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Abstract 

Spontaneous chemical modifications in long-lived proteins can potentially change protein 

structure in ways that impact proteostasis and cellular health. For example, isomerization of 

aspartic acid interferes with protein turnover and is anticorrelated with cognitive acuity in 

Alzheimer’s disease. However, few isomerization rates have been determined for Asp residues 

in intact proteins. To remedy this deficiency, we used protein extracts from SH-SY5Y 

neuroblastoma cells as a source of a complex, brain-relevant proteome with no baseline 

isomerization. Cell lysates were aged in vitro to generate isomers, and extracted proteins were 

analyzed by data-independent acquisition (DIA) liquid chromatography-mass spectrometry (LC-

MS). Although no Asp isomers were detected at Day 0, isomerization increased across time and 

was quantifiable for 105 proteins by Day 50. Data analysis revealed that isomerization rate is 

influenced by both primary sequence and secondary structure, suggesting that steric hindrance 

and backbone rigidity modulate isomerization. Additionally, we examined lysates extracted 

under gentle conditions to preserve protein complexes and found that protein-protein 

interactions often slow isomerization. Base catalysis was explored as a means to accelerate 

Asp isomerization due to findings of accelerated asparagine deamidation. However, no 

substantial rate enhancement was found for isomerization, suggesting fundamental differences 

in acid-base chemistry. With an enhanced understanding of Asp isomerization in proteins in 

general, we next sought to better understand Asp isomerization in tau. In vitro aging of 

monomeric and aggregated recombinant tau revealed that tau isomerizes significantly faster 

than any similar protein within our dataset, which is likely related to its correlation with cognition 

in Alzheimer’s disease. 
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Introduction 

The vast majority of proteins in the human body are synthesized, folded, and degraded back 

into amino acids within  24 hours to 10 days.1-3 However, long-lived proteins (LLPs) are a subset 

of the proteome that have half-lives ranging from weeks to decades.4 LLPs vary in both 

localization and function, with examples including structural proteins found in neurons, all 

proteins within the eye lens, and nuclear pore complex proteins, among others.5-10 Due to their 

lengthened presence in cells, LLPs can accumulate extensive post-translational modifications 

(PTMs) and spontaneous chemical modifications (SCMs). SCMs, including oxidation, 

isomerization, deamidation, and epimerization, occur in the absence of enzymatic activity,11-13 

and often lead to changes in protein function, structure, recognition, and turnover.14-18 

Isomerization of aspartic acid (Asp) is an example of an SCM that has been shown to 

increase throughout human aging.8,9 As shown in Scheme 1, L-Asp can undergo nucleophilic 

attack of the sidechain by the backbone nitrogen to form a succinimide ring intermediate. This 

short-lived species opens by hydrolysis to form L-Asp or L-isoAsp. L-succinimide can also 

stereoisomerize to form both D-Asp and D-isoAsp, leading to a total of four potential isomeric 

forms.19 

 

Scheme 1. Mechanism of Aspartic Acid Isomerization 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 5, 2024. ; https://doi.org/10.1101/2024.12.04.626870doi: bioRxiv preprint 

https://doi.org/10.1101/2024.12.04.626870
http://creativecommons.org/licenses/by-nc-nd/4.0/


 Deamidation of asparagine (Asn) also forms the identical succinimide ring intermediate in 

Scheme 1 and leads to conversion of Asn into all four isomeric forms of Asp.20 The addition of 

methylene into the backbone chains of L-isoAsp and D-isoAsp introduces a “kink” into the 

peptide backbone, and the sidechain of D-Asp is oriented improperly relative to L-Asp. These 

changes in 3D conformation have been shown to impact protein function and turnover.21 In 

particular, isomerization impedes the activity of lysosomal cathepsins responsible for 

maintaining autophagic flux, potentially leading to lysosomal storage.18,21,22 Autophagic flux 

dysfunction and lysosomal failure are phenotypes increasingly associated with 

neurodegenerative disease.23-25 Recently, we have shown that formation of Asp isomers in tau 

is effectively diagnostic of Alzheimer’s disease, likely due to correlation with a loss of autophagic 

flux.26 

The study of isomerization by mass spectrometry (MS) presents a unique challenge because 

isomers have the same atomic composition and mass. In addition, unique fragment ions are not 

possible for L- vs D-Asp isomers, and while unique fragments can be generated to distinguish 

L/D from L/D-isoAsp using electron-based dissociation, the intensity of such fragment ions is 

often very low or nonexistent.27-29 The different 3D structures of the four isomeric forms of Asp 

allow for identification via differences in fragment ion abundance in tandem-MS,30-32 as well as 

separation by ion mobility33-35 and, most commonly, reversed-phase liquid 

chromatography.16,18,20,36-38 However, the dynamic exclusion used in typical data-dependent 

acquisition data prevents the same mass from being re-analyzed for a chosen period. Given 

that Asp isomers have the same exact mass, isomer peaks eluting within the dynamic exclusion 

window will not be examined. In complex biological samples where it is not uncommon for 

multiple peptides to have similar retention times, a lack of MS2 spectra due to dynamic exclusion 

makes it very difficult to confirm that a given peak corresponds to an isomer. The use of 

targeted LC-MS approaches such as parallel reaction monitoring (PRM) avoids issues with 

dynamic exclusion but greatly limits the number of analyzable peptides.38 One approach that 
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has shown promise in isomer identification is data-independent acquisition (DIA). By 

continuously monitoring both precursor and fragment ion signals, DIA affords straightforward 

confirmation that multiple observed peaks correspond to aspartic acid isomers. The ability to do 

an untargeted search also allows thousands of potential isomers to be profiled in a single 

experiment.26 

While the difficulties in studying isomerization systematically for large numbers of peptides or 

proteins have limited analysis of isomerization rates, the ~1 Da mass shift associated with Asn 

deamidation has facilitated more detailed profiling.39,40 Work from the Robinson lab on synthetic 

peptides suggests that the amino acid C-terminal to Asn strongly influences deamidation,41,42 

while experiments with proteins have focused on the potential importance of secondary 

structure.43-45 Although deamidation and isomerization lead to the same succinimide ring 

intermediate and are often assumed to be highly similar processes, potentially important 

chemical differences between the residues do exist. A few isomerization rates have been 

experimentally determined for Asp in peptides19,46 and in the specific context of antibodies,47-52 

but overall, the rate of Asp isomerization in intact proteins has received very little attention. 

