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Abstract

Ribosomal antimicrobial peptide (AMP) natural products, also known as ribosomally synthesized and post-
translationally modified peptides (RiPPs) or host defense peptides, demonstrate potent bioactivities and
impressive complexity that complicate molecular and biological characterization. Tandem mass
spectrometry (MS) has rapidly accelerated bioactive peptide sequencing efforts, yet standard workflows
insufficiently address intrinsic AMP diversity. Herein, orthogonal approaches to accelerate comprehensive
and accurate molecular characterization without the need for prior isolation are reviewed. Chemical
derivatization, proteolysis (enzymatic and chemical cleavage), multistage MS fragmentation, and
separation (liquid chromatography and ion mobility) strategies can provide complementary amino acid
composition and post-translational modification data to constrain sequence solutions. Examination of two
complex case studies, gomesin and styelin D, highlight the practical implementation of the proposed
approaches. Finally, we emphasize the importance of heterogeneous AMP peptidoforms that confer varying
biological function, an area that warrants significant further development.
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1. Introduction

Ribosomally synthesized antimicrobial peptides (AMPs) are a prominent class of small (<10 kDa)
host defense peptides ubiquitously identified across all domains of life.! In unicellular organisms they are
involved in niche protection, while in complex organisms AMPs are part of the innate immune system.??
Although AMPs were originally recognized for their antibacterial activity, they demonstrate a wide range
of biological targets*> and activities.®’” Generally cationic and hydrophobic, AMPs represent a diverse range
of sequences with highly variable post-translational modifications (PTMs),"8 though fully processed AMPs
adopt a range of conserved secondary structures often used to classify related peptides.®!'° Heterogenous
populations with varying PTM localization or occupancy adds an additional level of complexity.''"!> Novel
AMP discovery is driven predominately by bioassay-guided fractionation and genome mining,'®2° while
repositories such as the Antimicrobial Peptide Database (APD), PhytAMP, and Cybase provide
centralization for sequences and facilitate comparisons of sequence diversity and homology.%2!-25

Mass spectrometry (MS) has become the dominant analytical technology leveraged for sequence
characterization of AMPs. Unlike Edman degradation,?®?” MS-based strategies have minimal sample
requirements and can analyze peptides in mixtures and/or with blocked N-termini.?® Genome mining based
methods can be leveraged to identify likely peptide sequences but require a species specific database and
knowledge of the expected biosynthetic processing to predict PTMs.?? MS-based methods have been
developed that do not rely on genomic information and enable direct measurement of PTMs. High resolving
power mass analyzers provide accurate intact mass measurements and complementary tandem mass
spectrometry (MS/MS) methods reveal primary sequence and PTM localization.3%3! Integrated genomics,
transcriptomics, and bioinformatics approaches are increasingly used to facilitate database searching,323
de novo sequencing,**3¢ and molecular networking,?*37 which have been well reviewed elsewhere.?-32-36
Even so, the combinatorial explosion of sequence solutions from large biomolecules with diverse
modifications can result in inaccurate and/or incomplete characterization.? Herein, a compendium of
tractable orthogonal approaches, broadly categorized in four areas (Figure 1), that complement MS/MS-
based sequencing are reviewed to enable accelerated, accurate AMP molecular characterization.

Chemical derivatization of select functional groups results in predictable mass shifts that can identify the
presence and stoichiometry of specific amino acids, as well as the modification status of termini (Figure
1A, Table 1).3¥4 This class of methods is most effective for sequence features that have unique and
chemically reactive functional groups.

Enzymatic/chemical digestion can reveal specific amino acid residues and post-translational modifications
based on cleavage specificity (Figure 1B, Table 2).44-3 Digestions can be used to produce smaller peptides
with less complex fragmentation spectra than the intact AMP, though reconstruction of the undigested,
intact sequence is required - making this most effective for relatively pure AMPs. Although digestions are
not perfectly efficient or specific, they yield information about sequence features that lack chemically
reactive functional groups and enable differentiation between those that share identical functional groups.

Multistage MS-based strategies are information-rich, consume minimal sample, and can produce diagnostic
fragment ions for a variety of sequence features (Figure 1C, Table 3).’+%> Complementary MS/MS
fragmentation methods (e.g. CID, HCD, EThcD, UVPD) produce different fragmentation patterns, stability
of labile PTMs, and sequence information.’!
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Separations (Figure 1D) can reveal retention differences that can be essential for resolving modifications
that do not alter peptide mass (e.g. stereoisomers) but do alter other physicochemical properties such as
hydrophobicity or conformation.®® The focus herein is for online separations applied to analysis of complex
extracts, as opposed to those used for peptide isolation.

Essential sequence information including amino acid composition (Section 2) and possible
modifications (Section 3) constrains possible sequence solutions and accelerates accurate molecular
characterization while simultaneously minimizing the necessity for peptide isolation. Practical
implementation of the included approaches is demonstrated via two complex case studies (Section 4).
Finally, elaborated AMP heterogeneity and corresponding critical functional implications related to the
biological impact are explored (Section 5).

2. Amino acid composition

AMPs represent highly diverse primary sequences to support their various bioactivities.® The
frequency of amino acids in antimicrobial peptides differs from the Swiss-Prot database of annotated
proteins (Figure 2A).%%* Most notably, AMPs are enriched in cysteine, arginine, and lysine, reflecting the
importance of disulfide bonds and cationic properties to AMP structure and function.

The primary source of sequence information during MS-based peptide sequencing are backbone
fragments (e.g. b-, y- ions),’! yet other product ions (e.g. immonium / neutral loss) can support the presence
of specific amino acid residues (Table 3).>*>7 Product ion generation is influenced by residue position,
structure, fragmentation type, and experimental conditions.’*¢36¢ As such, residue-specific fragment ions
can provide a starting point for the analysis of amino acid composition, but cannot exclude residues from
sequences or quantify the number of a specific residue. Free online tools (Protein Prospector’s MS-Product,
www.prospector.ucsf.edu or MS/MS Fragment Ion Calculator,

http://db.systemsbiology.net:8080/proteomicsToolkit/FraglonServlet.html) predict fragmentation of user
defined sequences and PTMs, generating theoretical fragments lists usefully for quickly assessing possible

sequences.

Tandem mass spectrometry of an intact AMP is often insufficient for full sequence characterization
due to AMP length and complexity. Complementary experiments facilitate imposition of sequence
constraints to improve residue assignment accuracy and differentiate isomeric (Ile/Leu) / isobaric (GIn/Lys)
residues. Derivatization strategy implementation depends on side-chain chemical reactivity and functional
group uniqueness.’’

Herein, approaches that can be applied to sulfur-containing (Cys, Met), basic (Lys, Arg), acidic
(Glu, Asp), isomeric (Leu, Ile), and the polar residue Asn are assessed. These residues are critical to AMP
structure/function or their characterization presents significant analytical challenges.

2.1. Cysteine (Cys)

Cysteine (Cys, pl 5.07) is a thiol-containing amino acid whose occurrence generally increases with
organismal complexity (from 0.5% in Archaea to 2.6% in mammals)®® and is prominently represented in
AMPs (Figure 2A).® Cys residues can form intramolecular disulfide bonds often critical for
structure/activity and can be diagnostic of specific AMP families.! The presence of disulfide bonds can
reduce MS/MS fragmentation efficiency, thus preventing sequencing of the intact peptide. Cysteine
derivatization can define AMP Cys content, constrain sequence space, and improve peptide fragmentation.


http://www.prospector.ucsf.edu
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Chemical derivatization — Alkylation: Cysteine alkylation is used extensively in proteomics
applications and has been frequently applied for AMP characterization (Table 1).97° Peptides are first
chemically reduced to the free thiol form before alkylating agents covalently add a defined moiety. A
variety of alkylating agents are commercially available, with iodoacetamide (IAM), methyl
methanethiosulfonate (MMTS), and N-ethylmaleimide (NEM) being among the most common (Table
1).3839 MS analysis of samples before and after alkylation reveal mass shifts dependent on alkylating agent
mass and the corresponding the number of Cys residues present in the sequence.

