent standard deviation of the biological replicates. Lines 

were linear regression fits in Graphpad, and slope was significantly non-zero for both WS and 

WI extracts at 0.0048 and 0.0045 p-values, respectively. B) L-isoAsp levels quantified in 

dissected lens nuclear (red circles) and cortical (blue squares) extracts. The solid line and 

closed symbols represent the WS extracts; the dashed line and open symbols represent the WI 

extracts. Each symbol represents one technical replicate. Error bars represent the standard 
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deviation of the technical replicates. Lines were linear regression fits performed in Graphpad 

and none of the lines had significantly non-zero slopes with p-values greater than 0.05. C) 

PCMT1 activity in whole lens extracts was quantified by detecting the amount of [3H]AdoMet 

radioactivity transferred to 100 μM peptide substrate KASA(isoD)LAKY by 15 μg of lens extract 

protein in 2 h at 37 °C. Closed circles represent one lens from an individual; open circles 

represent the other lens from that individual.  Each symbol represents one technical replicate. 

Error bars represent the standard deviation of the technical replicates. Line was a linear 

regression fit performed in Graphpad, and slope was significantly non-zero with a p-value of 

0.0258. D) PCMT1 activity was quantified in dissected lens nuclear (red circles) and cortical 

extracts (blue squares).  Open and closed symbols represent each lens from one individual at 

47- and 69-years old.  Each symbol represents a technical replicate. Error bars represent the 

standard deviation of the technical replicates. Lines were linear regression fits performed in 

Graphpad and neither of the lines had significantly non-zero slopes with p-values greater than 

0.05. 
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FIG. 3: L-isoAsp damage accumulates with age throughout a range of polypeptide sizes 

in water-soluble extracts of human lenses, primarily within LMW species. WS extracts (25 

μg protein) were incubated with 0.3 μM [3H] AdoMet and with (+) or without (-) 5 μg PCMT1 for 

2 h at 37 °C and polypeptides were analyzed by SDS-PAGE using a 12% acrylamide matrix. 

Coomassie-stained gels are shown at the top; fluorographs (2 day exposures) are shown at the 

bottom.  Molecular weight markers (kDa) are indicated with arrows to the left of each gel and 

include myosin, β-galactosidase, phosphorylase b, bovine serum albumin, ovalbumin, carbonic 

anhydrase, soybean trypsin inhibitor, lysozyme, and aprotinin (Bio-Rad SDS-PAGE Molecular 
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Weight Standards, Broad Range, catalog #161-0317). The band corresponding to PCMT1 is 

indicated by asterisks. The migration positions of intact crystallins are indicated by brackets on 

the right hand side of the gels. A) Whole lens extracts from two lenses of each individual. B) 

Nuclear and cortical separated extracts from a single lens (1 day exposure). C) Densitometry of 

lanes from whole lens sets 1 and 2. Error bars represent the standard deviation of the two 

lanes. D) Densitometry of lanes from nuclear and cortical sets. 
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FIG. 4. Size exclusion chromatography of WS extracts demonstrates age-dependent 

increases in HMW protein species and in L-isoAsp damage in crystallins, particularly 

within the HMW fractions. One mg of lens extract was loaded onto a 24 mL Superose 6, 10/300 

GL gel filtration column and proteins were eluted at 0.4 mL/min in 50 mM Tris-HCl, pH 7.9, 150 

mM NaCl. One mL fractions were collected, and 25 μL of each fraction was removed for L-isoAsp 

quantification (red columns) as described in the “Experimental Procedures” section. The black 

lines represent UV absorbance at 280 nm. Peaks were defined throughout the text as labeled in 

the “26-year-old” S.E.C. panel. These designations are based off of the known molecular weights 

of a- and b-crystallin oligomers, coupled with the void volume of the column.  A) Whole lens 

extracts, B) Nuclear  extracts. The age of lens in years is designated on top of each corresponding 

graph. 
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FIG. 5: Analysis of L-isoAsp damage in the native size-exclusion fractions of human whole 

lens extracts by SDS-PAGE reveals the HMW gel filtration fraction contains significant 

amounts of LMW L-isoaspartyl-containing species. Fractions from size exclusion 

chromatography as in Fig. 4 were trichloroacetic acid-precipitated, resuspended in 100 mM Tris-

HCl, pH 7.9, 150 mM NaCl, 0.1% SDS, 6 M Urea and L-isoAsp sites within the fractions were 

radiolabeled by PCMT1 and [3H] AdoMet as described in the Fig. 3 legend. Labeled fractions were 

then separated by SDS-PAGE on a 4-12% gradient gel.  The Coomassie-stained gel is shown in 

the upper panels; the fluorograph (one week exposure) is shown in the lower panels.  The bands 

corresponding to PCMT1 in the Coomassie-stained gel are indicated by asterisks. The migration 

positions of intact crystallins are indicated by brackets on the right hand side of the gels. Labels 

above lanes represent the corresponding peaks from the size exclusion run (see Fig. 4). The age 

of lens sample in years is designated above the corresponding gel. 
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FIG. 6: Identification of crystallin fragments from the gel filtration WS-HMW fraction reveals 

the presence of peptides from a variety of crystallins and other lens proteins with no strong 

trends in residue specificity or localization of cleavage sites. A, The four amino acid residues 

present at the N- and C-terminal sequences of the peptides identified by mass spectrometry in 

the WS-HMW fraction were inputted into WebLogo. The y-axis represents the fraction of a 

particular residue that occurs at that position. On the x-axis, position 1 of the N-terminus 

represents the first residue of the cleaved peptide, position 4 of the C-terminus represents the 

last residue of the cleaved peptide. B, Graphical representation of the cleavage sites observed in 
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WS-HMW peptides along the primary sequence of αA-crystallin (upper panel) and αB-crystallin 

(lower panel). Residues with 3 or more cleavages are designated by their single letter amino acid 

code.  Similar patterns were observed with other lens proteins. Grey numbers designate every 

20th residue in the sequence. 
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FIG. 7. The isomerized forms of WS-HMW derived synthetic peptides αA52-65, isoAsp58 and 

αA89-98, isoAsp91 do not inhibit αB crystallin chaperone activity, but modestly increase protein 

precipitation in vitro. A, Inhibition assays were performed as described in the “Experimental 

Procedures” section. Briefly, alcohol dehydrogenase (ADH, 125 μg) was incubated under 

denaturing conditions (50 mM sodium phosphate, pH 7.0, 100 mM NaCl, and 10 mM 

phenanthroline) with and without αB crystallin (50 μg) and peptides (50 μg). Aggregation was 

monitored by light scattering at A360 nm. Symbols represent the mean and errors bars represent 

the standard deviation of three technical replicates. B, 47 year old lens extract (500 μg) was 
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incubated with both 25 and 50 μg of the αA52-65, isoAsp58 or αA89-98, isoAsp91 peptides (from stocks made 

in water) for 14 h at 37 °C. Reactions were spun for 10 min at 3,000 rpm. The resulting pellet was 

separated by SDS-PAGE. Molecular weight markers (kDa) are indicated with arrows to the left of 

the gel (Perfect Protein Markers, 10-225 kDa, Millipore Sigma, Catalog # 69079). C, The lanes of 

the gel were quantified by densitometry and normalized from 0-1 based on the lowest and highest 

values. Error bars represent the range of two replicates.  
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FIG. 8. The native form of WS-HMW derived synthetic peptide αA52-65 shows enhanced self-

aggregation and protein precipitation compared to the isomerized form. A, The isomerized 

and native αA52-65 peptides were dissolved in 50 mM Tris-HCl, pH 7.5 and 1% DMSO at 3 mg/ml. 

In order to solubilize the native αA89-98 peptide, the isomerized and native forms were first 

dissolved in 3% ammonia in water as described “Experimental Procedures” and subsequently 

diluted into in 50 mM Tris-HCl, pH 7.5 at a final concentration of 2 mg/ml. Aggregation was 

analyzed by light scattering at 340 nm. Assays were performed in duplicate and one line for each 

duplicate is shown. Lines pertaining to peptide solutions are labeled, the black line represents the 

buffer background for the αA52-65 condition, while the green line represents the buffer background 

for the αA89-98 condition. B, 47 year old lens extract (500 μg) was incubated with 50 μg of the αA52-
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65 peptides (from stocks made in water) for 14 h at 37 °C. Reactions were spun for 10 min at 3,000 

rpm. The resulting pellet was separated by SDS-PAGE. Molecular weight markers (kDa) are 

indicated with arrows to the left of the gel (PageRuler Unstained Protein Ladder, 10-200 kDa, 

ThermoFisher Scientific, Catalog # 26614). C, The lanes of the gel were quantified by 

densitometry and normalized from 0-1 based on the lowest and highest values. Error bars 

represent the range of two replicates.  
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FIG. 9: Isomerization of the anti-chaperone peptide αA66-80 increases its ability to form 

amyloid and enhances its anti-chaperone activity in vitro. A, αA66-80 (solid line) and αA66-80, 

isoAsp76 (dashed line) peptides were incubated with amyloid-binding dye Thioflavin T to monitor 

self-aggregation as described in the “Experimental Procedures” section. B, Peptides were 

incubated without ThT and the resulting aggregates were observed by electron microscopy as 

described in the “Experimental Procedures” section.  The scale bar represents either 200 or 500 

nm as indicated.  Two representative fields are shown. C, Aggregation was measured for alcohol 

dehydrogenase (ADH, 150 μg) incubated under denaturing conditions (50 mM sodium phosphate, 

pH 7.0, 100 mM NaCl, and 10 mM phenanthroline) with and without αB crystallin (40 μg) and 

peptides (40 μg). Aggregation was monitored by light scattering at A360 nm. D, Control aggregation 

reactions were performed as in Panel C with peptides and αB crystallin alone. Data sets from 

panels C and D were from a single experiment and were separated onto two graphs for clarity, 

the αB crystallin alone and buffer background from panels C and D are duplicated. 
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SUPPLEMENTARY MATERIALS: 

Sequence Positions in Master Proteins 
Theo. MH+ 

[Da] 
Abundances 
44 year old 

Abundances 
76 year old Ion Score 

LFRTVLDSGISEVR P02489 [52-65] 1591.88023 2.2 197.8 70 
VLDSGISEVR P02489 [56-65] 1074.57896 12.9 187.1 65 

SADGMLTFCGPKIQ P02489 [134-147] 1524.71851 6 194 62 
RTVLDSGISEVR P02489 [54-65] 1331.72775 68.3 131.7 61 

SLFRTVLDSGISEVR P02489 [51-65] 1678.91226   200 61 
SADGMLTFCGPKI P02489 [134-146] 1396.65993   200 61 

SADGMLTFCGPKIQ P02489 [134-147] 1540.71343 21.3 178.7 61 
LDVKHFSPEDLTVK P02489 [75-88] 1627.869 0.8 199.2 58 
RTVLDSGISEVRSD P02489 [54-67] 1533.78672 191 9 57 
TVLDSGISEVRSD P02489 [55-67] 1377.68561 200   55 

VQDDFVEIH P02489 [89-97] 1101.52111 22.9 177.1 51 
LDVKHFSPEDLTVKVQD P02489 [75-91] 1970.02293 1.6 198.4 51 

STISPYYRQSLF P02489 [42-53] 1461.73726 0.9 199.1 49 
DDFVEIH P02489 [91-97] 874.39412 85.5 114.5 47 

KVQDDFVEIH P02489 [88-97] 1229.61608 183.7 16.3 45 
DVKHFSPEDLTVKVQD P02489 [76-91] 1856.93887 28.1 171.9 42 

VQDDFVEIHG P02489 [89-98] 1158.54258   200 42 
IFLDVK P02489 [73-78] 734.4447 181.3 18.7 37 

SCSLSADGMLTFCGPKIQ P02489 [130-147] 1971.89728 6.2 193.8 37 
VKVQDDFVEIH P02489 [87-97] 1328.68449 173.1 26.9 37 

RLFDQFFGE P02489 [21-29] 1158.55783 42.2 157.8 37 
TISPYYRQSLF P02489 [43-53] 1374.70523 10.3 189.7 36 

RLFDQF P02489 [21-26] 825.42536 75.9 124.1 35 
LFRTVLDSGI P02489 [52-61] 1120.63609   200 34 

LDVKHFSPEDLTVKVQ P02489 [75-90] 1854.99599 0.6 199.4 34 
SADGMLTFCGPKIQT P02489 [134-148] 1625.76619   200 34 

LSSTISPYYRQ P02489 [40-50] 1314.66884 200   34 
LFRTVLDSGISEVRSD P02489 [52-67] 1793.9392 24.8 175.2 33 

HFSPEDLTVKVQ P02489 [79-90] 1399.72161   200 33 
LFRTVLD P02489 [52-58] 863.49853 87.7 112.3 33 

SLFRTVLDSGIS P02489 [51-62] 1294.70014 51.8 148.2 33 
SSTISPYYRQSLF P02489 [41-53] 1548.76928 10.8 189.2 32 
TVKVQDDFVEIH P02489 [86-97] 1429.73217 200   32 

DFVEIH P02489 [92-97] 759.36718 41.4 158.6 29 
LDVKHFSPEDLTVKV P02489 [75-89] 1726.93741   200 29 

LDVKHF P02489 [75-80] 758.41955 5.6 194.4 28 
RLFDQFF P02489 [21-27] 972.49378 80.7 119.3 27 

SLFRTVLDSGISEVRSD P02489 [51-67] 1880.97123 27.9 172.1 26 
 

TABLE S1: αA crystallin peptides. Lens peptides were isolated from the gel filtration HMW 

fraction and identified as described in “Experimental Procedures.” All peptides with an ion score 
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of 26 or higher are displayed with their corresponding theoretical mass and relative abundances 

in a 44-year-old and 76-year-old whole lens sample on a scale of 0-200. 
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Sequence 
Positions in Master 

Proteins 
Theo. MH+ 

[Da] 
Abundances 
44 year old 

Abundances 
76 year old Ion Score 

VLGDVIEVH P02511 [93-101] 980.54112 57.2 142.8 73 
GEHLLESDLFPT P02511 [29-40] 1357.66342 9.8 190.2 61 
RIPADVDPLTIT P02511 [123-134] 1310.73144 2.2 197.8 49 

RIPADVDPLTITS P02511 [123-135] 1397.76347 2.7 197.3 46 
GDVIEVH P02511 [95-101] 768.38864   200 43 

HFSPEELKVKVLGD P02511 [83-96] 1597.85843   200 41 
EELKVKVL P02511 [87-94] 957.59791 8.9 191.1 39 

RAPSWFDTGLSEMR P02511 [56-69] 1652.78495   200 38 
VLGDVIEVHGK P02511 [93-103] 1165.65755   200 37 

REEKPAVTAAPKK P02511 [163-175] 1424.82199   200 37 
RIPADVD P02511 [123-129] 785.41519 1.8 198.2 37 

HLLESDLFPT P02511 [31-40] 1171.59937 5.6 194.4 36 
RLFDQFFGE P02511 [22-30] 1158.55783 42.2 157.8 36 

SSLSSDGVLTVNGPRKQ P02511 [135-151] 1744.9188 69.4 130.6 34 
RLFDQF P02511 [22-27] 825.42536 75.9 124.1 34 

REEKPAVTAAPK P02511 [163-174] 1296.72703   200 34 
YLRPPSFL P02511 [48-55] 992.55638 17.1 182.9 34 

HFSPEELKVKVL P02511 [83-94] 1425.81003 0.6 199.4 33 
SLSSDGVLTVNGPRKQ P02511 [136-151] 1657.88677 73.3 126.7 33 

LSSDGVLTVNGPRK P02511 [137-150] 1442.79617   200 31 
FHRKYRIPADVDPLTIT P02511 [118-134] 2042.11817   200 31 

HFSPEELKVK P02511 [83-92] 1213.65755   200 31 
PEELKVKVL P02511 [86-94] 1054.65067 6.2 193.8 30 

RIPADVDPLTITSS P02511 [123-136] 1484.7955   200 30 
SPEELKVKVL P02511 [85-94] 1141.6827 9.8 190.2 30 

VSGPERTIPITREEKPAVTAAPKK P02511 [152-175] 2575.45661 74.6 125.4 29 
RFSVNLDVKHF P02511 [74-84] 1361.73245 21.8 178.2 28 

LDVKHFSPEELKVK P02511 [79-92] 1668.93193   200 28 
RIPADVDPL P02511 [123-131] 995.55202 20.2 179.8 27 

SSLSSDGVLTVNGPRKQV P02511 [135-152] 1843.98722   200 27 
LDVKHF P02511 [79-84] 758.41955 5.6 194.4 27 

KYRIPADVDPLTIT P02511 [121-134] 1601.88973   200 26 
RIPADVDPLTITSSLS P02511 [123-138] 1684.91159   200 26 

RLFDQFF P02511 [22-28] 972.49378 80.7 119.3 26 
VKHFSPEELKVKVL P02511 [81-94] 1652.9734   200 26 

 

TABLE S2: αB crystallin peptides. Lens peptides were isolated from the gel filtration HMW 

fraction and identified as described in “Experimental Procedures.” All peptides with an ion score 

of 26 or higher are displayed with their corresponding theoretical mass and relative abundances 

in a 44-year-old and 76-year-old whole lens sample on a scale of 0-200. 
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Sequence 
Positions in Master 