Experiments studying the proteins of the eye lens allow for detection and quantification of 

isomers across the human lifetime,8,9,16,37,38,53-57 but determination of isomerization rates is not 

possible in such experiments because only a single timepoint can be collected for each 

individual. Additionally, isomerization rates have not been examined in intact protein complexes 

or aggregates, both of which have relevance in the context of neurodegenerative disease. 

In the present work, we set out to greatly expand the number of isomerization rates 

determined within intact proteins and protein complexes. Using in vitro aging of cell lysates to 

create isomers in a complex environment, we utilized DIA LC-MS to identify and quantify 

isomerization for a diverse group of proteins. The potential impacts of primary sequence, 

secondary structure, protein complex formation, and base catalysis were examined. Our results 

reveal that multiple levels of protein structure influence Asp isomerization. In particular, steric 
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hindrance by nearby side chains and backbone flexibility impact isomerization. Isomerization is 

tempered within protein complexes but is not sensitive to small increases in pH. In vitro aging of 

tau revealed faster-than-expected isomerization, which was slowed but not stopped by heparin-

induced aggregation. 
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Experimental 

Materials. Dulbecco’s phosphate-buffered saline (DPBS) and 10 cm plates were obtained 

from VWR. Cell detachment solution (0.25% trypsin, 0.1% EDTA, w/v), L-glutamine, penicillin, 

and streptomycin were obtained from Corning. Fetal bovine serum (FBS) was from Seradigm. 

Dulbecco’s modified eagle’s medium/Nutrient mixture F-12 Ham (DMEM-F12), Roche protease 

inhibitor cocktail (PIC) with EDTA, iodoacetamide (IAA), 1,4-dithiothreitol (DTT), tris(2-

carboxyethyl)phosphine hydrochloride (TCEP), and 3KDa molecular weight cutoff filters were 

purchased from Millipore Sigma. Optima-grade water, optima-grade formic acid, urea, sodium 

chloride (NaCl), sequencing grade trypsin, Tris base, Triton X-100, sodium deoxycholate, 

magnesium chloride (MgCl2), sodium dodecyl sulfate (SDS), and Pierce Peptide Retention Time 

Calibration Mixture (PRTC) were obtained from Thermo Fisher Scientific. Bradford reagent was 

purchased from Bio-Rad. 100 µm diameter fused silica was obtained from Polymicro. Reprosil-

Pur 120 C18-AQ 3 µm and 1.9 µm were purchased from Dr. Maisch GmbH. Full-length 

recombinant 2N4R tau protein was purchased from R & D Biosystems. 

Cell Culture. SH-SY5Y cells were obtained from American Type Culture Collection (ATCC) 

and used within 20 passages. Cells were maintained in DMEM-F12 media supplemented with 

1% 2mM glutamine, 1% penicillin, 1% streptomycin, and 10% fetal bovine serum. Cell culture 

media and cell detachment solution were warmed to 37°C in an aluminum bead bath prior to 

use. Biological triplicate samples were generated and used in the following experiments. 

Cell lysis. Radio-immunoprecipitation assay (RIPA) buffer was made using 2.5 mL of 1 M 

Tris pH 7.5, 7.5 mL of 1 M NaCl, 5 mL of 10% w/v Triton X-100, 2.5 mL 10% w/v sodium 

deoxycholate, 250 µL of 20% SDS, and 32.25 mL of Optima water (final concentrations: 50 mM 

Tris pH 7.5, 150 mM NaCl, 1% w/v Triton X-100, 0.5% w/v sodium deoxycholate, and 0.1% 

SDS). Native lysis buffer was made using 2.5 mL 1 M Tris pH 7.5, 2.5 mL 1 M NaCl, 5 mL 100 

mM MgCl2, 1.5 mL 10% w/v Triton X-100, 500 µL of 100 mM DTT, and 33 mL Optima water 

(final concentrations: 50 mM Tris pH 7.5, 150 mM NaCl, 10 mM MgCl2, 0.3% w/v Triton X-100, 
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and 1 mM DTT). Both buffers were prepared alongside variants where Tris pH 7.5 was adjusted 

to pH 8.8 with ammonium hydroxide. Cells were grown to confluence, washed with DPBS, 

harvested in DPBS by scraping, and lysed on ice for 30 minutes with lysis buffer containing 

protease inhibitor cocktail. Lysates were clarified by centrifugation at 21,100 g for 15 minutes at 

4°C. Soluble protein concentration was determined by colorimetric assay (Bio-Rad) using 

Agilent Cary 60 UV-Vis spectrophotometer, and lysate concentration was normalized to 1 µg/µL 

with 50 mM Tris at appropriate pH.  

In vitro aging and sample cleanup. Lysates were split into 5 low-binding microcentrifuge 

tubes with 100 µL of lysate each, one for each time point, tightly covered with Parafilm, and 

placed into a 37°C sand bath. At each chosen time point, (Days 0, 5, 10, 25, and 50), samples 

were removed from the sand bath. Only MS-grade organic solvents were used during sample 

cleanup and preparation, excluding chloroform (CHCl3). Sequentially, 400 µL MeOH, 100 µL 

CHCl3, and 300 µL H2O were added and gently vortexed. After centrifugation twice at 21,100 G 

for 5 minutes, protein pellets formed between the interface, and the majority of the top layer was 

removed by aspiration. The remaining solution was cleaned by addition of 400 µL MeOH, 

vortexing, centrifugation at 21,100 G, and supernatant aspiration, repeated ≥5 times. Pellets 

were air-dried gently overnight.  

