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No synthetic chemical system can produce complex oligomers with fidelities comparable to
biological systems. To bridge this gap, chemists must be able to characterise synthetic oligomers.
Currently there are no tools for identifying synthetic oligomers with sequence resolution. Herein,
we present a system that allows us to do omics-level sequencing for synthetic oligomers and use
this to explore unconstrained complex mixtures. The system, Oligomer-Soup-Sequencing
(OLIGOSS), can sequence individual oligomers in heterogeneous and polydisperse mixtures from
tandem mass spectrometry (MS/MS) data. Unlike existing software, OLIGOSS can sequence
oligomers with different backbone chemistries. Using an input file format, OLIG, that formalizes
the set of abstract properties, any MS/MS fragmentation pathway can be defined. This has been
demonstrated on four model systems of linear oligomers. OLIGOSS can screen large sequence
spaces, enabling reliable sequencing of synthetic oligomeric mixtures, with false discovery rates

(FDRs) of 0-1.1%, providing sequence resolution comparable to bioinformatic tools.

Omics technologies have enabled the rapid, accurate and cheap identification and sequencing of
biological oligomers and polymers(/). Many of these technologies, particularly in proteomics, rely on
mass spectrometry (MS) and tandem mass spectrometry (MS/MS) coupled to pre-measurement
chromatographic separation via liquid chromatography (LC-MS, LC-MS/MS)(2). Detailed knowledge
of the separation of biological oligomers via LC, their MS ionization and fragmentation via MS/MS, is

used to identify specific biological oligomers and polymers from very complex, heterogeneous



mixtures(/, 3, 4). Similar knowledge exists for many classes of synthetic oligomers analyzed via LC-
MS/MS(5-9), but this knowledge has not been leveraged in a systematic manner. Therefore, synthetic
oligomer sequencing remains a highly labor-intensive and time-consuming process, and is typically
limited to relatively simple oligomer mixtures with 1-3 unique monomers(6). Additionally, there are
currently no software tools available for omics-like identification and sequencing of synthetic oligomer
mixtures, and this is in part because the conceptual basis for this is not yet developed. Some tools that do
exist for characterization of synthetic oligomer MS/MS data are either unable to distinguish between

isomeric sequences(/0, 11) or are bespoke to a single oligomer class(/2—14).

Conceptually, a tool matching the precision, throughput and resolution of omics-level analysis for
sequencing synthetic oligomers in mixtures would fulfill a major unmet need in materials science,
oligomer chemistry and other fields, potentially spawning a new field of synthetic “oligomerics”(3, 75).
Two areas with possibly the most to benefit from such a tool include: 1) identification of oligomeric
degradation products and contaminants in polymer materials(/6—/8) and ii) sequence-controlled
oligomerization(5, /5). The benefits of identifying degradation products and contaminants include the
quick, reliable identification of unwanted and potentially dangerous oligomers that may reduce the
structural and functional viability of polymeric materials, or even pose a serious health risk in consumer
products. In addition, achieving sequence-controlled oligomerization in multicomponent reactions
remains an elusive goal in polymer chemistry and materials science(/J5). Several synthetic strategies have
emerged for producing sequence-controlled oligomers and polymers, with stepwise(/9) and more
recently chain growth methods(20) enabling sequence-controlled synthesis of specific oligomers and
oligomer libraries. However, no synthetic system to date has come close to matching the fidelity,
specificity and turnover of biological systems in their production of complex, sequence-encoded

polymers(/5). Sequence-encoding of complex synthetic oligomers cannot be achieved without first



having an oligomeromics tool for identifying which synthetic oligomer sequences are produced(3, 15).
Despite the potential for oligomeric sequencing, and well-established knowledge of synthetic oligomer
fragmentation via MS/MS, a tool has not been developed before due to two key reasons. Firstly, the
sequence space is vast as the combinatorial nature of sequence space to be screened as a function of

oligomer length and number of unique monomers increases dramatically (Eq 1).

N=(1+n)Yt, m (Eq. 1)

where N = total number of unique sequences, n = number of potential terminal modifications, L = maximum se-
quence length, m = number of unique monomers.

Hence it is challenging to extensively survey the full range of possible products in synthetic oligomer
mixtures. Secondly, diversity in unknown systems is incredibly challenging, due to the vast variation in
MS/MS fragmentation pathways(6). In contrast, biological omics software deals with a very limited set
of oligomer and polymer backbone chemistries including peptides(2/, 22), nucleic acids(23), and li-
pids(24). Additionally, pre-determined constraints on the sequence space for biological oligomers can
greatly reduce the search space for sequence assignments(/, 23, 26), see Figure 1A. Such constraints
often do not exist for synthetic oligomer mixtures(3, /5). This means, without pre-defined sequence con-
straints, screening of similar oligomer mixtures from a synthetic source may require the enumeration and
screening of 10*°-10** x more unique sequences as compared to a typical proteomics peptide fingerprint
identification workflow (Figure 1C). Screening of larger sequence spaces can be achieved by utilizing
more computational resources or optimized search algorithms(27). However, the diversity in backbone
chemistries remains a major challenge for synthetic oligomer sequencing(3, 6). For biological oligomers,
there are extensive and rich MS/MS data sets available for most major classes of biomacromolecules(5,
28), enabling database-based sequence searches(29). Knowledge of fragmentation pathways also allows

for first principles in silico fragmentation(/3). For synthetic oligomers, these extensive data sets do not



exist(5). Therefore, OLIGOSS relies on in silico fragmentation to predict potential MS2 fragments from