Proteins 
Theo. MH+ 

[Da] 
Abundances 
44 year old 

Abundances 
76 year old Ion Score 

GPWKITIYD P05813 [29-37] 1092.57242 200   47 
GWFNNEVGSMKIQ P05813 [152-164] 1509.71547   200 28 

TIFEKENFIGRQ P05813 [127-138] 1481.7747 16 184 27 
SKMTIF P05813 [124-129] 726.38547 1.4 198.6 27 

WEISDDYPSLQAM P05813 [139-151] 1554.67809 0.4 199.6 26 
 
TABLE S3: βA3 crystallin peptides. Lens peptides were isolated from the gel filtration HMW 

fraction and identified as described in “Experimental Procedures.” All peptides with an ion score 

of 26 or higher are displayed with their corresponding theoretical mass and relative abundances 

in a 44-year-old and 76-year-old whole lens sample on a scale of 0-200. 
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Sequence 

Positions in Master 
Proteins 

Theo. MH+ 
[Da] 

Abundances 
44 year old 

Abundances 
76 year old Ion Score  

TIFEQENFLGKK P53673 [108-119] 1453.76856   200 55 
IFEQENFLGKK P53673 [109-119] 1352.72088 1.4 198.6 45 

GELSDDYPSLQAM P53673 [120-132] 1425.62024 1.8 198.2 45 
SRLTIFEQENFLGKK P53673 [105-119] 1809.98576   200 42 

DSRLTIFEQENFLGKK P53673 [104-119] 1925.0127   200 42 
SGAWVCSQFPGYRGF P53673 [146-160] 1718.77439 30.8 169.2 36 

ERLTSFRPA P53673 [89-97] 1076.58472   200 32 
FQVQSIR P53673 [186-192] 877.48903 24.1 175.9 32 

GELSDDYPSLQ P53673 [120-130] 1223.54264 6.3 193.7 31 
SRLTIF P53673 [105-110] 736.4352 8.8 191.2 30 

SGAWVCSQFPGYRG P53673 [146-159] 1571.70597 115.8 84.2 29 
GWEGNEVGSFHVH P53673 [133-145] 1454.64475 200   29 

FLGKKGELSDDYPSLQAM P53673 [115-132] 1998.9841   200 27 
KGELSDDYPSLQAM P53673 [119-132] 1553.7152   200 27 

 

TABLE S4: βA4 crystallin peptides. Lens peptides were isolated from the gel filtration HMW 

fraction and identified as described in “Experimental Procedures.” All peptides with an ion score 

of 26 or higher are displayed with their corresponding theoretical mass and relative abundances 

in a 44-year-old and 76-year-old whole lens sample on a scale of 0-200. 
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Sequence 
Positions in Master 

Proteins 
Theo. MH+ 

[Da] 
Abundances 
44 year old 

Abundances 
76 year old Ion Score 

HLEGSFPVLA P53674 [238-247] 1069.56767   200 62 
HLEGSFPVLATEPPK P53674 [238-252] 1621.85843 21 179 59 

EGSFPVLATEPPK P53674 [240-252] 1371.71546 2.3 197.7 55 
SFPVLATEPPK P53674 [242-252] 1185.6514 54.3 145.7 54 

TLAPTTVPITSAK P53674 [38-50] 1299.75184 22.2 177.8 50 
RDKQWHLEGSFPVLATEPPK P53674 [233-252] 2335.21934   200 48 

RLRDKQWHLEGSFPVLATEPPK P53674 [231-252] 2604.40452   200 45 
VVFELENFQGR P53674 [62-72] 1337.68483   200 44 
GSFPVLATEPPK P53674 [241-252] 1242.67286 39.7 160.3 39 

WHLEGSFPVLATEPPK P53674 [237-252] 1807.93775   200 39 
MFILEKG P53674 [113-119] 837.45389 18.7 181.3 38 

NFRGEMFILEKG P53674 [108-119] 1440.7304   200 30 
TTLAPTTVPITSA P53674 [37-49] 1272.70456 12.7 187.3 28 

LEGSFPVLATEPPK P53674 [239-252] 1484.79952 38.9 161.1 28 
WHLEGSFPVLA P53674 [237-247] 1255.64698   200 27 
RLMSFRPIKM P53674 [135-144] 1278.71733   200 26 

 

TABLE S5: βB1 crystallin peptides. Lens peptides were isolated from the gel filtration HMW 

fraction and identified as described in “Experimental Procedures.” All peptides with an ion score 

of 26 or higher are displayed with their corresponding theoretical mass and relative abundances 

in a 44-year-old and 76-year-old whole lens sample on a scale of 0-200. 

 

  



	 69 

Sequence 
Positions in Master 

Proteins 
Theo. MH+ 

[Da] 
Abundances 
44 year old 

Abundances 
76 year old Ion Score 

KMEIIDDDVPSFHAH P43320 [121-135] 1753.8214   200 51 
KMEIIDDDVPSFHA P43320 [121-134] 1616.76248   200 48 

KMEIIDDDVPSFHAHG P43320 [121-136] 1810.84286   200 41 
MEIIDDDVPSFHAH P43320 [122-135] 1625.72643   200 35 

SVRVQSGTWVGYQYPGYRGL P43320 [143-162] 2273.14618   200 34 
KMEIIDDDVPSFH P43320 [121-133] 1545.72537   200 33 

SGTWVGYQYPGYRGL P43320 [148-162] 1703.81763   200 33 
KMEIIDDDVPSFHAHGYQEKVSSVRVQ P43320 [121-147] 3114.53131 3.1 196.9 31 

PKIIIF P43320 [17-22] 730.48617 8.3 191.7 29 
SHELNGPCPNLKETGVEKAGSVLVQ P43320 [31-55] 2663.34574   200 26 

EIIDDDVPSFHAH P43320 [123-135] 1494.68595 5.4 194.6 26 
 

TABLE S6: βB2 crystallin peptides. Lens peptides were isolated from the gel filtration HMW 

fraction and identified as described in “Experimental Procedures.” All peptides with an ion score 

of 26 or higher are displayed with their corresponding theoretical mass and relative abundances 

in a 44-year-old and 76-year-old whole lens sample on a scale of 0-200. 
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Sequence 
Positions in Master 

Proteins 
Theo. MH+ 

[Da] 
Abundances 
44 year old 

Abundances 
76 year old Ion Score 

GELAGPEDALARQVE Q12934 [79-93] 1554.77583 66.3 133.7 77 
FIETPIPLFTQSH Q12934 [324-336] 1529.79986   200 66 

RVELQAQTTTLEQAIK Q12934 [239-254] 1829.0127 5.8 194.2 61 
FIETPIPLFTQ Q12934 [324-334] 1305.70892 1.1 198.9 53 

AQRVELQAQTTTLEQAIK Q12934 [237-254] 2028.10839     51 
QQIIHTTPPASIVTS Q12934 [191-205] 1592.86425 2.6 197.4 50 
SLAALQGLGERVA Q12934 [40-52] 1284.72703 12.3 187.7 48 

GELAGPEDALARQV Q12934 [79-92] 1425.73323   200 48 
QQIIHTTPPASIVT Q12934 [191-204] 1505.83222 6.1 193.9 47 

TTTLEQAIKSA Q12934 [246-256] 1162.63139 6.5 193.5 45 
LDAFQRLGEL Q12934 [72-81] 1161.62625   200 45 

GELAGPEDALAR Q12934 [79-90] 1198.60624   200 42 
ISILQQIIH Q12934 [187-195] 1064.64626 12 188 42 

FIETPIPLFT Q12934 [324-333] 1177.65034 4.5 195.5 42 
SLAALQGLGERVAAH Q12934 [40-54] 1492.82305   200 40 

KTVEVVESIEKIS Q12934 [620-632] 1460.82065 2.4 197.6 39 
QQIIHTTPPASIVTSGM Q12934 [191-207] 1780.9262   200 38 

IETPIPLFTQ Q12934 [325-334] 1158.6405 0.4 199.6 37 
RLQLEAQ Q12934 [157-163] 857.48394 2.2 197.8 36 

FIETPIPLFTQSHG Q12934 [324-337] 1586.82132   200 35 
NKEADEALLHNL Q12934 [145-156] 1366.69612 6.4 193.6 34 

LTEREVAAL Q12934 [213-221] 1001.56259   200 34 
RQLDAFQRL Q12934 [70-78] 1146.63782 12.8 187.2 33 

GMREEKLLTEREVAAL Q12934 [206-221] 1844.98986   200 33 
IETPIPLFTQSH Q12934 [325-336] 1382.73144   200 33 

LDAFQRL Q12934 [72-78] 862.47813 13.3 186.7 33 
AFQRLGELAGPE Q12934 [74-85] 1287.66918 177.5 22.5 32 

IETPIPLF Q12934 [325-332] 929.53425   200 32 
MREEKLLTEREVAAL Q12934 [207-221] 1787.96839   200 31 

VIVETMIGKTK Q12934 [644-654] 1218.71262 200   31 
FIETPIPL Q12934 [324-331] 929.53425   200 31 

FIETPIPLF Q12934 [324-332] 1076.60266   200 30 
QLDAFQRL Q12934 [71-78] 990.53671   200 30 

RIIEIEGNRLT Q12934 [311-321] 1313.75357 9.2 190.8 28 
AALQGLGERVAAHVQ Q12934 [42-56] 1519.83395 39.6 160.4 27 

REEKLLTEREVAAL Q12934 [208-221] 1656.92791 6.1 193.9 27 
LEEGREVLSHL Q12934 [225-235] 1281.67974   200 27 

RVELQAQTTTLEQAIKS Q12934 [239-255] 1916.04473   200 27 
SLAALQGLGERVAAHVQ Q12934 [40-56] 1719.95004   200 26 

TABLE S7: Filensin peptides. Lens peptides were isolated from the gel filtration HMW fraction 

and identified as described in “Experimental Procedures.” All peptides with an ion score of 26 or 

higher are displayed with their corresponding theoretical mass and relative abundances in a 44-

year-old and 76-year-old whole lens sample on a scale of 0-200. 
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Sequence 
Positions in Master 

Proteins 
Theo. MH+ 

[Da] 
Abundances 
44 year old 

Abundances 
76 year old Ion Score 

YILPQGEYPEYQRWM P22914 [60-74] 1972.9262   200 45 
IFEKGDFSGQ P22914 [98-107] 1127.53677   200 43 

GEYPEYQRWM P22914 [65-74] 1358.5834 13.2 186.8 41 
 

TABLE S8: γS crystallin peptides. Lens peptides were isolated from the gel filtration HMW 

fraction and identified as described in “Experimental Procedures.” All peptides with an ion score 

of 26 or higher are displayed with their corresponding theoretical mass and relative abundances 

in a 44-year-old and 76-year-old whole lens sample on a scale of 0-200. 
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Sequence 
Positions in Master 

Proteins 
Theo. MH+ 

[Da] 
Abundances 
44 year old 

Abundances 
76 year old Ion Score 

QQVGEAVLENARL Q13515 [162-174] 1426.76487   200 60 
WASSCQQVGEAVLENARL Q13515 [157-174] 2017.976   200 57 

KVIDEANLTKM Q13515 [211-221] 1261.68205 6.3 193.7 56 
TGLDDILETIRIQ Q13515 [266-278] 1486.81115   200 56 

QQVGEAVLENARLM Q13515 [162-175] 1557.80535 4 196 55 
RASWASSCQQVGEAVLENARL Q13515 [154-174] 2332.14625   200 53 

SSCQQVGEAVLENARLM Q13515 [159-175] 1891.90006 2.1 197.9 51 
RASWASSCQQVGEAVLENARLM Q13515 [154-175] 2463.18674   200 50 

KVIDEANLTKMDLESQIE Q13515 [211-228] 2076.05291   200 48 
SWASSCQQVGEAVLENARL Q13515 [156-174] 2105.00803   200 47 
WASSCQQVGEAVLENARLM Q13515 [157-175] 2149.01648 0.2 199.8 45 

QVGEAVLENARLM Q13515 [163-175] 1429.74677   200 44 
SCQQVGEAVLENARLM Q13515 [160-175] 1804.86803 1.2 198.8 44 

QVGEAVLENARL Q13515 [163-174] 1298.70629 23.7 176.3 41 
SVFLQGLRSSGL Q13515 [82-93] 1263.70556 7 193 40 

SLYKVIDEANLTKM Q13515 [208-221] 1624.86147 12.4 187.6 39 
YHALLD Q13515 [405-410] 731.37227   200 30 

GLRSSGLATVPAPGLER Q13515 [87-103] 1680.93914 20.9 179.1 30 
SWASSCQQVGEAVLENARLM Q13515 [156-175] 2236.04851   200 30 

HALLDREE Q13515 [406-413] 982.49523 2.9 197.1 29 
SCQQVGEAVLENARL Q13515 [160-174] 1673.82754   200 29 

YHALLDREE Q13515 [405-413] 1145.55856 4.4 195.6 29 
SVFLQGLRSSGLATVPAPGLERD Q13515 [82-104] 2370.27758   200 29 

HMSQTQEEKLAAAL Q13515 [304-317] 1556.77372   200 28 
SVFLQGLR Q13515 [82-89] 919.53598 9 191 28 
AEEEINSLY Q13515 [202-210] 1067.48915   200 28 
ALLDREESG Q13515 [407-415] 989.48981   200 27 
DILETIRIQ Q13515 [270-278] 1100.631 15.2 184.8 27 
GAVVGRL Q13515 [364-370] 671.41989   200 26 

SVFLQGLRSSGLA Q13515 [82-94] 1334.74268 2.4 197.6 26 
AVLENARLM Q13515 [167-175] 1016.55573 11 189 26 
SVFLQGLRSS Q13515 [82-91] 1093.60003 31.3 168.7 26 

SVFLQGLRSSGLATVPAPGLER Q13515 [82-103] 2255.25064   200 26 
 

TABLE S9: Phakinin peptides. Lens peptides were isolated from the gel filtration HMW fraction 

and identified as described in “Experimental Procedures.” All peptides with an ion score of 26 or 

higher are displayed with their corresponding theoretical mass and relative abundances in a 44-

year-old and 76-year-old whole lens sample on a scale of 0-200. 
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SUPPORTING FIG. 1: Exogenous PCMT1 labeling of L-isoAsp is not affected by urea. 

KASA(isoD)LAKY peptide was resuspended in 50 mM Tris-HCl, pH 7.9, 150 mM NaCl, and 6 M 

urea to match buffer conditions of re-solubilized water-insoluble lens extracts (“in 6 M urea” 

indicated on the x-axis), or in 50 mM Tris-HCl, pH 7.9, 150 mM NaCl buffer lacking urea to 

match buffer conditions of water-soluble lens extracts. These buffers alone were used in the 

“Background” reactions. Buffer alone, 100 pmol of KASA(isoD)LAKY, and 10 pmol of 

KASA(isoD)LAKY were analyzed for L-isoAsp content by PCMT1 methylation as described in 

the Experimental Procedures section. Reactions were performed in triplicate, and the average 

value is displayed above each column. Error bars represent the standard deviation. 
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Supporting Fig. 2: Exogenous PCMT1 cannot methylate aggregated αA66-80, isoAsp76 peptide. 

Aggregates of αA66-80, isoAsp76 were formed at 1 mg/mL in 50 mM Tris-HCl, pH 7.6, 150 mM NaCl 

(TBS). Soluble peptide solutions of αA66-80, isoAsp76 were prepared by dissolving αA66-80, isoAsp76 in 

TBS with 10% DMSO and filtering immediately prior to PCMT1 methylation assays, carried out 

as described in the Experimental Procedures section. Values of  “Percent L-isoAsp methylation” 

were calculated by dividing the pmol of L-isoAsp methylated by the pmol of LisoAsp present in 

the reaction (70 pmol soluble peptide analyzed, 1000 pmol aggregate analyzed). 

  



	 75 

 
SUPPORTING FIG. 3: Analysis of L-isoAsp damage in the native size-exclusion fractions 

of human nuclear lens extracts by SDS-PAGE reveals the HMW gel filtration fraction 

contains significant amounts of LMW L-isoaspartyl-containing species.  Fractions from size 

exclusion chromatography as in Fig. 4 were trichloroacetic acid-precipitated, resuspended in 100 

mM Tris-HCl, pH 7.9, 150 mM NaCl, 0.1% SDS, 6 M Urea and L-isoAsp sites within the fractions 

were radiolabeled by PCMT1 and [3H] AdoMet as described in the Fig. 3 legend. Labeled fractions 

were then separated by SDS-PAGE on a 4-12% gradient gel.  The Coomassie-stained gel is 

shown in the upper panels; the fluorograph (one week exposure) is shown in the lower panels.  In 

the experiment with the 47-year-old extract, molecular weight markers shown in Fig. 3 were used; 

in the 64- and 75-year-old-samples the molecular weight standards include synthetic polypeptides 

of the designated molecular weights (Thermo-Scientific, PageRuler Unstained Protein Ladder, 

catalog # 26614).  The bands corresponding to PCMT1 in the Coomassie-stained gel are 

indicated by asterisks. The migration positions of intact crystallins are indicated by brackets on 

the right hand side of the gels. Labels above lanes represent the corresponding peaks from the 

size exclusion run (see Fig. 4). The age of lens sample in years is designated above the 

corresponding gel.  
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SUPPORTING FIG. 4: The αA66-80, isoAsp76 peptide aggregates purified αB crystallin more than 

the native αA66-80 peptide. αB crystallin (40 μg) was incubated with designated amounts of the 

αA66-80  (top panel) or αA66-80, isoAsp76 (bottom panel) peptide in 50 mM sodium phosphate, pH 7.0, 

100 mM NaCl, and 10 mM phenanthroline as described in the “Experimental Procedures” section. 