Sample digestion and preparation. Dried protein pellets were resuspended in 100 µL of 8M 

urea and stored at 4°C for 24 hours to fully dissolve the pellet. 10 µg of protein (10 µL of 

solution) was transferred to a low-binding microcentrifuge tube, and 200 ng of yeast enolase (1 

µL of solution) was added as a process control. Samples were then reduced by addition of 2 µL 

of 25 mM TCEP for 20 minutes at ambient temperature, alkylated by addition of 2 µL of 50 mM 

IAA for 60 minutes in the dark at ambient temperature, diluted with 25 µL of Tris buffer to 2 M 

urea, and digested with 0.2 µg trypsin (1:50) overnight at 37°C for 16-20 hours. Tryptic digestion 

was quenched by adding 2 µL of formic acid to pH 2.0 (verified by pH paper). Samples were 

filtered using 0.2 µm filters to remove any particulates and then stored in the freezer at ≤ -60°C 
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until analysis. 

Column preparation. Monophasic C18 analytical columns were prepared by pulling 100 µm 

diameter fused silica columns with a P-2000 laser tip puller (Sutter Instrument Co., Novato, CA) 

and packing to a length of 30 cm with Reprosil-Pur 120 C18-AQ 3 µm resin.  

Data-independent acquisition mass spectrometry. 200 ng of each sample with 250 

femtomole of PRTC was analyzed using a Thermo UltiMate 3000 RSLC interfaced to a Thermo 

Fisher Scientific Orbitrap Fusion Lumos Tribrid Mass Spectrometer. PRTC was added to act as 

a retention time calibrant and assess the performance of the instrument during acquisition. 

Samples were eluted using 0.1% formic acid in water as mobile phase A and 0.1% formic acid 

in 80% acetonitrile as mobile phase B. Samples were desalted by loading onto an Acclaim 

PepMap 100 C18 3 µm 75 µm x 2 cm trap cartridge at 1% B for 1.8 minutes. Peptides were 

then separated with a 90-minute LC gradient consisting of 1% B for 3 min, 1-7% B in 7 min, 7-

15% B in 20 min, 15-50% B in 40 min, 50-98% B in 5 min, 98% B for 10 min, and a wash of 1% 

B for 5 min. The analytical column was then equilibrated at 1% B for 100 minutes. For all 

experiments, the mass spectrometer was operated in data-independent acquisition mode. Each 

run consisted of a cycle of one 60,000 resolution SIM scan mass spectrum with a mass range of 

330-1500 m/z and an automatically determined AGC target followed by data-independent MS2 

spectra on the loop count of 71 at 15,000 resolution, an automatically determined max injection 

time of 22 ms, a normalized AGC target of 1000%, and 33% HCD collision energy with an 

overlapping 8 m/z isolation window.58-60 A total of 60 LC experiments were conducted (5 time 

points with 4 lysis buffer conditions and biological triplicates). 

Data Analysis. Thermo Raw files were converted into the mzML format using Proteowizard 

MSConvert (version 3.0.22288) using vendor peak picking and demultiplexing settings.61,62 A 

quantitative spectral library was generated using default settings in EncyclopeDIA (version 

2.12.30)63-65 by using a Prosit predicted spectral library66 and all 60 LC runs, requiring a 

minimum of three quantitative ions and filtering peptides at 1% FDR using Percolator (version 3-
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01). 67,68 The quantitative spectral library was then imported into Skyline (daily version 

23.1.1.268) with the human Uniprot FASTA with yeast enolase added as the background 

proteome to map peptides to proteins.69,70 Transition retention time filtering settings were set to 

“use only scans within 5 min of MS/MS IDs” for all runs.  

Isomer identification and quantification. Isomers were manually identified in the dataset 

by the presence of two or more chromatographic peaks with the same fragments observed at 

different retention times. Since asparagine deamidation occurs on a relevant timescale to these 

experiments and may generate multiple chromatographic peaks, asparagine-containing 

peptides were removed from the search by filtering with Skyline’s document grid. Isomers 

containing multiple, non-sequential aspartic acid residues were also removed since it would be 

unclear which Asp contributed to which chromatographic peaks. Sequence isomers, which also 

generate multiple chromatographic peaks due to different amino acid order, were identified 

based on the presence of multiple peaks at Day 0 and were removed from downstream analysis 

(see Figure S1 for an example). Isomer quantification was performed as described previously26. 

Briefly, peak values were extracted from Skyline by manually adjusting the boundaries for each 

individual isomer peak. Only fragment ion areas were used for quantification to limit the impact 

of precursor interference. The total areas of the fragment peaks corresponding to the peptide of 

interest were summed to produce a “total isomer area”. Although fragmentation yield has been 

shown to vary between isomers, the overall fragmentation efficiency does not change 

regardless of changes to individual fragments.31 To calculate percent isomerization values, the 

“total isomer area” was divided by the total peak area including the non-isomer peak. Means 

and standard deviation values were calculated in Microsoft Excel using the three biological 

triplicate values for each peptide's percent isomerization at each time point. Rate constants for 

isomerization were calculated assuming that isomerization is a first-order reaction up through 

Day 50. When comparing between two buffer conditions, peptides were required to show some 

degree of isomerization in both conditions and not originate from proteins that were expected to 
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be differentially extracted, such as membrane proteins being excluded since they would not be 

well extracted by Native lysis buffers. All figures were generated using OriginPro 2024 

(10.1.0.178). Scheme 2 was generated using BioRender. 