Critically, this method can be used to differentiate between Cys involved in disulfide bonds
(oxidized) and those in free thiol form (reduced) as disulfide-bound Cys produce a mass shift 1 Da greater
than free Cys (due to lack of hydrogen atoms in S-S). Also, mass shifts corresponding disulfide bonds must
occur in pairs because two Cys participate in each disulfide bond. The crucial role of Cys to AMP structure
and the accessibility of alkylating agents makes this an essential component of the AMP characterization
toolbox.

2.2. Methionine (Met)

Methionine (Met, pl 5.74) is the N- terminal residue for most eukaryotic proteins and is often
cleaved from mature AMPs.”! The overall frequency of Met is decreased in AMPs relative to the annotated
proteome (Figure 2A).3%* Met supports the formation of a-helices impacting peptide secondary
structure.”>”* This sulfur-containing residue is readily oxidized during sample preparation and precautions
(e.g. buffer and temperature) must be taken to control biologically relevant redox states.’™

Chemical derivatization — Alkylation: Purposeful Met alkylation is rare in proteomics and is
generally observed as a byproduct of cysteine alkylation.3>”> Despite this, Met alkylation with common
alkyl halides (e.g. IAM) could easily be implemented for AMP characterization because Met is the only
nucleophilic residue that remains deprotonated under acidic conditions, allowing pH-controlled selective
derivatization (Table 1).407¢77 Met residues derivatized with IAM produce diagnostic fragment ions (Table
3) that confirm residue identity.>®

Chemical cleavage - Cyanogen Bromide: Met residues can be detected via cleavage with cyanogen
bromide (CNBr), a reaction extensively used in Edman degradation and MS-based sequencing of AMPs.”8
81 Tncubation with CNBr under acidic conditions results in the conversion of methionine to homoserine,
followed by C-terminal amide bond cleavage (Table 2). Cleavage efficiency is reduced at Met-Ser and Met-
Thr bonds as homoserine-Thr and homoserine-Ser are stable without bond cleavage.®? Specificity is
tenuous, as CNBr has been shown to be equally selective to Met and Tyr residues, may cleave at aspartic
and glutamic acid, and produces undesirable side products resulting in the loss of methionine side-chains.®?
Additional byproducts formed via the oxidation of methionine to methionine sulfoxide by CNBr can be
reduced using 70% formic acid reaction conditions.** As a note, CNBr is considered highly hazardous to
human health through all exposure routes including causing pulmonary edemas if inhaled.®* Thus, Met
alkylation is a more attractive strategy than CNBr cleavage given its lack of specificity, high rate of side
product formation, and known safety concerns.

2.3. Charged residues (Lys, Arg, Glu, and Asp)

Generally, AMPs are composed of more basic residues and fewer acidic residues than a standard
proteome (Figure 2A).%%* Containing an abundance of lysine (Lys, pl 9.74) and arginine (Arg, pI 10.76),
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AMPs are generally positively charged at physiological pH. Even so, anionic AMPs containing many
glutamic acid (Glu, plI 3.22) and aspartic acid (Asp, pl 2.77) residues have been identified in vertebrates,
invertebrates, and plants.?>8 Understanding the charged residue composition of an unknown AMP has a
myriad of benefits - potentially elucidating peptide class, specific sequence features, and isobaric
differentiation (Lys/Gln). Defining net charge is also useful for developing ion exchange-based
chromatographic methods for peptide fractionation/isolation. Complementary chemical derivatizations
and/or enzymatic cleavages can be used in combination to explore AMP charged residue composition.

Chemical derivatization — Dimethylation (Lys) and methyl esterification (Glu and Asp): Lysine
residues can be identified and quantified using dimethyl labeling, which modifies primary amine functional
groups within the peptide (i.e. Lys and N-termini) (Table 1).41:87-%9 Methyl esterification is a common
approach that converts carboxylic acid (-COOH) functional groups (i.e. Glu, Asp, and C-termini ) to their
corresponding methyl ester (-COOCH;) (Table 1).429992 Care must be taken in reaction conditions to
prevent side products such as over methylation to the quaternary salt or formation of N-methyl-4-
imidazolidinone.?*%3-%4 Both approaches produce predictable mass shifts based on the number of derivatized
sites; however, to unambiguously enumerate Lys or acidic residues, one must determine if the peptide
termini are contributing to the observed mass shift.’?> PTMs such as pyroglutamic acid, acetylation,
amidation and peptide cyclization can block termini from derivatization. Thus, methods to identify terminal
modifications (Figure 4, discussed in detail in Sections 3.1/3) can clarify charged residue content.

Notably, dimethylation can be applied in a more focused manner to distinguish isobaric Lys and
Gln (Am= 0.0434 Da) in low resolving power MS/MS spectra.’**® When an AMP sequence is known with
the exception of assigning ambiguous Lys/GlIn, dimethylation mass shift can define the number of Lys. The
number of Gln can be deduced based on the total Lys/Gln sites and known number of Lys. Similar mass
shift analysis of fragment ions can be used to determine the position of each Lys or Gln.

Enzymatic cleavage. Lys and Arg can be identified and differentiated based on protease specificity
(Trypsin, Lys-N, Lys-C, Arg-C, Table 2). Trypsin is a serine protease that hydrolyzes the C-terminal amide
bond of Lys and Arg residues, unless followed by proline, with high specificity.*> Tryptic digestions can be
used to confirm that AMPs contain basic residues. Additional digestions using proteases with higher
specificity (Lys-N, Lys-C, Arg-C) can be used to detect the presence of specific residues.”” While chemical
derivatization can enumerate the total number of acidic residues, endoproteinase digestion (Glu-C, Asp-N,
Table 2) can differentiate Glu and Asp. Glu-C is a serine protease with cleavage specificity for Glu and
Asp.® In ammonium bicarbonate/acetate buffering systems, Glu-C cleaves preferentially at the C-terminus
of Glu;* however, it loses specificity and cleaves at both Asp and Glu residues in phosphate buffered
systems. Alternatively, endoproteinase Asp-N can be used to hydrolyze N-terminal to aspartic acid
residues. %8

2.4. Leucine/Isoleucine (Leu/lle)

The branched-chain amino acids leucine (Leu) and isoleucine (Ile) are structural isomers with
identical exact mass (internal residue monoisotopic mass = 113.0841 Da). Leu is less common in AMPs
but the frequency of Ile remains similar to the overall proteome (Figure 2A).5%* Leu/Ile residues have
significant biological consequences, affecting peptide activity, binding, and expression.”®!% Although
Leu/Ile are the most challenging residues to assign via MS, they are readily distinguished using DNA/RNA
methods, Edman degradation, and multidimensional NMR.!91-103 These methods require databases of
genetic information or sufficient quantities of purified AMP which may not be readily available for all
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peptides.'?-193 Here, proteolytic and multistage mass spectrometry methods to rapidly differentiate Ile/Leu
isomers, without the use of genetic information or purified peptides are highlighted.

Enzymatic cleavage — Chymotrypsin: Chymotrypsin is an endoproteinase that cleaves at Leu but
not Ile (Table 2).# This preferential cleavage produces peptides containing N-terminal Leu and subsequent
MS/MS sequencing can confirm the identity of cleavage products.”® However, a lack of observed cleavage
cannot definitively assign Ile residues. Missed cleavages at Leu-positions due to N-terminal proline or low
abundance products can occur, and caution must be exercised to avoid inaccurate interpretation.

