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ABSTRACT 

Isoaspartate (IsoAsp) is a damaging amino acid residue generated either from asparagine (Asn) 

deamidation or aspartate (Asp) isomerization. Both reactions are spontaneous in physiological 

conditions and require no enzymes. In isoAsp, a CH2 group is rearranged from the side chain 

and extends the polypeptide backbone. The accumulation of isoAsp disrupts protein structures 

and functions, making them prone to aggregation, and eventually contributes to the onset of 

Alzheimer’s disease (AD) and other neurodegenerative diseases (NDDs). Since the mass of 

isoAsp is the same as Asp, and only +0.98 Da different than Asn, the quantification of isoAsp 

requires high sensitivity and specificity of the analysis. Moreover, it is very difficult to develop 

a monoclonal antibody against isoAsp with high specificity. Although Asn deamidation is 

considered irreversible, there is an enzyme protein L-isoaspartyl methyltransferase (PIMT) that 

mitigates its damaging effect. PIMT methylates isoAsp using S-adenosylmethionine (SAM) as 

a methyl donor. Upon methanol loss, methylated isoAsp spontaneously becomes normal L-Asp 

in a minority (< 25%) of cases or more probably isoAsp again (≥ 75%). However, with age 

SAM production declines, rendering repair insufficient. This may result in isoAsp 

accumulation in long-lived proteins, including human serum albumin (HSA), the most 

abundant protein in blood. In the present thesis, we depict different ways to “fight” isoAsp, 

either via its early detection or exploring the repair mechanism, which we believe render 

avenues to fighting aging and age-related diseases. 

In Paper I, we developed a monoclonal antibody (mAb) specific to isoAsp in an important 

domain of HSA, and characterized it via DNA/amino acid sequencing, kinetic analysis, 

paratope mapping, glycosylation analysis, etc. We also quantified the isoAsp level in HSA of 

the blood of 100 healthy donors, the histogram of which resembled the normal distribution. In 

Paper II, for the first time we demonstrated that isoAsp-containing HSA forms aggregates 

with reduced binding capacity toward amyloid beta (Aß) peptide and phosphorylated tau (p-

Tau) protein. Using the mAb raised in Paper I and size exclusion chromatography, we found 

a significant increase of isoAsp level in HSA and its aggregates of the patients with AD 

compared with controls. We also discovered in AD group a significantly decrease of antibodies 

against isoAsp in HSA, as well as an increase of free Aß not bound with HSA. Based on the 

findings, we updated the isoAsp hypothesis of AD, supporting the role of isoAsp accumulation 

as a triggering factor in AD. In Paper III, we validated the results in Paper II, and further 

explored the capacity of isoAsp in diagnostics of other NDDs. The most significant finding 

was the best performance of isoAsp-related biomarkers in mild cognitive impairment (MCI) 

detection compared with other blood biomarkers. In addition, the levels of isoAsp in HSA and 

its antibodies significantly correlated with cognitive decline. In Paper IV, we discussed 

theoretical considerations supporting the possibility of a full repair of isoAsp to Asn and 

reported the first experimental evidence on the reversibility of isoAsp formation via protein 

succinimide/isoaspartate ammonia ligase (PSIAL) activity. We also discovered PSIAL activity 

in the recombinant cytoplasmic human aspartate aminotransferase (GOT1). 
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1 INTRODUCTION 

1.1 ALZHEIMER’S DISEASE (AD) AND OTHER NEURODEGENERATIVE 

DISEASES (NDDS) 

1.1.1 Overview 

Alzheimer’s disease (AD) is the most common neurodegenerative disorder causing senile 

dementia. It was reported by World Health Organization in 2021 that around 55 million people 

have dementia worldwide, and that AD contributes to 60-70% of the cases [1]. More 

specifically, it was evaluated that one in ten people over the age of 65 and more than 30% of 

people over 85 have AD [1, 2]. There are about 10 million new cases every year, and the 

world’s population of dementia is expected to reach 139 million by 2050 [1]. 

The disease pathology usually initiates decades before the onset of the symptoms, which can 

be typically identified on the histopathological level, as the deposition of extracellular senile 

plaques formed by amyloid-beta (Aβ) protein and neurofibrillary tangles (NFTs) composed of 

hyper-phosphorylated Tau (p-Tau). Such kind of accumulation can also be discovered in non-

demented people suffering from mild cognitive impairment (MCI) [3]. Currently no cure for 

AD exists and its diagnosis can be complicated.  Besides AD, NDDs also include vascular 

dementia (VaD), dementia with Lewy bodies (DLB), frontotemporal dementia (FTD), 

Parkinson’s disease (PD), progressive supranuclear palsy (PSP), corticobasal degeneration 

(CBD), etc. Different pathological events are involved in NDDs, including Aβ pathology, tau 

pathology, neuronal injury, inflammation and vascular dysregulation (Figure 1). 

 

 

Mila-Aloma, M., et al. Therapeutic Advances in Neurological Disorders, 2019 [4]. Abbreviation: Aβ, 

β-amyloid; TDP-43, transactive response DNA-binding protein 43; t-tau, total tau. 
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1.1.2 Diagnostic biomarkers 

The clinical diagnoses of AD have until recently been based on memory deficiency evaluation 

of recalls, positron emission tomography (PET) imaging of amyloid deposits, and 

cerebrospinal fluid (CSF) testing for p-Tau protein and Aβ peptide [5, 6]. Similar methods have 

also been used in other NDDs based on different biomarkers (Table 1). The definite AD 

diagnosis is still done by postmortem brain autopsy, while the diagnoses given during the 

lifetime of the patient are “probable AD” and “possible AD” [7]. A study in 2012 uncovered 

that such diagnostics misses 13-29% of AD cases, while 29-59% of presumed AD cases do not 

find postmortem confirmation [8]. The accuracy of diagnoses for other NDDs (e.g., VaD, FTD, 

DLB, PSP) could be even lower [9-12], thus easily accessible and accurate clinical diagnostic 

biomarkers are highly needed, especially during the early disease stages. 

The National Institute on Aging and Alzheimer's Association updated the diagnostic 

recommendations for different stages of AD in 2018. Within the “Research Framework”, AD 

diagnosis is not based on the clinical symptoms/signs or postmortem examination, but on 

biomarkers in living individuals. The known biomarkers are grouped into deposition of Aβ, p-

Tau, and neurodegeneration [AT(N)]. This ATN classification system is flexible in that new 

biomarkers can be added when they become available. It is even allowed that Aβ plaques and 

neurofibrillary p-Tau tangles may not be the ultimate cause of AD pathogenesis [13]. However, 

observationally Aβ plaques with or without neurofibrillary p-Tau remain the molecular features 

most strongly linked to AD [14-16], and thus any AD etiology hypothesis should try to explain 

Aß aggregation in the brain. 

During the last decade, blood-based biomarkers have been extensively studied and some have 

been used for preclinical diagnosis of AD with the advantage of non-invasiveness (Figure 2, 

Table 1). Most of these biomarkers  focus on Aβ (Aβ42, Aβ40, Aβ42/Aβ40) and Tau (total-

Tau, p-Tau181, p-Tau217, p-Tau231), re [17-21]. Some others have emerged recently as well, 

like neurofilament light chain (NfL) and glial fibrillary acidic protein (GFAP) [22-25]. 

Compared with individual levels of plasma Aβ42 and Aβ40, the ratio Aβ42/Aβ40 tends to 

better reflect the brain Aβ pathology and has been regarded as a promising blood biomarker 

for AD [26]. While blood total-Tau has been used more in detecting the acute injury of neurons, 

the performance of the plasma p-Tau biomarker depends upon the phosphorylation position(s). 

In recent reports, the plasma p-Tau181, p-Tau217 and p-Tau231 have shown strong association 

with amyloid and tau PET results [27, 28], as well as the capability of distinguishing AD from 

other dementia types. Thus p-Tau has been recognized as a robust blood biomarker for AD 

pathology [12]. Besides p-Tau, plasma NfL and GFAP have been confirmed to significantly 

increase in various types of NDDs [9-12]. The quantification methods of blood biomarkers 

have in recent years focused more on the simplicity and speed of analysis, such as in enzyme-

linked immunosorbent assay (ELISA) [29-31], single molecule array (Simoa) [32-34], and 

electrochemiluminescence (ECL) [35, 36]. To date, plasma NfL assay is already available in 

clinical laboratory practice for NDD diagnoses in Sweden, the Netherlands and France [37], 

while plasma GFAP was authorized by FDA for diagnostics of mild traumatic brain injury 

(TBI) [38]. The Alzheimer’s Association has also just announced the recommendations of 

starting using blood biomarkers cautiously in clinical practice [39]. 
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Neurodegener, 2021 [37]. 
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1.2 ISOASPARTATE (ISOASP) 

1.2.1 Deamidation and isoAsp 

Deamidation is a loss of ammonia, and it is one of the most abundant posttranslational 

modifications (PTMs) in proteins. It is a spontaneous chemical reaction proceeding without an 

enzyme even at physiological conditions [40]. As soon as the protein molecule is expressed, 

deamidation starts, acting both in vivo and in vitro, and the reaction can be accelerated in 

alkaline conditions or at high temperature (> 37 ˚C) [41]. Deamidation occurs from asparagine 

(Asn, N) or, less frequently, from glutamine (Gln, Q) residues. Deamidation of Asn as well as 

isomerization of aspartate (Asp, D) residues result in the unstable cyclic succinimide (Succ), 

which in around 75% of the cases hydrolyzes by attaching a water molecule to become a ß-

isomer of Asp – isoaspartate (IsoAsp) [40, 42]. In other cases, this intermediate converts to L-

Asp. Asn deamidation rates depend upon the sequence context and protein 3D structure [43, 

44], with the highest rates occurring in the Asn-Gly and Asn-Ser sequence motifs [45]. 