Analysis of protein structure. PDB files for each protein (see Table S1) containing a 

quantifiable isomer were identified in Uniprot and imported into Maestro (version 13.4). When 

crystal structures, EM structures, or NMR structures containing the aspartic acid of interest were 

unavailable, AlphaFold structures were used. To quantify the amount of crowding around the C-

terminal amide that forms the succinimide ring intermediate, the number of atoms, excluding 

hydrogens, within 4 Å of the nitrogen atom were counted using the “Display all distances” tool. 

Hydrogen bonding interactions were also recorded as present or absent at the hydrogen atom in 

the C-terminal amide. The secondary structure of the aspartic acid residue of interest was 

classified as being located on an alpha helix, a beta sheet, or a non-regular region, such as 

turns, where the structures have nonrepeating backbone torsion angles.71 

Identification and quantification of Asn deamidation. Deamidation sites often generate 

several deamidated peaks due to the formation of a succinimide ring intermediate and 

subsequent Asp isomers, so deamidation sites were identified similarly to Asp isomerization by 

the presence of multiple chromatographic peaks. Due to the ~1 Da mass shift associated with 

deamidation, loss of fragment ion intensity for fragments containing the Asn residue can occur 

depending on the fragments generated. This aids in confirmation that a peptide is deamidated 

and helps localize the deamidation site. For quantification, only fragment ions found in both non-

deamidated and deamidated peaks were used, with a minimum of 3 fragment ions being 

required for a peptide to be considered quantifiable. %Deamidation values for Asn sites were 

calculated by the same method as percent isomerization for Asp isomers. All Asp-containing 

peptides were excluded when searching for deamidation to remove interference.  

in vitro aging of recombinant tau. Non-aggregated tau samples were aliquoted in 1X PBS 

buffer, pH 7.4. Each aliquot was 50 µL with a concentration of 4.35 µM. Aggregated samples 
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were prepared using heparin sodium salt. Aliquots of 35 uL of 10 µM protein in 1X PBS, pH 7.4 

with 1 mM DTT, 2 mM MgCl2, and approximately 10 µM heparin sodium salt were shaken for 48 

hours at 37°C to induce aggregation.72 

Samples were placed in 500 µL Eppendorf tubes and placed inside glass vials with 1 mL of 

water to prevent solvent evaporation. Samples were incubated in a sand bath at 37°C. 

Timepoints were taken at 0, 3, 6, 9, 12, and 16 weeks. After collection of the timepoints, they 

were treated with 50 µL of 70% formic acid at room temperature for two hours in order to 

monomerize any aggregated protein. All solvent was then removed by lyophilization, and 

samples were resuspended in 10 µL of 50 mM tris-HCl pH 8.0 with 6 M urea.  

Tau digestion. Cysteines were reduced and alkylated by adding 3 µL of 10 mM dithiothreitol 

and incubated 20 minutes at room temperature followed by adding 15 µL of 20 mM 

iodoacetamide and incubated at room temperature in the dark for 1 hour. Following cysteine 

alkylation, 100 µL of 50 mM Tris, pH 7.6 was added (urea concentration ≤0.6 M). The pH was 

checked, and if necessary adjusted to pH 8-9 using 1 M Tris-HCl, pH 9. Trypsin was added in a 

1:20 enzyme:protein ratio and incubated for 18 hours at 37°C. Samples were then filtered and 

100 µL of optima water with 0.1% formic acid was added. Aggregated samples were also run 

through a 3KDa molecular weight cutoff filter and the flow through was retained to remove any 

large irreversible aggregates.  

LC-MS/MS Analysis. Samples were analyzed using the same instrument as above. LC 

separation was performed using a 25 cm 100 µm column packed in house with 1.9 µm C18-AQ 

resin. Mobile phase A was Optima water with 0.1% formic acid, and mobile phase B was 80% 

acetonitrile, 20% Optima water, and 0.1% formic acid. The gradient was 1-7% B in 7 minutes, 7-

15% B in 20 minutes, 15-50% B in 40 minutes, and 50-98% B in 5 minutes. A parallel reaction 

monitoring (PRM) method was used with 60 targets. The MS1 resolution was 120,000 with a 

scan range of 350-1500 m/z. MS2 used HCD with NCE 33, an isolation window of 1.6, 

resolution of 15,000, and scan range of 350-2000 m/z.  
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Results and Discussion 

Detection of isomerization in cell lysates by DIA. To simultaneously monitor the 

isomerization of many intact proteins, whole cell lysates from SH-SY5Y cells were utilized. For 

one set of experiments, RIPA buffer was selected for cell lysis to efficiently solubilize monomeric 

proteins while disrupting protein-protein interactions.73 Due to the high protein turnover rate in 

replicating cells, freshly prepared lysates from SH-SY5Ys were predicted to contain few Asp 

isomers. To induce isomerization, cell lysates were incubated for varying lengths of time at 37°C 

prior to protein extraction, digestion, and analysis by DIA-LC-MS as summarized in Scheme 2.

 

Scheme 2. Experimental procedure for in vitro aging of cell lysates and preparation for LC-MS  
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A representative example of results illustrating the progression of isomerization over time is 

shown in Figure 1. More specifically, the intensities of fragment ions used to identify the Asp-

containing peptide ALVDGPCTQVR are plotted as a function of elution time for 5 incubation 

periods. On Day 0, a single chromatographic peak cluster is present, and importantly, all the 

colored lines representing different fragment ions are well aligned. After 5 days of aging, a 

second peak cluster composed of the same fragment ions appears at a earlier retention time. 