Multistage MS: MS" of Leu/Ile-containing peptides produces characteristic side-chain losses that
differentiate Leu/lle residues and are detected via multistage fragmentation of z-ions or immonium
ions.>8104-106 These methods have been successfully applied to differentiate Leu/Ile in AMPs without prior
DNA/Edman sequencing data.!07-108

Fragmentation of z-ions ending in Leu or Ile produce diagnostic side-chain losses, 43.0548 Da and
29.0391 Da, respectively.'®1% This method relies on the formation of z-ions with Leu/Ile at the N-
terminus.!* Eighty-one percent of Leu/Ile sites from a set of non-tryptic disulfide bound peptides from
Rana ridibunda were successfully assigned using z-ion fragmentation illustrating the potential impact of
this method on cysteine rich AMP sequence characterization.!%

Multistage fragmentation of Leu/Ile immonium ions is also an effective discrimination strategy
(Figure 3).5%194 MS? of Leu/Ile containing peptides produce identical 86.0970 m/z immonium ions (Figure
3B), and subsequent MS? analysis of the immonium ion generates a diagnostic 69.0578 m/z ion produced
in high abundance from Ile residues.’®!%41% For Leu, the 69.0578 m/z ion is <10% of the precursor
abundance (Figure 3C). This method is useful for peptides containing only a single Leu/lle. Peptides
containing multiple Leu/Ile require additional fragmentation steps to correctly assign each Leu/Ile position
because a fragment ion containing a single Leu/lle (Figure 3D and E) must first be produced.!*
Alternatively, enzymatic digestions that cleave the AMP into peptides that only contain a single Leu or Ile
can be coupled with MS" to limit the number of required fragmentation stages. Enzymes that cleave both
Leu and Ile, e.g. thermolysin, can be used to guarantee only a single Leu/Ile in each enzymatically-digested
fragment, assuming no missed cleavages.*’-1%

2.5. Asparagine (Asn)
Asparagine (Asn) is a polar amino acid with a carboxamide side-chain and the same exact mass as

a Gly-Gly diamino acid (114.0429 Da). Poor AMP fragmentation (i.e. no cleavage between Gly-Gly) may
result in an incorrect sequence assignment. Practical chemical derivatization of the non-ionizable, polar
Asn remains a largely unanswered challenge as the most developed strategy requires dirhodium
metallopepide catalysts and alkylates both asparagine and glutatmine.®”-!'® Chemical cleavage can be used
to identify the presence of Asn and confirm sequencing assignments.

Chemical cleavage - Diacetoxyiodobenzene: Peptides can be cleaved N-terminal to Asn using
diacetoxyiodobenzene (Table 2).4%!!! This reaction includes the Hoffman rearrangement of the Asn side-
chain, cyclization between the Asn side-chain and N-terminus, and cleavage N-terminal to Asn residues.*
Peptide N-termini must be blocked (e.g. N-Fmoc-protected, dimethylation) or cleavage N-terminal to Asn
resides will not occur.*® In cases where an AMP sequence is known but Asn/Gly-Gly assignment is
ambiguous, detection of diacetoxyiodobenzene cleavage products can confirm Asn.

2.6 Summary

Page 8 of 40
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AMPs are a diverse class of peptides with unique features, as reflected by differential amino acid
frequencies (Figure 2A). Here, we have highlighted strategies to identify or enumerate nine amino acid
residues (Cys, Met, Lys, Arg, Glu, Asp, Leu, Ile, Asn) essential in forming important structural features,
such as disulfide bonds and nonpolar faces, that contribute to the efficacy of the peptide. Accurate
assignment of isobaric residues or diamino acids can be imperative for recapitulation of biological
activity®>-1% For example, aurein 2.2 and 2.3 vary only in a single Leu to Ile mutation yet 2.2 causes greater
membrane leakage in Staphylococcus aureus.''> Experiments to define amino acid composition can be used
to confine possible sequence solutions and differentiate residues of the same mass, thus resulting in more
efficient and accurate AMP characterization.

3. Post-translational Modifications

Antimicrobial peptides contain a diverse array of post-translational modifications (PTMs) that
modulate chemical properties, biological activity, and stability (Figure 2B). PTMs increase AMP sequence
diversity and are not easily predicted from genomic data, making molecular characterization challenging.
Although commonly identified modifications can be considered during sequencing, natural AMP diversity
demonstrates that unusual modifications need be considered for comprehensive characterization. Targeted
strategies to identify PTMs are elaborated herein with a focus on practical methods which address
experimental uncertainties. For example, a single method may not be sufficient to differentiate between
terminal modifications and series of experiments may be required for clarification (Figure 4). PTMs which
impact peptide stereochemistry but not mass are often missed by standard workflows and may require
extremely targeted experiments. Together, these methods can constrain possible sequence assignment and
ensure that appropriate PTMS are considered.

3.1 Terminal modifications

Peptide termini modification can enhance AMP resistance to proteolysis, increase the half-life of
AMPs, and may be critical for bioactivity.!!>!!* C-terminal amidation is the highest frequency PTM found
on peptides deposited in the APD (Figure 2B).%!1>116 Pyroglutamic acid and acetylation of the N-terminus
are less common.??>!"7 While varying modifications occur on the respective termini, strategies to detect
and, where possible, characterize modifications are similar (Figure 5).

Detecting blocked termini. Chemical derivatization and enzymatic cleavage methods are available
to reveal blocked termini. When a PTM is present, the terminus is blocked from modification and no mass
shift is observed.”?!!811% Common derivatization schemes include dimethyl labeling of the N-terminal
primary amine®® (Section 2.3, Table 1) and methyl esterification of the C-terminal carboxyl group*? (Section
2.3, Table 1). However, application of this approach is challenged by a lack of specificity for termini, where
charged residues sharing identical functional groups (e.g. lysine and N-terminus, acidic residues and the
C-terminus) are also derivatized and convolute the resulting analysis. Thus, enumeration of these residues
is required to accurately predict expected mass shifts and confirm status of termini modification.

In cases where the number of Lys, Glu, or Asp is unknown, it may be preferable to identify terminal
modifications via digestion with non-specific exopeptidases (i.e. carboxypeptidases or aminopeptidases)
(Table 2). These enzymes iteratively remove residues from the N- or C-terminus eliminating unmodified
peptides and leaving modified peptides intact.*>¢*120 There are some scenarios when exopeptidases can
provide false positives because they will not cleave for reasons other than terminal modifications (e.g. D-
amino acids or proximity of proline).>°
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Differentiating termini modifications. Some terminal modifications can be specifically identified
using MS/MS fragmentation patterns or enzymatic digestions (Figure 5). Amidated peptides exhibit a
prominent ammonia neutral loss from the protonated precursor following fragmentation (Table 3).%° This
is a particularly appealing strategy because data may be collected during standard LC-MS/MS profiling.
However, peptides with C-terminal Asp or Glu residues produce less intense ammonium losses and are a
potential source of false positives.®® N-termini can be differentiated using modification specific
aminopeptidases (e.g. pyroglutamate aminopeptidase or acyl-amino acid releasing enzymes) which remove
modified residues from the N-terminus (Table 2).51-121.122 These highly specific peptidases are used
extensively to facilitate Edman degradation and are easily adapted to an MS workflow.6%121-124

3.2 Dehydration

Serine (Ser) and threonine (Thr) can be enzymatically dehydrated to form dehydroalanine (Dha) or
dehydrobutyrine (Dhb), a common transformation that is particularly relevant to lanthipeptides
and cyanobactins (Figure 2B).!® Dehydration modifications can impact bioactivity such as a critical role
in nisin-lipid II binding affinity.'>> Dha and Dhb can be further modified to form thioether bridges (see
Section 3.3).126 Dehydrated residues can be chemically derivatized via reductive desulfurization (Table 1)
which targets the side-chain alkene bond forming Ala from Dha or a-aminobutyric acid (Abu) from Dhb
via the addition of two protons.**1?7 This reaction also modifies dehydrated residues involved in thioether
bridges (Section 3.3) producing two Ala or Ala and Abu.!'?” Although, reductive desulfurization results in
a different mass shift for free Dha/Dhb (+2 H) and those involved in a thioether bond (+1H), the derivatized
products are identical hindering localization when dehydrated residues and thioether bridges occur on the
same peptide. However, deuterated reactions can facilitate discrimination by taking advantage of the
different number of deuterium atoms added in place of hydrogen - producing Ala/Abu which are
differentially deuterated based on their participation in thioether bridges.** The now different mass residues
can be readily distinguished during de novo sequencing.