 

 

IsoAsp is a damaging amino acid. In isoAsp the polypeptide backbone is extended by a CH2 

group that rearranges from the side chain and inserts itself between the -carbon and carbonyl 

(Figure 3). Such insertion disrupts the protein structures (-helices and ß-sheets), as well as 

protein functions. For example, the deamidated epidermal growth factor (EGF) in human no 

longer binds to the corresponding receptor, and therefore stops acting as a growth factor [46]. 

Moreover, isoaspartyl peptides are difficult to proteolytically degrade in antigen-presenting 

cells, rendering such peptides immunogenic, and thus initiating systemic autoimmune diseases, 

such as systemic lupus erythematosus, multiple sclerosis, etc. [47-49]. Furthermore, it was 

hypothesized that deamidation might alter the islet microenvironment during the beginning 

phase of the type 1 diabetes, making non- ß cell-specific proteins become antigenic and specific 

to ß cells [50, 51]. IsoAsp can also play a regulatory role - it promotes apoptosis induced by 

DNA damage [52] and suppresses p53 activity [53].  
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1.2.2 Repair of isoAsp 

The defense mechanisms against isoAsp build-up can theoretically include proteases, repair, 

and antibodies. Deamidation of asparaginyl is considered irreversible, and no pathway from 

isoAsp back to L-Asn has been found or proposed theoretically. In addition, isoaspartyl bonds 

are resistant to most proteolytic enzymes [54, 55] and can be cleaved only after the protein is 

degraded to a dipeptide by a few isoaspartyl dipeptidases known through in vitro studies [56-

58]. For instance, recombinant human glycosylasparaginase produced in mouse cells catalyzes 

the hydrolysis of isoaspartyl peptides in vitro, and it is believed to play an important role in the 

metabolism of isoaspartyl peptides [57]. Human ASRGL1 protein recombinantly produced in 

bacteria has been shown to exhibit the β-aspartyl peptidase activity to cut different isoaspartyl 

dipeptides in vitro [56]. However, it is still unclear exactly how human cells process isoaspartyl 

dipeptides in vivo. 

Nevertheless, there is an enzyme named protein L-isoaspartyl methyltransferase (PIMT) that 

repairs L-Asp isomerization and mitigates the damaging effect of Asn deamidation. PIMT 

methylates isoAsp using S-adenosylmethionine (SAM) as a methyl donor that becomes S-

adenosylhomocysteine (SAH), while methylated isoAsp loses methanol molecule 

spontaneously to become either L-Asp in no more than 25% of the cases or more likely (≥ 75%) 

isoAsp again [40, 42] (Figure 3). This low-efficiency process converts isoAsp to L-Asp instead 

of the original L-Asn, and it takes on average four cycles of methylation to repair > 80% of a 

single residue. Worse yet, the biochemical properties of Asp are quite different from those of 

Asn, including a different pI and pKa. Therefore, PIMT-mediated repair is in fact a “quick fix” 

rather than true repair. 

A proteomics study of the brain tissue has confirmed that the isoAsp level was significantly 

increased in PIMT-knockout mice compared to wild type mice [59]. Depleting PIMT gene 

elicited isoAsp accumulation in all tissues measured, especially in the brain [60, 61]. PIMT 

regulates p53 activity [53], while PIMT suppression induces activation of P13K/Akt and 

insulin signaling [62, 63] as well as hyperactivation of EGF-stimulated MEK-ERK pathway 

[64].  

The quick fix of isoAsp by PIMT and SAM occurs mostly in liver, where the blood flow passes 

20–25 times per day. The majority of SAM molecules are synthesized in liver and so is the 

human serum albumin (HSA), the most abundant protein in blood. On average, HSA circulates 

in blood for around 25 days [65], thus passing by the liver approximately 500–600 times before 

removal. On each passage, the isoAsp residues are converted to L-Asp by PIMT and SAM, 

significantly restoring the protein structure and solubility. Nevertheless, the production of SAM 

declines as a person ages [66], rendering PIMT-mediated repair insufficient, which may lead 

to the accumulation of isoAsp in long-lived proteins, including HSA [67].  

1.2.3 Quantification of isoAsp in proteins  

The mass of isoAsp is exactly the same as aspartate, and differs only by +0.98 Da to Asn. Thus, 

the measurement of isoAsp requires high sensitivity and specificity, especially in complex 

protein mixtures like biofluid samples. For the past decade, the isoAsp quantification has been 

performed by liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) [20]. 
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The fragmentation technique electron capture/transfer dissociation (ECD or ETD) provides an 

isoAsp-specific fragment [68], which ensured the required sensitivity and specificity of isoAsp 

detection. However, there are several obvious drawbacks of this method. One drawback is the 

demand for overnight tryptic digestion of proteins before the LC-MS/MS analysis, which can 

cause artificial deamidation masking the biological differences [45, 46]. The other 

disadvantages are the low throughput, time consuming routines, high analysis cost and 

necessity of specialized technicians. Apart from LC-MS/MS, a kit called ISOQUANT was 

developed by Promega more than 20 years ago [69]. The target protein or protein mixture 

sample was incubated together with enzyme PIMT and cofactor SAM. The methylation 

product of the PIMT repair, SAH, was then detected by reversed phase high-performance liquid 

chromatography (HPLC). The isoAsp occupancy was calculated by comparing the 

chromatographic peak area with a standard curve. This method, though having lower 

requirement for instrumentation, still exhibited similar weakness as LC-MS/MS, and thus are 

not widely used. Hence, better ways to quantify isoAsp than the two methods above are needed. 

In fact, ELISA avoids the drawbacks described above as it requires no protein digestion with 

the advantages of low cost, high throughput and being scalable, provided a monoclonal 

antibody highly specific to isoAsp is obtained (which has long been the main obstacle).  

1.2.4 IsoAsp and NDDs 

The consequences of isoAsp formation and accumulation are severe not only for the affected 

proteins, resulting in loss of their function, but also for the whole organism. Deamidation sets 

in motion a protein aggregation cascade that can ultimately lead to deteriorated health and 

ageing. It has been hypothesized that deamidation may also cause neurodegeneration, and 

result in AD [70, 71]. The hypothetical link between isoAsp and NDDs can be traced back to 

the early 1990s, when the protein aging hypothesis was first proposed [72]. The hypothesis 

suggested that isoAsp accumulation initiates the cascade of effects ultimately leading to AD. 

Several subsequent studies strengthened the link between the isoAsp formation and Aβ 

aggregation. For instance, it has been shown that isoAsp is present not only in extracellular 

deposits of AD brain, but also in amyloid-bearing blood vessels [70]. An immunostaining study 

in core plaques demonstrated that the isoAsp modified Aβ were more significantly present in 

brains of patients with AD [73]. It has been shown that the conformation, aggregation and 

toxicity of Aβ could be highly influenced by the formation of isoAsp [74, 75]. One older 

hypothesis directly suggested that isoAsp formation in the Aß peptides, particularly Asp 

isomerization in position 7 (isoAsp7-Aß), leads to Aß aggregation and ultimately to AD 

(Figure 4) [76]. This theory has been supported over the years by several studies [77-79].  

 

 

Biol Pharm Bull, 2005 [80]. 
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Aß peptides are usually produced by astrocytes and neurons in the brain, and secreted into the 

extracellular fluid, where they face two basic fates. One is the clearance by enzymatic 

degradation or receptor-mediated export to blood or CSF. However, how the Aβ clearance from 

the brain to the venous blood is still obscure [81], but it appears that on the other side of the 

blood-brain barrier (BBB), HSA picks up Aß possibly via intermediates, and transports it to 

the liver and kidneys, where Aß is metabolized [82-84]. The alternative fate is the aggregation 

into neurotoxic oligomers and longer polymers that can ultimately be deposited as amyloid 

plaques. Any bottleneck in Aß clearance can lead to an elevated Aß level in the brain, prolong 

its residence time there, and thus increase the extent of Asp-7 isomerization. As the latter 

process contributes to facile Aß aggregation, a bottleneck in Aß clearance elevates the AD risk. 