By Day 50, four chromatographic peak clusters are observed for the peptide, each representing 

a different isomer of Asp. Based on their relative retention times, isomer peaks are clearly 

differentiable from the L-Asp peak. Additionally, close examination of the L-Asp and Isomer 2 

peaks reveals that the relative abundance of the fragment ions y7 and y8 invert, as well as y6 

and y9. Drawing on previous work, observing changes in the relative abundance of fragment 

ions in tandem MS is a frequently observed phenomenon for peptide isomers.30,31 Furthermore, 

increasing peak intensity over time and the presence of all fragment ions in each peak rules out 

other types of isomers that may separate by liquid chromatography, such as sequence isomers 

(see Figure S1 for an example sequence isomer). These chromatograms clearly show that while 

Asp isomers are not present in SH-SY5Y cell lysates originally, the passage of time allows all 

four isomeric forms of Asp to be generated and observed. 
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Figure 1. Skyline chromatograms for the peptide ALVDGPCTQVR from the protein RL14 

across 5 in-vitro aging time points. Each colored line corresponds a fragment ion associated 

with the precursor in the spectral library. The first isomer peak emerges at a different retention 

time on day 5, with all four peaks being clearly visible by Day 50. 

 

Influence of primary sequence. Prior work by the Robinson group has shown that 

deamidation of Asn within a peptide is most strongly influenced by the residue C-terminal to 

it.41,42 Bulkier amino acids, such as Trp or Tyr, slow deamidation while C-terminal Gly yielded 

the highest rates. These results were rationalized in terms of steric hindrance and crowding of 

the reaction site, as illustrated in Scheme 3 for Asn-Gly and Asn-Phe with the reaction site 

highlighted in yellow. For Asn-Gly, the reaction site is open regardless of the conformation 

adopted by the peptide, while for Asn-Phe, some conformations will lead to crowding of the 

reaction site by the Phe sidechain. For small, presumably disordered, peptides such as those 

used by the Robinson group, many conformations will be sampled over time. Thus, the 

differences in deamidation rate observed by the Robinson group likely reflect an average steric 

hindrance, with bulkier side chains being more likely to hinder the reaction site. 

  

Scheme 3. Examples of potential conformations for deamidation site residue pairs, with the 
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reaction site allowing succinimide ring formation highlighted in yellow. 

 

Given that Asn deamidation leads to the same succinimide ring intermediate as Asp 

isomerization, we investigated the relationship between primary sequence and Asp 

isomerization rate in our data. Figure 2a shows the distribution of Asp isomers binned by the C-

terminal amino acid residue. Just over 50% of all observed isomers occur at DG sites, with DS 

and DA sites yielding the next highest frequencies. These observations are consistent with 

steric hindrance being a primary influence of Asp isomerization. To confirm that our 

observations are not overly influenced by the inherent distribution of each residue pair in the 

proteome, we determined the number of peptides present for each DX site. Figure S2 shows 

that DG sites are not heavily enriched, and more common sites such as DL do not yield large 

numbers of isomers.  

The amount of isomerization after 50 days of aging is shown in Figure 2b, again sorted by C-

terminal residue. In addition to occurring with greater frequency, DG isomers often undergo 

greater isomerization than non-DG sites. The range of DG isomerization is significantly larger 

than that observed for non-DG sites, which tend to cluster around 10%. For DD isomers, it is 

unclear which Asp residue isomerizes, so these peptides are grouped as DDG isomers, which 

isomerize quickly, and DDX isomers, which reach similar isomerization levels to all other motifs. 

Additional clarity for the importance of the C-terminal residue can be obtained by performing the 

same analysis for the N-terminal residue, as shown in Fig. 2c and 2d. There are no clear trends 

in the frequency or extent of isomerization based on the N-terminal amino acid identity, 

consistent with observations for deamidation.41 Taken as a whole, the trends observed in 

isomerization rate match well with prior work on deamidation, and it is clear that even in the 

highly complex environment of intact proteins, steric hindrance by the C-terminal amino acid 

side chain is a major determinant of isomerization rate.  
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Figure 2. Impact of primary sequence on isomerization. a) Number of detected isomers and b) 

percent isomerization binned by the residue C-terminal to Asp. c) Number of detected isomers 

and d) percent isomerization binned by the residue N-terminal to Asp. Error bars for b) and d) 

represent one standard deviation. 

  

Crowding of the C-terminal amide. Although Figure 2 clearly shows that the identity of the 

C-terminal amino acid plays a major role in determining the isomerization rate for a given Asp 

residue, the wide range of values for DG isomers suggests that other factors also play a role. In 

contrast to short, unstructured peptides, the orientations of the side chains of amino acids C-

terminal to Asp are determined by secondary and tertiary structure in intact proteins. Alpha 

helical and beta sheet structures have consistent orientations of the constituent side chains, 
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while non-regular structures, such as turns, yield inconsistent peptide backbone torsion angles 

and sidechain orientations.74 Additionally, while steric hindrance in proteins may be due to the 

side chain of the C-terminal amino acid, crowding could also be caused by sequence-remote 

interactions. To quantify the degree of crowding caused by any interacting component in the 

three-dimensional structure for each protein, all atoms within 4 Å of the amide nitrogen C-

terminal to any isomerized Asp were counted. As shown in Figure 3a, there is a negative 

correlation between percent isomerization and crowding, implying that as the amide becomes 

more crowded, steric hindrance increasingly limits formation of the succinimide ring. To 

separate the impact of crowding by the C-terminal side chain and crowding from sequence-

distant interactions, Figure 3b shows the same results sorted by DG and non-DG peptides. 