3.3 Cyclization

Peptide cyclization accounts for four of the most common APD modifications (i.e. disulfide bonds,
backbone cyclization, thioether bridge, and side-chain to backbone cyclization) (Figure 2B).® Cyclization
reduces conformational entropy and susceptibility to degradation by peptidases. Peptides can be cyclized
with a normal peptide bond between the N- and C-termini (“head-to-tail”) or different combinations of side-
chain/side-chain or side-chain/terminus connections. Identification of cyclization is often the first step in
AMP characterization, where the type is often highly conserved among related AMPs [e.g. cyclotides (head-
to-tail cyclized),'”® lanthipeptides (thioether bridges),'?® and lasso peptides (side-chain/N-terminus
cyclization)!3°]. In many cases, cyclization reduces MS/MS fragmentation efficiency and peptides must be
linearized to obtain sufficient fragmentation for sequence elucidation.'3! Here, we discuss methods to
identify cyclization and support sequencing of cyclized peptides.

Identification. ldentifying cyclization can be challenging given the breadth of possible
connectivity. Here, cyclizations are grouped by those that involve peptide termini (side-chain/termini and
head-to-tail) and those that do not (side-chain/side-chain). Cyclization that involves the termini can be
detected using similar strategies to terminal modifications (Section 3.1). Different types of cyclization
involving termini produce varying -COOH and -NH, derivatization results which can be used as a first step
to characterize AMP cyclization (Figure 5). For example, neither termini of head-to-tail cyclized peptides

Page 10 of 40
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can be derivatized, where a side-chain/termini cyclized peptide will have one terminus available for
derivatization. However, this approach does not provide definitive evidence regarding cyclization alone.

Exopeptidase incubation can provide additional evidence for cyclization - as cyclic peptides are
resistant to proteolytic degradation and remain intact after prolonged incubation. They will also be resistant
to more specific peptidases like pyroglutamate aminopeptidase or acyl-amino acid releasing enzymes.
Again, this only provides indirect evidence of cyclization involving peptide termini and indicated that
additional steps may be needed to enhance MS/MS fragmentation for peptide sequencing.

Side-chain/side-chain cyclization requires targeted strategies. Disulfide bonds are the most
common type and can be detected using cysteine alkylation (Section 3.1, Table 1). Cysteines involved in
disulfide bonds produce a characteristic mass shift after reduction / alkylation that is dependent on the
alkylating agent. AMPs within a specific class often share the same number of disulfide bonds. For example,
AMPs belonging to the cyclotide family can be predicted from a reduction/alkylation mass shift of
+348.1756 Da, consistent with three disulfide bonds / six cysteine residues modified with iodoacetamide.”
Thioether bridges are another type of side-chain/side-chain cyclization and are formed by covalent bonds
between a Cys thiol and a Ser or Thr.'?’ Reductive desulfurization can be used to identify thioether bonds
(Section 3.3, Table 1) and deuterated reaction conditions discriminate between thioether bridges and
dehydrated residues. 3127

Often peptides have several possible side-chain/side-chain and side-chain/termini connections and
correct linkages cannot be predicted based on sequence alone. Strategic intact endoproteinase digestions
(e.g. Glu-C, chymotrypsin, pepsin) can produce cross-linked digest products which reveal internal
connectivity. This method is most commonly used to determine Cys-Cys linkages within AMPs.
Microwave-assisted partial acid hydrolysis can be used to cleave the peptide backbone in AMPs resistant
to proteolytic degradation.'*

Sequence elucidation of cyclic species. Cyclized peptides present unique challenges when using
MS-based methods to elucidate sequence. MS? experiments with intact cyclic peptides often result in
linearization via a single cleavage event, yielding no sequence information.!3! A second fragmentation event
is required to generate sequence information. This is particularly problematic in head-to-tail cyclized
peptides whose initial linearization can occur anywhere along the peptide backbone, thus complicating the
spectrum with numerous, redundant fragment ions.!3! Site-specific intentional linearization strategies can
be implemented to enhance and simplify fragmentation of cyclized peptides.

Chemical derivatizations and enzymatic cleavages can be used to linearize peptides prior to MS.
Chemical derivatizations target specific side-chain/side-chain connections, such as disulfide bonds or
thioether bridges, to produce linear peptides.3®1?7 Strategic endopeptidase cleavages can be used to linearize
head-to-tail or side-chain/terminus cyclizations.”®!3! However, sample losses from these additional sample
preparation steps can hinder sequence elucidation of less abundant peptidyl species.

Multistage MS of cyclized peptide can be used to avoid additional sample manipulation prior to
MS. Multistage MS (primarily MS?#) can be harnessed to generate linear peptidyl species in the gas phase,
where subsequent fragmentation proceeds via free N- and C-termini typical of linear peptides. Delocalized
initial linearization requires sophisticated algorithms for the interpretation of MS" experimental data.!3!-133
Alternatively, gas-phase reactions that introduce sites (e.g. dehydroalanine) within the cyclic sequence that
are favorable for fragmentation simplify analysis.!3* For example, recently developed gas-phase ion/ion
reactions between cyclotides and sulfate radical anions within the ion optics of a mass spectrometer resulted
in the conversion of select cyclotide cysteines to dehydroalanine.!3* Subsequent CID fragmentation
generates site-specific linearized peptides, greatly reducing the downstream data complexity.!3* These gas-
phases ion/ion reactions require non-standard, custom mass spectrometers, and may not be commercially
available requiring extensive instrumentation experience to implement.
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3.4 Oxidation (Met) / Hydroxylation (Trp, Tyr, Pro)

The addition of an oxygen or hydroxyl group commonly occur on AMPs with approximately the
same frequency (Figure 2B). Hydroxylation of Trp, Tyr, and Pro is often biologically significant, while
oxidation of Met is mainly attributed to sample handling (increased temperature, buffer conditions, ion
source) and may result in decreased activity.!!-107:135.136 Multiple oxidative modifications can result in mixed
peptidoform populations, producing chimeric fragmentation spectra that complicate sequencing efforts.
Oxidative modifications can be identified using multistage MS strategies, including the detection of neutral
losses and diagnostic ions.

Multistage MS. At the most basic level, oxidation and hydroxylation are recognized by identifying
masses that are offset by +15.9949 Da,'3” whereby the number of modifications can be enumerated as
multiples thereof. MS/MS analysis can provide secondary information to localize oxidative modifications.
Peptides containing methionine sulfoxide readily generate a diagnostic and dominant neutral loss during
fragmentation (Table 3), however this can preclude detection of additional product ions for sequencing.?133
In this case, the highly abundant neutral loss can be selected for MS? fragmentation to yield spectra with
more informative peptide backbone fragmention.'3?

Certain hydroxylation modifications produce diagnostic ions. Immonium ions for
hydroxytryptophan and hydroxytyrosine can be detected, but both have isobaric diamino acid ions (Val-
Pro and Thr-Thr; Cys-Val, Asp-Ser, and Met-Ala, respectively) (Table 3) which interfere with confident
identification.®® Subsequent immonium ion fragmentation produces diagnostic masses for 5-
hydroxytryptophan, 2-hydroxytryptophan, and 3-hydroxytyrosine (Table 3). These indicative peaks
facilitate the identification of structural isomers and resolve isobaric masses. Another diagnostic ion
(171.0674 m/z) was identified for hydroxyproline-containing peptides, corresponding to the
hydroxyproline-glycine dipeptide »-ion.!*® This ion can be used to suggest the presence of hydroxyproline
but is not diagnostic because the hydroxyproline-glycine motif is not universal to all hydroxyproline sites.
It is also possible to discriminate between 3- and 4-hydroxyproline with w-ions containing an N-terminal
hydroxyproline, where the 4-hydroxyproline containing w-ion retains the hydroxyl group and is detected
+15.9949 Da from the equivalent 3-hydroxyproline-containing ion.'4%!4! Resulting w-ions are most stable
when there is a C-terminal basic residue, therefore this method is best applied to tryptic digests of
AMPs. 140.141