Application of mass spectrometry to blood samples has confirmed that the elevated isoAsp 

levels in blood are closely associated with AD [85]. A proteomic research study also confirmed 

that the easily aggregated proteins, such as fibrin and fibrinogen, are strongly associated with 

rapid AD development [86]. These proteins tend to interact with Aβ, resulting in Aβ 

fibrillization and formation of fibrin clots resistant to degradation in the brain [86, 87]. The 

protease inhibitors also correlate with AD, while the proteins delaying the AD development 

are those participating in clearing protein aggregates, like proteases and immune-response 

proteins [86]. Both studies were carried out by LC-MS/MS, which is a sensitive but also 

expensive method  for isoAsp analysis. The isoAsp content in abundant blood proteins and the 

levels of these proteins could differentiate AD and healthy controls with around 80% accuracy 

[85]. 

 

1.3 HUMAN SERUM ALBUMIN (HSA) AND NDDS 

Being the most abundant protein in blood, HSA represents more than half of the protein content 

in blood. It is synthesized in liver, and also appears in lymph, saliva, cerebrospinal and 

interstitial fluid [88]. HSA is an important protein responsible for many physiological 

functions, such as regulating plasma colloid osmotic pressure [89] and inhibiting lipid 

peroxidation in plasma [90]. More importantly, it serves as a main carrier for transporting a 

variety of endogenous and exogenous compounds, including metals [91], fatty acid [92], hemin 

[93], thyroxin [94] and drugs [95].  Also, HSA binds and carries 90% of the Aβ in blood plasma 

[96]. Furthermore, as one of the most potent Aβ sequestering agents, HSA plays a special role 

in AD etiology. Model organism studies indicated that serum albumin inhibits Aβ aggregation 

[97] and fibrillation [98-100] by binding Aβ monomers or oligomers, while a Japanese cohort 

demonstrated the decreased serum levels of albumin-Aβ complexes in AD, which was also 

associated with increased CSF p-Tau levels [101]. Other human studies have revealed the 

association of low HSA levels with cognitive impairment [102, 103] as well as AD [104, 105], 

multiple sclerosis (MS) and amyotrophic lateral sclerosis (ALS) [106-108]. A recent study (n 

= 396) has proved that the HSA level as a continuous variable has a negative association with 

Aβ deposition in older adults [109]. This result was compatible with the earlier finding that 

HSA can regulate the fiber growth of Aß in the brain interstitium [99]. 
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The protease clearance path of brain Aß can be hampered by isoaspartyl bond formation in 

deamidated or isomerized Aß residues, which occur more likely if the residence time of Aß 

prolongs or the isoAsp repair becomes inefficient. The latter can happen if the brain SAM level 

drops, as is the case in AD [110-112]. Interestingly, the clearance pathway via receptor-

mediated export to blood plasma, can be hampered by a reduced plasma ability to uptake or 

remove Aß. The uptake reduction happens when HSA concentration decreases, or the ability 

of an average HSA molecule to carry Aß peptides diminishes.  

Notably, HSA has a series of metal-binding sites that are mainly responsible for metal binding 

in blood [113]. According to the metal hypothesis of AD, metals such as copper and iron are 

able to form complexes with Aβ and are also found at particularly high levels in amyloid 

plaques [114, 115]. It has been revealed that HSA can reduce the interaction between Aβ and 

aberrant Cu (II), and revert copper-induced Aβ aggregation, thus rescuing cells from its toxicity 

[116]. Besides, dysregulated copper ions may induce and exacerbate tau hyperphosphorylation 

and fibrillization, eventually resulting in the neuronal death, synaptic failures, and cognitive 

decline which are observed in AD [117]. It is plausible that HSA molecules with abnormally 

increased isoAsp levels might not be able to interrupt the binding of metals with Aβ or p-Tau, 

but this has not been reported in literature yet. 

Apart from being a main transporter in blood, albumin is also the most abundant protein in 

CSF, and the CSF/serum albumin ratio has been widely used in clinical practice to measure 

BBB function [4, 118]. This ratio was found to be increased in various dementia types, and it 

was associated with CSF levels of NfL but not with other CSF biomarkers for AD, indicating 

that BBB damage is a common phenomenon of cerebrovascular pathology [119]. 

 

1.4 ANTIBODIES 

1.4.1 Structures and types of antibodies 

Antibodies, also known as immunoglobulins (Ig), are large proteins produced by the humoral 

immune system to neutralize pathogens, such as pathogenic bacteria and viruses. The Ig 

structure was first proposed by Paul Ehrlich, which led to a series of subsequent studies on its 

structures and function studies [120]. The heavy and light chains are connected by disulfide 

bonds, forming two antigen-binding fragments (Fab) of the Y-shaped structure. The stem part-

crystallisable fragment (Fc) determines the isotype of an antibody. Each heavy chain or light 

chain contains one variable (V) domain (Figure 5). The antigen epitope is recognized by the 

antibody paratope via complementarity-determining regions (CDRs) in variable domains, 

which are hypervariable. The five main isotypes of antibodies in human (IgG, IgA, IgE, IgM 

and IgD) differ in structure, biological activity and relative abundance in plasma. Among them, 

IgG is the most abundant one with four subclasses (IgG1, IgG2, IgG3 and IgG4). 
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1.4.2 Monoclonal antibodies (mAbs) 

Monoclonal antibodies (mAbs) are often produced by the hybridoma technology that was first 

introduced by Köhler and Milstein in 1975 [121]. This technology enables the production of 

unlimited amounts of mAbs that are specific to an epitope of certain antigens. In short, a host 

animal is immunized with the antigen (usually, a peptide conjugated with a carrier protein) to 

induce an immune response and initiate the maturation of B cells. Then the B cells are isolated 

from the spleen of the host animal and fused with myeloma cells to generate hybridomas. After 

several rounds of screening and selection, the clones that produce the best mAbs are selected 

for subsequent purification [122, 123]. Being specific to one epitope, the mAbs are sensitive to 

the conformational changes of the antigen. In contrast, polyclonal antibodies can be specific to 

multiple epitopes of the same antigen, and the conformational changes in the latter do not 

influence the binding very much [124]. So far, more than 600 therapeutic mAbs have been used 

in clinical trials over the world [125-127]. Of these, more than 104 therapeutic mAbs have been 

approved by the European Union (EU) or United States (US) and are currently on the market 

[128]. Many of them were designed to treat human diseases such as cancers, neurological 

disorders, immunological and metabolic diseases [129]. More therapeutic mAbs have emerged 

since the pandemic of coronavirus disease (COVID-19), and the technology and strategies have 

been refined to enable rapid clinical evaluation [127, 130]. 

1.4.3 Characterization of antibodies 

Antibodies are usually characterized by their sequences, PTMs (e.g., glycosylation), and the 

parameters of binding to their antigens.  

The genes of variable regions in antibodies have been available by sequencing since late 1980s 

[131], when the technology of polymerase chain reaction (PCR) and Sanger sequencing 

became widely used. Normally, total RNA (or messenger RNA) is extracted from B cells in 

blood or bone marrow, or from hybridoma cells. Then by reverse-transcription with an oligo 

primer, cDNA is created. Both the VH and VL domains are then amplified by PCR using 
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variable domain primers. Since large-scale sequencing for high throughput became available, 

multiplex oligonucleotide primers have been designed to amplify nearly all antibody variable 

genes [132]. This has particularly boosted the progress of developing phage display libraries 

for novel antibody discoveries, which won the 2018 Nobel Prize in Chemistry [133]. The next 

generation sequencing has recently been combined with phage display for deeper sequencing 

and more diverse positive clones [134, 135]. 

Nevertheless, the complexity of a full antibody repertoire from B cells remains a challenge for 

DNA/RNA sequencing. This challenge can only be addressed by single-cell techniques that 

however introduce cloning biases, let alone clone amplification biases from PCR [136]. In 

contrast, de novo sequencing of amino acids by MS/MS achieves sequencing antibodies 

purified directly from blood plasma without the necessity to isolate and sequence any B cells 

[137, 138]. Digestions by different enzymes coupled with complementary fragmentation 

techniques, collision-induced dissociation (CID), HCD or ETD, have enabled full-length de 

novo sequencing of antibodies from plasma [138, 139]. Moreover, one can synthesize the 

antibody with the deduced sequence and validate its specificity by showing that the synthetic 

antibody binds more to the test antigen than to the decoy antigen.  