Isomers with non-DG sites tend to have both increased amounts of crowding and lower percent 

isomerization than DG sites, suggesting that the number of atoms within 4 Å of the amide 

primarily results from the presence of a side chain on the C-terminal residue, and that longer-

range interactions are less important. However, for the DG peptides, there is still a moderate, 

negative correlation between crowding and percent isomerization. The atoms leading to 

increased crowding in DG sites could originate from either the orientation of amino acids close 

in sequence or sequence-distant interactions due to protein tertiary structure. As shown in 

Figure S3a, in one case of high crowding, an N-terminal tyrosine led to significantly increased 

steric hindrance. However, Figure S3b shows an alternate situation where atoms were localized 

towards the amide from ~20 amino acids away in sequence, a long-range interaction. These 

results demonstrate that in addition to residues nearby to the C-terminal amide, tertiary protein 

structure can increase crowding and impact isomerization propensity.  

Hydrogen bonding interactions represent another type of sequence-distant interaction that is 

crucial to the structure and function of proteins.75-78 Given the strength of hydrogen bonding 

interactions, we hypothesized that hydrogen bonding to the C-terminal amide could make steric 

clashes more persistent. To evaluate this possibility, we checked each C-terminal amide for 
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hydrogen bonds. Figure 3c shows percent isomerization binned by the presence or absence of 

hydrogen bonds. On average, isomerization is lower in the presence of hydrogen bonds. This 

suggests that hydrogen bonding interactions may lead to increased crowding, so to examine 

this more closely, Figure 3d shows the ratio between the number of isomers that form hydrogen 

bonds to the total number of isomers. More crowded isomers tend to also have more hydrogen 

bonding interactions, which could be due to atoms involved in the hydrogen bond being 

localized towards the amide. Interestingly, the proportion of hydrogen bonded isomers is 

relatively stable after 13 nearby atoms. Given that hydrogen bonded isomers have lower 

isomerization and atoms from hydrogen bonding partners can only contribute so much to 

crowding, it is likely that H-bonds make less crowded interactions more persistent. This 

persistence can lower isomerization rates independent of the amount of crowding. Overall, the 

rate of isomerization in intact proteins is clearly influenced by crowding of the C-terminal amide, 

both by side chain atoms and sequence-distant residues, as well as the persistence of 

interactions due to hydrogen bonding.  
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Figure 3. Crowding of the C-terminal amide. (a) percent isomerization compared to the number 

of atoms within 4 Å of the C-terminal amide involved in succinimide formation (b) percent 

isomerization compared to the number of atoms within 4 Å of the C-terminal amide involved in 

succinimide formation, binned by DG or non-DG isomer. (c) Box-and-whisker plot showing 

percent isomerization binned by presence of absence of hydrogen bonding (d) Ratio of the 

number of isomers where the hydrogen of the C-terminal amide has hydrogen bonding 

interactions to the total number of isomers.  

 

Impact of secondary structure. In addition to the steric environment of the C-terminal 

amide, previous work suggests that backbone flexibility may also influence succinimide ring 
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formation. Kosky et. al. showed that deamidation in peptides is greatly limited by increasing 

helicity, suggesting that alpha helical structure restricts the flexibility required to form the 

succinimide ring intermediate.79 Work from the Robinson lab similarly found that deamidation is 

slowed by alpha helical regions within intact proteins.43 To determine whether backbone rigidity 

influences Asp isomerization, isomer sites were classified based on their secondary structure as 

alpha helical, beta sheet, or non-regular. Figure 4a shows that most isomers are located in non-

regular regions, with a smaller subset found in alpha helices. Notably, very few isomers are 

located in beta sheets. These results may imply that while both disfavor isomerization, alpha 

helices are more easily distorted to accommodate succinimide ring formation compared with 

beta sheets, which is consistent with the respective inherent stabilities.80 To examine whether 

the extent of isomerization also depends on secondary structure, percent isomerization values 

were plotted for isomers binned by structure and C-terminal residue, as shown in Figure 4b. For 

non-DG isomers, the extent of isomerization is similar regardless of the underlying secondary 

structure. However, isomerization of DG isomers is highest in non-regular regions, notably less 

for alpha helices, and very low for beta sheets (albeit for a single data point). Figure 4c 

illustrates the relationship between crowding and secondary structure. Isomers located in alpha 

helical sections are often crowded compared to isomers in non-regular regions, suggesting that 

formation of alpha helices orients side chains close to the C-terminal amide. However, all 

observed beta sheet isomers are not located in crowded regions, suggesting that backbone 

rigidity or higher stability must prevent isomerization in the absence of crowding. Taken as a 

whole, the frequency and extent of isomerization is often decreased in highly structured regions, 

including both beta sheets and alpha helices, and implicates both crowding and backbone 

rigidity as factors that influence isomerization. 
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Figure 4. Impact of secondary structure on isomerization. (a) Number of detected Asp isomers 

sorted by secondary structure element (b) percent isomerization binned by both primary 

sequence and secondary structure element (c) percent isomerization compared to the number 

of atoms within 4 Å of the C-terminal amide involved in succinimide formation, binned by 

secondary structure element. 

 

Protein-protein interactions. The formation of complexes is a widespread phenomenon that 

often alters protein folding dynamics and is necessary for function.81,82 To investigate the 

influence of protein-protein interactions on isomerization, we prepared and aged cell lysates 

using only Triton as a surfactant (termed Native buffer), which was found by Mei et. al. to 

preserve protein complexes during cell lysis.83 Figure 5a shows the progression of isomerization 

over time for RIPA and Native lysis buffers for the peptide ATAVVDGAFK from PRDX2. 

Isomerization in Native lysis buffer is clearly reduced throughout the entirety of aging, 

suggesting that in the intact protein complex, the rate of isomerization is slowed. To quantify the 

impact on isomerization, Figure 5b shows the difference between the percent isomerization in 

Native and RIPA lysis buffers for each time point. The difference increases across all 

timepoints, suggesting that protein-protein interactions are preserved and slow isomerization 

throughout the entire aging period. PRDX2 forms a homo-decamer ring,84 and these results 

suggest that this complex is highly stable under aging stress.  