3.5 Glycosylation.

Currently, there are four known types of glycosylation, broadly classified by the sugar-peptide bond
(N-, O-, §-, C-linked). Twelve AMPs contain at least one glycosylated residue, with O-linked glycosylation
being the most common (Figure 2B).® The function of the glycan moiety ranges from stabilization to
immunomodulation and can confer antimicrobial activity.'#> MS-based strategies to identify glycosylation
include enzymatic deglycosylation and chemical cleavage. N-linked deglycosylation is most commonly
pursued via Peptide-N-Glycosidase F (PNGase F) and/or Endoglycosidase H (Endo H) (Table 2). PNGase
F is an amidase that cleaves N-linked glycans between Asn residues and the first sugar moiety, leaving both
the core peptide and glycan intact.>'43 Endo H also cleaves N-linked glycans, but leaves one N-
acetylglucosamine residue on the peptide.’?!# O-glycosidase removes O-linked core glycans from the
peptide, however substituents on the glycan prevent its release and must be removed for effective O-
glycosidase cleavage.'4>!46 Hydrazinolysis can be used to remove both N- and O- linked glycans through
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B-elimination (Table 2). Non-selective release can be achieved by incubation at high temperatures, while
selective release of O-linked glycans requires milder conditions (60 °C).!4” Hydrazinolysis leaves the glycan
moiety intact but damages the peptide, resulting in minimal peptide sequence information.'*® After
glycosylation has been identified it is non-trivial to characterize the specific glycan groups — the diverse
glycoproteomics field has developed to predict, detect, and define glycosylations.!4%-151

3.6 Halogenation

Halogenation is a relatively rare modification (Figure 3B) that impacts peptide stability and
activity.® The addition of bulky atoms tends to increase peptide stability by hindering peptidase
accessibility.!52153 Native NA-107, a lantipeptide produced by Microbispora corallina, contains a 5-
chlorotryptophan which increases antimicrobial activity, possibly strengthening lipid binding
interactions.!3¢15% Rare, mono- and dibrominated Tyr and monobrominated Trp have been identified in
AMPs from marine organisms.!’> Unlike common proteogenic elements (C, H, N, O, S), bromine and
chlorine have two highly abundant isotopes ("Br - 51 % and 3'Br - 49%; 33Cl - 76 % and *’Cl — 24 %)
generating distinctive isotopic distributions which become more exaggerated with multiple halogenation
modifications on the same peptide.!3%!% Database searching algorithms often incorrectly assign the M+2
peak as the monoisotopic mass, though the use of custom modifications can mitigate these effects.!’
Halogenated AMPs have been identified during manual interrogation of MS data based on their
characteristic isotopic distribution.!3%!% Product ions containing the halogenated residue will retain the
unusual distribution, facilitating PTM localization.!>%-10:161 This strategy is useful for peptides under 5 kDa
where the impact of halogenation on the isotopic distribution is most evident.!57:158

3.7 Stereoisomers

Peptide stereochemistry can dramatically impact bioactivity,%3162-164 but these same mass PTMs
elude detection via mass spectrometry. For example, predominately included L-amino acids can be post-
translationally isomerized to the D- form, producing a heterogeneous population of stereoisomers with
different stabilities and/or activities.®®103164 Cis/trans isomerization of the peptide backbone via
spontaneous or peptidyl-prolyl isomerase mediated mechanisms can also alter activity.!619 Although the
trans conformation is thermodynamically favored, the sidechain cyclization of Pro reduces the energy
barrier between stereoisomers resulting in a higher proportion of cis Xaa-Pro bonds, especially when X is
another Pro or aromatic residue (Trp, Tyr, Phe).!6%166-16% Approaches to determine stereochemistry include
Edman degradation (D-amino acids) and NMR (D-amino acids and cis/frans isomerization), but these
require lengthy isolation steps to obtain sufficient purified material.®* Here, we discuss enzymatic cleavage,
separation, and multistage MS methods available to identify stereoisomers without prior isolation.
Innovative MS-based approaches to differentiate stereoisomers comprise an exciting area of research with
the potential to streamline AMP characterization.

Enzymatic cleavage: D-amino acid containing peptides (DAACPs) and peptides with cis-Pro are
often resistant to proteases, most of which preferentially cleave trans L-amino acids.'®® Strategies have been
developed to use this inherent enzymatic stability to identify DAACPs with a D-amino acid near the N-
terminus. Peptides are incubated with aminopeptidase M and screened with MS to identify peptides
recalcitrant to enzymatic digestion (Figure 5).3%!7%17! Aminopeptidase M will not cleave at N-terminal Asp,
Glu, Pro, Xaa-Pro or modified N-termini.®® As such, aminopeptidase digestions are most useful for
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identifying D-amino acids which are near the N-terminus of AMPs whose primary sequence and post-
translational modifications are already known.® Aminopeptidase M could be paired with other digestions
to produce shorter peptides placing interior residues and C-terminal residues near the N-terminus of a digest
peptide and more accessible for DAACP analysis.

Separations: Liquid chromatography, capillary electrophoresis, and gas-phase ion mobility can be
used to differentiate stereoisomers based on retention time, though reversed-phase chromatography is the
most common.3162172.173 The retention time of native peptides can be compared to synthetic peptides with
known modifications to clarify the specific modification present in the native AMP. Iterative comparisons
to synthetic peptides often require costly synthesis of many peptide variants and tedious chromatographic
method development (e.g. stationary phase, temperature, gradient). To limit the number of synthetic
peptides needed, AMPs can be digested and the resulting shorter peptides compared to synthetic standards
to localize the modification.

Ion mobility (IM) separations are less ubiquitous but offer short analysis times, high sensitivity,
and orthogonal separation to reversed-phase chromatorgraphy.!’* Briefly, peptides ionized in the gas phase
are separated based on collisional cross section and different conformations can be resolved. IM has been
applied to cis/trans-Pro populations and D-amino acids in AMPs.!”*!7> However, like chromatographic
techniques, standards are needed to compare drift times and localize modifications. Post-fragmentation IM
is an emerging experimental design which can be used to reduce the number of synthetic peptides required
to detect and localize D-amino acids.!’® Native D-amino acid containing AMPs and a single L- synthetic
analog are fragmented in the ion optics of a mass spectrometer and then separated with IM prior to detection.
The D-amino acid modification can be localized because peptide fragments containing the D-amino acid
will have different drift times than their all L-counterparts. Access to IM instrumentation is a factor in the
implementation, though it has rapidly become commercially available on multiple MS vendor platforms.

Multistage MS: Multistage MS methods for stereoisomers rely on differences in the intensity of
fragment ions, as opposed to the generation of unique fragments. DAACP and cis containing peptide
stereoisomers demonstrate unique MS/MS fragmentation patterns from their all L- or trans counterparts.!”’-
182 DAACP analysis requires an analogous all L-synthetic peptide to identify the presence of D-amino
acids.!”%182 MS/MS fragmentation spectra must be composed of single species because interfering ions can
skew the comparison between isomers and lead to inaccurate conclusions. Chemical derivatization (e.g.
metal-bound trimeric complex ions, acetylation) can be used to enhance chiral fragmentation patterns.!”8:183

3.8. Summary

AMPs contain wide variety of PTMs which increase sequence diversity and impact peptide activity
and stability. Individual PTMs vary greatly in frequency within known AMPs (Figure 2B). Here, strategies
to identify the most common PTMs and those with known impacts on bioactivity are highlighted. Certain
PTMs (e.g. terminal modifications and cyclization) produce similar results with chemical derivatization
and exopeptidase digestion, thus requiring iterative experiments to identify specific modifications (Figure
4). Stereochemical modifications are uniquely challenging because they do not alter peptide mass.
Innovative strategies using separations and/or differential fragmentation patterns have been developed to
resolve stereoisomers. Identifying PTMs in tandem with peptide sequencing greatly reduces possible
sequences and increases the likelihood of accurate characterization.

