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Abstract

While a-linked amino acids in the L-form are exclusively utilized in mammalian protein building,
B-linked and D-form amino acids also have important biological roles. Unfortuately, the structural
elucidation and separation of these different amino acid types in peptides has been analytically
challenging to date due to the numerous isomers present, limiting our knowledge about their
existence and biological roles. Here we utilized an ultrahigh resolution ion mobility spectrometry
(IMS)-MS platform to separate amyloid B (AP) peptides containing L-aspartic acid, D-aspartic
acid, L-isoaspartic acid, and D-isoaspartic acid residues which span a-and p-linked amino acids in
both D- and L-forms. The results illustrate how IMS-MS could be used to better understand age-
related diseases or protein folding disorders resulting from amino acid modifications.

Due to difficulties separating protein and peptide isomers containing a- and p-linked amino
acids, significant gaps exist in our understanding of their presence and possible biological
roles. /soaspartic acid (/soAsp) is a naturally occurring p-linked amino acid that results from
the degradation of aspartic acid (Asp) and asparagine (Asn). Asp and /isoAsp have the same
mass and are very difficult to separate with current analytical tools, especially when their
epimeric L- and D-forms are considered. However, even with the limited separations
available, these amino acids (and their epimers) are known to play an important role in
antibiotics, bacterial envelopes and long-lived proteins (LLPs)%, such as crystallin in eye
lenses, myelin in nerve cells, and both Tau and AB in the brain2. The presence of /soAsp in
these systems is thought to impact proteolytic stability and cause changes in the protein’s
conformation (e.g. misfolding) that affect activity, degradation and turnover. However, this is
not true in all systems as peptides containing p-linked amino acids can also exhibit increased
stability by folding into a-helices or hairpin structures with higher variability than a-linked
amino acid peptide structures and greater resistance to proteolytic degradation3: 4. Further
studies are thus needed to determine when stabilization or destabilization results from
fsoAsp and other B-linked amino acids. Racemization of Asp and Asn from the L-form to
the D-form is another important consideration in peptide stability studies. This
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transformation mainly occurs through a cyclic succinimide intermediate and results in four
isomer products: L-Asp, D-Asp, L-isoAsp and D-/s0Asp (Figure 1). Since these four
isoforms can greatly influence protein structure, full characterization of Asp variants is
needed, especially in LLPs, to better understand disease etiology and develop potential
therapeutic treatments.

Tau and Ap proteins are the hallmarks of Alzheimer’s disease and have been shown to
contain large abundances of racemized amino acid residues in brain tissuel: > 6. In fact, Tau
and Ap have multiple Asp residues that are particularly susceptible to modification and
truncation, especially at the N-terminus. Specifically, both racemization and isomerization of
Asp7 have been observed in AP extracted from senile plaques, altering the Ap42
conformation and enhancing its aggregation characteristics’- 8. Previous studies have also
found that 55.7% of AP proteins isolated from the brain existed in the L-isoAsp form and
19.2% in the D-/soAsp form® 10, In addition, both D-Asp1 and D-Asp7 were also detected
in the isolated Ap proteins1?, suggesting the presence of p-linked and D-form amino acids in
Alzheimer’s peptides may have potential roles in other LLPs where protein turnover is slow
or protein degradation is biased against D-form amino acids.

Despite the important roles of D- and L-form Asp and /soAsp amino acid residues, their
structural elucidation and separation has been analytically challenging, limiting a full
understanding of their presence and biological roles. Characterization of these isomers is
further complicated by their low abundances, requiring very sensitive techniques in addition
to highly efficient separations. Chromatographic methods such as GC and LC are often used
in chiral analyses of individual amino acid 1 12. Thus, identification of which protein the
chiral amino acids originated from is impossible unless only one isolated protein is

studied 13, Mass spectrometry (MS)-based techniques are also used, but are problematic
since isomerization does not change the mass of the resulting peptides. However,
fragmentation methods such as collision induced dissociation (CID)14 15, electron capture/
transfer dissociated (ExD)16-18, and radical-directed dissociation (RDD), in conjunction
with separations, have enabled the successful differentiation of diastereomers and made
tandem MS a powerful tool for D/L-amino acid and /isoAsp analyses. In this regard, IMS has
also been of great interest in the structural separation of L- and D-amino acids and Asp and
/soAsp residues, but its low resolution to date has hindered its full potential.