Another possible outcome is illustrated in Fig. 5c and 5d for the peptide TALIHDGLAR from 
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the protein RS12. While isomerization in Native and RIPA buffers differs at each timepoint, the 

percent isomerization delta primarily emerges between Day 0 and Day 5, with subsequent 

isomerization occurring at similar rates. This suggests that the protein complex remained intact 

initially and decreased isomerization, but after the first 5 days, the complex dissociated, and 

isomerization was no longer slowed. RS12 is a known binding partner in the 80S ribosome 

complex85, but it did not appear to remain bound during our aging period. Collectively, these 

results suggest that isomerization could be used to measure and track protein complex stability.  

Figure 5e shows a comparison between percent isomerization at Day 50 for all isomers in 

both RIPA and Native lysis buffers. Significant differences in percent isomerization, labeled with 

red lines, indicate that the difference between conditions was greater than two standard 

deviations of the biological triplicate results. The results show that while significant differences 

are observed, altered isomerization in the Native buffer is relatively uncommon. Figure 5f 

tabulates the number of isomers by difference in isomerization. Most do not change between 

buffers, with some decreasing in isomerization under Native buffer, and a few increasing. 

Inspection reveals that all the peptides that differ in isomerization propensity between buffer 

conditions are located within proteins that form protein complexes or promiscuously interact with 

other proteins (see Table S2). Also shown in Table S2 is a comparison of crowding for each 

protein in the monomeric and protein complex state, for which no differences were observed. 

Illustrative examples are provided in Figure S4, showing that isomer sites need not be located 

near other subunits for isomerization to be hindered. Taken together, these results imply that 

global changes in rigidity can be induced by the formation of protein complexes and lead to 

subsequent alterations in isomerization rate and propensity.  
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Figure 5. Impact of Native lysis buffer on isomerization. (a) Isomerization at each timepoint in 

RIPA and Native buffers for the peptide ATAVVDGAFK from PRDX2, error bars correspond to 
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biological replicates (n=3). (b) Difference in percent isomerization (delta) across timepoints for 

ATAVVDGAFK. (c) Isomerization at each timepoint in RIPA and Native buffers for 

TALIHDGLAR from RS12, error bars correspond to biological replicates (n=3). (d) Difference in 

percent isomerization (delta) across timepoints for TALIHDGLAR (e) Before-and-after plot 

comparing percent isomerization at Day 50 in RIPA and Native lysis buffers for isomerized 

peptides. Green and purple lines signify decreases and increases, respectively, in percent 

isomerization greater than two standard deviations of the biological triplicate error. (f) Number of 

isomers with significant changes to percent isomerization value when comparing RIPA and 

Native lysis buffers. 

 

Impact of basicity on isomerization. Previous work from our lab has shown that the 

addition of ammonia to a peptide during Asn deamidation leads to an increase in the 

deamidation rate without significantly altering the relative populations of Asp isomers.86 Work 

from Tyler-Cross and Schrirch suggested a mechanism for general base catalysis by ammonia, 

where the base assists in the removal of the Gly amide proton during formation of the 

succinimide ring.87 However, Oliyai and Borchardt showed that Asp isomerization in short 

peptides was not accelerated by ammonia.88 To evaluate the influence of pH on Asp 

isomerization in proteins, we prepared lysates using “accelerated” RIPA and Native buffers 

where ammonium hydroxide was used to shift the pH from 7.8 to 8.8. Figure 6a shows that 

isomerization did not change for most peptides in either RIPA or Native buffers at higher pH. In 

Figure 6b, it is clear that for the small number of peptides affected by pH, isomerization was 

equally likely to be increased or decreased. To confirm that our observations could not be 

attributed to an unforeseen experimental flaw, we also examined the effect on deamidation, as 

shown in Figs. 5c and 5d. Deamidation clearly increases with higher pH, as expected. These 

results show that isomerization of Asp is not sensitive to minor changes in pH, even for intact 

proteins and protein complexes, and any changes in isomerization are likely owed to pH-
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dependent structural changes. In addition, it is clear that given their substantial differences in 

response to pH, Asp isomerization should not be equated with Asn deamidation.  

 

Figure 6. Evaluation of base catalysis and effects of pH on Asp isomerization. (a) Comparisons 

between “Accelerated” and standard lysis buffers for RIPA (orange) and Native (green) lysis 

buffers, where red lines correspond to changes in percent isomerization with a difference 

greater than two standard deviations from triplicate percent isomerization calculations. (b) Bar 

plot showing whether observed differences led to no significant change (orange), significant 

decreases (green), or significant increases (purple) for both RIPA and Native lysis buffers. (c-d) 

Impact of ammonium hydroxide on Asn deamidation at Day 50, shown as in (a) and (b). 
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Isomerization of Tau. Having established the primary factors that influence isomerization in 

proteins, we next sought to use this information to provide greater context for understanding 

isomerization in aging and neurodegeneration. Tau is strongly associated with Alzheimer’s 

disease (AD),89,90 and isomerization of tau at Asp387 in the peptide TDHGAEIVYK was recently 

found to be a stronger predictor of dementia in AD than aberrant protein aggregation.26 

However, the rate of isomerization of tau is unknown, and the concentration of tau was not 

sufficient for detection in our cellular extracts. Therefore, to determine the rate of isomerization 

of tau, intact recombinant protein was aged in vitro. In addition, tau was incubated alone in 

buffer and in the presence heparin to induce aggregation.72 

The progression of the isomerization for TDHGAEIVYK extracted from tryptic digests of 

incubated tau is shown in Figure 7a. Under standard PBS buffer conditions, tau should exist 

largely in the monomeric state with primarily disordered structure.91 These conditions lead to 