4. Case studies: Gomesin and styelin D
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Antimicrobial peptides are highly complex and the path to full molecular characterization may not
be straightforward. Numerous factors, including sequence length, number/type of PTMs, and the presence
of multiple peptidoforms increase the challenge. Here, two cases studies are presented to illustrate the
strengths and challenges of the approaches described above for implementation to real AMPs. (1) First, we
propose an alternative workflow to characterize the AMP gomesin, emphasizing how orthogonal
experiments can be used to support MS-based sequencing while avoiding chromatographic method
development necessary for isolation. (2) Then, we discuss styelin D, demonstrating that MS-based methods
and genomic information can be paired to address AMPs with high molecular complexity.

Gomesin is a highly-modified 17 amino acid AMP composed of all L-amino acids isolated from
the arachnid Acanthoscurria gomesiana, containing two disulfide bonds, a pyroglutamic acid, and C-
terminal amidation (Figure 6A).%® Gomesin was characterized using Edman degradation, pyroglutamate
aminopeptidase digestion, reduction/alkylation of disulfide bonds, trypsin digestion, and activity
comparisons with synthetic peptides varying in C-terminal amidation.® This required peptide isolation and
multiple synthetic peptides to confirm PTMs based on differential bioactivity. Based on the approaches
detailed herein, we propose an alternative MS-based sequencing workflow that would enable identification
of all PTMs without synthesis of additional synthetic peptides or the need for gomesin isolation.

1. Cysteine reduction and alkylation — Mass shift indicates two disulfide bonds and linearization
enhances MS/MS fragmentation.

2. Methylation — Absence of mass shift reveals that gomesin lacks acidic residues and a modified
C-terminus.

3. MS/MS neutral loss — Abundant ammonium neutral loss suggests that the C — terminus is
amidated.

4. Dimethylation — Mass shift indicates that gomesin contains a single primary amine, but not its
associated sequence feature (lysine or N-terminus).

5. Aminopeptidase digestion — Gomesin remains intact after incubation with aminopeptidase M
revealing that the N-terminus is modified and that single primary amine indicated by
dimethylation must be a Lys. Further experiments are required to identify the specific N-
terminal modification.

6. Pyroglutamate aminopeptidase - Gomesin is digested by pyroglutamate aminopeptidase and
thus contains an N-terminal pyroglutamic acid.

7. De novo sequencing - Supplemental information about amino acid compositions (4 Cys, 0
Gly/Asp, 1 Lys) and PTM (two disulfide bonds, amidation, pyroglutamic acid) can be used
during de novo sequencing to constrain possible sequences. After sequencing is completed,
Leu/Ile and disulfide connectivity must still be resolved.

8. Multistage MS - Gomesin contains a single Leu/Ile, and is thus an ideal candidate for MS?
differentiation.

9. Intact trypsin digestion - As in the originally published workflow, trypsin digestion of intact
gomesin would reveal disulfide connectivity.®

Overall, gomesin is an example of a peptide that is well suited to sequence characterization with
complementary MS-based methods because it contains PTMs which can be directly detected by chemical
derivatization, enzymatic digestions, and multistage MS.
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Styelin D is a 32 residue, all L- amino acid, peptide from Styela clava containing C-terminal
amidation, 6-bromotryptophan, dihydroxyarginine, 3,4-dihydroxyphenylalanine, 5-hydroxylysine, and
dihydroxylysine extracted as a mixture of peptidoforms varying in the extent and localization of lysine
hydroxylation (Figure 6B).!! Comparison between the activity of fully modified synthetic styelin D and
native styelin D composed of several hydroxylation variants revealed that the native mixture of peptides
was more active in acidic and high salt conditions.!! Therefore, characterization of styelin D requires
elucidation of all variants. Researchers used a combination of a cDNA library, Edman degradation, and
mass spectrometry to elucidate the sequence variants of styelin D.!! Ideally, mass spectrometry alone could
be used to determine the primary sequence, modifications, and PTM localization; however, the
heterogenous population and unusual PTMs make styelin D significantly more challenging to characterize
than gomesin. Styelin D variants which contain the same number of hydroxylations but with different
localization have the same exact mass, and are thus co-selected for fragmentation by the mass spectrometer.
Co-fragmentation of multiple distinct peptides with the same mass results in chimeric MS/MS spectra that
are far more complex and difficult to interpret than the spectra of each individual peptide (Figure 6C-E).
Bromination results in a distinct isotopic distribution which facilitates the identification of brominated
peptides but complicates sequencing efforts. Many de novo sequencing and database searching algorithms
are ill suited for processing peptides with abnormal isotopic distributions and monoisotopic peaks may be
mis-assigned during manual sequencing. The molecular complexity and unusual PTMs of styelin D create
a situation where MS strategies alone are unlikely to produce the sequence solution.

Alternatively, MS-based techniques and S. clava genomic information could be leveraged together
to develop an efficient sequencing strategy.

1. Generate S. clava protein database - Genomic or transcriptomic data can be translated in silico
to generate a database of predicted proteins including styelin D.

2. Separation of styelin D variants — Same mass variants of steylin D could be
chromatographically resolved with online reversed-phase liquid chromatography or ion
mobility prior to MS analysis. Temporarily separated variants can be individual fragmented,
avoiding chimeric MS/MS spectra.

3. Sequence tag - A series of sequential residues commonly identified within the fragmentation
spectra of styelin D could be used to search for precursor peptides within the protein database.
Correct proteolytic processing (e.g. removal of signal peptides) and PTMs (e.g. bromination
and amidation) must still be identified for those moieties revealed.

4. Identify amino acids — Methods such as dimethyl labeling, methylation, alkylation, and
enzymatic/chemical digestions would provide direct evidence of the number/type of
unmodified amino acids in styelin D. This constrains the sequence of mature styelin D and
limits feasible proteolytic processing of the precursor peptide.

5. Identify PTMs — Strategies to identify presence or absence of specific PTMs are equally
important.For example, styelin D variants differ by increments of 16 Da, likely caused by
oxidative modifications. Artificial Met oxidation is far more common than Try, Lys, or Arg
hydroxylation, but the lack of an oxidized Met neutral loss in MS/MS spectra would prompt
consideration of oxidative modifications that might otherwise be disregarded.

Styelin D is a challenging sequencing target whose molecular complexity (e.g. unusual modification and
heterogenous population) may prohibit sequencing via MS only methods. Genomic/transcriptomic
sequencing has become immensely cheap and accessible and can be leveraged for primary sequence
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characterization where possible. However, post-translational transformations (i.e. proteolytic processing
and PTMs) that confer activity but increase complexity are more readily addressed by MS-based approaches
summarized herein. No single workflow will be effective for all peptides and each case must use a series
of experiments to winnow down to the accurate native peptide with the most elegant and direct approaches
to gain the maximum amount of data with the least amount of effort. Additional experiments (e.g. Edman
sequencing, NMR, etc.), where necessary, can provide further constraints and/or orthogonal validation.
Together, these two case studies illustrate how MS-based methods discussed herein have broad applicability
to many sequencing workflows.

5. Peptidoform heterogeneity and functional implications

Peptidoforms, analogous to proteoforms, are peptide variants derived from a single gene,!84186
often differentiated by PTM presence/localization. AMP peptidoforms have been observed in a wide variety
of species including fish,'¢> amphibians,'®” plants,'” mammals,'>!3138 insects,'> and tunicates.!! Despite
this, the extent to which an organism expresses AMP peptidoforms is poorly understood and little is known
about their specific structural/functional implications.

Peptidoform heterogeneity: LC-MS is well suited to rapidly profile AMP peptidoforms in crude
extracts. Resultant data can be processed via manual interrogation and/or higher throughput bioinformatic
strategies. A two-dimensional display of LC-MS data, where ions are plotted by retention time and m/z to
reveal clusters of ions with mass differences that correspond to PTMs, can facilitate visualization of
relationships between peptidoforms and facilitate manual identification.!®7:18-19 Egpecially useful when an
observed mass shift is readily associated with a known modification, related peptides may be missed if they
differ by an unusual mass shift. Additionally, diagnostic MS/MS fingerprint ions can rapidly identify certain
AMP classes prior to full sequence elucidation.!*!-192

Bioinformatic approaches to identify unknown or unexpected PTMs are rapidly developing and
can be leveraged to reveal AMP peptidoforms. Most can be categorized as database searching or spectral
networking methods. While major limitations exist for database searches to establish AMP primary
sequence (as discussed previously), this can be a particularly useful approach to implement when
identifying AMP peptidoforms with a known sequence. This can be paired with digestions, where
necessary, to create shorter peptides more amenable to analysis. Two database searching paradigms that
consider many possible modifications dominate the field: open (mass-tolerant)!®3 and error-tolerant'**
searching. These searches can efficiently identify multiple peptidoforms because they consider all possible
modifications without a bias towards user defined/expected PTMs. While powerful, these methods can
result in false positives resulting from the increased search space compared to analyses with defined
modifications.!?>!%¢ Because manual validation of database matches is feasible for peptidoforms from a
limited number AMPs, this informatics approach can be leveraged to rapidly identify putative unknown
peptidoforms.