In the past decade, advances in IMS have made it an increasingly powerful tool for
analyzing biological molecules?9-22, IMS coupled with MS (IMS-MS) has been used to
characterize peptide isomers23: 24, study D-amino acid containing peptides?>-2°, localize D-
amino acid sites?®, and understand oligomerization of the D-amino acid containing
peptides30. However, D/L-peptide isomers normally cannot be resolved with currently
available IMS instruments due to their low resolution. In this work, we applied a platform
utilizing the recently developed structure for lossless ion manipulation technology (SLIM) to
perform the IMS analyses. This platform enables long IMS path lengths, and efficient ion
selection, trapping and accumulation capabilities to achieve both enhanced separations and
sensitivity31-36, To evaluate its capabilities for separating -linked and D-form amino acids,
AB(6-16) isoforms were chosen for study. AB(6-16) is of great interest since its Asp7
residue is known to racemize and isomerize in senile plaques (His6-Asp-Ser-Gly-Tyr-Glu-
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Val-His-His-GlIn-Lys16) and therefore is of great importance in Alzheimer’s studies. Further
it is cleaved during the tryptic digestion of A so it is often detected in bottom-up proteomic
studies. Four AB(6-16) isoforms with different variants of the Asp7 residue were chosen for
this study (the naturally existing L-Asp, and the three potential modifications D-Asp, L-
/s0Asp, and D-/s0Asp) and were first investigated with a conventional 90-cm drift tube IMS-
MS (DTIMS-MS) platform37: 38 and then the ultrahigh resolution SLIM IMS-MS
platform39: 40, The IMS results for the doubly protonated peptides ([M + 2H]2*, m/z =
672.81) are shown in Figure 2.

The arrival time distributions (ATDs) obtained from the 90-cm DTIMS-MS platform (Figure
2A) illustrated a single peak for each peptide, suggesting only one conformation was present
for each variant. When each conformer was analysed, two main trends were noted. First, the
/soAsp residues, regardless of L- or D-form, traveled faster than the Asp containing
peptides, indicating that /isoAsp caused the peptides to fold into a more compact form than
Asp. Second, the peptides with L-form amino acid traveled faster than the D-form (arrival
time for L-/soAsp < D-isoAsp < L-Asp < D-Asp). Thus, the L to D conversion also increases
the conformational size of the AP peptides. This was also noted in the measured DTIMS
collision cross section (CCS) for each peptide: 378, 384, 392 and 395 A2 for L-/soAsp, D-
/s0Asp, L-Asp and D-Asp (each measured with <1% error), where the L-/soAsp peptide has
the smallest size while the D-Asp peptide is the largest. While these separations illustrate the
promise of IMS for structural elucidation of D/L-form amino acids and isoAsp-containing
peptide isomers, the 90-cm DTIMS-MS platform could only partially separate these isomers,
limiting its isomeric quantification capabilities in complex samples. Thus, the new SLIM
IMS-MS platform, which offers much greater IMS resolution, was explored3?: 40, As shown
in Figure 2B, after traversing 67.5-m in the SLIM IMS-MS platform, baseline separation of
each isoform (IMS resolving power of ~350) was achieved in less than 2 seconds.
Furthermore, the mixture of all four variants was also baseline resolved by the SLIM IMS-
MS platform (Figure 2C). The ability to fully separate all of the variants is extremely
beneficial for relative quantification of these specific peptides in a complex sample. This
area is being actively explored at present and we expect important biological findings to
result.

In conclusion, the ultrahigh resolution SLIM IMS analyses enabled baseline separation of
challenging D- and L-form Asp and /soAsp variants in Ap peptides of interest for
Alzheimer’s studies. The development of this rapid technique also supports the identification
and quantification of D-form Asp and /soAsp residues in other proteins. We are currently
investigating these separations in complex biological samples (i.e. cerebral spinal fluid,
plasma, tissue, etc.) and expect this capability will promote studies evaluating the effects of
amino acid isomerization and racemization, along with other non-enzymatic post-
translational modifications such as deamidation, oxidation and glycation that also result in
numerous isomeric species. We expect that characterization of these isomers will enable a
way of determining the age of the molecules and a better understanding the etiology of
diseases. In addition to these advances, these new capabilities will greatly facilitate studies
of D-amino acid incorporation in peptides and allow a better appreciation of how often such
modifications are occurring.
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Figurel.

The isomerization pathway and structures for L-aspartic acid (L-Asp), D-aspartic acid (D-
Asp), L-/soaspartic acid (L-/soAsp) and D-/soaspartic acid (D-/s0Asp). X, and X3 denote
amino acids before and after each specific residue shown. The key -NH, group was
highlighted in red for L- and D-differentiation, and -COOH groups (and -COONH,, for Asn)
were highlighted in green to illustrate Asp isomerization.
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ApB (6-16): His-Asp-Ser-Gly-Tyr-Glu-Val-His-His-GIn-Lys
Asp = L-Asp, D-Asp, L-isoAsp, D-isoAsp
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IMS profiling of the AB(6-16) isomer variants. Individual Ap(6-16) peptide isomer
standards containing L-aspartic acid (L-Asp), D-aspartic acid (D-Asp), L-/soaspartic acid
(L-7soAsp) and D-/soaspartic acid (D-/isoAsp) were analyzed using a A) 90-cm DTIMS-MS
platform and B) 67.5-m SLIM IMS-MS platform. The SLIM IMS-MS platform was also
able to baseline separate the isomer mixture allowing accurate quantitation of each peptide
(C). The sequence of Ap(6-16) is provided on the top panel.
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