Aggregation was monitored by light scattering at A360. Symbols represent the mean and error bars 

represent the standard deviation of three technical replicates. 
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CHAPTER 4 

Structure of amyloid-β (20-34) with Alzheimer’s-associated isomerization at Asp23 reveals a 

distinct protofilament interface 
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Structure of amyloid-β (20-34) with Alzheimer’s-associated isomerization at Asp23 reveals a 

novel protofibril interface 

Rebeccah A. Warmack, David R. Boyer, Chih-Te Zee, Logan S. Richards, Michael R. Sawaya, 

Duilio Cascio, Tamir Gonen, David S. Eisenberg, and Steven G. Clarke 

ABSTRACT: 

Amyloid-β (Aβ) harbors numerous post-translational modifications (PTMs) that may 

affect Alzheimer’s disease (AD) pathogenesis. Here we present the 1.1 Å resolution MicroED 

structure of an Aβ 20-34 fibril with and without the disease-associated PTM, L-isoaspartate, at 

position 23 (L-isoAsp23). Both wild-type and L-isoAsp23 protofilaments adopt β-helix-like folds 

with tightly packed cores, resembling the cores of full-length fibrillar Aβ structures, and both self-

associate through two distinct interfaces.  One of these is a unique Aβ interface strengthened by 

the isoaspartyl modification. Powder diffraction patterns suggest a similar structure may be 

adopted by protofilaments of an analogous segment containing the heritable Iowa mutation, 

Asp23Asn. Consistent with its early onset phenotype in patients, Asp23Asn accelerates 

aggregation of Aβ 20-34, as does the L-isoAsp23 modification. These structures suggest that 

the enhanced amyloidogenicity of the modified Aβ segments may also reduce the concentration 

required to achieve nucleation and therefore help spur the pathogenesis of AD.  
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INTRODUCTION      

A prevalent theory for the biochemical basis of Alzheimer’s disease is the amyloid 

cascade hypothesis, which describes the aggregation of the Aβ peptide into oligomer or fibrous 

structures that then trigger the formation of neurotoxic tau neurofibrillary tangles1-3. The Aβ 

peptide is subject to a number of posttranslational modifications (PTMs) that may affect its 

aggregation in vivo
4. Specifically, Aβ phosphorylation (Ser8, Ser26), pyroglutamylation (Glu3, 

Glu11), nitration (Tyr10), and racemization/isomerization (Asp1, Asp7, Asp23, Ser26) have 

been shown in vitro to increase the aggregation propensity or neurotoxicity of the Aβ 1-42 

peptide5-11, while other modifications, such as dityrosine crosslinking (Tyr10), have been shown 

to increase the stability of the Aβ aggregates12. 

 Isomerized products of aspartic acid residues perturb protein structure by rerouting the 

peptide backbone through the side chain β-carbonyl. This age-dependent modification 

introduces a methylene group within the polypeptide backbone and thus may have a significant 

effect on the structure of Aβ oligomers or fibrils13-15. Additionally, the isopeptide bond is resistant 

to degradation, potentially increasing the concentration of the isomerized Aβ form. Despite the 

presence of a repair enzyme in the brain, the L-isoaspartate (D-aspartate) O-methyltransferase 

(PCMT1) for L-isoaspartate, the isomerization of Aβ Asp1, Asp7, and Asp23 has been identified 

within AD brain parenchyma16-17. In the cases of the heritable early onset AD Iowa mutation 

(Asp23Asn), 25-65% of Asn23 residues have been shown to be isomerized in frontal lobe 

tissues18, consistent with the increased rates of spontaneous deamidation/isomerization of 

asparagine relative to aspartate19. In vitro studies demonstrate that L-isoaspartate at Asp23 (L-

isoAsp23) significantly accelerates Aβ 1-42 fibril formation, while L-isoAsp7 alone does not11, 20. 

Subsequent studies using peptides with multiple sites of isomerization showed only minor 

accelerated aggregation of the tri-isomerized species (1, 7, and 23), over the di-isomerized 

species (7 and 23)18. Taken together, these results suggest that amongst the known sites of 
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Asp isomerization in Aβ, L-isoAsp23 is primarily responsible for the increase in aggregation 

propensity in vitro. 

Given the relevance of the isomerization of Asp23 to both sporadic and hereditary Iowa 

mutant forms of AD, we sought to discover the structural basis for its acceleration of fibril 

formation10,17,18. As a platform for evaluating this modification, we chose synthetically generated 

15-mer peptides encoding residues 20-34 of the Aβ peptide (Aβ20-34) with and without an L-

isoAsp modification at position 23 and spanning the core of known Aβ fibril structures21-29. 

Challenged by the small size of crystals formed by this segment, we employed the cryoEM 

method MicroED to determine the structures. The structures of Aβ20-34 and Aβ20-34, isoAsp23, 

determined to 1.1 Å resolution by direct methods, reveal with atomic detail a conserved kinked 

β-helix-like-turns with complex features similar to those observed previously at lower resolution 

in the cores of fibrillar Aβ 1-42, as well as a distinct pair of protofilament interfaces. Our results 

suggest that the L-isoAsp23 residue facilitates the formation of a more stable form of this unique 

interface, promoting enhanced fiber formation and stability. The length of these peptide 

segments, four residues longer than any other crystallographically determined amyloid 

structures30-33, is key in facilitating its complex fold - a conformation more representative of the 

full-length Aβ fibrils.  
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RESULTS 

Fibril formation and characterization of Aβ20-34 peptides 

     Six early-onset hereditary Alzheimer’s mutations and two PTMs, including the 

isomerized Asp23, are localized in the Aβ 1-42 peptide to a region spanning six residues from 

Ala21 to Ser26 near the center of the peptide (Fig. 1a, b)17,34-35. The amyloid-forming propensity 

of segments in this region of Aβ was assessed using a computational method of predicting 

steric zippers by a threading protocol (ZipperDB36). This method highlights a region of Aβ from 

Asn28 to Gly37 with high aggregation propensity near the site of Asp23 isomerization (Fig. 1b). 

To characterize segments containing an isomerized Asp residue at position 23, we utilized 

synthetic 15 residue peptides spanning the Aβ residues 20-34 (Aβ20-34) in which Asp23 was 

substituted with either an L-Asn residue (Iowa mutant; Aβ20-34, Asp23Asn), or an L-isoAsp residue 

(Aβ20-34, isoAsp23). 

    To evaluate the effect of these variations on this 15-residue segment of Aβ, we 

assayed its capacity to form fibrils as measured by light scattering at 340 nm (Fig. 1c). Both the 

peptide based on the Iowa mutant (Aβ20-34, Asp23Asn) and the peptide based on L-isoAsp23 (Aβ20-

34, isoAsp23) demonstrated significantly enhanced fibril formation over that of Aβ20-34, with the Iowa 

mutant peptide displaying the fastest initial rate of fibril formation (Fig. 1c). Fibers of the native 

peptide at this concentration (1.6 mM) were not observed by light scattering or electron 

microscopy. We further discovered that only 34% of these Aβ20-34, isoAsp23 aggregates could be 

methylated by the L-isoAsp repair protein carboxyl methyltransferase (PCMT1) in vitro 

(Supplementary Figure 1). These data suggest that a majority of the L-isoAsp sites are 

occluded from the normal repair pathway once in the aggregate form.  

To determine the ability of these modified forms to accelerate the aggregation of native 

peptide, seeding of 3.2 mM Aβ20-34 was performed using 10 μM final concentrations of pre-

aggregated seeds of Aβ20-34, Aβ20-34, Asp23Asn, and Aβ20-34, isoAsp23 (Fig. 1d). The addition of each of 

the preformed aggregates caused significant acceleration in the onset of fiber formation. The 
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largest shift occurred with the native Aβ20-34 peptide, followed by isomerized Aβ20-34, isoAsp23 and  

Aβ20-34, Asp23Asn. Powder diffraction performed on the final aggregates revealed nearly identical 

sets of reflections, suggesting that the three seeds have similar enough structures to template 

wild-type Aβ20-34 aggregates whose diffraction resembles unseeded fibrils (Supplementary 

Figure 2a). Fibrillization experiments of full-length Aβ 1-40 with and without the L-isoAsp 

modification at residue 23 reveals that the isomerized species displays a shorter lag time, 

consistent with the results obtained with the corresponding Aβ20-34 peptides (Supplementary 

Figure 2b; Fig. 1c). Thus, while the isomerized form may be only a minor component of the in 

vivo Aβ population, it aggregates at a faster rate and this species can cross-seed the native 

form efficiently in vitro. 

In contrast to the results obtained with 1.6 mM Aβ20-34, increasing the concentration to 

3.2 mM Aβ20-34 did yield aggregates ~77nm in width (Fig.  1c, d). Importantly, light scattering 

under these conditions for this native peptide is not detected until 3.5 h at the earliest, while 

shifts in light scattering for the 1.6 mM isomerized and mutated peptides were detected by 1.5 h 

and 0.5 h, respectively (Fig. 1d). Direct comparisons of formation rates were complicated by the 

insolubility of the Aβ20-34, Asp23Asn peptide at high concentrations, but the delayed onset of even 

the 3.2 mM Aβ20-34 incubation compared to the 1.6 mM Aβ20-34, Asp23Asn and Aβ20-34, isoAsp23 

incubations also support the increased rates of aggregation of the mutated and isomerized 

peptides (Fig. 1c, d).   

 Fibrils of each segment were also investigated for their resistance to dissociation by 

dilution into increasing concentrations of sodium dodecyl sulfate (SDS) at 70 °C as measured by 

light scattering at 340 nm (Fig. 2). Fibrils of the native 15-residue Aβ segment appeared to 

partially dissolve upon dilution into the SDS-free buffer, although remaining aggregates were 

found by electron microscopy, but were completely dissolved upon incubation with 1% SDS and 

higher concentrations (Fig. 2). In contrast, the isomerized peptide showed increased resistance 

to dissolution compared to the native peptide, and still showed light scattering at a concentration 
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of 2% SDS, though no more aggregates were seen at 5% SDS (Fig. 2b). The fibrils of the Iowa 

mutant appeared to be largely unaffected by dilution even at the highest concentrations of SDS, 

with no significant changes observed in the levels of light scattering. However, the aggregates in 

5% SDS seen by electron microscopy appeared to be less bundled than at lower concentrations 

(Fig. 2b). These results show that alterations of the structure at Asp23 strongly contribute to 

fibril formation and stability.  

Crystallization and data collection of the Aβ20-34 segments 

To understand the atomic structural basis for changes in the properties of the isomerized 

peptide, we sought to crystallize it in the amyloid state. Vapor diffusion screening yielded no 

crystals large enough for analysis by conventional x-ray crystallography for either segment. 

Instead ordered nanocrystals of the native segment were obtained with continuous shaking at 

1200 rpm, and ordered nanocrystals of the isomerized segment were generated with constant 

mixing using an acoustic resonant shaker37-38 for analysis by microcrystal electron diffraction 

(MicroED39-40) as described in the Methods section. Nanocrystals obtained in varying buffer 

conditions were evaluated by morphology and diffraction via light and electron microscopy, 

respectively. Those formed under the most promising conditions were used as seeds for 

additional rounds of batch crystal formation. The optimal crystallization condition for the 

isomerized segment was 50 mM Tris, pH 7.6, 150 mM NaCl, and 1% DMSO for 48 h with 2% 

seeds. Crystals of the native segment grew in 50 mM Tris, pH 7.5, 150 mM NaCl, and 1% 

DMSO for 30 h without seeding. Isomerized crystal trials produced densely bundled 

nanocrystals that could not be disaggregated by sonication and freeze thawing. However, 

washing crystal solutions with a 0.75% (w/v) solution of β-octyl glucoside in TBS, pH 7.6 yielded 

a higher number of single crystals for subsequent data collection. Dilution one to one in buffer 

yielded sufficient single crystals of the native segment for data collection (Fig. 3a, d). Data were 

collected on a Thermo Fisher TALOS Arctica microscope operating at 200 kV using a bottom 

mount CetaD CMOS detector. Each Aβ20-34 nanocrystal could be rotated continuously up to 140 
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degrees during data collection. A 1.1 Å resolution structure was obtained by direct methods for 

each segment as described in the Methods section; refinement statistics for the structures are 

shown in Table 1. 

MicroED structures of Aβ20-34 and Aβ20-34, isoAsp23 segments 

The structures of both the Aβ20-34 and the Aβ20-34,isoAsp23 protofilaments reveal parallel, in-

register architectures in which individual peptide chains stack through backbone hydrogen 

bonds every 4.8 Å and 4.9 Å along the protofilament axis, respectively (Fig. 3). In cross-section, 

both protofilaments appear triangular owing to sharp turns (β-arches) at Gly25 and Gly29, which 

divide each chain into three short, straight segments (Fig. 3b, e and Supplementary Figure 

3a). When compared with the structures in the protein databank, the three-sided Aβ20-34,isoAsp23 

structure aligns best with a β-helical antifreeze protein from Marinomonas primoryensis, but 

lacks linker regions between each stacked chain. We thus designate this amyloid motif as a β-

helix-like turn (Supplementary Figure 4)41-42. At the central core of both Aβ20-34 and the Aβ20-

34,isoAsp23 protofilaments are the buried side chains of Phe20, Ala21, Val24, Asn27, and Ile31 in a 

zipper-like “intraface” that is completely dry. The side chain of Asn27 further stabilizes the 

assembly by forming a ladder of hydrogen bonds (polar zipper) along the length of the 

protofilament43 (Supplementary Figure 3b).  

Each protofilament self-associates with neighboring protofilaments in the crystals 

through two distinct interfaces. Interface A in both structures resembles a canonical steric zipper 

– with intersheet distances of 8.3 Å and 9.1 Å for the native and isomerized, respectively (Fig. 

3b, e). Both are lined by the hydrophobic side chains of Ala30, Ile32, and Leu34 that are related 

by 21 screw symmetry (steric zipper symmetry class 144). Interface A is completely dry owing to 

a high Sc of 0.73 in the native and 0.62 in the isomerized. This interface buries approximately 

130 Å2 per chain in the native form, and 131 Å2 in the isomerized form.  
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 Unlike the dry steric zipper Interface A, six water molecules line the second Aβ20-34 

interface, which we designate the “L-Asp Interface B” (Fig. 3b, e). Here the protofilaments are 

also related by a 2-fold screw symmetry axis. Nearest this central axis, Gly25 and Ser26 contact 

their symmetry partners across the interface, separated by only 3.5 Å. Furthest from the axis, 

Asp23 and Lys28 from opposing protofilaments form charged pairs. In between these two 

regions is a solvent channel with the six ordered waters, yielding low shape complementarity 

(Sc=0.43) to this interface overall. In contrast, in the Aβ20-34,isoAsp23 “L-isoAsp Interface B” the 

truncated side chain of the L-isoAsp23 residue no longer forms a charged pair with Lys28, and 

instead the isomerized protofilaments form a completely dry interface along the methylene 

group of L-isoAsp23, Val24, Gly25, and Ser26 with high surface complementarity (Sc=0.81; Fig. 

3e). This interface is tightly mated over its entire surface with an average distance of 4.0 Å 

between the backbones. Interface B buries approximately 139 Å2 and 122 Å2 per chain for the 

native and isomerized forms, respectively. The exclusion of water molecules from the L-isoAsp 

interface B likely results in a favorable gain in entropy for the structure, and there are attractive 

van der Waals forces along the tightly mated residues L-isoAsp23-Ser26. 

Powder diffraction studies of Aβ peptides 

X-ray powder diffraction patterns revealed that the fibrils of Aβ20-34 segments appear 

largely isomorphous, sharing major reflections at ~4.7, 10, 12.2,14, and 29-31 Å (Fig. 4a, b). 

The similarity among the powder diffraction patterns of Aβ20-34, isoAsp23, Aβ20-34, Asp23Asn, and Aβ20-34 

indicates that Aβ20-34, Asp23Asn mimics the structures of the native and isomerized segments. We 

modeled an L-Asn residue at position 23 of the Aβ20-34, isoAsp23 structure to see if the native L-

amino acid could be accommodated in the dry L-isoAsp Interface B (Fig. 4c, right panel). The 

L-Asn residue was integrated into the Aβ20-34, isoAsp23 Interface B scaffold without significant 

clashes. However, this Asn model lacks a backbone hydrogen bond extending between the 

isoAsp23 amide carboxyl to the Val24 amide nitrogen of the adjacent protofilament that is 

present in our Aβ20-34, isoAsp23 structure (Fig. 4c). The residue at site 23 has to adopt an allowed, 
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but unusual left-handed helical conformation to form the L-isoAsp interface B. Both the 

methylene of the isoAsp residue and the isoAsp23 to Val24 main chain hydrogen bond may 

help stabilize this structure. This backbone hydrogen bond is present in the native Aβ20-34 

structure (Fig. 4c). In this native structure, the Asp main chain adopts a more canonical β-sheet 

conformation, but the side chain protrudes towards the opposite protofilament, prohibiting a 

tight, dry interface along residues Asp23-Ser26 as in the L-isoAsp interface B.   