Spectral networking is complementary to database searching, does not require a protein database,
and is well suited to the analysis of intact, fully processed AMPs.20:2%37:.197-199 Thjg relies on the principle
that very closely related peptides will have similar fragmentation spectra. Each spectrum in a dataset is a
called a node and virtual edges connect related spectra produced by peptides that vary by a single amino
acid mutation or modification to form spectral pairs. Multiple spectral pairs are connected to form spectral
networks, and the other peptides within an AMP’s spectral network represent potential peptidoforms.
Spectral networking holds enormous potential to identify AMP peptidoforms as it relies on statistically
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significant grouping of peptides rather than requiring the identification of each individual peptide during
an error- or mass-tolerant database search.!”’

Functional implications: Discovery and characterization of AMP peptidoforms alone is not
enough, and understanding the resultant impact on respective biological functions is critical. Although most
AMPs have been shown to have minor structural variants, few have been more thoroughly studied to resolve
differences in activity. For example, three insect-derived drosocin peptidoforms were found to vary in
glycosylation and exhibit differential activity against Gram-negative bacteria.!> Two peptidoforms of
SAMP H1 were isolated from Atlantic salmon but only the variant containing a cis-proline was
antibacterial.'®?> Unsurprisingly, peptidoforms of human AMPs are the most extensively molecularly and
functionally characterized. Human AMP peptidoforms impact target specificity, immune response and
pathogen mechanism of resistance - emphasizing the importance of understanding the broader peptidoform
structure / function landscape.

Redox modifications are common regulators of activity and AMPs contain many potential redox
active sites, including Cys residues.??’ Disulfide bonding is often a hallmark characteristic of AMP families
but can be dynamic; changes in disulfide bonding result in the creation of peptidoforms and can impact
activity.!2201-203 For example, variable oxidation states of the three disulfide bonds in human B-defensin 1
(hBD-1) modulate antimicrobial specificity and mechanism of action (MOA) based on environmental
conditions.!>204205 Reduced hBD-1 is bactericidal and bacteriostatic to both Gram-positive and -negative
bacteria, causing damage to bacterial membranes and entrapping bacteria in a net-like structure.?’ Oxidized
hBD-1, with disulfide bonds intact, is active against only Gram-negative bacteria under aerobic conditions
via an MOA that is not fully charactrized.?’> Observations that hBD-1 activity can be controlled by oxygen
content and reductive potential of culture conditions has led to the hypothesis that HDB-1 activity can be
regulated by its environment.

Peptidoform variants resulting in modification of charged residues can impact antimicrobial and
immunomodulatory activity. Understanding how AMPs are modified and the impact of these modifications
can reveal important host-pathogen interactions. Human neutrophil peptide-1 (HNP-1), a defensin, has been
isolated with three peptidoforms: unmodified, mono-ADP-ribosylated, and di-ADP-ribosylated.!3'* ADP-
ribosylated HNP-1 has a lower net charge and antimicrobial/cytotoxic activity, but greater
immunomodulatory activity.2?-2%® Tt is hypothesized that host cells ribosylate HNP-1 as a regulatory
mechanism so that it can be expressed at high concentrations that facilitate immunomodulation while
circumventing harmful cytotoxic effects.??’

AMPs interact directly with target species creating the possibility that pathogens can modify AMPs
and modify peptidoforms as a mechanism of resistance. Interestingly, it appears possible in the case of
ADP-ribosylation of HNP-1. In vitro assays show E. coli enzymes can ADP-ribosylate HNP-1 with the
same efficiency as human enzymes resulting in a decrease in antibacterial activity.?” Similarly, arginine
residues in cathelicidin LL-37 can be citrullinated by rhinovirus to decrease net positive charge and
diminish antiviral activity.'3® These studies suggest that specific AMP peptidoforms may be advantageous
to either the host or pathogen, emphasizing the importance of understanding the biological impacts of
different AMP peptidoforms and mechanisms of resistance evolution.

Although new AMPs are discovered each year, definition of native peptidoform heterogeneity
remains underexplored. This can be much improved through more thorough examination of the resultant
LC-MS data as described. It will be imperative moving forward to apply innovative approaches to discern
the roles/relevance of specific peptidoforms in the biological context.

6. Conclusions
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Antimicrobial peptides are an exciting class of bioactive natural products with tremendous
chemical diversity further complicated by high heterogeneity. Rapid and thorough AMP characterization,
including peptidoform profiling, is essential to discovering new molecular species and understanding their
potential biological roles.

Mass spectrometric approaches can streamline AMP characterization, though often through non-
standard experimental workflows. Peptide size and diverse PTMs generate enormous theoretical sequence
space. While computational approaches continue to evolve to meet the needs of the AMP community,?-32-
36 orthogonal experimental approaches to reveal amino acid and PTMs composition, such as those reviewed
herein, can be used as constraints in sequencing algorithms and/or provide critical clues when manually
sequencing.

AMPs with common modifications, such as amidation or disulfide bonding, are well studied for
their broader biological relevance and has resulted in established methods for their characterization. Even
so, it is essential to appreciate the vast diversity of AMPs and consider a wider range of possible
modifications. Peptides containing unusual modifications, such as halogenation or D-amino acids, may
have increased proteolytic stability or other characteristics that make them extremely attractive lead
compounds.”®*!>3  AMPs with extreme structural complexity highlight that peptide molecular
characterization requires a broad toolbox of strategies which includes mass spectrometry, DNA/RNA
sequencing, etc. Optimal characterization workflows must be developed for individual peptides — which
can be more efficiently refined with knowledge of amino acid and PTM composition.

Advances in proteomics continue to reveal new PTMs emphasizing that the current understanding
of proteomic and peptidomic diversity is incomplete.?'? As such, it can be expected that AMP sequence
diversity will continue to expand as new peptides are discovered. Likewise, new and innovative methods
that address newly discovered peptide chemical space must be integrated into AMP workflows.
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Figure 1. Strategies to identify amino acid composition and post-translational modifications contain four
main categories: (A) chemical derivatization, (B) enzymatic/chemical cleavage, (C) multistage mass
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Figure 2. The Antimicrobial Peptide Database (APD) contains 3076 natural, ribosomally synthesized
AMPs. (A) Amino acid residue frequency differs between these AMPs and the SwissProt database of
annotated proteins. (B) The top fourteen AMP PTMs vary widely in frequency and mass shift. The mass
shift of glycosylation is noted as variable because a wide variety of glycan groups can be added. Data was
retrieved from the APD on February 20, 2020 and SwissProt database on June 6, 2020.
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Figure 3. Mass spectrometry is a powerful tool for peptide sequencing. Peptides are identified by their intact
mass in MS! prior to fragmentation. Methods for MS? fragmentation include collision induced dissociation
(CID), higher-energy C-trap dissociation (HCD), electron transfer dissociation (ETD), and electron-
transfer/higher-energy collision dissociation (EThcD). Peptides fragment predictably along the peptide
backbone producing fragments which contain the N- (green; a-, b-, ¢-) or C- (blue; x-, y-, z-) terminus.
Other fragments resulting from the partial cleavage of side-chains, such as w- ions (z- ion with side-chain
loss, noted on fragmentation map) or neutral losses (represented by partial circle), can also provide sequence
information. Fragmentation methods produce different types of backbone ions and may produce
complementary information. Intact masses and fragmentation patterns are used to determine peptide