However, identification of PTMs in antibodies still remains challenging. PTMs can occur in 

any stage of antibody production and secretion. All antibodies possess glycosylation, and each 

isotype has a unique N-linked carbohydrate attached to a conserved Asn residue in the constant 

domain of heavy chains, which results in different conformations and functions of antibodies 

[140, 141]. Different from N-linked glycosylation with complete transfer of monosaccharide 

chain, O-linked glycosylation is more like a sequential attachment of single monosaccharide 

units. Both glycans can be found in the variable domains, influencing the specificity of 

antibodies [142]. So far, most studies to identify PTMs of antibodies have relied on MS/MS. 

1.4.4 Antibodies and isoAsp 

If isoaspartyl moieties are not repaired or quickly removed, the isoaspartyl-containing self-

polypeptide can become immunogenic.  For instance, PIMT knockout mice that cannot repair 

isoAsp and accumulate isoAsp in many organs, develop a hyperproliferative T cell response 

and a systemic autoimmune pathology [62]. Thus, antibodies can be raised in animals against 

isoAsp-containing epitopes in otherwise native proteins. Due to the small size of the isoAsp 

residue, it is difficult to create a pan-isoAsp antibody that would be specific to isoaspartyl 

regardless the sequence context. To this date, there was no report in literature on native human 

antibodies against deamidated human proteins; nevertheless, some polyclonal antibodies [70, 

143, 144] and a set of monoclonal antibody [145] specific to isoAsp have been reported, but 

still have not been commercialized. One monoclonal anti-isoAsp antibody was used to 

demonstrate the presence of isoAsp7 in extracellular Aβ deposits in mouse AD brain as well 

as amyloid-bearing vessels, supporting previous observations via using polyclonal isoAsp7-Aβ 

antisera [45, 98]. The treatment of anti-isoAsp7-Aβ antibodies on 5×FAD mice showed 

reduced abundance of total Aβ in brain, inducing attenuation of amyloid pathology and 

amelioration of cognitive impairment, suggesting the treatment efficacy of such antibodies in 

an animal model.  
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1.4.5 Antibodies and AD 

So far, one of the most extensively pursued strategies in AD therapies has been the passive 

immunotherapy, through administration of exogenous mAbs. Targeting the main hallmarks 

of AD, researchers have developed quite a few antibodies against Aβ, its oligomers and 

aggregates for clinical trials. However, until now all tested anti-Aß therapies have failed to 

demonstrate consistent therapeutic capacity of slowing disease progress, including recent 

(after 2019) ones [126, 127]. Among those that have been tested in clinical trials, only the 

mAb BAN2401 and Aducanumab have shown positive trends [127-129]. The US Food and 

Drug Administration (FDA) just approved Aducanumab as the first therapy for AD treatment 

via an Accelerated Approval on June 7, 2021, as it reduced the level of amyloid plaques in 

AD brains both dose- and time-dependently [130]. This has been marked as a milestone in 

the history of AD treatment; however, the clinical benefits could only be verified after the 

post-approval studies. Adding to the setbacks from previous trials targeting Aß, the first mAb 

against Tau has just failed, calling for more studies on causative rather than correlative 

mechanisms of AD [131]. Nevertheless, lessons have been learnt: more research needs to be 

carried out on identifying epitopes of targeted antigens to improve the accuracy and 

effectiveness of antibody-based immunotherapy. 

 

  





 

 13 

2 RESEARCH AIMS 

The overall aims of this Ph.D. project were to uncover the mysteries of asparagine deamidation, 

its toxicity and repair mechanism, thus finding a promising way to fight isoAsp, which can help 

with the early diagnostics of AD and other NDDs. More specifically, the aims can be described 

as follows:  

Aim 1. To obtain and characterize a monoclonal antibody against isoAsp in HSA, and establish 

the normal range of isoAsp levels in blood HSA (Paper I). 

Aim 2. Using the obtained mAb from Aim 1, to investigate deeper the link between isoAsp in 

blood and AD (Paper II). 

Aim 3. To study the relationship of isoAsp in blood with other NDDs, especially in early 

disease stage, and to assess the isoAsp prospects in clinical diagnostics (Paper III). 

Aim 4. To identify enzymes in human cells with possible succinimide or isoaspartyl ammonia 

ligase activity (Paper IV). 
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3 MATERIALS AND METHODS 

3.1 SAMPLE INFORMATION 

3.1.1 Healthy plasma samples in Paper I 

In Paper I, plasma samples from a 100-person strong cohort of healthy blood donors were 

obtained from ProMedDx Limited Liability Company. The samples were collected under a 

clinical study that had been reviewed by an Institution-al/Independent Review Board (IRB) 

and/or independent Ethics Committee (IEC) according to the local regulations. 

3.1.2 Plasma samples in Paper II 

The patients with AD enrolled in Paper II from the Amsterdam Dementia Cohort Biobank were 

diagnosed according to the criteria of the National Institute on Aging-Alzheimer’s Association 

(NIA-AA) Research Framework [146]. Clinical data was collected through face-to-face interviews 

by cognitive disorder specialists. Healthy controls at similar ages without cognitive problems were 

recruited from the Dutch Brain Research Registry. Demographic data included age and sex. For 

AD patients (except two subjects), the mini-mental state examination (MMSE) was scored. The 

CSF levels of Aβ42, t-Tau and p-Tau were measured by the Innotest and Elecsys assays [147]. All 

samples were collected under the declaration of Helsinki with informed consent given to the 

research participants. The information of both AD and healthy groups was blind to those who 

processed the samples. 

3.1.3 Plasma samples in Paper III 

Patients (n = 100: AD, 20; VaD, 20; FTD, 20; PD, 20; MCI, 20) in the study were recruited 

from the Huashan Hospital of Fudan University (Shanghai, China). Matched healthy controls 

(n = 40) were recruited from the Chinese Alzheimer's Biomarker and LifestylE (CABLE; 

Qingdao, China) study as previously described [148-150]. All procedures conformed to the 

tenets set forth by the Helsinki Declaration. All participants or legal guardians gave their 

written informed consent. Ethics approval was received from the institutional review boards of 

each participating center. 

General cognitive tests including Mini-Mental State Examination (MMSE) and Montreal 

Cognitive Assessment (MoCA) were performed by neuropsychological professionals blinded 

to the study design and subsequent procedures. Some other tests critical for diagnosis like 

Clinical Dementia Rating scale, Activities of Daily Living, the Unified Parkinson's Disease 

Rating Scale, and Frontal Behavioral Inventory were also performed. Diagnoses were made by 

experienced neurologists who were unaware of the research procedures. AD dementia was 

diagnosed according to the National Institute of Neurological and Communicative Disorders 

and Stroke and Alzheimer's Disease and Related Disorders Association (NINCDS-ADRDA) 

criteria [151], as well as the NIA-AA research framework [152]. All patients with AD dementia 

had strong PET evidence of the disease or CSF-confirmed Aβ-positive pathology. VaD was 

diagnosed according to the National Institute of Neurological Disorders and Stroke and the 

Association Internationale pour la Recherche et l'Enseignement en Neurosciences (NINDS-

AIREN) criteria [153]. FTD was diagnosed according to the revised criteria set forth by the 

International Behavioral Variant of FTD Criteria Consortium [154]. PD was diagnosed 

according to the clinical criteria set forth by the International Movement Disorders Society 
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(MDS) in 2015 [155]. MCI was diagnosed when there was objective evidence of cognitive 

decline while no significant evidence of impaired social or self-care ability. Healthy individuals 

recruited in the study were required to be matched to the patients with AD in terms of age and 

sex. In addition, all controls had an MMSE score > 24 at the screening visit and no signs of 

cognitive decline, thus not meeting the criteria for MCI or any NDDs. 

 

3.2 ARTIFICIAL AGING OF HSA AND A SYNTHETIC PEPTIDE 

To artificially deamidate HSA, the HSA protein (Sigma Aldrich) was incubated in Tris buffer 

at pH 8.5 and 60 °C for 7, 14, 28 and 42 days. After digesting the artificially aged and totally 

fresh HSA (aHSA and fHSA, respectively) by a mix of the enzymes Lys-C and trypsin, we 

desalted the peptides and analyzed them by LC-MS/MS with electron transfer dissociation 

(ETD), which provides an isoAsp-specific fragment [32]. Then we identified the isoAsp-

containing peptides, quantified the peptide abundances by our home-made software Quanti 

[33] and calculated the isoAsp occupancy in the Asn-containing peptides as a function of 

ageing duration (Paper I, II, IV). The synthetic peptide LVGNGVL (SynPeptide) was 

incubated in the same Tris buffer (pH 8.5) at 50 °C for 18 days. The aged peptide was then 

analyzed by LC-MS/MS (Paper IV).  