The L-Asn side chain in the L-isoAsp Interface B model may be able to compensate for 

this loss by forming another ladder of hydrogen bonds along the protofilament axis (Fig. 4c, 

right panel). Thus, this second interface packing may be achievable for a Aβ20-34, Asp23Asn 

structure as shown in the L-isoAsp Interface B model, however, the X-ray fiber diffraction 

reveals that the native Aβ20-34 and mutated Aβ20-34, Asp23Asn peptides share more similarities than 

the isomerized Aβ20-34, isoAsp23 and the Aβ20-34, Asp23Asn peptide. Both the native and heritable Iowa 

mutant forms lack more defined peaks at 22.9, 24.7, 29.4, and 32.5, while both have more 

broad peaks at 30.9 Å (Fig. 4a, b). These similarities between the Aβ20-34 and Aβ20-34, Asp23Asn 

fiber diffractions patterns, and the lack of a methylene group in the normal L-residues, may 

suggest that the Iowa mutant Aβ20-34, Asp23Asn peptide will assume a structure more similar to the 

native Aβ20-34 structure, as modeled in Fig. 4c (left panels). This model maintains the backbone 

hydrogen bond between Asn23 and Val24, the ordered core of the Aβ20-34 structure, and allows 

for the additional polar zipper between stacked Asn23 residues. The added network of hydrogen 

bonds along the asparagine side chain may explain in part the increased fiber formation rates 

and stability of Aβ20-34, Asp23Asn against SDS and heat denaturation. While the isomorphous 

powder diffraction patterns seen between Aβ20-34, isoAsp23, Aβ20-34, Asp23Asn, and Aβ20-34 do support 

the models in which Aβ20-34, Asp23Asn mimics the native and isomerized structures, it cannot be 

ruled out that Aβ20-34, Asp23Asn forms a distinct structure, perhaps lacking either the L-Asp or the L-

isoAsp novel interface B, with the ordered core simply stabilized further by the Asn polar zipper.  
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 Importantly, the powder diffraction of full-length Aβ and the shorter peptide segments all 

display cross-β patterns with strong reflections at ~4.7 and 9-10 Å (Fig. 4a), and the crystal 

structures of Aβ20-34 and Aβ20-34, isoAsp23 form parallel, in-register beta-sheets similar to other full-

length Aβ structures. Thus we hypothesized that Aβ20-34, isoAsp23 structure could form the core of a 

distinct isomerized Aβ polymorph. To visualize a potential full-length fiber with the Aβ20-34, isoAsp23 

structure as its core, we added the remaining residues of Aβ 1-42 onto the ends of the Aβ20-34, 

isoAsp23 protofilaments, and energy minimized the entire model as described in the “Methods” 

section. The resulting model demonstrates that the remainder of the residues of Aβ 1-42 can be 

accommodated in a favorable conformation with the isomerized segment as a core with 

interface A or B as the primary interface (Fig. 5).  

Comparison of segment structures to known Aβ structures 

 The structures presented here are the longest segments of an amyloid peptide 

determined by crystallography – four residues longer than the previous amyloid spines 

determined by MicroED30-33. This extension is significant due to the fact that as the number of 

residues in a segment grows, the packing of idealized β-strands in a lattice becomes more 

difficult owing to the strain created by the natural twist of the β-sheet/strand. This strain 

hypothesis is consistent with observations that as the number of residues in an amyloid 

segment grows, the crystals that can be grown are correspondingly smaller45. In the literature to 

date, the crystal structures of shorter segments of amyloid proteins have revealed that the 

dominant forces stabilizing protofilaments occur between different peptide chains46. In the native 

and modified Aβ20-34 structures we are not only able to see interactions between protofilaments, 

such as the interfaces A and B, but we also see folding of the peptide to produce a β-helix-like 

turn with a hydrophobic core of interacting residues within the same chain.  

While not all full-length native structures contain β-arches, such as the peptide dimer 

structure shown in Schmidt et al., 201547 (PDB code: 5AEF), all do include ordered cores 

involving steric zippers similar to those found in shorter amyloid peptide structures, and a 
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majority of the known Aβ structures do display β-helix-like turns as seen in the segment 

structures (Fig. 6 and Supplementary Figure 5). The native Aβ20-34 structure aligns well with a 

number of these full-length Aβ structures, and both the native and isomerized structures 

presented here have the lowest total atom RMSD with a structure of the Aβ Osaka mutant29, 

E22Δ, at 2.741 Å and 2.963 Å, respectively. A tree representing the structural relationships 

between residues 20-34 of eight full length Aβ structures and our Aβ20-34 structure based on total 

atom RMSD values shows that six of the eight structures contain turns about the Gly25 and 

Gly29 residues21,23-24,26,28-29, which align well with interface B of our L-Asp Aβ20-34 structure. 

Four21,23,26,29 of these structures correspond to both the Aβ20-34  segment structures with regards 

to the placement of charged residues Glu22, Asp23, and Lys28 outside the hydrophobic core; 

and yield total atom RMSD values of ~4 Å or lower with Aβ20-34 (Fig. 6 and Supplementary 

Figure 5). These strong overlaps between our segment structure and other full-length Aβ 

structures support the validity of this segment as an atomic resolution structure of an Aβ core. 

Importantly, in each of the full-length structures shown here, the putative interface B is 

accessible as a possible secondary nucleation site (Fig. 6). This interface is stabilized within our 

structures by the L-isoAsp modification which mates more tightly between protofilaments than 

the L-Asp interface B and excludes waters. Thus a full-length structural polymorph with this 

interface may be isolated more readily with this modification. 

The increased structural complexity afforded by extending from 11 to 15 residues is 

appreciated best in comparing the crystal structures of Aβ20-34 to the shorter Aβ 24-34 crystal 

structure, 5VOS32 (Fig. 7). The four extra N-terminal residues in both native and modified Aβ20-34 

facilitate formation of kinks at Gly25 and Gly29, creating an internal core, whereas the Aβ 24-34 

peptide assumes a linear β-strand. Despite Aβ 24-34 lacking these kinks, there is remarkable 

alignment between residues Gly29 to Leu 34 and interface A of the Aβ20-34 crystals, yielding a 

total atom RMSD of 0.70 Å and 0.68 Å with the native and isomerized forms, respectively (Fig. 

7). An inhibitor was previously developed to the human islet amyloid polypeptide (hIAPP) steric 
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zipper interface analogous to this interface of the 5VOS Aβ 24-34 segment, and was shown to 

be effective against fibril formation of both hIAPP and full length Aβ32. Given the striking 

alignment between our Aβ20-34 interface A and the 5VOS Gly29-Leu34 segment, as well as the 

distinct lack of modifications and mutations in the region of Asn27-Gly33, this interface may be 

an ideal scaffold for Aβ inhibitor design in both its homotypic steric zipper form as shown here, 

or in the heterotypic zippers displayed in many of the full-length Aβ structures (Fig. 6). 

DISCUSSION 

The typical age of onset for sporadic Alzheimer's disease is after 65 years, suggesting 

that slow spontaneous processes such as the accumulation of age-dependent PTMs in Aβ may 

be contributing factors to aggregation and toxicity4. The spontaneous isomerization of aspartate 

(isoAsp) has been identified at all three aspartate residues within the Aβ 1-42 peptide – 1, 7, 

and 23. However, immunohistochemical studies have shown that while native Aβ and isoAsp7 

Aβ are present in senile plaques from four non-disease patient controls, isoAsp23 Aβ was 

identified only in one of the four non-disease patient controls, as well as in the senile plaques 

from all AD patient samples, indicating that the isoAsp23 may be more specifically associated 

with AD pathology than native Aβ and the L-isoAsp7 form10. This implied pathogenicity of 

isoAsp23 correlates with in vitro studies, which have demonstrated accelerated amyloid 

formation of the isoAsp23 Aβ 1-40 and 1-42 peptides compared to native Aβ10,11,17-18,20. These 

results suggest that the change in the structure of Aβ accompanying isomerization at Asp23 

may represent a route to the pathogenesis of AD. 

In this work we present the 1.1 Å structures of segments spanning residues 20-34 of the 

Aβ peptide containing either an Asp or an isoAsp residue at site 23. These 15-residue 

segments, crystallized at physiological pH, maintain a topology seen in the core of Aβ fibrils, a 

β-helix-like turn (Fig. 6). The length of these peptides facilitates their similar overall fold to 

previous wild-type Aβ fibril structures and demonstrates that amyloid cores are rigid and ordered 

enough to form crystals. These structures reveal a previously unseen protofilament interface (B) 
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involving residues Asp23-Lys28 in the native structure, and residues L-isoAsp23-Ser26 in the 

isomerized structure. The native interface (L-Asp interface B) has low surface complementarity 

and contains six water molecules encased between charged residue pairs Asp23 and Lys28 on 

opposing sheets.  In contrast, the isomerized interface (L-isoAsp interface B) is a dry tightly 

mated sheet with high surface complementarity. Our data suggests that the changes in the 

structure along this interface, namely the exclusion of water molecules and van der Waals 

attractive forces associated with the high Sc, are likely responsible in part for the increases in 

fiber formation rate and stability observed for the isomerized peptide. The modified interface 

may provide a better site for secondary nucleation of amyloid formation resulting in the 

observed enhancements in aggregation. However, it cannot be ruled out from the data 

presented here that the flexibility imparted by the methylene group of the L-isoAsp residue 

promotes amyloid formation by allowing an ordered nucleus for primary nucleation to form at a 

faster rate than the native peptide. 

Our models of Asn23 in the Aβ20-34, isoAsp23 “L-isoAsp interface B” indicate that the 

completely dry interface may be possible for native residues (Fig. 4).  However, the native Aβ20-

34 structure did not preferentially adopt this interface, and instead forms a hydrated L-Asp 

Interface B. Similar to our Aβ20-34 peptide structure, alignments of previous Aβ structures onto 

the Aβ20-34 and Aβ20-34, isoAsp23 protofilaments show the native Asp23 side chain carboxyl group 

protruding into the putative interface B region (Supplementary Figure 5). The hereditary Iowa 

mutant NMR structure (Fig. 6 and Supplementary Figure 5 (PDB: 2MPZ22)), kinks at Gly25 

and Asn27, rather than Gly25 and Gly29, and thus there is no equivalent interface A. Yet, our 

preparations of crystals in TBS of the Aβ20-34, Aβ20-34, isoAsp23, and Aβ20-34, Asp23Asn constructs 

appear nearly identical by X-ray powder diffraction, suggesting the structure of an Iowa mutant 

protofilament would resemble the native and isomerized structures presented here (Fig. 4), 

barring minor differences due to packing polymorphisms or different environmental conditions.  
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It is clear that both the isomerization and Iowa mutation at residue 23 accelerate 

aggregation and increase stability of Aβ fibrils. Our structures of Aβ20-34 and Aβ20-34, isoAsp23 reveal 

a potential mechanism for the increases in fiber formation rate and fiber stability within the 

isoAsp23 form: the addition of a completely dry interface with high surface complementarity. 

This analysis leads to the hypothesis that the Asp23 isomerization in vivo could lead to the 

accelerated formation of Aβ fibrils, thereby contributing to the aggregation of Aβ and AD 

pathology. The hereditary Iowa mutation Asp23Asn may work in a similar manner either by 

forming the same fold as the isomerized Asp23, or since Asn undergoes isomerization more 

rapidly relative to Asp, it may also produce an isomerized Aβ with accelerated aggregation and 

increased stability. The isomerized structure may also provide insight into the mechanisms 

behind the A21G, E22G, and E22D hereditary mutations that introduce flexibility into the same 

region of the backbone. Importantly, we have also found that the only known repair pathway for 

L-isoAsp, the enzyme PCMT1, is unable to fully methylate and repair aggregates of Aβ20-34, 

isoAsp23  in vitro, thus once the modified aggregates have formed in vivo they may be difficult to 

repair and clear (Supplementary Figure 1). 

Recent structures of tau isolated from Alzheimer’s disease patients have revealed 

distinct structural polymorphs48. Both the paired helical filaments (PHFs) and the straight 

filaments (SFs) of tau display β-arches in their sheets, which is a feature also shared by the 

native and isomerized Aβ20-34 structures (Fig. 6 and Supplementary Figure 4). This similarity 

not only suggests that our structure’s β-helix-like turn may be a common amyloid motif, but it 

also identifies a potential cross-seeding site between Aβ and the tau protein of Alzheimer’s 

disease. This discovery emphasizes the need for atomic-resolution structures of disease-

associated amyloid, as these core segments are critical for structure-based drug design and 

protein prediction efforts49-52. These crystal structures can be used in conjunction with full-length 

cryo-EM structures to obtain a high-resolution view of the interactions mediating amyloid 

filament formation53. High-resolution structures are also valuable when looking at the effect 
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PTMs may have on amyloid structure as seen here and elsewhere54. Therefore, the 

combination of increasing peptide length and high resolution makes the Aβ20-34 and Aβ20-34, 

isoAsp23 structures an important step forward for the structural characterization of amyloid proteins 

and their role in disease.  

METHODS: 

Materials: Aβ20-34 peptides corresponding to the human sequence were purchased from and 

validated by Genscript at a purity of 98% or higher as the trifluoroacetic acid (TFA) salt and 

were stored at -20 °C. Peptides were validated by electrospray ionization (ESI) mass 

spectrometry performed by Genscript. Aβ 1-42 was purchased from Bachem Americas, Inc. 

(Catalog #, H-1368). 

Aggregation of Aβ20-34 peptides for fibril formation rates: Peptides were dissolved at 1.6 mM 

in 50 mM Tris-HCl, pH 7.6, 150 mM NaCl (TBS) with 2.5% DMSO unless otherwise designated 

in the figure legend. Peptides solutions were filtered through 0.22 μm cellulose acetate Costar 

Spin-X centrifuge tube filters (Corning Inc., product #8161). Filtered peptide solutions in a final 

volume of 100 μL/well in a 96 well plate (Fisherbrand, 12565501) were read at 340 nm in a 

Varioskan plate reader at 37 °C with continuous shaking at 1200 rpm. Readings were recorded 

every 15 min.  

Seeding of Aβ20-34 segment 

Seeds were formed shaking continuously on an acoustic resonant shaker at 37 °C at a 

frequency setting of 3733-34. Seeds of Aβ20-34 were formed at 5 mg/ml in 50 mM Tris-HCl, pH 7.6, 

150 mM NaCl (TBS) with 1% DMSO; seeds of Aβ20-34, isoAsp23 were formed at 2.5 mg/ml in 50 mM 

Tris-HCl, pH 7.6, 150 mM NaCl (TBS) with 1% DMSO; and seeds of Aβ20-34, Asp23Asn were formed 

at 2.5 mg/ml in 100 mM Tris-HCl, pH 7.5, 10% isopropanol, and 200 mM sodium acetate. All 

seeds were diluted to 200 μM stocks and 5 μL were added to 3.2 mM Aβ20-34 in a final volume of 

100 μL. Not all wells of the unseeded 3.2 mM Aβ20-34 condition aggregated within the time 

course of this assay (Fid. 1d). Solutions were read in a 96 well plate at 340 nm in a Varioskan 
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plate reader at 37 °C with continuous shaking at 1200 rpm. Readings were recorded every 15 

min.  

Synthesis and purification of native Aβ 1-40 

The syntheses of Aβ (1-40) WT and Aβ (1-40) IsoAsp23 were completed in a CEM Liberty 

BlueTM Microwave Peptide Synthesizer. The crude peptides were purified using an Interchim 

puriFlash® 4125 Preparative Liquid Chromatography System.  

The purified Aβ (1-40) WT has an estimated purity of 93% by HPLC and was 

characterized by ESI-MS via direct injection into a Q-ExactiveTM Plus Hybrid Quadrupole-

Orbitrap TM Mass Spectrometer. The calculated average mass for C194H295N53O58S: 4327.148 

g/mol, m/z calculated: [M+3H] 3+ = 1443.39; [M+4H] 4+ = 1082.79; [M+5H] 5+ = 866.44; 

[M+6H] 6+ = 722.20. Observed: 1443.3913; 1082.7955; 866.4374; 722.1991. The purified Aβ 

(1-40) IsoAsp23 has an estimated purity of 97% by HPLC and was characterized by ESI-MS via 

direct injection into a Q-ExactiveTM Plus Hybrid Quadrupole-Orbitrap TM Mass Spectrometer. 

The calculated average mass for C194H295N53O58S: 4327.148 g/mol, m/z calculated: [M+3H]3+ = 

1443.39; [M+4H]4+ = 1082.79; [M+5H]5+ = 866.44. Observed: 1443.3929; 1082.7973; 

866.4385. 