m/z

sequences via de novo sequencing and/or database searching.
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Figure 4. Multistage mass spectrometry can be used to differentiate structural isomers Leu and Ile. If the
peptide of interest (A, blue) contains only a single Leu/lle, (B) it is selected for fragmentation and produced
(green) an Leu/lle immonium ion (86.0961 m/z). (C) If the peptide contains Ile, the immonium ion will
produce a 69 m/z ion that is greater than ten percent of the 86 m/z precursor upon additional fragmentation.
The peptide contains a Leu residue if the 69 m/z ion is unstable and less than ten percent of the precursor.
In cases where (A, purple) the peptide of interest contains multiple Leu/Ile residues, (D) it is selected for
fragmentation and produces (grey) an MS? product ion containing a single Leu/Ile. (E) This MS? product
ion is additionally fragmented yielding (green) an immonium ion from a single Leu/Ile. (C) The simplified
immonium ion is fragmented to identify residue. This process is repeated until all Leu/Ile are differentiated.
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Figure 5. N- and C- terminal modifications can be difficult to differentiate within a single experiment, but
a series of derivatizations, digestions, and fragmentation experiments can be used to facilitate
characterization. Successful results (e.g. digestion, derivatization, neutral loss detection) provides direct
evidence. Negative results, however, are equally insightful because they indicate that the peptide did not
contain the necessary conditions for successful transformation. Taken together, the results from multiple
experiments can facilitate termini characterization.
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Figure 6. The antimicrobial peptides gomesin and styelin D are used as case studies to examine the benefits
and challenges of MS-based characterization methods. (A) An alternative theoretical workflow is proposed
for gomesin which uses chemical derivatization (pink), multistage MS (green) and enzymatic cleavage
(purple) to identify key sequence features and facilitate de novo sequencing, thus providing a feasible route
to characterization without peptide isolation or genomic information. (B) Variable lysine hydroxylations
(yellow) and bromination (pink) result in complex fragmentations spectra which make the unusual and
complex AMP styelin D difficult to manually sequence. However, the unmodified residues near the C-
terminus (green) could be manually sequenced from the MS/MS spectra for the intact peptide, used as a
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sequence tag, and combined with genomic information to identify the primary sequence of styelin D. (C)
Peptides which vary only in PTM localization have the same exact mass but (D) have distinct MS/MS
spectra. (E) If same mass peptides are co-isolated for fragmentation, they produce far more complicated
and difficult to interpret chimeric spectra.
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1  Table 1. Chemical derivatizations. lodoacetamide (IAM); Methyl methanethiosulfonate (MMTS); N-
2 ethylmaleimide (NEM); Aminobutyric acid (Abu).

Derivatization Residues Mass shift (Da) Notes Section| Ref
Cys Reduced: + 57.0215
idized: + 58.
IAM Oxidized: + 58.0293
Met +58.0293 For Met - control pH (< 3)
Alkylation s rednted: £ A50880 and ;::;:Firgez;tlon 2.1,2.2] 38-40
Cvs Oxidized: + 46.9958
NEM o Reduced: + 126.0555
Oxidized: + 127.0633
Dimethylation Lys, N-term +28.0313 Also modifies free N- 2.3, 3.1,) -,
terminus 3.3
Methyl esterification Glu, Asp, C-term +14.0156 RIS modlf!es e G 123, 2l 42
terminus 3.3
; 2 Dincorporated into
Deuterated reductive Dehydrated residue $4,0282 Ala/Abu 3.9 43
desulfurizati = - .
esulfurization Thioether bridge -27.9439 1 D incorporated into
Ala/Abu
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Table 2. Proteases and chemical cleavage agents.

linked oligosaccharides

Release O-: 60 °C, 4 h

Cleavage agent Specificity Notes Section | Ref
Greater specificity in 70% formic acid a4
CNBr Met Nonspecific cleavage: Tyr 2.2
Reduced cleavage: MetSer and Met-Thr
Trypsin Lys, Arg pH 7.5 23 45
Arg-C Arg pH 7-8 2.3 45
Lys-N Lys pH 9.5 2.3 45
Lys-C Lys pH 7-9 23 45
Glu Ammonium buffers, pH 4-9
Glu-C 23 46
Asp and Glu Phosphate buffers, pH 4-9
Asp-N Asp and cysteic acid pH 4-9 2.3 45
Chymotrypsin Tyr, Phe, Trp, Leu pH 7.8-8 2.4 45
Thermolysin Leu, Phe, Val, Met pH~ 7.5, 65 °C 2.4 47
Pepsin Phe, Leu, Tyr, Trp pH 1-4 2.4 45
Diaceroxyiodobenzene Asn N-terminus must be blocked 2.5 49
. . . . 2.3,3.1,
Carboxypeptidase Y C-terminal amino acids Blocked by Pro, hydroxyPro, Arg 33 49
. . . . \ Blocked by N-terminal Asp, Glu, Pro, D-amino acid|2.3, 3.1,
Aminopeptidase M N-terminal amino acids or modified N-termini 33 3.7 50
Pyroglutartnate N-terminal p_yrogluta mic Sensitive to urea 31 51
aminopeptidase acid
Acylamino acid releasing| N- termme.al acetylated Inhibitediby manybufers 31 51
enzyme residues
. . N-linked . .
Peptide N-Glycosidase F : ; Ammonium bicarbonate, pH 8 3.5 52
oligosaccaharides
Endoglycosidase H .le'tEd ‘number Of. N- Ammonium acetate, pH 5.5 3.5 52
linked oligosaccharides
i o o e 0,
Hydtaginalls Unreduced O-and N Release N-and 0-:95°C,5h 35 53
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1  Table 3. Feature specific ions and losses. Asterisks indicate immonium ions that can be differentiated from
2 interfering ions with additional stages of fragmentation. Related ions are non-immonium ion internal
3  fragments.
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Features Imrr!onlum : IR Related ions Neutral Loss Ref.
ion ion fragments
Ala 44.0491 - - - 54
17.0266, 34.0531, 43.0296, 59.0484,
Arg 129.1131 - 59, 70, 73, 78, 100, 112 60.0211, 62.0242, 101.0953 54-57
Asp 88.0381 : : 18.0106, 27.9949, 46.0055, 60.0211 54é755'
Asn 87.0541 - 70 17.0266, 45.0215, 59.0371 54-57
Cys 76.0211 - - 75.0558, 90.0013, 107.0279 54!’5755'
Gly 30.0331 - - - 54
Gln 101.0701 - 84,129 17.02655, 45.0215, 59.0371, 71.0371| 54-57
18.0106, 27.9949, 46.0055, 76.0398, |54, 55,
Glu 102.0541 - - 89.0477 57
His 110.0701 - 82,121, 123, 138, 166 82.0531, 83.0609, 84.0688 54-57
lle 86.0961* 69.0970 72 46.0657 54;:6'
Leu 86.0961* - 72 56.0626, 60.0813, 73.0891 54,55
Lys 101.1061 - 70, 84, 112, 129 17.0266 54
Met 104.0521 - 61 91.0456 54,55
Phe 120.0801 - 91 - 54
Pro 70.0621 - - - 54
Ser 60.0421 - - 18.0106, 35.0371 54,55
Thr 74.0591 - - 18.0106, 35.0371 54,55
Trp 159.0911 - 117, 130, 170, 171 - 54
Tyr 136.0751 - 91, 107 108.0575 54, 55
Val 72.0801 - - - 54
Carbamidomethyl i i i 105.0248 59
Met
N-terminal - - - 17.0266 60
amidation
Pyroglutamic acid | 58.9946 - 171.0674 = 54
Oxidized Met 117.0650 - - 63.9983 62
158.1, 148.1
5-hydroxy Trp  |175.0860 146.1 61
2-hydroxy Trp |175.0860*| 158.1, 130.1 - - 61
3-hydroxy Tyr |152.0700*| 135.1, 107.1 152.0700 - 61

Page 40 of 40