~27% isomerization by Day 50. To place this amount of isomerization in context with the 

incubation results described above, we plot the percent isomerization versus protein size (# of 

amino acids) in Fig. 7b. The results are additionally labeled by DG/nonDG status, where again 

these two groups clearly separate. Although there is no clear trend between protein size and 

isomerization, the datapoint for monomerized tau is significantly higher than any other nonDG 

peptide. In fact, extent of isomerization is ~3x greater than the average for all observed non-DG 

sites and 1.35x larger than the next closest value. Tau is an intrinsically disordered protein, 

meaning it does not adopt a regular folded structure in isolation,92 which should provide the 

backbone flexibility needed for isomerization. The C-terminal residue is His, which is large and 

capable of steric interference but is also well-known for catalyzing acid/base reactions. We did 

observe isomerization at another DH site in the peptide YAVTTGDHGIIR from COPA, but the 

rate was significantly lower due to the local beta sheet structure, and isomerization only reached 

7% by 50 days of aging. Therefore, the properties that enable rapid isomerization of monomeric 

tau are not immediately obvious, but the strong anti-correlation between isomerization and brain 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 5, 2024. ; https://doi.org/10.1101/2024.12.04.626870doi: bioRxiv preprint 

https://doi.org/10.1101/2024.12.04.626870
http://creativecommons.org/licenses/by-nc-nd/4.0/


function is likely due to tau’s ability to isomerize rapidly and serve as a reporter for disrupted 

proteostasis. 

To examine the potential effects of aggregation on tau isomerization, samples were 

incubated in PBS buffer with the addition of 10 µM heparin to induce aggregation.72 Although 

heparin-induced aggregation may not faithfully reproduce the specific aggregated states 

associated with AD or other tauopathies,93 any aggregation should restrict the conformational 

freedom of the protein backbone. Indeed, as seen in Fig. 7a, heparin-induced aggregation does 

slow tau isomerization, likely due to loss of conformational flexibility. Our data also suggest that 

heparin-induced aggregation may yield inconsistent amounts of aggregation or inconsistently 

aggregated structures. To clarify, the apparent isomerization at Day 84 is less than Day 64, 

which is not consistent with increased isomerization over time (yet replicate measurements for 

each day are highly reproducible and suggest the difference between the values is outside 

measurement error). However, each timepoint in Fig.7a was derived from a separate incubation, 

meaning that either more aggregation or more restrictive aggregates appear to have formed in 

the Day 84 sample. Since heparin incubation is a poor mimic for disease-relevant tau 

aggregation, our intent was primarily to establish whether aggregation could possibly slow 

isomerization, and the data in Fig. 7a clearly show that this is the case.  
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Figure 7. Progression of isomerization for the peptide TDHGAEIVYK from recombinant tau. (a) 

Protein aged only in PBS buffer is shown in blue, while protein in aggregating conditions is 

shown in orange. Red-dotted line corresponds to 50 days of aging. Error bars are derived from 

technical replicates. (b) percent isomerization compared to the length of the protein in amino 

acids, with DG isomers in blue, non-DG isomers in red, and the average %isomerization for 

non-DG isomers in the red, dashed line. Percent isomerization at Day 50 for TDHGAEIVYK 

from tau shown, with monomeric tau in green and aggregated tau in yellow. 

 

Conclusions 

Using aged cell lysates as an in vitro model of a complex isomer-containing proteome, DIA-

based LC-MS allows for straightforward identification and quantification of Asp isomer sites in 

many proteins. Our results illustrate that multiple levels of protein structure fundamentally 

influence the rate of Asp isomerization in vitro. Crowding of the C-terminal amide decreases 

isomerization rate due to steric hindrance of succinimide ring formation. Increased backbone 

rigidity due to secondary structures, such as alpha helices and beta sheets, and protein 

complex formation also reduces isomerization. Asp isomerization was shown to not respond to 

base catalysis in intact proteins, a fundamental difference from the similar Asn deamidation. The 

determination of the principal factors underlying isomerization allows for prediction of which 

proteins are susceptible. Proteins associated with neurodegenerative diseases, such as alpha 

synuclein, huntingtin, and tau, contain a high density of Asp residues and are intrinsically 

disordered, so we would predict that they would likely isomerize at a very fast rate. As a case 

study, in vitro aging of recombinant tau also revealed that isomerization of sites with disease-

dependence in Alzheimer’s disease proceeds at a faster than expected rate based on sequence 

likely owed to other structural properties of tau such as lack of crowding and a flexible 

backbone. Given that isomeric peptides are not degraded efficiently in the lysosome, the fast 

isomerization rate of tau provides a rationale for observed lysosomal storage in Alzheimer’s 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 5, 2024. ; https://doi.org/10.1101/2024.12.04.626870doi: bioRxiv preprint 

https://doi.org/10.1101/2024.12.04.626870
http://creativecommons.org/licenses/by-nc-nd/4.0/


disease. Slower isomerization of tau in the aggregated condition suggests that isomerization 

may occur in soluble tau prior to aggregation, but analysis of insoluble tau in Alzheimer’s 

disease tissue and disease-specific aggregates is needed. Additionally, tau’s function of binding 

microtubules leaves questions regarding the conformational state in which isomerization 

proceeds in vivo. Overall, the detection of Asp isomers in the context of neurodegenerative 

disease has necessitated an understanding of the trends that underlie isomerization, and our 

results clearly illustrate that consideration of multiple levels of protein structure provides a 

framework to predict the propensity for Asp isomerization in a biological context.  

 

Supporting Information 

 Example of sequence isomer aging profile, comparison between the total number of 

peptides and number of isomers for each residue pair, structures of highly crowded low 

isomerization DG sites, structures of selected isomer sites, table of all quantifiably isomerized 

peptides, table of isomers impacted by aging in Native lysis buffers, table of isomers impacted 

by aging in ammonia-containing, higher pH lysis buffers. 
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