Crystallization of the segments: Aβ20-34 was resuspended at a concentration of 3.2 mM in 50 

mM Tris-HCl, pH 7.5, 150 mM NaCl (TBS) with 1% DMSO in a final volume of 100 μL. The 

peptide solution was then shaken continuously for 30 h at 1200 rpm at 37 °C. Aβ20-34,isoAsp23 was 

resuspended at a concentration of 1.6 mM in 50 mM Tris-HCl, pH 7.6, 150 mM NaCl (TBS) with 

1% DMSO in a final volume of 200 μL. The filtered peptide solution was then shaken for two 

days on an acoustic resonant shaker at 37 °C at a frequency setting of 3724-25. 4 μL of this 

suspension was then used to seed 196 μL of a second peptide solution (1.6 mM) as a two 

percent seed on the acoustic resonant shaker at 37 °C. Crystals were obtained within 48 hours. 

The presence of crystals was verified by electron microscopy, using a standard holder, with no 
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negative stain. Crystals of the native and isomerized segments were on average ~77 and ~71 

nm in width, respectively, and were typically more than 2 μm in length. 

MicroED sample preparation: Quantifoil R1.2/1.3 cryo-EM grids (Electron Microscopy 

Sciences, product # Q325CR1.3) were glow discharged for 30 s on either site, and 1.5 µL of a 

1:1 dilution of Aβ20-34 crystals in 50 mM Tris-HCl, pH 7.5, 150 mM NaCl (TBS) with 1% DMSO 

was pipetted on both sides. 20 μL of Aβ20-34,isoAsp23 crystal suspensions were spun down at 

5,000g for 5 min, the supernatant was removed and pelleted crystals were resuspended in 50 

μL TBS + 0.75% (w/v) β-octyl-glucoside (VWR, P-1110), and rotated at 4 °C for 1 hour. These 

detergent treated crystals were then spun down a second time. Pelleted crystals were 

resuspended in 50 μL water. 1.5 μL of the washed crystal solution was then applied to both 

sides of a glow discharged Quantifoil R1.2/1.3 cryo-EM grid (Electron Microscopy Sciences, 

product # Q325CR1.3).  All grids were plunge frozen into supercooled ethane using a Vitrobot 

Mark 4 instrument. 

MicroED Data Collection and Processing 

MicroED data was collected in a manner similar to previous studies42. Briefly, plunge-frozen 

grids were transferred to an FEI Talos Arctica electron microscope and diffraction data were 

collected using a bottom-mount CetaD 16M CMOS camera with a sensor size of 4,096 x 4,096 

pixels, each 14 x 14 µm. Diffraction patterns were recorded by operating the detector in 

continuous mode with 2 × 2 pixel binning, producing data sets with frames 2,048 × 2,048 pixels 

in size. The exposure rate was set to <0.01 e-/A2/second. The exposure time per frame was set 

at 3 seconds while the rotation speed was set to was set to 0.3 deg/s resulting in a final 

oscillation range of 0.9 deg/exposure for the Aβ20-34 data collection, and to 0.443 deg/s resulting 

in a final oscillation range of 1.329 deg/exposure for the Aβ20-34,isoAsp23 data collection. This 

rotation rate was optimized to allow a maximum amount of reciprocal space to be sampled 

before crystal decay was observed while also slow enough to prevent overlapping diffraction 

spots in the diffraction images. Diffraction movies typically covered a 50 to 140 deg wedge of 



	 95 

reciprocal space and were taken of crystals randomly orientated on the grid with respect to the 

incident beam. These crystals had a highly preferred orientation on the grid, resulting in a 

systematic missing cone and hence lower completeness along the c* axis; however, this did not 

preclude structure determination, with a high overall completeness of over 80% for both 

structures (see Table 1). 

Structure Determination 

Diffraction datasets were converted to SMV format to be compatible with X-ray data processing 

software55. Data were indexed and integrated using XDS56. The parameters controlling the 

raster size during indexing and integration were optimized to reduce contributions by 

background and to exclude intensities that conform poorly to the lattice determined during 

indexing. The number of diffraction images used per crystal was aggressively pruned to 

maximize I/sigma. The resulting outputs from XDS were sorted and merged in XSCALE. To 

produce a final merged dataset, partial datasets were selected based on their effects on the 

Rmerge values. In total, for the Aβ20-34 structure, ten partial datasets, containing 404 diffraction 

images, were merged to produce a final dataset with high completeness up to 1.1 Å. An ab initio 

solution was achieved using SHELXD57. In total, for the Aβ20-34, isoAsp23 structure, five partial 

datasets, containing 159 diffraction images, were merged to produce a final dataset with high 

completeness up to 1.1 Å and an ab initio solution was also achieved using SHELXD. The 

phases obtained from both Aβ20-34 coordinates produced by SHELX were used to generate 

maps of sufficient quality for subsequent model building in Coot58. The resulting models were 

refined with Phenix59, using electron scattering form factors, against the measured data.	

Powder Diffraction Sample Preparation and Data Collection: Designated aggregates of Aβ 

1-42 and Aβ20-34 peptides were prepared in buffers as described in the figure legends. 

Aggregates were spun at 20,000g for 5 min. The pellet was resuspended in water and re-spun. 

Pelleted fibrils were resuspended in 5 uL water and pipetted between two facing glass rods that 
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were 2 mm apart and allowed to dry overnight at room temperature. These glass rods with 

ordered fibrils were secured to a brass pin and mounted for diffraction at room temperature 

using 1.54 Å X-rays produced by a Rigaku FRE+ rotating anode generator equipped with an 

HTC imaging plate. Patterns were collected at a distance of 200 mm and analyzed using the 

ADXV software package60.  

Sodium dodecyl sulfate (SDS) dissolution of aggregates: Aggregates of Aβ20-34, Aβ20-34, 

isoAsp23, and Aβ20-34, Asp23Asn  were all prepared in TBS, with 1%, 2.5%, and 2.5% DMSO, 

respectively. Both Aβ20-34, isoAsp23 and Aβ20-34, Asp23Asn were prepared at a peptide concentration of 

2.5 mg/ml, while Aβ20-34 was prepared at 5 mg/ml, shaking at 1200 rpm at 25 °C. The Aβ20-34 

was diluted to 2.5 mg/ml prior to the denaturation assay. Suspensions of Aβ20-34 aggregates 

were diluted 1:1 in 2%, 3%, 4%, and 10% SDS stocks in TBS, and heated for 15 min at 70 °C in 

a PTC-100 Peltier thermal cycler as described by Guenther et al., 201854. Measurements at 340 

nm were recorded on a Nanodrop 2000 instrument. 2 uL of each solution was analyzed by 

electron microscopy for remaining aggregates on glow discharged Formvar/Carbon 400 mesh, 

Copper grids (Ted Pella, catalog # 01754-F).  

Analysis of Sa and surface Sc in Aβ20-34 structures: The structures of Aβ20-34 and Aβ20-34, isoAsp23 

were used to measure buried surface area (Sa) and (Sc) from an assembly consisting of 2 

sheets generated by translational symmetry each consisting of ten stacked β-strands. Sa was 

calculated as an average of the buried surface area per chain, and the difference between the 

sum of the solvent accessible surface area of the two sheets and the solvent accessible surface 

area of the entire complex, divided by the total number of strands in both sheets using the 

CCP4 suite. 

Modeling modified and full-length Aβ and RMSD calculations: Residues 1-42 of Aβ were 

modeled onto the N- and C-termini of the Aβ20-34, isoAsp23 structure and alternate residues were 

mutated in coot and the resulting structures were energy minimized in the Crystallography & 

NMR System (CNS)61. 
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Distance matrices for RMSD relationships between Aβ20-34, isoAsp23 and residues 20-34 

from native structures were generated in the LSQKAB program of CCP4, and resulting matrices 

were used to generate the tree shown in Figure 4.  

Data availability: Atomic coordinates and structure factors for the Aβ20-34 structure have been 

deposited in the Protein Data Bank under accession code 6OIZ. The map for this structure has 

been deposited in the EMDB with accession code EMD-20082. Atomic coordinates and 

structure factors for the Aβ20-34, isoAsp23 structure have been deposited in the Protein Data Bank 

under accession code 6NB9. The map for this structure has been deposited in the EMDB with 

accession code EMD-0405. The source data underlying Figs 1c, 1d, 2, 4b, Supplementary 

Figures 1 and 2 are provided as a Source Data file. 
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FIGURES: 

 

FIG. 1. L-isoAsp in Aβ
20-34 

accelerates fiber formation and can seed native segment. a, 

Sequence of human Aβ including known early-onset hereditary mutations and PTMs (pyrE = 

pyroglutamate; P = phosphorylation; NO = nitration; Y:Y = dityrosine crosslink; HexNAc = 

glycosylation; MetO = oxidation) . b, ZipperDB
22

 amyloid propensity profile for the human Aβ 

sequence with the Aβ
20-34 

sequence highlighted in light blue. c, 1.6 mM of Aβ
20-34

, Aβ
20-34, Asp23Asn

, 

and Aβ
20-34, isoAsp23

 peptide aggregation was monitored by turbidity at 340 nm. Each data point is 

shown as a round symbol, the solid line represents the mean value, and error bars represent SD 

of 3 replicates. EM images of aggregates are shown at the top left of the graph, scale bars 
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represent 0.5 μm in each image. d, Aggregation of 3.2 mM Aβ
20-34 

in 50 mM Tris, pH 7.5, 150 mM 

NaCl, and 1% DMSO was monitored by turbidity at 340 nm alone (black lines), or with 10 µM 

preaggregated seeds of Aβ
20-34

 (yellow), Aβ
20-34, isoAsp23

 (blue), Aβ
20-34, Asp23Asn

 (red). Each line 

represents a replicate well. Electron micrographs of aggregates are shown at the top left of the 

graph, scale bars shown at the lower left represent 0.5 μm in each image. 
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FIG. 2: Modified fibers have increased resistance to SDS disaggregation. a, Fiber stocks 

(Undiluted & Unheated initial points are two readings of the fiber stocks) were mixed 1:1 in buffer 

(0% SDS final) and increasing concentrations of SDS (1, 1.5, 2, 5% final) as described in the 

Methods. Each data point is shown as a round symbol, the solid line represents the mean value, 

and error bars represent the SD of three technical replicates. b, EM images of disaggregated 

fibers, scale bars in the lower left represent 0.5 μm. 
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FIG. 3: Aβ

20-34, isoAsp23
 structure contains an altered protofilament interface. a, Representative 

single crystal electron diffraction pattern of Aβ
20-34

 with resolution rings obtained during MicroED 

data collection. Left inset shows the diffracting crystal (lower left scale bar represents 1 μm). Right 
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inset shows light microscope image of microcrystal sediment in a 1.6 mL microfuge tube (scale 

bar represents 3 mm). b, One layer of the Aβ
20-34

 crystal structure viewed down the fibril axis 

highlighting two distinct steric zipper interfaces. Interface distances are labeled (center black circle 

indicates fibril axis). Waters are represented by red crosses. The 2F
o
-F

c
 density is shown as a 

grey mesh at 2σ on the center protofilament. The Asp-23 residue is outlined in magenta and 

shown by the red arrow. c, Three layers of the Aβ
20-34

 structure viewed perpendicular to the fibril 

axis (indicated by arrows; Left panel – Interface A, right panel – L-Asp Interface B). d, 

Representative single crystal electron diffraction pattern of Aβ
20-34, isoAsp23

 with resolution rings 

obtained during MicroED data collection. Left inset shows the diffracting crystal (lower left scale 

bar represents 1 μm). Right inset shows a light microscope image of microcrystal sediment in a 

1.6 mL microfuge tube (scale bar represents 3 mm). e, One layer of the Aβ
20-34, isoAsp23

 crystal 

structure viewed down the fibril axis highlighting two distinct steric zipper interfaces. Interface 

distances are labeled (center black circle indicates fibril axis). Waters are represented by red 

crosses. The 2F
o
-F

c
 density is shown as a grey mesh at 2σ on the center protofilament. The L-

isoAsp-23 residue is outlined in magenta and shown by the red arrow. f, Three layers of the Aβ
20-

34, isoAsp23
 structure viewed perpendicular to the fibril axis (indicated by arrows; Left panel – 

Interface A, right panel – L-isoAsp Interface B). 
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FIG. 4: A putative model of the heritable Iowa mutation in interface B. a, Fiber diffraction 

patterns of Aβ 1-42, Aβ
20-34

, Aβ
20-34, isoAsp23

, and Aβ
20-34, Asp23Asn

. All fibers including Aβ 1-42 were 

prepared in 50 mM Tris, pH 7.6, 150 mM NaCl, and 1% DMSO, excepting Aβ
20-34, Asp23Asn

, in 

which the DMSO concentration was raised to 5%. b, Intensities of reflections from fiber 

diffraction of the segments were plotted against D spacing. Radial intensity values for staggered 

for visibility of peaks. c, From left to right, interface B down the fibril axis of Aβ
20-34

 structure, a 

model Aβ
20-34, Asp23Asn

 on the backbone of the Aβ
20-34

 structure, Aβ
20-34, isoAsp23

 structure, and a 

model Aβ
20-34, Asp23Asn

 on the backbone of the Aβ
20-34, isoAsp23

 structure. d, A view perpendicular to 
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the fibril axis of residues 23-24 of each structure. Yellow dashed lines represent measured 

distances in Å between the amide carboxyl of residue 23 and the amide nitrogen of Val24 on the 

adjacent strand. 
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FIG. 5: Model of Aβ
20-34, isoAsp23

 as the core of an Aβ 1-42 modified polymorph. a, Model of 

Aβ
1-42, isoAsp23

 centered on interface A. c, Centered on interface B. Blue residues correspond to the 

crystal structure core (Aβ
20-34, isoAsp23

), gray sticks correspond to the modeled extension (1-19 and 

35-42). 
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FIG. 6: Aβ
20-34, isoAsp23

 core assumes a similar fold to full-length native Aβ structures. 

Schematic diagrams of residues 20-34 of previously solved Aβ structures21-26,28-29. The most 

structurally divergent structures from Aβ
20-34, isoAsp23

 are shown in the bottom panel. Residues are 

colored according to general chemical properties (legend – top left). 
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FIG. 7: Aβ 24-34 peptide structure shares similarities with the Aβ
20-34

 structures. The Aβ 

steric zipper structure with the lowest total atom RMSD, 5VOS (orange), is shown aligned with 

Interface A of Aβ
20-34

 (gold) and Aβ
20-34, isoAsp23

.  
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SUPPLEMENTARY INFORMATION 
 

SUPPLEMENTARY METHODS: 

Determination of L-isoaspartate levels by the PCMT1 methanol vapor diffusion assay 

PCMT1 was used as an analytical reagent to quantify L-isoAsp levels in Aβ20-34 peptide 

solutions or aggregates. Aggregates of Aβ20-34 or Aβ20-34, isoAsp23 were formed at 3.2 or 1.6 mM, 

respectively in 50 mM Tris-HCl, pH 7.5, 150 mM NaCl with 1% DMSO. In a final volume of 100 

μL, 130 pmol of either these aggregates or freshly dissolved, filtered peptide solutions were 

incubated for 2 h at 37 °C with 5 μg PCMT1 (purified as a His-tagged enzyme from Escherichia 

coli (E. coli) containing the expression plasmid #34852 available from Addgene.com as 

described by Patananan et al., 20141 with a specific activity at 37 °C of 5,300 pmol of methyl 

esters formed on KASA(isoD)LAKY/min/mg of enzyme). Final concentrations in the reactions 

included 135 mM Bis-Tris-HCl, pH 6.4, and 10 μM S-adenosyl-l-[methyl3H]methionine 

([3H]AdoMet) (prepared by a 1600-fold isotopic dilution of a stock of 72 Ci/mmol [3H]AdoMet 

(PerkinElmer Life Sciences, NET155H00) with nonisotopically labeled AdoMet (p-

toluenesulfonate salt; Sigma-Aldrich A2408)). The reaction was stopped by adding 10 μL of 2 M 

sodium hydroxide, and 100 μL of the 110 μL mixture was transferred to a 9 by 2.5 cm piece of 

folded thick filter paper (Bio-Rad; catalog number 1650962) wedged in the neck of a 20-mL 

scintillation vial above 5 mL scintillation reagent (Safety Solve, Research Products International, 

catalog number 121000), tightly capped, and incubated at room temperature. After 2 h, the 

folded filter papers were removed, the caps replaced, and the vials were counted thrice for 5 

minutes each in a Beckman LS6500 scintillation counter. Background radioactivity in a reaction 

containing no substrate was determined by incubating the recombinant human PCMT1, 135 mM 

Bis-Tris-HCl buffer, and 10 μM [3H] AdoMet as described above and was subtracted from the 

value obtained in experimental samples. Samples were analyzed in triplicate. 

Fibril formation of full length Aβ 1-40 
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Wild-type and L-isoAsp23 Aβ 1- 40 were resuspended at a final concentration of 40 μM with 10 

μM ThT in 10 mM phosphate, 127 mM NaCl, and 2.7 mM KCl, pH 7.4 (PBS). Fibrils were 

formed at 37 °C with continuous shaking at 600 rpm in a Varioskan plate reader. Fluorescence 

of three replicate wells was monitored in a 96 well plate, with readings taken every 5 min 

(excitation – 440 nm, emission - 482 nm, bottom read).  Concentrations of all peptide solutions 

were verified by absorbance at 280 nm. EM images were recorded on an FEI Tecnai G2 TF20 

TEM. 
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SUPPLEMENTARY FIGURES: 

 

SUPPLEMENTARY FIGURE 1. PCMT1 is unable to fully methylate aggregated Aβ20-34, isoAsp23. 