 

3.3 DEVELOPMENT OF MABS AGAINST THE “ISOASP METER” IN HSA 

3.3.1 Generation of mAbs 

After the peptide with the highest rate of isoAsp occupancy increase during the ageing process 

was chosen, its variants with Asn, Asp and isoAsp were synthesized. Hybridoma clones 

expressing murine mAbs specific to the isoAsp peptide but not to Asn or Asp peptide were 

then produced by The Russian Research Center of Molecular Diagnostics and Therapy. The 

clones 1A2 and 1A3 showing the highest specificity were selected for further investigation. In 

order to find the best method for isoAsp level quantification, we tested the specificity and 

sensitivity of indirect ELISA (via primary and secondary antibodies) and sandwich ELISA (via 

capture, detection and secondary antibodies) using chemiluminescence and absorbance for 

detection, and chose indirect ELISA as the most suitable method showing the highest signal to 

noise (S/N) ratio (Paper I, II). 

3.3.2 Indirect ELISA 

The antigens aHSA (≈60% isoAsp) and fHSA (~0% isoAsp) were diluted to 10 µg/mL by 

Phosphate Buffered Saline (PBS) (Cytiva). The 96-well white opaque polystyrene plates 

(Thermo Scientific) were coated with 50 µL/well of the aHSA and fHSA diluted in PBS and 

incubated at room temperature for 2 h. Plates were washed in 300 µL/well PBS containing 

0.05% Tween-20 (PBST, Sig-ma-Aldrich) three times and shaken dry. The vacant sites were 

blocked with 200 µL/well 10% skim milk powder (Sigma-Aldrich) in PBST at 4˚C for 

overnight and washed with PBST as above. Then 50 µL/well of mAb as primary antibody in 

blocking buffer was added and incubated at room temperature for 2 h. After washing with 

PBST, a goat anti-mouse IgG Conjugated to Horseradish Peroxidase (Jackson Immuno 
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Research) was used as secondary antibody and incubated at room temperature for 2 h. Working 

solution (100 µL/well) was prepared according to the SuperSignal ELISA Pico 

Chemiluminescent Substrate protocol (Thermo Scientific), and chemiluminescence intensities 

were measured immediately by the luminometer Tecan Infinite M200 Pro (Tecan) (Paper I, 

II, III). 

3.3.3 Characterization of mAbs 

The DNA sequences of variable regions in both 1A2 and 1A3 mAbs were analyzed 

independently by two companies, Fusion Antibodies and Absolute Antibody. Verification of 

the amino acid sequences of 1A3 mAb was performed independently by Peaks AB and Rapid 

Novor Inc. Kinetics of the interaction between 1A3 mAb and aHSA were measured by 

ProteoGenix using the Biacore T2000 SPR biosensor (Cytiva). Paratope mapping was 

conducted via Hydrogen-Deuterium Exchange Mass Spectrometry (HDX-MS, Biomotif). The 

effects of deglycosylation on 1A3 specificity were determined by indirect ELISA after the 

digestion of five enzymes from the glycoprotein deglycosylation kit (Sigma-Aldrich). To study 

the isotype effect on specificity, another mAb 1A3* was produced by Absolute Antibody with 

the same variable region sequences as 1A3, but of a different IgG isotype (IgG2b) (Paper I). 

 

3.4 QUANTIFICATION OF ISOASP LEVELS IN PLASMA SAMPLES 

On each 96-well plate, 50 donor samples were analyzed with indirect ELISA described above 

together with calibration samples containing 0%, 0.10%, 0.30%, 0.60%, 1.20% and 2.40% 

isoAsp obtained by mixing fSHA (presumed to have 0% isoAsp) with aHSA (60% isoAsp). 

For each 96-well plate independently, a linear or second-order polynomial calibration curve 

was then fitted to the calibration datapoints, and the data of tested samples were converted to % 

isoAsp. The analysis was performed in 3 replicates (Paper I, II, III). 

 

3.5 SIZE EXCLUSION CHROMATOGRAPHY ANALYSES OF FHSA, AHSA AND 

PLASMA SAMPLES 

The SEC analyses were performed on an UltiMate 3000 RSLC-system (Thermo Fisher Scientific) 

equipped with a variable wavelength detector. The fHSA and aHSA samples were prepared at 

concentration of 5 mg/mL in PBS, while the plasma samples were diluted to 20 mg/mL in PBS. 

The UV absorption of each sample was recorded for further comparison analyses. The fractions of 

aHSA monomer and aggregates were collected to test their isoAsp levels by indirect ELISA (Paper 

II). 

 

3.6 MEASUREMENT OF THE BINDING CAPACITY OF AHSA AND FHSA WITH 

Aß AND P-TAU 

To verify that deamidated HSA has a reduced ability to bind Aß, we incubated Aß 1-42 

(Abcam) with aHSA and fHSA for 2 h at 37 °C and then performed fractionation by SEC. The 

anti-Aß 1-42 mAb (Sigma Aldrich) was then used in indirect ELISA to quantify the amount of 
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Aß in each fraction diluted to the same protein concentration. A similar experiment was 

performed with p-Tau. The recombinant p-Tau (Sigma Aldrich) was incubated with aHSA and 

fHSA for 2 h at 37 °C and then the antigen-antibody complexes were purified via the 100-kD 

Amicon Ultra Centrifugal filters (Merck). The complexes of p-Tau with HSA were diluted to 5 

ug/mL and then quantified by indirect ELISA using monoclonal antibody against p-Tau at Ser-396 

(Thermo Fisher Scientific) as the primary antibody. Molecular dynamics simulations of aHSA and 

fHSA were performed to validate the HSA structural changes upon deamidation and identify the 

potential sites of HSA binding with Aß [156] (Paper II). 

 

3.7 DETERMINATION OF ANTI-AHSA ANTIBODY LEVELS IN BLOOD  

3.7.1 Melon gel purification  

The IgGs were purified from plasma samples by the Melon Gel IgG Purification Kit (Thermo 

Fisher Scientific) according to the manufacturer’s protocol. The protein concentration was 

measured by BCA Protein Assay Kit and the purified IgGs were stored at -80 °C until further 

use (Paper II, III). 

3.7.2 Indirect ELISA on anti-aHSA antibodies  

The 96-well opaque white polysterene plates were incubated with 50 μL of 5 μg/mL aHSA 

(≈60% isoAsp) at room temperature for 2 h. Plates were rinsed thrice between steps with PBST. 

After incubating with blocking buffer at room temperature for 2 h, 50 μL purified IgG from 

each plasma sample (diluted to 800 ng/mL in blocking buffer) was added respectively at 4 °C 

for overnight, followed by incubating with 50 μL secondary antibody - Goat anti-Human IgG 

(H+L) Secondary Antibody conjugated with HRP (Thermo Fisher Scientific) at room 

temperature for 2 h. The chemiluminescence was measured immediately after adding the 

working substrates as above. The data were normalized via dividing the intensity of each 

sample by the average intensity of each row and column (Paper II, III). 

 

3.8 PROTEIN SUCCINIMIDE/ISOASPARTATE AMMONIA LIGASE (PSIAL) 

ACTIVITY EXPERIMENTS ON “AGED PEPTIDE” 

3.8.1 Determination of PSIAL activity in HCT 116 cell lysate 

One million HCT 116 cells (ATCC, p = 6) were harvested and washed with cold phosphate-

buffered saline (PBS) (Cytiva) three times. The cell pellet was dissolved in PBS buffer 

supplemented with EDTA-free protease inhibitor (Roche) and phosphatase inhibitor (Roche), 

snap-frozen in liquid nitrogen and thawn at room temperature. After repeating the “freeze and 

thaw” procedures for 3 cycles, the cell suspension was centrifuged at 14,000 × g and the 

supernatant was collected as cell lysate. The mixture in six replicates were prepared with 20 

μL of each component in PBS: 10 μM “Aged peptide”, 1 mg/mL cell lysate, 100 μM ATP, 

together with nitrogen donor (L-Gln or D-Gln) and S-adenosylmethionine (SAM) with different 

concentrations (as shown in Fig 2a). Three replicates were incubated at 37 °C for 4 h, while the 

rest replicates were incubated at 4 °C for 4 h as controls. All samples were filtered through the 

Amicon Ultra 3 kDa filter (Millipore) and the filtrate was analyzed by LC-MS/MS. The fold-
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change α characterizing the PSIAL activity was calculated for each sample as the relative 

abundance of the Asn form (P1) in 37 °C incubation versus 4 °C. 

3.8.2 Comparison of PSIAL activity among different cell lines  

Cell lysate from different cancer cell lines (A498, RKO, HCT116, A549, MCF-7, and HT29) 

in the same passage (p = 6) was extracted in six replicates by the above procedures, and 1 

mg/mL of each cell lysate was incubated with the mixture as above. The fold-change α was 

calculated for each cell lysate. 

3.8.3  Comparison of PSIAL activity among subcellular fractions 

The five subcellular fractions (cytoplasmic, membrane, nuclear, chromatin-bound nuclear, 

cytoskeletal) were extracted from HT29 cell lysate by Subcellular Protein Fractionation Kit 

(Thermo Fisher Scientific) according to manufacturer’s instructions in six replicates. Then 1 

mg/mL of different fractions were incubated respectively with the mixture of 10 μM “Aged 

peptide”, 100 μM L-Gln, 100 μM SAM, 100 μM ATP similarly to the procedures above and 

the fold-change α was calculated for each fraction. 