Methylation of free peptide and aggregated fibers of Aβ20-34 and Aβ20-34, isoAsp23 was detected as 

described in the experimental procedures. Levels of detected L-isoAsp were normalized between 

0-100% methylation. The normal L-Asp Aβ20-34 fibers and peptide were included as negative 

controls and were not methylated by PCMT1, as shown by the averages of 0.34% and 0.18% 

methylation, respectively. 
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SUPPLEMENTARY FIGURE 2: Seeded Aβ20-34 aggregates display identical fiber diffraction 

patterns, and the full-length aggregation matches the segment seeding. a, Aggregates 

from the seeding assay of Aβ20-34 shown in the main text Fig. 1d were ordered between glass 

capillaries and fiber diffraction data was collected as described in the “Methods.” Radial intensity 

of the reflections was plotted against D Spacing (right). b, 20 μM wild-type Aβ1-40 (gold lines) or 

Aβ1-40, isoAsp23  (blue lines) were incubated at 37 °C. Fiber formation was monitored by Thioflavin T 

fluorescence, readings were recorded every 5 min. Each data point is shown as a round 

symbol, the solid line represents the mean value, and error bars represent SD of three technical 

replicates. A representative EM image of each condition is shown on the right, scale bars at the 

lower left represent 200 nm. Source data are provided as a Source Data file.  
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SUPPLEMENTARY FIGURE 3. Aβ
20-34

 structures reveal two interfaces and a polar zipper. a, 

The crystal structures are shown here along the 2
1
 axis of the unit cell. Black symbols ( ) 

represent the 2
1
 axis of symmetry. b, The asparagine ladder motif is shown with yellow dashed 

lines between strands, the structure is shown perpendicular to the protofilament axis, along the 

face of residues Lys28-Leu34. The dashed lines within the Aβ
20-34 

structure correspond to 2.8 Å, 

and the dashed lines within the Aβ
20-34, isoAsp23 

structure correspond to 2.9 Å.  
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SUPPLEMENTARY FIGURE 4. Aβ
20-34, isoAsp23 

matches β-helical structures and other amyloid 

fibrils. a, The top match for the Aβ
20-34, isoAsp23

 structure from comparison to all PDB structures via 

a DALI search2 was the β-helical antifreeze protein 3P4G3. b-d, Other amyloid fibril structures, 

including tau4 and αSynuclein5 show similar tight turns (β-arches) between steric zippers.  
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SUPPLEMENTARY FIGURE 5. Total atom RMSD relationships between Aβ
 
structures. The 

Aβ
20-34, isoAsp23 

(gold, second from right) was aligned to residues 20-34 of full-length Aβ structures6-

13. Backbone and total atom RMSDs were calculated using CCP4. Branches of the evolutionary 

tree represent total atom RMSD relatedness between the structures and were generated as 

described in the Methods section. The backbones of the aligned structures are also colored on a 

scale of red to green according to how closely matched their total RMSD values are to Aβ
20-34

 

(legend shown on bottom right). 
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CHAPTER 5 

The PCMTDs are a novel L-isoAsp maintenance pathway and interact with cullin-RING ligase 

proteins 
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ABSTRACT: 
 

The damaged L-isoaspartate (L-isoAsp) modification has often been observed to have a 

negative effect on protein function, but is known to be repaired by the protein-L-isoaspartyl (D-

aspartyl) O-methyltransferase (PCMT1). Studies have demonstrated that L-isoAsp levels 

unexpectedly plateau in Pcmt1 knockout mice that are transgenic with a mouse Pcmt1 cDNA 

under a neuron-specific promoter, while levels of L-isoAsp containing peptides in the urine 

increased. Thus it has been hypothesized that a secondary maintenance pathway exists which 

recognizes L-isoAsp damaged proteins and initiates their degradation. Herein we described the 

protein carboxyl methyltransferase domain-containing protein 1 (PCMTD1) that contains L-

isoAsp binding motifs as well as SOCS box ubiquitin ligase recruitment motifs. We show that 

this protein interacts with components of an E3 cullin-RING ligase complex, which is necessary 

for PCMTD1 binding of S-adenosylmethionine binding. The PCMTD1 in combination with the E3 

ligase complex is able to reduce the levels of L-isoAsp detected by PCMT1 in vitro. Thus we 

propose that the L-isoAsp modification acts as an “off-switch” for aged proteins, with the 

PCMTD proteins as L-isoaspartyl specific E3 ligase adaptor proteins that target the damaged 

proteins for degradation. 
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INTRODUCTION: 

 Proteins can accumulate a number of post-translational modifications (PTMs) over time 

that alter normal enzymatic function, and threaten protein stability. These include oxidation, 

carbonylation, glycation, deamidation, and isomerization, which can occur by inter- or intra-

molecular reactions (1). Even with this variety of damaging alterations, only a few protein repair 

mechanisms exist. Methionine sulfoxide reductases  (Msrs) can catalyze the reduction of 

methionine sulfoxide back to the methionine-reduced form (2). Protein deglyclation can be 

accomplished by phosphorylation of the third carbon of the ketoamine, which creates an 

unstable product that can be released as a keto-deoxyaldolase (3). Finally, the protein-L-

isoaspartyl (D-aspartyl) O-methyltransferase (PCMT1) is a well-characterized repair enzyme for 

L-isoaspartate and D-aspartate residues, returning them to their normal L-aspartate state (4).  

Even these three mechanisms do not address all cases of methionine oxidation, 

glycation, and aspartate isomerization, and many of these modified proteins, along with a 

majority of other damaged proteins are funneled to the lysosome or the proteasome (5). The 

lysosome is a powerful protein degradation system, capable of breaking down whole 

aggregates, organelles, and aged cytosolic proteins through various forms of autophagy. The 

ubiquitin-proteasome system is more regulated, involving over 600 E3 ligases, which recognize 

specific substrates (6), thus only these proteins are ubiquitinated and directed towards 

degradation by the proteasome. The RING ligase family is the largest family of E3 ligases, so 

called because of the RING domain, which recruits the appropriate E2 enzyme (7). 

One of the subcategories of E3 ligase families – the Elongin-C-Cullin-SOCS-box (ECS) 

family – is characterized by the presence of a SOCS box motif in the C-terminus of the 

substrate recognition protein (the SOCS box protein; ref. 8). This motif consists of a “Cul-box” 

and a “BC-box,” which interact with the RING complex core proteins Cullin 2 or Cullin 5, and the 

Elongin B and Elongin C proteins, respectively. The Elongins further mediate interactions 

between the SOCS box protein and the core Cullin protein. The Elongins and the SOCS box 
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protein interact with the N-terminal domain of the Cullin, while the C-terminal domain of the 

Cullin binds the RING protein, Rbx1 or Rbx2, which then binds the activated E2 ligase. The 

approximately circular shape of this complex brings the substrate bound to the SOCS box 

protein in close proximity to the activated E2 ligase, which can then transfer ubiquitin to a lysine 

on the surface of the substrate protein (9). 

A degradation pathway for L-isoaspartate-damaged proteins was hypothesized when 

elevated levels of L-isoaspartate-containing peptides were detected in the urine of transgenic 

mice lacking the L-isoaspartate repair enzyme PCMT1 in all cells excepting neurons (10). 

Herein we describe the characterization of the PCMT domain-containing protein 1 (PCMTD1). 

This protein (along with the homologous PCMTD2) not only contains the same L-isoaspartate 

recognition motifs as the PCMT1 enzyme, but also contains an extended C-terminal domain 

with the SOCS box motif (originally identified in Suppressor of Cytokine Signaling proteins). We 

have shown that PCMTD1 co-purifies with Elongins B and C and interacts with Cullin 5 (Cul5). 

We have further shown that while the PCMTD1 enzyme can bind the methyltransferase co-

factor S-adenosylmethionine, it has no detectable methyltransferase activity. However, it is able 

to lower the levels of detectable L-isoaspartate in wild-type and Pcmt1 knockout mouse lysates 

and that this is bolstered by the presence of Cul5-RING ligase components. Although we do not 

identify specific substrates, we believe that the PCMTD1 protein represents a novel, protein 

damage-specific E3 ligase. 

RESULTS: 

PCMTD1 conserves functional binding sites from PCMT1 and SOCS-box proteins 

 Figure 1 displays a sequence alignment of the human amino acid sequences of PCMT1 

(227 residues), PCMTD1 (357 residues), and the homologous protein PCMTD2 (361 residues). 

The sequences are ~26% similar to PCMT1, with ~130 residues inserted between Thr217 and 

Asp218 of the equivalent PCMT residues. The red boxes in Fig. 1 show conservation of the co-

factor S-adenosylmethionine (AdoMet) binding domains, and the blue boxes show residues 
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involved in recognition and binding of L-isoaspartyl substrates. Within the additional 130 amino 

acids of the PCMTD proteins, we display in green two sequence motifs that comprise the 

“SOCS box,” the BC-box and the Cul-box. The BC-box is a 12 residue motif that recruits the 

proteins Elongin-B and Elongin-C, which mediate interactions of SOCS-box proteins with the 

cullin-RING core proteins, the cullins. A leucine at the +4 position within this motif has been 

shown to be critical for this interaction (11, 12, 13), which is conserved within the PCMTD 

sequences.  The PCMTD proteins are very unique in comparison to all other known SOCS-box 

containing proteins, as in these proteins the Cul-box is usually +11 residues from the BC-box. In 

the PCMTDs, the Cul-box is separated from the BC-box by ~90 residues. This Cul-box helps 

recruit the cullin-RING ligase core protein cullin 2 or 5 to SOCS-box proteins.   

 Importantly, it has been shown that the SOCS-box is not fully folded in the absence of 

Elongins B and C (12). Consistent with this, we found the purification of His-PCMTD1 was 

greatly improved by co-expression with Elongins B and C. The binding of the Elongins to 

PCMTD1 can be seen by their co-elution by gel filtration, with unbound Elongins eluting in later 

fractions (Fig. 2A). The ability of this protein to bind AdoMet was tested by incubating 

radiolabeled AdoMet (S-adenosyl-l-[methyl3H]methionine ([3H]AdoMet)) with PCMT1 as a 

positive control, PCMTD1, and PCMTD1-Elongins. Each of these incubations were exposed to 

short-wave ultraviolet light to crosslink [3H] AdoMet bound to proteins, separated by SDS-PAGE, 

and exposed to film. As mentioned above, the yield of the His-PCMTD1 alone purification was 

very poor, thus less than <0.2 μg was able to be loaded onto the gel, the most visible band is 

indicated by an asterisk (Fig. 2B). In Lanes 1-3, [3H] AdoMet can be seen bound to both PCMT1 

and the PCMTD1-Elongins complex. If the AdoMet is being specifically bound, it is known that 

the unmethylated equivalent, S-adenosylhomocysteine (AdoHcy) can compete with the AdoMet, 

but adenosine-triphosphate (ATP) does not. Non-radioactive ATP and AdoHcy were added to 

the incubations in lanes 4-6 and 7-9, respectively. The PCMT1-[3H] AdoMet signal was not 

affected by the presence of ATP, and while the signal of the PCMTD1-Elongins-[3H] AdoMet 
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appeared to decrease, there was still significant signal. In the presence of AdoHcy, [3H] AdoMet 

binding to both PCMT1 and PCMTD1-Elongins appears to be abolished. These experiments 

suggest that the PCMTD1-Elongins complex is capable of specifically binding the 

methyltransferase cofactor AdoMet. 

No signal was detected in the lanes 2, 5, or 8, corresponding to PCMTD1 alone. This 

may indicate that the Elongins are necessary for folding of the PCMTD1 protein, and it does not 

properly form the AdoMet binding site in their absence, but it also cannot be ruled out that the 

concentration of the PCMTD1 protein alone is too low in this instance to view binding. To test 

whether or not the C-terminus is necessary for AdoMet binding, or if the concentrations of the 

full-length PCMTD1 protein presented issues, a truncated construct corresponding to residues 

1-231, which include the region of the PCMTD1 protein that is homologous to PCMT1 including 

all AdoMet binding motifs, was purified (designated as PCMTD1Δ232-357). This truncated 

product expressed and purified extremely well. In Figure 2C we show that this truncated 

PCMTD1 form, now at the same concentration as PCMT1, still does not crosslink with the [3H] 

AdoMet. Thus it appears that even with all of the AdoMet binding motifs present in PCMTD1, 

the C-terminus is necessary for [3H] AdoMet binding under the conditions used here, and that 

the Elongins likely play a crucial role in ordering this C-terminal region. 

The PCMTD1-Elongins complex does not display methyltransferase activity 

 The conservation of the AdoMet and L-isoaspartyl-binding sites from PCMT1 to 

PCMTD1 suggests that this protein may retain similar L-isoaspartyl-methylation activity. To 

probe for L-isoaspartyl methylation, we took advantage of the labile nature of the methyl-ester 

that is created during the reaction. Methylation of L-isoaspartyl residues with [3H] AdoMet 

generates a labile [3H] methyl ester, which can be released as [3H] methanol upon the addition 

of base, and detected by a scintillator. Using both a known peptide and protein substrate of 

PCMT1, we tested for L-isoaspartyl methylation by PCMTD1-Elongins (Fig. 3A). The canonical 

methyltransferase PCMT1 alone (red) is able to methylate L-isoaspartate within both the peptide 
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(KASA(isoD)LAKY) and the protein (ovalbumin). Incubation of substrates with the PCMTD1-

Elongins, however, did not show any methylation of L-isoaspartate above the enzyme-alone 

background (blue columns). 

 It is possible that the KASA(isoD)LAKY peptide and the ovalbumin protein are not 

preferred substrates for PCMTD1, or that it is a methyltransferase, but it is not methylating L-

isoaspartate residues. To test these hypotheses, PCMT1 and PCMTD1-Elongins were 

incubated with both wild-type and Pcmt1 knockout mouse brain lysates with [3H] AdoMet. All 

types of methylation using the [3H] AdoMet can then be detected by SDS-PAGE separation of 

the radiolabeled lysates, and exposure to film. In the lanes containing extract and PCMT1, 

significant signal as a result of methylation was observed, and as expected the signal was 

higher in the Pcmt1 knockout lysate, as more L-isoaspartate substrates have been allowed to 

accumulate (lanes 4 and 7; Fig. 3B). However, in lanes 5 and 8 in which the PCMTD1-Elongins 

were incubated with lysates, there is no signal observed above the lysate-alone lanes (3 and 6). 

Thus, while the PCMTD1-Elongins complex is able to bind AdoMet, it does not exhibit any type 

of methyltransferase activity. 

The PCMTD1-Elongins associate with Cullin 5 and lower detectable L-isoaspartate levels in 

lysates 

 Mahrour et al., performed pull down experiments using FLAG-tagged PCMTD2 as bait in 

HEK293 cells and demonstrated that Elongins B and C, as well as Cullin 5 are associated 

(Cul5) (14). PCMTD1 was also able to be isolated when FLAG-Cul5 was used as bait. To see if 

this association could be reconstituted in vitro, Cul5 was co-expressed as a separate N-terminal 

and C-terminal region alongside Rbx2 similar to previous recombinant expression schemes for 

Cullin proteins (15, 16). Purified PCMTD1-Elongins and the purified Cul5-Rbx2 complexes were 

sequentially loaded onto Ni-resin, and co-purified by immobilized affinity metal chromatography 

(IMAC). To verify the association, the IMAC fractions containing the proteins were separated by 

gel filtration. Gel filtration profiles of the IMAC-purified PCMTD1-Elongins alone were compared 
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to PCMTD1-Elongins-Cul5-Rbx2 and protein standards runs (Fig. 4A). The A280 trace coupled 

with SDS-PAGE revealed that while the PCMTD1-Elongins (~66,000, red asterisk) alone eluted 

between the 158,000 Da bovine γ-globulin and the 44,000 ovalbumin standards, the PCMTD1-

Elongins-Cul5-Rbx2 complex (blue asterisk) eluted before the γ-globulin standard, in 

accordance with the ~170,000 Da molecular weight of the whole complex. Electron microscopy 

revealed circular species ~30 nm in diameter on the grid, which may correspond to a group of 

several PCMTD1-Elongins-Cul5-Rbx2 complexes, as a single complex would be expected to be 

approximately 10-15 nm (Fig. 4B). 

 Due to the ability of PCMTD1 to complex to cullin-RING ligase components, the 

conservation of the L-isoaspartyl-recognition motifs, and in light of its lack of methyltransferase 

activity, it is plausible that the protein is able to maintain L-isoaspartate levels in the cell through 

mechanisms other than methylation. To investigate this possibility, PCMTD1-Elongins were 

mixed with wild-type and Pcmt1 knockout brain lysate with and without ubiquitin ligase 

components (Ub. reaction components), including E1, E2, MgATP, ubiquitin, and Cul5/Rbx2. 

Purified PCMT1 and [3H] AdoMet were then added to label remaining L-isoaspartate residues. 

These radiolabeled extracts were separated by SDS-PAGE and signal from radiolabeled L-

isoaspartate was detected on film (Fig. 5A). As seen in Figure 3, there were significantly higher 

levels of L-isoaspartate signal in the ΔPcmt1 lysate than the wild-type lysate as expected. 

Strikingly, the combination of PCMTD1-Elongins with the Ub. reaction components decreased 

the L-isoaspartate signal throughout the lane by approximately 50% as quantified by 

densitometry, while the Ub. reaction components alone did not appear to lower signal (Fig. 5B). 

The lane in which PCMTD1-Elongins were incubated alone with the extract decreased overall 

signal by ~25%. Thus the PCMTD1-Elongins in combination with cullin-RING ligase 

components are able to lower PCMT1-detectable levels of L-isoaspartate in vitro.  Interestingly, 

no large changes in the coomassie staining of the gel were seen, which might have been 

expected if there were increases in polyubiquitination by an active PCMTD1-Elongins-cullin-
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RING ligase complex (Fig. 5A). However, the L-isoaspartate modification is typically low 

stoichiometry, and femtomolar amounts can be detected with the high sensitivity of the PCMT1-

radiolabeled fluorography, and thus may not correlate to large shifts detectable by coomassie 

staining.  

 To test the effects of individual cullin-RING components on this system, we again 

incubated the PCMTD1-Elongins with ΔPcmt1 lysate, and sequentially removed the E1/E2 

enzymes, Cul5, and ubiquitin (Fig. 6A). Strikingly, reactions that lacked each of these 

components had decreased levels of L-isoaspartate signal comparable to or lower than that of 

the lane containing all of the cullin-RING components and PCMTD1-Elongins. These results 

may support the hypothesis that in vitro when the PCMTD1-Elongins are able to associate with 

all cullin-RING components, and ubiquitination allowed to take place, the released ubiquitinated 

substrate may still be recognized and methylated by PCMT1 and [3H] AdoMet before being 

degraded by proteasomal proteins present in the extract. However, when components of the 

cullin-RING complex are lacking the PCMTD1 protein may not release the unmodified substrate, 

fully occluding PCMT1 radiolabling (Fig. 6B). 

The PCMTD1-Elongins catalyze the ubiquitination of carbonic anhydrase 

 The association of the PCMTD1-Elongins with cullin-RING ligase components suggests 

that the PCMTD1 protein may serve as an E3 substrate adaptor protein to recruit substrates for 

active ubiquitination. The high sequence homology between the N-terminus of PCMTD1 and the 

PCMT1 enzyme suggests that there may be some overlap in substrate specificity between 

these proteins (Fig. 1). To evaluate the hypothesis that PCMTD1 may facilitate ubiquitination of 

a substrate protein, we used the protein carbonic anhydrase which has previously been shown 

to be an endogenous substrate for the PCMT1 protein in mouse brain (17). A solution of 

carbonic anhydrase was allowed to age for two weeks at 37 °C in order to accumulate L-isoAsp 

residues. Unaged and aged carbonic anhydrase were then tested as substrates for PCMTD1-

dependent ubiquitination as probed by recognition by an anti-ubiquitin antibody (Fig. 7). The 
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accumulation of ubiquitinated species was time dependent, as shown by the limited amount of 

signal observed in the 0 minute reactions lanes 1 and 4. The ubiquination detected increased to 

the greatest levels in the 30 minute reactions in which all E3 ligase components were present 

along with carbonic anhydrase and the PCMTD1-Elongins (lanes 2 and 5). Strikingly, when only 

the PCMTD1-Elongins are removed, the overall signal significantly decreases (lanes 3 and 6). 

The background ubiquitination seen in lanes 3 and 6 corresponds to Cul5 autoubiquitination 

seen in other experiments (data not shown). These results demonstrate that PCMTD1 can 

facilitate the ubiquitination of a protein substrate.  

 Given the ability of PCMTD1 to interact with the carbonic anhydrase substrate, it 

supports the hypothesis that PCMTD1 is recognizing similar motifs as PCMT1. This would 

further indicate that the PCMTD proteins are likely to recognize L-isoAsp residues in a similar 

manner as PCMT1. Interestingly, there were no significant differences observed between the 

unaged and aged solutions of carbonic anhydrase, despite the fact that the aged population 

should contain a higher number of L-isoAsp residues (Fig. 7A). The levels of L-isoAsp within the 

unaged and aged carbonic anhydrase were analyzed and revealed that while there was a rise 

increase in the modification within the aged population it was at only 3% stoichiometry (Fig. 7B). 

It is clear that the PCMTD1 protein is able to recognize at least a portion of the unaged 

population in order to catalyze ubiquitination. However, perhaps we would see much greater 

signal with a substrate containing high levels of L-isoAsp. 

DISCUSSION: 

 In Mahrour et al., 2008 it was suggested that the PCMTD proteins may represent a link 

between methylation and ubiquitination based on the conservation of the PCMT1 L-isoaspartyl 

and AdoMet binding motifs. Here we do show that PCMTD1 is capable of associating with 

AdoMet, and that this binding may be dependent on certain cullin-RING ligase components in 

vitro (Fig. 3). However, even in the presence of a full complement of ligase components, [3H] 

AdoMet, and mouse brain lysate, the PCMTD1 protein does not raise levels of detectable 
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methylation (Fig. 4 and 5). Instead, when the PCMTD1-Elongins are incubated with ligase 

components and extract, levels of PCMT1-methylated L-isoaspartate decrease (Fig. 5).  

 The majority of PCMT1 methyltransferases recognize both L-isoaspartyl and D-aspartyl 

residues, although some species variants, like the Thermatoga maritima PCMT enzyme can 

only recognize L-isoaspartate (18). Structural analyses of these enzymes have revealed that 

these enzymes primarily bind the substrate by interactions with the L-isoaspartate residue and 

the residues C-terminal to the modified amino acid (19). A crystal structure of the Pyrococcus 

furiosus PCMT1 enzyme with an L-isoaspartate containing peptide showed the Ser75 (Ser59 in 

human PCMT1) of Pre-motif I interacting with the carboxyl side chain of the L-isoaspartate 

residue. The Pre-motif I is highly similar in the PCMTD proteins, conserving the serine residue, 

which would interact directly with an L-isoaspartate side chain. The remaining residues do not 

appear likely to produce major clashes with an L-isoaspartate substrate, though it is difficult to 

predict how the structural accommodation of a some mutations may indirectly affect the active 

site. The PCMT1 structures also reveal that these enzymes conserve three charged amino acid 

residues buried in the protein’s interior in or near the active site (20). Within the human enzyme, 

these are residues Arg36, Asp83, and Asp109. In both PCMTD proteins, the arginine is 

conserved, however, both aspartate residues are replaced by asparagine residues (Fig. 1). 

Asp109 of Post-motif I in particular represents a highly conserved site in AdoMet dependent 

methyltransferases, wherein an aspartate or glutamate residue hydrogen bonds with the ribose 

hydroxyl groups of the AdoMet (21, 22). The replacement of the aspartate with asparagine could 

orient the AdoMet cofactor in a similar position. 

 Thus sequence comparisons do not yield obvious explanations for the lack of 

methyltransferase activity within the PCMTD proteins. It is possible that a necessary cofactor is 

still missing, as we say in Figure 2 that the PCMTD1 protein did not purify and bind AdoMet in 

the absence of Elongins B and C. However, the results presented here support an alternate 

function for the PCMTD proteins in which these proteins maintain the isoaspartyl-binding motifs 
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of PCMT1 in order to recognize this age-related protein modification within proteins to catalyze 

their ubiquitination and eventual degradation. This is supported by the association of PCMTD1 

with both Elongins B and C, as well as Cul5 and Rbx2 (Fig. 2 and Fig. 4) and the lowered 

levels of detectable L-isoaspartate in incubations with Pcmt1 knockout mouse brain lysates 

(Fig. 5). Ubiquitination assays within extracts yield high background, making it difficult to probe 

for active ubiquitination by the PCMTD1-Elongins-Cul5 complex. However, experiments using a 

known PCMT1 substrate, carbonic anhydrase, revealed that the PCMTD1-Elongins can 

facilitate ubiquitination (Fig. 7). As the levels of L-isoAsp within the substrate were low, it is 

difficult to predict what region of the substrate the PCMTD1 adaptor protein is recognizing. 

Defining this interaction will require further experimentation, and will be crucial for our 

understanding of this newly identified E3 ligase adaptor protein. 

 The recognition of an age-related protein modification by an E3 ligase represents a 

unique discovery in the context of protein turnover. Certain E3 ligases have been found to 

recognize modified forms, such as the F-box proteins of the SCF E3 ligase family, which 

requires phosphorylation of substrates, and the von Hippel-Lindau protein, which recognizes 

hydroxylated hypoxia-inducible factor-1 (23, 24). However, to the authors’ knowledge, no E3 

ligases have been identified to specifically recognize aged protein for ubiquitination and 

degradation. This finding represents another layer of complexity to cellular protein homeostasis. 

METHODS: 
 
Reagents and plasmids 

Full-length (1-357) and truncated (1-231) PCMTD1 were expressed as His-tagged constructs in 

pMAPle vectors designed and generated in the UCLA DOE Protein Expression Technology 

Core (PETC). The vector sequences include a	pBR322 origin, lacI, MBP, TEV protease site, C-

terminal His6, and co-express TEV protease. The Elongins were expressed on the ELONGIN 

BC plasmid (XX01TCEB1A-c001), which was a gift from Nicola Burgess-Brown (Addgene 

plasmid # 110274; http://n2t.net/addgene:110274 ; RRID:Addgene_110274). The Uba1 or E1 
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ubiquitin conjugating enzyme was expressed in pET28-mE1 - a gift from Jorge Eduardo 

Azevedo (Addgene plasmid # 32534; http://n2t.net/addgene:32534 ; RRID:Addgene_32534, ref. 

25). The E2 enzyme was expressed in pET15-UbE2D1 was a gift from Wade Harper (Addgene 

plasmid # 15782; http://n2t.net/addgene:15782 ; RRID:Addgene_15782; ref. 26). In all 

ubiquitination and methylation assays, full-length untagged Cul5/Rbx2 purchased from 

Ubiquigent was utilized (catalog #	63-1002-025). For Cul5/Rbx2 co-purification with PCMTD1 

fragments for the Cul5 N-terminus (1-384) and His-Rbx2-Cul5-C-terminus (385-780) were 

cloned into pET24+ and PACYDuet vectors, respectively, and co-transformed into E. coli BL21 

cells. The plasmid encoding the recombinant human l-isoaspartyl protein methyltransferase 

(rhPIMT) with an N-terminal polyhistidine tag was a generous gift of Dr. Bruce Downie. Ubiquitin 

was purchased from Boston Biochem (catalog # U-100H).  

Sequence alignment 

 Multiple sequence alignment was done with T-Coffee (27). UniProt accession numbers 

P22061 (PCMT1), Q96MG8 (PCMTD1), and Q9NV79 (PCMTD2). 

Ethics Statement 

This study was performed in accordance with animal use protocols approved by the UCLA 

Animal Research Committee (Protocol 1993-109-64). Mice were scheduled to be euthanized if 

they met any early removal criteria (kyphosis, lack of grooming behavior). However, this did not 

occur with any of the animals in our study. 

Animal Husbandry 

Pcmt1−/− animals were generated through breeding of Pcmt1+/− animals and maintained as 

reported previously (10, 28). These animals have been interbred for twenty years to obtain a 

genetically homogeneous population. Pcmt1−/− and Pcmt1+/+ offspring were used in this study. 

Mice were kept on a 12-hour light/dark cycle and allowed ad libitum access to water and NIH-31 

7013 pellet chow (18% protein, 6% fat, 5% fiber, Harlan Teklad, Madison, WI).  

Preparation of wild-type and Pcmt1 knockout mouse tissue lysates 
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Tissues were a kind gift from Dr. Jonathan Lowenson. Briefly, 52-day-old wild-type and Pcmt1 

knockout mice were euthanized in a CO2 chamber. Brain tissue was removed and weighed, and 

5 mL/gram tissue of ice-cold lysis buffer (250 mM sucrose, 10 mM Tris-HCl, pH 7.4,1 mM 

ethylenediaminetetraacetic acid (EDTA), 1mM phenylmethylsulfonyl fluoride (PMSF), 1 Roche 

protease inhibitor cocktail tablet) was added. Tissues were homogenized with a Fisher LR400A 

Lab-Stirrer at approximately 300 rpm, then spun at 20,000 g for 20 min at 4 °C. The supernatant 

was removed as the soluble extract and stored at -20 °C until use. 

Recombinant protein expression and purification 

 Recombinant proteins were expressed in E. coli BL21 strains. PCMTD1-Elongins were 

expressed for 3 h at 37 °C and induced with 0.5 mM Isopropyl β-D-1-thiogalactopyranoside 

(IPTG). E1, E2, and PCMTD1-trunc enzymes were expressed overnight at 18 °C, with 1 mM 

IPTG. Cul5-NTR and Cul5-CTR/Rbx2 plasmids were co-expressed 18 °C, with 0.5 mM IPTG. 

To maintain consistent conditions, all enzymes were purified in the same buffers with 

one immobilized metal affinity chromatography step followed by size exclusion chromatography. 

Following expression, cells were spun down for 15 min at 5,000 g at 4 °C and frozen at -80 °C 

until lysis and purification. Thawed cells were resuspended in 5 mL/g pellet of lysis buffer (50 

mM HEPEs, pH 7.6, 300 mM NaCl, 5% glycerol, 1 mM β-mercaptoethanol (βME), 1 mM PMSF, 

and 1 EDTA-free Pierce protease inhibitor tablet per 50 mL). Lysis was performed by three 

passes through an Avestin Emulsiflex at 15,000 psi with incubations on ice to minimize 

temperature of lysate. Lysates were then spun at 13,000 rpm for 50 min at 4 °C. Filtered lysates 

were then loaded onto three 5 mL HisTrap HP columns equilibrated with wash buffer (50 mM 

HEPEs, pH 7.6, 150 mM NaCl, 5% glycerol, 20 mM imidazole, 1 mM βME) on a Bio-Rad 

Biologic FPLC system. Proteins were eluted from the column over two steps, first a linear 

gradient from 0-100% elution buffer (50 mM HEPEs, pH 7.6, 150 mM NaCl, 5% glycerol, 300 

mM imidazole, 1 mM βME) over 60 min, followed by 100% elution buffer wash for 30 min at 1 

mL/min. Fractions containing the purified protein were pooled and were loaded onto a HiPrep 
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16/60 Sephacryl S-200 HR gel filtration column equilibrated with 50 mM HEPES, pH 7.6, 150 

mM NaCl, 1 mM βME. Gel filtration as carried out over 200 mL at 0.4 mL/min. Finally, fractions 

containing purified proteins were pooled, 5% final glycerol was added, and proteins were 

concentrated using 10 kDa MWCO Amicon centrifugal filters prior to storage at -20 °C. Protein 

concentrations were determined by a Lowry assay after protein precipitation with 10% 

trichloroacetic acid (29).   

[
3
H] AdoMet:protein ultraviolet crosslinking experiments 

 In a final volume of 60 μL 50 mM Tris-HCl, pH 7.5, 3.85 μM protein was mixed with 0.5 

μM S-adenosyl-L-[methyl-3H] methionine ([3H] AdoMet; PerkinElmer Life Sciences; 75-85 

Ci/mml, 0.55 mCi/ml in 10 mM H2SO4:ethanol (9:1, v/v)). Where indicated in the figure legend, 

0.5 mM final of either non-radioactive S-adenosylhomocysteine or adenosine triphosphate was 

added. Reactions were placed into NUNC 96 well clear bottom plates and exposed to 254 nm 

ultraviolet light at 4 °C for 1 h. 15 μL 5x SDS-loading dye was added to quench the reaction, 

and samples were heated at 100 °C for 3 min. Samples were then separated by SDS-PAGE 

and visualized by coomassie staining. 

Determination of L-isoaspartate-methylation levels by the methanol vapor diffusion assay 

PCMT1 was used as a positive control to quantify L-isoaspartate levels in the 

KASA(isoD)LAKY peptide substrate and the ovalbumin protein substrate (Sigma A5503). In a 

final volume of 100 μL10 pmol of PCMT1 or 15 pmol PCMTD1-Elongins were incubated with 25 

pmol KASA(isoD)LAKY or 500 pmol Ovalbumin (typically ~6% isomerized). Final concentrations 

in the reactions included 135 mM Bis-Tris-HCl, pH 6.4, and 10 μM S-adenosyl-l-

[methyl3H]methionine ([3H]AdoMet) (prepared by a 1600-fold isotopic dilution of a stock of 72 

Ci/mmol [3H]AdoMet (PerkinElmer Life Sciences, NET155H00) with nonisotopically labeled 

AdoMet (p-toluenesulfonate salt; Sigma-Aldrich A2408)). The reaction was stopped by adding 

10 μL of 2 M sodium hydroxide, and 100 μL of the 110 μL mixture was transferred to a 9 by 2.5 

cm piece of folded thick filter paper (Bio-Rad; catalog number 1650962) wedged in the neck of a 
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20-mL scintillation vial above 5 mL scintillation reagent (Safety Solve, Research Products 

International, catalog number 121000), tightly capped, and incubated at room temperature. After 

2 h, the folded filter papers were removed, the caps replaced, and the vials were counted thrice 

for 5 minutes each in a Beckman LS6500 scintillation counter. Background radioactivity in a 

reaction containing no substrate was determined by incubating the recombinant human PCMT1 

or PCMTD1-Elongins, 135 mM Bis-Tris-HCl buffer, and 10 μM [3H] AdoMet as described above. 