 

3.9 THERMAL PROTEOME PROFILING-TEMPERATURE RANGE (TPP-TR) 
EXPERIMENTS 

To determine which proteins specifically interact with a short isoAsp-containing peptide, the 

thermal proteome profiling-temperature range (TPP-TR) experiments were performed 

according to the reported method [157]. In short, the specific melting temperatures for each 

protein from the “treatment” and “control” samples were compared. Here, the peptide 

GisoAspGisoAspG (SynPeptide) was used as a “drug” and GDGDG (SynPeptide) as a “control” 

to treat the HCT116 cells. The other procedures were followed as previously described . The 

temperature shift of each protein was calculated, as well as the P values between two groups. 

For proteins with a p-value less than 0.05, we generated the score using the formula:  

Score = − |Median△T|×Log10 (P Value of △T). 

 

3.10 PSIAL ACTIVITY EXPERIMENTS ON “AGED HSA” 

The 0.1 mg/mL aliquot of “Aged HSA” in eight replicates was mixed with 1 mg/mL HT29 cell 

lysate, 100 μM SAM, 100 μM ATP and 100 μM Nitrogen donor (Amide-15N-enriched Gln, 

Amine-15N-enriched Gln or normal Gln), and each component was prepared in 20 μL PBS. 

After incubating 4 replicates of each sample at 37 °C and the rest replicates at 4 °C as controls 

for 4 h respectively, the samples were subjected to a nano-LC separation using Ultimate 3000 

connected in-line with a Fusion Orbitrap mass spectrometer (both - Thermo Fisher Scientific). 

Peptide separation was performed on a 50 cm long EASY spray column (PepMap, C18, 3μm, 

100Å) with a gradient of 5–30% B in 75 min, 30–95% B in 5 min (Solvent A: water with 2% 

acetonitrile and 0.1% formic acid and Solvent B: acetonitrile with 2% water and 0.1% formic 

acid). Precursor ion fragmentation was performed with consecutive higher-energy collision 

dissociation (HCD; collision energy: 27%, resolution 70,000, AGC target 5.0e4, maximum 
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injection time 200 ms) and electron-transfer/higher-energy collision dissociation (EtHCD; 

collision energy: 40%, resolution 17,500, AGC target 5.0e4, maximum injection time 200 ms). 

The relative mass shift was monitored as a centroid of the mass distribution for an isotopic 

cluster of the MH+ molecular ion encompassing its monoisotopic peak M as well as two 

subsequent isotopic peaks M + 1 and M + 2, as shown in the formula:  

Relative Mass Shift (%) = 
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 (𝑀+1) + 2 × 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 (𝑀+2)

𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑀
 × 100%. 
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4 RESULTS AND DISCUSSION 

4.1 PAPER I. FIRST IMMUNOASSAY FOR MEASURING ISOASP IN HSA 

In Paper I, we obtained and characterized a monoclonal antibody against isoAsp in a 

structurally and functionally important domain of HSA.  

First, via MS/MS analysis of artificially aged HSA (aHSA) we found that the peptide 

“LVNEVTEFAK” exhibited the highest deamidation rate and its isoAsp occupancy reached a 

plateau at 63% after 28-day artificial deamidation at 60 oC and pH 8.5 (Figure 6A, B). In the 

native structure of HSA protein, this peptide is located in the position exposed to the solvent 

(Figure 6C), which explains its high isoAsp formation rate and it being prone to bind with 

antibodies. Furthermore, this peptide is located in domain I, the binding affinity of which to Aß 

monomer is the strongest among the three domains. Such binding can hamper the structural 

transformation of Aß42 protofibrils to fibrils. Thus, this peptide was chosen to be the “isoAsp 

meter” representing the isoAsp occupancy in the whole HSA molecule. Against this peptide in 

aHSA, two hybridoma clones were obtained from collaborators, producing murine mAbs 1A2 

and 1A3, which showed the highest specificity. We compared different types of ELISAs with 

different settings (Table 2) and discovered the highest sensitivity in the indirect ELISA using 

chemiluminescence for detection. The signal to noise ratio (S/N) reached 39.9 at 6% isoAsp 

and 4.3 at 0.6% isoAsp. Thus, this method was chosen for further analyses. In terms of the 

signal ratio of aHSA versus fresh HSA (fHSA), 1A3 showed much higher specificity compared 

to 1A2, and the S/N of 1A3 reached ≥ 3 already at 0.1% isoAsp occupancy (Figure 6D).  
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More fundamentally, the nucleotide sequencing results demonstrated the difference of only one 

amino acid in both VH and VL domain between 1A2 and 1A3, which was validated by 

subsequent amino acid sequencing. The replacement of Ser by Ile-51 in the VH and Leu-60 in 

the VL enhanced the mAb specificity against isoAsp by three orders of magnitude. Another 

difference between the two mAbs was the Ig isotype: 1A2 was of IgM isotype and 1A3 – IgG3 

isotype. Besides, the kinetics analysis revealed a KD of 1A3 interacting with aged HSA of 2.09

×10-8 M, indicating an above-middle binding affinity (Figure 7A, Table 3). Paratope mapping 

by HDX-MS/MS showed that deuterium incorporation reduced most in the region 

“FIRNKANGYTTE” upon ligand binding, confirming the critical role of Ile-51 for 1A3 

specificity (Figure 7B-C).  
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Our amino acid sequencing also revealed the glycosylation position on 1A3, and 

deglycosylation did not decrease the specificity of 1A3 dramatically – it was diminished most 

by ß1,4-galactosidase (Figure 8A). The VH and VL sequences of 1A3 were incorporated into 

1A3* mAb of the IgG2B isotype. The specificity of 1A3* was greatly reduced compared to 
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that of 1A3, but still much higher than that of 1A2 (Figure 8B).  In the end, we applied the 

developed indirect ELISA to quantify the plasma isoAsp levels in 100 healthy donors. The 

results revealed a normal distribution, and the average isoAsp level was 0.74% ± 0.13% in two 

independent experiments (Figure 8C-D).  

 

 

 

In conclusion, we obtained and characterized a mAb sensitive to isoAsp in HSA, the first of its 

kind, and based on that mAb developed an ELISA demonstrating good specificity and 

sensitivity in quantification of the isoAsp level in blood, which we can use for studying the link 

between isoAsp and AD. 

 

4.2 PAPER II. TESTING THE LINK BETWEEN ISOASP AND AD ETIOLOGY 

The SEC analysis of aHSA and fHSA revealed different quaternary structures of these two 

forms of HSA. The fHSA showed a main peak representing the monomer of HSA, a smaller 

satellite representing the dimer, and a much smaller oligomer peak, while aHSA produced two 

obvious peaks (Figure 9A). The earlier peak corresponds to the HSA aggregates composed of 
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no less than eight molecules, with a higher isoAsp level by 3 times compared to the monomers 

(Figure 9B). Consistent with HSA aggregation, we discovered a few of the plasma samples to 

be cloudy, with visibly insoluble depositions. Further SEC analyses of plasma samples 

confirmed a significantly increased HSA aggregate/monomer ratio in AD blood. More 

specifically, the largest difference of UV absorbance between AD and Healthy occurred at Peak 

1, retention time (RT) = 6.3 min (Figure 9C), which corresponds to the RT of aHSA aggregates 

(Figure 9B). The absorbance ratio dropped to the lowest (< 1) at Peak 2, RT = 9.5 min (Figure 

9C), corresponding to HSA monomers. The absorbance ratios of Peak 2/1 in the two groups 

were plotted (Figure 9D), while the respective receiver operating characteristic (ROC) curves 

were drawn (Figure 9E). The corresponding areas under the curve (AUCs) are from 0.86 at 

RT = 6.3 min to 0.95 at RT = 9.5 min (Figure 9E).  
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Among the fractions of fHSA and aHSA separated by SEC, fHSA monomers exhibited the 

greatest capacity of binding Aß, followed by fHSA dimers, while the monomers of aHSA 

showed the weakness of such ability, and even worse did the aHSA aggregates – negligible 

binding capacity toward Aß (Figure 10B). Similarly, a modest but significant (P < .05) decline 

was found in the capacity of aHSA binding with p-Tau compared to fHSA (Figure 10C). 

Molecular dynamic simulation of fHSA and aHSA also confirmed the structural deviation of 

HSA upon deamidation (Figure 10D). Intriguingly, the remarkable changing region also 

overlapped with the Aß binding sites identified computationally (Figure 10E-F).  

  

 

 

 

Using LC-MS/MS, we discovered in AD blood elevated levels of isoAsp in HSA compared 

with healthy controls (Figure 11 A-B). This finding was confirmed via the indirect ELISA 

using our mAb developed in Paper I. Interestingly, reduced endogenous anti-aHSA antibody 

levels were discovered and negatively correlated with the isoAsp levels (Figure 11 C-D), 

indicating the hampered clearance of Aß and p-Tau in AD. We also verified the decreased level 

of Aß not bound with HSA in AD than that in healthy group (Figure 11E), supporting the 

diminished capacity of aHSA to bind with Aß and p-Tau. The AUCs for both isoAsp and anti-

aHSA antibody levels were above 0.8 (Figure 11F). 
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According to the discoveries above, we updated the isoAsp hypothesis of AD (Figure 12) that 

is formulated as follows: the elevated isoAsp level in HSA results in its partial unfolding and 

aggregation, and both diminish the capability of HSA to carry its ligands, including Aß and p-

Tau, leading to their reduced clearance by the liver and kidneys. Consequently, the enhanced 

Aß and p-Tau aggregation in the brain increases the AD risk. As isoAsp is somewhat 

immunogenic, the endogenous antibodies against aged HSA exist for removing isoAsp, and 

the isoAsp accumulation in AD correlates with reduced levels of such antibodies. In summary, 
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this hypothesis supports a role for isoAsp build-up in the etiology of AD and offers new 

avenues for diagnostics, and possibly preventive and therapeutic strategies for AD.  

 

 

 

In principle, the main hypothesis suggests that the enhanced protein deamidation may result 

from the peripheral metabolic disorder in the early stage of AD. A key aggravating factor can 

be the decreased levels of anti-aHSA antibodies in AD blood that help removing deamidated 

HSA and thus hindering HSA aggregation. The reason for such decline of the anti-aHSA 

antibodies could be explained as follows: on one hand, the further deficiency of immune system 

in patients with AD and other NDDs [158, 159] may reduce the production of antibodies in 

response to HSA deamidation; on the other hand, the increased levels of isoAsp in blood HSA 

may simply consume the supply of such anti-aHSA antibodies. These reasons are not mutually 

exclusive and can act simultaneously. Furthermore, isoAsp in blood proteins can induce 

inflammation, which is also one of the central mechanisms driving the AD onset. For example, 

isoAsp-containing fibronectin was found to activate both monocytes and macrophages in mice, 

inducing the expression of pro-inflammatory cytokines to trigger recruiting circulating 

leukocytes additionally [160]. Since the increasing isoAsp level in HSA is due to the reduced 

efficiency in isoAsp repair or clearance, this also suggests an elevated risk of inflammation. 

Thus, the increasing isoAsp levels could contribute to chronic neuroinflammation, reflected by 

the reduced levels of blood anti-aHSA antibodies in the long term. 

In summary, the results and insights in this paper provide novel ways of diagnosing AD. Since 

the disruption of Aß and p-Tau clearance occurs ahead of their aggregation, isoAsp biomarkers 

show a potential in supplementing early diagnostics of AD and other NDDs. Nevertheless, this 

potential needs to be tested in a larger cohort to determine the sensitivity and specificity of the 

approach. Also, the predictive capability of isoAsp biomarkers shall be compared with that of 

other biomarkers currently used in clinics, such as memory test scores, CSF and blood Aß and 
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p-Tau levels, sizes of Aß plaques or neurofibrillary tangles, etc. Some of these issues were 

addressed in Paper III. 

 

4.3 PAPER III. ISOAP-RELATED BLOOD BIOMARKERS SHOW PROMISE FOR 

EARLY DIAGNOSTICS OF NEURODEGENERATION 

Cohort 1 (CN: 20; AD: 20) validated the results in Paper II with a significant increase of 

isoAsp in HSA and deficiency of IgG against aHSA in AD group compared to controls (P < 

0.0001). The normalized signals reflecting the isoAsp level in AD plasma HSA were increased 

by 9% on average (P < 0.0001, Figure 13A), while the anti-aHSA IgG average signal was 

reduced by 6% (P < 0.0001, Figure 13B) with the isoAsp/anti-aHSA IgG ratio being 15% 

higher in AD (P < 0.0001, Figure 13C). The diagnostic values of the three above parameters 

were assessed using ROC curves and the area under the curve (AUC) values (Figure 13D). All 

of the AUCs were above 0.80, suggesting good differentiation between AD and control. We 

also compared the AUCs of IsoAsp parameters with other plasma biomarkers, and the former 

significantly surpassed Aß40 and Aß42, but somewhat underperformed NfL, GFAP and p-

Tau181 (Figure 13E). 

 

Figure 13. Validating the isoAsp biomarkers in differentiating AD vs Control. (A) IsoAsp levels in 

HSA are increased, and (B) the anti-aHSA IgG levels are decreased in AD compared to Control; (C) 

the isoAsp/anti-aHSA IgG ratios are also different. The ROC curves for differentiating AD and controls 

by (D) IsoAsp in HSA, anti-aHSA IgG and isoAsp/IgG ratio. The comparison of AUCs of all blood 

biomarkers (E). 

 

Cohort 2 (CN: 20;  MCI: 20; VaD: 20; FTD: 20; PD: 20) revealed similar trends comparing 

controls and subjects with different NDDs: significantly elevated isoAsp levels (by ≥18%, 

Figure 14A) in MCI (P < 0.001), VaD (P < 0.01) and FTD (P < 0.001), and significantly lower 

anti-aHSA IgG levels (Figure 14B) in MCI (P < 0.001) and FTD (P < 0.01). The IsoAsp/IgG 
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ratios also showed a significant difference in MCI (P < 0.001), VaD (P < 0.01) and FTD (P < 

0.001), with median values ≥ 19% compared to control (Figure 14C). No significant difference 

was observed for PD despite a 9% elevation of the average value, likely due to the large spread 

of data within the PD group. Collectively, the isoAsp-related biomarkers showed reasonable 

efficacy (AUC = 0.78..0.83) in diagnosis of other dementia types than controls (Figure 14D), 

and very promising efficacy  (AUC = 0.86..0.92) in the stage of mild cognitive decline ahead 

of dementia diagnosis (Figure 14E). More specifically, the IsoAsp/IgG ratio ranked the first 

among all plasma biomarkers (AUC = 0.92), followed by IgG, p-Tau181 (both AUC = 0.87) 

and isoAsp (AUC = 0.86)  (Figure 14F).  

 

Figure 14. Differentiation among various NDDs and disease stages. (A-C) Distinguishing Control 

from MCI and Other NDDs (VaD, FTD and PD). The ROC curves for differentiation between (D) Other 

dementia (VaD and FTD) and control, (E) MCI and control. (F) The comparison of AUCs of all blood 

biomarkers. 

 

Strong positive correlation was discovered in both cohorts between cognitive scores (MMSE 

and MoCA) and the anti-aHSA IgG levels (P < 0.01), while there was negative correlation 

between the cognitive scores and the isoAsp levels in plasma HSA as well as IsoAsp/IgG ratio 

(P < 0.01), supporting the link between the isoAsp biomarkers and the early onset of disease 

pathology (Figure 15A-F). In parallel, we found a negative relationship of anti-aHSA IgG with 

plasma Aß40, Aß42/Aß40 ratio, GFAP and NfL, while both isoAsp and the isoAsp/IgG ratio 

were positively associated with them. The levels of isoAsp biomarkers were significantly 

associated with the memory test scores (P < 0.05). The most significant finding was the best 

performance in MCI detection of isoAsp-related biomarkers compared with other blood 

biomarkers. 
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Figure 15. Association of memory scores with isoAsp biomarkers. Linear regression analyses for 

MMSE score (A-C) and MoCA score (D-F) versus (A, D) IsoAsp in HSA, (B, E) Anti-aHSA IgG, (C, 

F) IsoAsp/IgG ratio. 

 

According to the previous and current findings in Paper III, we propose the following isoAsp 

mechanism on the initiation of NDDs (Figure 16). In a healthy body, spontaneously 

deamidated HSA is repaired by the enzyme PIMT in liver using SAM as a cofactor; the anti-

aged-HSA antibodies in blood remove deamidated HSA, and the newly synthesized HSA 

molecules restore homeostasis. When in aging the SAM levels become insufficient due to 

reduced synthesis and increased consumption, PIMT-mediated isoAsp repair diminishes, the 

isoAsp starts to accumulate in blood proteins, depleting the stock of the native antibodies 

against isoAsp. This causes reduced removal of deamidated HSA and formation of HSA 

aggregates. Deamidated and aggregating HSA has a diminished capacity of binding with Aβ, 

p-Tau, metal ions and other molecules both in blood and CSF, reducing their clearance from 

brain and contributing to their enhanced aggregation there. It is also plausible that the reduced 

isoAsp repair and removal concerns brain proteins involved in maintaining cognitive functions. 