Samples were analyzed in triplicate. 

SDS-PAGE fluorography for the analysis of methyltransferase activity 

25 μg wild-type and Pcmt1 knockout extracts were analyzed in a 30 µL reaction volume with 

final concentrations of 74 mM Bis-Tris-HCl, pH 6.4, 6 µg recombinant human PCMT1 or 

PCMTD1-Elongins, 0.3 µM S-adenosyl-L-[methyl-3H] methionine (PerkinElmer Life Sciences; 

75-85 Ci/mml, 0.55 mCi/ml in 10 mM H2SO4:ethanol (9:1, v/v)), and incubated for 2 h at 37 °C.  

The reaction was stopped by adding 5 µL SDS-PAGE loading buffer (250 mM Tris-HCl, pH 6.8, 

10% (w/v) SDS, 50% (v/v) glycerol, 5% (v/v) β-mercaptoethanol, and 0.05% (w/v) bromophenol 

blue).  Samples were heated at 100 °C for 3 min and separated on a 4-20%, 10 well 

ExpressPlus PAGE gel (Genscript, catalog # M42010) at 140 V for 1 h. Gels were stained with 

Coomassie (0.1% (w/v) Brilliant Blue R-250, 10% (v/v) glacial acetic acid, and 50% (v/v) 

methanol) for 1 h and destained with 10% (v/v) acetic acid and 15% (v/v) methanol.  For 

fluorography, gels were subsequently incubated with EN3HANCE (PerkinElmer Life Sciences, 

catalog number 6NE9701) for 1 h, incubated in water for 30 min, and dried before the gels were 

exposed to film (Denville Scientific, 8 × 10-inch Hyblot Cl) for the length of time designated in 

the figure legends at −80 °C. 

SDS-PAGE fluorography of ubiquitination assays 

7.7 µM PCMTD1-Elongins, 70 nM E1, 3 µM E2, 160 nM Cul5/Rbx2, were incubated in 20 mM 

Tris, pH 7.5, 5 mM KCl, 1.5 mM MgCl2, 1mM DTT with 50 µM ubiquitin and 1.6 mM ATP for 1 h 

at 37 °C in a final volume of 30 μL. After 1 h, 30 μL of 6 μg PCMT1, 0.3 µM [3H] AdoMet, and 
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200 mM Bis-Tris-HCl, pH 6.4 were added to the reactions and incubated for an additional 2 h at 

37 °C. The reaction was stopped by adding 15 µL SDS-PAGE loading buffer (250 mM Tris-HCl, 

pH 6.8, 10% (w/v) SDS, 50% (v/v) glycerol, 5% (v/v) β-mercaptoethanol, and 0.05% (w/v) 

bromophenol blue). Samples were heated at 100 °C for 3 min and separated on a 4-20%, 10 

well ExpressPlus PAGE gel (Genscript, catalog # M42010) at 140 V for 1 h.  Staining, 

enhancing, and fluorography proceeded as described in the section above. Signal from 

fluorographs was quantified by densitometry using ImageJ (30). 

Western blot of ubiquitination assays 

7.3 pmol of Cul5/Rbx2 was neddylated using the Enzo NEDDylation Kit (catalog # BML-

UW0590). 182 nM final concentration neddylated Cul5/Rbx2 was incubated with 2.84 µM 

PCMTD1-Elongins, 52.5 nM E1, 2.25 µM E2, 118.4 µM cold AdoMet, and 13.4 µM carbonic 

anhydrase in 20 mM Tris, pH 7.5, 5 mM KCl, 1.5 mM MgCl2, 1mM DTT with 37.5 µM ubiquitin 

and 1.2 mM ATP for 0 or 30 min at 37 °C in a final volume of 40 μL. The reaction was stopped 

by adding 10 µL SDS-PAGE loading buffer (250 mM Tris-HCl, pH 6.8, 10% (w/v) SDS, 50% 

(v/v) glycerol, 5% (v/v) β-mercaptoethanol, and 0.05% (w/v) bromophenol blue). Samples were 

heated at 100 °C for 3 min and separated on a 4-20%, 10 well ExpressPlus PAGE gel 

(Genscript, catalog # M42010) at 140 V for 1 h. The gel was then transferred to a PVDF 

membrane at 30 V for 1 h. Ubiquitination was detected on the blot with a 1:500 dilution of an 

anti-ubiquitin primary antibody (Mono- and polyubiquitinylated conjugates monoclonal antibody 

(FK2), Enzo catalog # BML-PW8810-0100), followed by incubation with a 1:10,000 dilution of 

rabbit anti-mouse secondary antibody. Bound antibody was visualized using the Amersham 

ECL western blotting detection reagent (GE Healthcare product # RPN2106). Film was exposed 

to the blot for 10 s. 
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FIGURES: 
 

 
 
FIG. 1. Sequence alignment of PCMT1 and PCMTD proteins. Black and gray colors 

represent fully conserved and conservative mutations, respectively. Sequence outlined in blue 

corresponds to PCMT1 isoaspartyl-binding motifs, while sequence outlined in red represent 

PCMT1 AdoMet-binding motifs (20). Residues boxed in green in the PCMTD proteins comprise 

the BC-box and Cul-5 box binding motifs of the SOCS box domain.  
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FIG. 2. PCMTD1 associates with Elongins B and C, which aid in binding of the AdoMet 

cofactor. A, PCMTD1 was co-expressed and purified with Elongins B and C as described in the 

Methods section. The coomassie gel shows fractions from size exclusion chromatography of 

pooled IMAC fractions. Untagged Elongin B (13 kDa) and Elongin C (10 kDa) co-elute with His-

PCMTD1 (42 kDa). B, The coomassie-stained gel and fluorography show separation of [3H] 

Adomet-crosslinked proteins. The asterisk in the upper panel indicates the His-PCMTD1 alone 

band. Film was exposed for 5 days. C, PCMT1 and truncated PCMTD1 proteins were UV-

crosslinked with [3H] Adomet and separated by SDS-PAGE and AdoMet binding was detected 

by fluorography as described in the Methods. Film was exposed for 3 days. 
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FIG. 3. The PCMTD1-Elongins do not display methyltransferase activity. A, L-isoaspartate 

methylation of the KASA(isoD)LAKY peptide and ovalbumin were detected by a methanol vapor 

diffusion assay as described in the Methods section. Assay was performed in duplicate. B, Total 

methylation was investigated by incubation of proteins with [3H] AdoMet and mouse brain lysate. 

All [3H]-labeled proteins were separated by SDS-PAGE. Proteins were visualized by coomassie 

staining and [3H]-methylated proteins were detected by fluorography, by exposure to film for 6 

days. The black asterisk (*) indicates PCMT1 automethylation, the red hashtag (#) shows 

contamination of the film by the unintended shift of the phosphorescent sticker used to mark 

orientation of the film. 
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FIG. 4: The PCMTD1-Elongins associate with Cul5 and Rbx2 in vitro. A, PCMTD1-Elongins 

and Cul5-Rbx2 were separately purified as described in the Methods section, then purified 

proteins were mixed and co-purified by Ni-affinity chromatography, and gel filtration. The size 

exclusion chromatogram of PCMTD1-Elongins alone (red trace; A280) is compared with the 

chromatogram of PCMTD1-Elongins-Cul5-Rbx2 (blue trace). Black lines indicate the volume 

where Bio-Rad gel filtration standards elute. Proteins were detected within these fractions by 

SDS-PAGE and coomassie staining. B, The purified complex was concentrated to ~0.2 mg/mL 

and electron micrographs were collected. Black scale bar represents 30 nm. 
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FIG. 5: PCMTD1-Elongins coupled with cullin-RING ligase components lower detectable 

levels of L-isoaspartate in vitro. A, PCMTD1-Elongins were incubated with mouse brain 

lysates and cullin-RING ligase components (Ub. reaction components) prior to L-isoaspartate 

detection by PCMT1 and [3H] AdoMet. Radiolabeled lysates were separated by SDS-PAGE and 
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signal was detected by exposure to film for 5 days. B, Radioactive signal from fluorograph lanes 

was quantified by densitometry. 
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FIG. 6. In vitro PCMTD1-Elongins can lower PCMT1-detectable L-isoaspartate without 

active ubiquitination. A, PCMTD1-Elongins were incubated with mouse brain lysates and 

cullin-RING ligase components (Ub. reaction components) prior to L-isoaspartate detection by 

PCMT1 and [3H] AdoMet. Single cullin-RING ligase components were removed in the 

designated lanes. Radiolabeled lysates were separated by SDS-PAGE and signal was detected 
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by exposure to film for 7 days. B, Model for the lowered levels of L-isoaspartate methylated by 

PCMT1 and [3H] AdoMet in vitro.   
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FIG. 7. In vitro ubiquitination assay with the carbonic anhydrase substrate reveals 

PCMTD1-dependent ubiquitination. A, PCMTD1-Elongins were incubated with the cullin-

RING ligase components (E1/E2/Cul5/Rbx2/Neddlyation/Ubiquitin/ATP) and unaged or aged 

carbonic anhydrase. Reactions in lanes 1 and 4 were stopped immediately after combining all 

components. Lanes 2, 3, 5, and 6 were stopped after 30 minutes. Loading and transfer was 

evaluated with Ponceau staining of the blot (top panel), ubiquitination activity was detected by 

western blot using an anti-ubiquitin antibody (lower panel). B, The stoichiometry of pmol L-

isoAsp per pmol carbonic anhydrase in unaged and aged samples was quantified using the 

methanol vapor diffusion assay. 
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CHAPTER 6 

Perspectives, future research, and concluding remarks  

  



	 155 

The age-related accumulation of L-isoaspartate within proteins is challenging to 

characterize due to its isobaric mass and typically sub-stoichiometric levels. Due to its 

ubiquitous nature, there are a number of approaches that can be taken and a variety of different 

systems in which to study this modification. This dissertation presents significant advancements 

in our understanding of L-isoaspartate in physiologically relevant peptides and their aggregation, 

as well as the characterization of a novel L-isoaspartate maintenance pathway. While the 

results presented here represent major steps forward in comprehending the complex system of 

L-isoaspartate damage and repair, they also reveal new questions that need to be addressed by 

further research. In this chapter I will discuss possible methods for investigating these L-

isoaspartate systems further. 

What are the exact nature PCMT1’s and L-isoaspartate’s roles in cataract formation? 

In Chapters 2 and 3 of this dissertation, I present work performed in the rodent and 

human eye lens, respectively. Experiments performed in these chapters definitively show that L-

isoaspartate accumulates to high levels in the aged lens, even while endogenous PCMT1 

retains the ability to methylate L-isoaspartate in vitro. To understand the repercussions of this, 

we endeavored to localize the damage, and found that while L-isoaspartate does localize to 

molecular weights of intact crystallins, the strongest signal is seen below these molecular 

weights (Figure 3.5). We identified the peptides in this region and combined this with previous 

research on isoaspartyl “hot spots” within crystallins to perform in vitro experiments 

characterizing the properties of these altered peptides. In accordance with the body of literature 

that exists pertaining to L-isoaspartate, the effects of the modification were variable within the 

peptides analyzed. In some cases the introduction of the modification abated aggregative 

properties, while in others aggregation was increased and chaperone-inhibitory properties were 

increased.  

From these results it is clear that this age-related modification plays a complex role in 

protein aggregation within the aging lens and brings up several key questions. First, is the 



	 156 

formation of the L-isoaspartate modification linked to the formation of these proteolytic 

fragments? This could be answered by an extensive identification of peptides and L-

isoaspartate sites within eye lenses of different ages to see if the fragments initially contain the 

modification. Next, is there a predictable trend that dictates when the modification will enhance 

or decrease aggregation? This might be aiding by computational means in which the L-

isoaspartate is introduced into sequences and then these are threaded through peptide 

backbones, which are known to aggregate, similar to current steric zipper prediction softwares 

(1). However, this would be best aided by exhaustive in vitro experimentation testing the effects 

of the modification within physiologically relevant crystallin peptides. The consequences 

modification within aggregates should also be addressed, for example, does the modification 

affect proteolytic attempts to clear aggregates? It would also be informative to determine the 

rates of L-isoaspartate formation within the significantly damaged peptides, to compare to the 

loss of transparency in the lens. Lastly, but no less important, is to fully explain why the PCMT1 

repair enzyme cannot maintain L-isoaspartate levels efficiently in the eye lens tissue. 

Understanding this may reveal important steps in the formation of cataract. 

Addressing the nature and relevance of L-isoAsp23 amyloid-β (Aβ) in vivo    

 In vitro we have established that L-isoaspartate at site 23 in Aβ greatly enhances 

amyloid aggregation. The structural studies performed as a part of this dissertation suggest that 

this may, at least in part, be due to the formation of a more stable inter-protofilament interface 

facilitated by the modified residue. This certainly has revealed a novel inter-protofilament 

interface within the L-isoAsp23 containing 20-34 Aβ segment, which also yields insight into the 

kinds of amyloid steric zippers that an L-isoaspartate residue can facilitate. This could perhaps 

even help explain the enhanced amyloid formation of the crystallin αA66-80, isoAsp76 peptide 

discussed in Chapter 3.  

However, it is also possible that the observations of faster rates of amyloid formation 

within the L-isoAsp containing peptide are not due to the formation a more favorable interface. 
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Instead, it may be the flexibility of the L-isoaspartate’s methylene group that allows the peptide 

to sample a large number of peptide conformations in a shorter amount of time, forming the 

single protofilament core faster. In effect this would create a nucleus for aggregation faster. If 

this were the case then the amyloid structure in the initial stages of aggregation would likely lack 

the second L-isoAsp containing interface. Isolation of aggregates at different time points during 

aggregation and subsequent fiber diffraction studies might reveal changes in the patterns 

corresponding to the formation of the second interface. Discerning the root cause in accelerated 

amyloid formation by L-isoaspartate has important implications for Aβ related diseases in which 

L-isoAsp23 has been found. A determination of the levels of this modified site from disease 

brains would also enhance our knowledge of this modification’s role in disease. 

An undeniable query arises from the discussion in the paragraph above and Chapter 4: 

Is the novel L-isoAsp23 interface we observed present in vivo? Polymorphism-specific 

antibodies have been generated against Aβ previously (2), antibodies against L-isoAsp23 

aggregate containing the novel interface could be raised. These antibodies could then be used 

to perform immunohistochemical studies of control and Alzheimer’s disease brain tissues to 

check for the presence of this structure. Alternatively, researchers have recently executed the 

isolation and structure solution of some tau fibril polymorphs from Alzheimer’s and Pick’s 

disease brain (3, 4). If Aβ fibrils could be isolated from disease tissue, these fibrils could be 

probed for the presence of L-isoAsp23 using antibodies that have already been produced 

against L-isoAsp23 Aβ (5). If the immunolabeled L-isoAsp23 fibers exhibited a distinct 

morphology, a low-resolution single particle structure might reveal the presence of the second 

interface. 

These studies could admittedly be complicated by cross-seeded aggregates of wild-type 

or otherwise modified Aβ and the L-isoAsp23 form. Thus, it will also be necessary to undertake 

the comprehensive characterization of hetero-structures of L-isoAsp23 and wild-type forms. This 
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could be attempted by co-crystallization of wild-type and isomerized segments or single particle 

studies of cross-seeded fibers. 

What is the substrate specificity of the PCMTD1 ubiquitin ligase and the nature of its ubiquitination 

activity? 

The work presented in Chapter 5 of this dissertation takes steps towards validating the 

role of PCMTD1 as a novel L-isoaspartate recognizing ubiquitin ligase by showing association 

with cullin-RING ligase components and lowered levels of PCMT1-methylated L-isoaspartate in 

the presence of these components. This is an important advancement in our understanding of 

the already intricate network of protein ubiquitination and degradation. The L-isoaspartate may 

act as a marker for protein age that is recognized for degradation by the PCMTDs. However, 

these are just the beginning stages of characterization for these proteins. 

If the L-isoaspartate modification does act as a universal “off-switch” which is recognized 

by the PCMTDs for degradation, then the PCMTDs will have a relatively broad substrate 

specificity, as does PCMT1. To facilitate further characterization of these E3 ligases, these 

substrates should be identified. This could be achieved by mammalian cell expression of a 

tagged-PCMTD construct and pull down experiments. Once specific substrates have been 

identified, then in vitro ubiquitination assays can be performed to determine if the PCMTDs do 

efficiently catalyze polyubiquitination of the substrate. In vivo time course studies could then be 

done in wild-type and PCMTD knockout cell lines to monitor the degradation of the substrates.  

Two significant inquiries, which arise from these studies, are whether or not there is any 

cross-talk between PCMT1 and the PCMTDs, and how the PCMTDs activity compares to 

PCMT1. Do they recognize similar substrates? Do the PCMTDs also recognize both L-

isoaspartate and D-aspartate, or could they also recognize D-isoaspartate? Why does the 

PCMTD protein bind AdoMet? These questions can be in part answered by further in vitro 

assays investigating activity against different substrates. Structural studies of the PCMTD 
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proteins in complex with one or more of the cullin-RING proteins or AdoMet and an isoaspartyl 

substrate would also provide important insight into the activity of the enzyme.  
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APPENDIX CHAPTER 2 

Protein Arginine Methyltransferase Product Specificity Is Mediated by Distinct Active-site 

Architectures 
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