Therefore, the isoAsp in blood acts as a “thermometer” for the state of protein health in general, 

reflecting both cognitive decline and the onset of non-PD neurodegenerative diseases. 
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Figure 16. The model connecting the overall state of isoAsp repair/removal in proteins with the 

onset of neurodegenerative diseases, supporting early disease diagnostics by isoAsp biomarkers. 

 

This study validated previous findings of the important role of blood isoAsp in AD and 

discovered such a role in other NDDs, but possibly not in PD. An important finding is the 

excellent performance of these biomarkers, isoAsp, anti-aHSA IgGs, and the isoAsp/anti-

aHSA IgG ratio, in early stages of mental decline and a significant correlation with mental 

scores. 

 

4.4 PAPER IV. FIRST EXPERIMENTAL EVIDENCE FOR REPAIR OF AMMONIA 

LOSS FROM ASN 

Does true repair of Asn deamidation occur in nature? In this paper, we discuss the possibility 

of a reaction of isoAsp repair to Asn both theoretically and experimentally. 

From the theoretical perspective, there are entropy considerations concerning the full repair of 

isoAsp. Since ammonia (NH3) concentration is orders of magnitude lower than that of water in 

the cellular environment [161], spontaneous NH3 attachment to Succ has lower possibility than 

water attachment to form (iso)aspartyl residue. However, molecular dynamic simulations 

revealed that although the conversions of Asn to Succ and Succ to isoAsp involve overcoming 

large energy barriers, the overall enthalpy change is close to zero [162]. Moreover, microscopic 

reversibility principle also suggests both direct reaction (NH3 loss + H2O attachment) and 

reverse reaction (H2O loss + NH3 attachment) to take place. Therefore, at some isoAsp level 

and under certain experimental conditions could the equilibrium be reached. Indeed, we 

discovered that during the artificial deamidation of HSA, the isoAsp level in the partial 

sequence LVNTEFAK reached around 60%, and this level did not change during the artificial 

deamidation incubation from 28 to 42 days. Therefore, it is reasonable that both Asn 

deamidation and its reverse activity are possible via the enzyme(s) we named as protein 

succinimide/isoasapartate ammonia ligase (PSIAL). The one-step conversion from isoAsp to 

Asn is possible as well, since one-step Asn deamidation forming isoAsp has been postulated 

[163]. 

If PSIAL activity exists in nature, this kind of activity should be active in cells possessing self-

renewal characteristics, for example, stem cells, including cancer stem cells. In this paper, we 
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initiated a search for PSIAL activity evidence and reported its existence based on the promising 

results. 

First, we designed an assay to detect the PSIAL activity on a synthetic short peptide that was 

artificially deamidated. After incubating the peptide LVGNGVL containing 99.9% isoAsp 

(Figure 17A-B) with cell lysate and other cofactors (SAM, ATP and a nitrogen-rich amino 

acid), the components with less than 3 kDa were filtered for LC-MS/MS analysis (Figure 17C). 

The abundance of peptide LVGNGVL in three different forms (with Asn, Asp and isoAsp, 

Figure 17B) was determined by label-free proteomics, and the fold-change α representing the 

relative abundance of the Asn form in 37 ℃ incubation versus 4 ℃ incubation was calculated 

for measuring the PSIAL activity. In the first batch of experiments on HCT116 cell lysate, the 

highest PSIAL activity was spotted when using 100 µM L-Gln and 100 µM SAM as the 

cofactors (α = 7.8 ± 0.8; Figure 17D). Under the same conditions, we found that HT29 showed 

the most significant PSIAL activity among six different cancer cell lines (Figure 17E). To 

localize the PSIAL activity, we further separated the HT29 cell lysate into membrane, 

cytoplasmic, cytoskeletal, nuclear, and chromatin-bound fractions. The results (Figure 17F) 

demonstrated the highest PSIAL activity in the cytoplasmic fraction (α = 1.9 ± 0.2) and the 

lowest one in the nuclear fraction (α = 1.2 ± 0.1). 
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To validate these results, we carried out a second batch of experiments using artificially aged 

HSA (aHSA) with deamidated polypeptides (Figure 18A-C) by incubating it with SAM, 

nitrogen donors and ATP (Figure 18 D). We confirmed the PSIAL activity of HT29 cell lysate 

on aHSA, and found that amide-15N glutamine gave the largest mass shift as nitrogen donor 

compared with amine-15N and normal glutamine (Figure 18E). Both amine-15N and amide-
15N Gln contributed to the reamination, possibly because of the existence of several enzymes 

for reamination. Moreover, deamidation in general is a relatively slow process, its repair is 

likely to be slow as well. The slowly acting enzymes may be less specific, since they explore 

various kinds of molecular configurations over a long period and each has its own specificity. 

Additionally, the enzyme specificity is usually overestimated, while from evolutionary 

perspectives they should maintain wide specificity [164]. By thermal proteome profiling [157] 

experiments, the proteins interacting with deamidated peptide were discovered as potential 

enzymes with PSIAL activity, and the cytoplasmic aspartate aminotransferase (GOT1) showed 

the highest score using the formula combining melting temperature shift ∆T and P value. The 

PSIAL activity of recombinant GOT1 protein was validated (Figure 18F).  
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In summary, our findings in Paper IV suggested the existence of true repair of Asn 

deamidation, which can provide new insights for preventing aging and NDDs, as well as 

prolonging healthy lives.   
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5 CONCLUSIONS 

Based on our findings above, we can conclude the following points. 

Paper I – We obtained and characterized a mAb sensitive to isoAsp in HSA, the first of its 

kind, and based on that mAb developed an indirect ELISA demonstrating good specificity and 

sensitivity in quantification of the isoAsp level in human blood, which can be used for studying 

the link between isoAsp and AD. We also established the distribution of isoAsp levels in HSA 

of healthy blood for the first time. 

Paper II – We proved for the first time that isoAsp-rich HSA forms aggregates with diminished 

binding ability toward Aß peptide and p-Tau protein. Through the ELISA developed in Paper 

I, we found increased isoAsp levels in HSA of AD blood, together with reduced levels of 

endogenous  antibodies against aHSA, indicating hampered Aß and p-Tau clearance in AD. A 

new scenario of AD etiology is proposed. 

Paper III – We demonstrated the capacity of isoAsp-related biomarkers in diagnosing NDDs 

at an early stage. The biomarker levels significantly correlated with cognitive decline, 

supporting the isoAsp role in NDD development. These biomarkers differentiated AD from 

PD, but were less specific in AD compared with other tested dementia types. 

Paper IV – We explored the possibility of a full repair mechanism of isoAsp through 

theoretical considerations and presented the first experimental evidence of the existence of 

PSIAL activity, which repairs the ammonia loss from Asn. 
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6 POINTS OF PERSPECTIVE 

According to the performance so far, the blood-based isoAsp biomarkers have shown very 

promising prospects in early diagnostics of NDDs. Additionally, isoAsp opens up new avenues 

for therapies to fight aging and NDDs. More specifically: 

- Clinically diagnostic perspective: it is worth to further investigate the potential of 

isoAsp-related biomarkers in a broader longitudinal study to depict a more nuanced and 

complete picture of isoAsp role in early NDD diagnostics and disease progression. In 

particular, a larger cohort recruiting MCI participants should be included in a future 

study with follow-up data available to investigate the ability of isoAsp biomarkers to 

predict the cognitive decline and progression from MCI to probable AD or other NDDs. 

Besides, more types of NDD should be investigated, such as Huntington’s disease 

(HD), amyotrophic lateral sclerosis (ALS), multiple sclerosis, etc., to fully define the 

specificity of isoAsp-related biomarkers in NDD diagnostics. 

- Fundamental perspective: first, it will be interesting to determine the typical CDR 

sequences of antibodies in blood that specifically interact with aged HSA, thus 

revealing the disease-specific antibody sequences. Second, as the enzyme GOT1 with 

PSIAL activity could play a crucial role in the process of aging, further studies (both in 

vitro and in vivo) need to be carried out to specify its contribution to the relevant 

mechansim pathways. 

- Therapeutical perspective: it is of high value to conduct isoAsp-related research in the 

treatment of NDDs based on the previous findings. On one hand, if the specific anti-

aHSA antibodies could be extracted from healthy human blood, such antibodies can 

potentially be used in the therapy against NDDs, or in blood rejuvenation. The latter 

refers, e.g., to the clinical trial of transfusing blood plasma from young people to the 

patients with mild to medium AD, which warrants further studies to confirm the 

improvements of cognitive function and synaptic plasticity [165]. On the other hand, 

since SAM plays a very important role in isoAsp repair, both in the PIMT-mediated 

quick fix and in the PSIAL-mediated repair of isoAsp, it is probable that SAM 

deficiency participates in the NDD disease progression. Thus, dietary supplement of 

SAM in a regular and long term fashion starting from early disease stage may be 

beneficial for improving cognitive decline. 
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