synthetic oligomer sequences.
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Figure 1: Sequence Space Constraints in Biological and Synthetic Oligomeromics. A: Standard proteomics work-
flow for identifying full-length proteins. Protein(s) are enzymatically digested to produce peptide fingerprints, the
presence of which are then confirmed via identification of precursors at MS1. Fingerprints are then validated
compositionally via MS/MS of confirmed MS1 precursors, with no need to screen for isomeric sequences. B:
Number of peptide fingerprints (Npf) and total number of potential isomeric sequences for all fingerprints (Nseq)
for four proteins identified in the UniProt database, subjected to in silico digest with trypsin. In proteomics work-
flows, only fingerprints are screened, not possible isomeric sequences. For synthetic oligomers screened by
OLIGOSS, any and all potential isomers may be present C: Standard OLIGOSS sequencing workflow for identi-
fying sequences in synthetic oligomer mixtures. Compositional screening is carried out on MS1 data. For each
composition, any and all possible isomeric sequences could be present in the mixture. All isomers must then be
enumerated and screened in the MS2 data to determine which isomeric sequences are present for each composition.

With sufficient knowledge of fragmentation pathways, in silico fragmentation of a single oligomer class
is just a question of automation, requiring only hard coding of each specific fragmentation pathway.
Given the diversity of fragmentation mechanisms for synthetic oligomers(6), this rapidly becomes im-
practical for a universal — or even near universal — sequencing tool. Considering the two examples of
polyimines (Schiff base oligomers) and depsipeptides from Figure 2. In the case of polyimines (Figure
2A), fragmentation of a linear oligomer results in three cyclic fragment series, likely the result of complex
rearrangements in a CID collision cell. Contrast this with peptides, which form two distinct linear frag-
ment series along with monomer-specific satellite or signature ions (Figure 2B). To create OLIGOSS, a
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de novo universal sequencing tool, these dramatically different fragmentation mechanisms had to be
translated into a reasonably simple, generalizable set of properties that could also be used to describe

fragmentation of other oligomer classes.
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Figure 2: Differences in Fragmentation Mechanism between two Well-Known Oligomer Classes, Peptides and
Polyimines. A: Under Collision-Induced Dissociation (CID), three cyclic fragment series are formed from a poly-
imine precursor. B: The fragmentation of peptides is affected by the fragmentation method used, with Higher-
energy C-trap-Induced Dissociation (HCD) producing additional satellite fragments not observed in as high abun-
dance in CID spectra.



OLIG - A Constraints Format for Oligomer MS/MS

Standard MS/MS fragment nomenclatures have been proposed for synthetic oligomers(6), analogous to
standards that are well-established for peptides(3, 22, 30) and other biological oligomers(23, 37). How-
ever, to our knowledge, never before have a set of generalized principles been used to describe and
translate the pathways that produce these fragments into a universal framework for defining oligomer
fragmentation. This is precisely what OLIGOSS does, using a set of abstract properties that make up
OLIG, a new and very simple set of principles for oligomer MS/MS. Despite the variation in fragmenta-
tion mechanisms for synthetic oligomers, OLIGOSS translates MS/MS fragmentation pathways into a
set of universal, abstract OLIG properties. These properties can then be used to predict and screen for
fragments matching specific sequences in LC-MS/MS data. Fragmentation of a single oligomer class can
often occur via different routes(6). Each of these can produce qualitatively different fragments. The rel-
ative predominance of each pathway will vary depending on instrumental conditions. Therefore, OLIG
can be used to describe individual fragmentation pathways. Several of these translated pathways can then
be combined to screen for sequences of the target oligomer class, with the flexibility to choose which

will predominate for the specific instrumental conditions (e.g. fragmentation method).

Combined, these OLIG properties define the positions along an oligomer backbone at which specific
fragments may occur, as well as predicting the exact mass-to-charge ratio (m/z) for all MS2 ions corre-
sponding to the fragment and potential interactions with other ions present in the analyte (Figure 3). A
basic summary of the major abstract properties is shown in Table 1. For a full list of properties see
Supplementary Information Section S3. These can be considered a novel yet simple framework for de-
scribing oligomer fragmentation via MS/MS. For translations of the polyimine and depsipeptide frag-

mentation pathways shown in Figure 2, see Table 2.



Table 1: Basic OLIG Properties for Describing Oligomer Fragmentation. For full details of abstract properties see
Supplementary Information.

Property Description

ladduct Charge and mass due to exchangeable ions that are associated with fragments in a linear
series by default (e.g. protonation for positive peptidic y-ions). These ions can be ex-
changed for extrinsic ions without affecting the overall charge state of fragments.
Lion Charge (not m/z) due to non-exchangeable ions that are associated with fragments in a
linear series (e.g. acylium ions for positive peptidic b-ions). Addition of any extrinsic
ions results in the final charge of fragments being equivalent to the sum of the intrinsic
charge plus extrinsic charges.
mgiff The neutral mass difference between fragments in a series and their corresponding
equivalent intact sequence.
Symmetry | Specifies whether termini are equivalent for the oligomer class. If termini are non-
equivalent, each terminus is arbitrarily assigned a value of O or -1.

T “Home” terminus from which a fragment series is indexed. This is only relevant for
asymmetric oligomer classes. Remaining non-home terminus is denoted as !T.
F Fragmentation unit. The number of unit increments between adjacent fragments in a

linear series. Used principally for alternating co-oligomers with periodic differences in
backbone links. Series with F=1, F=2 and F=3 will occur ever 1, 2 and 3 residues along
the backbone, respectively.

S Position (relative to T) at which a fragment series begins. Series with s=0, s=1, and s=2
will be indexed from 0, 1 and 2 F from T, respectively.

e Ending position (relative to !'T) at which a fragment series ends. Series with e=0, e=1
and e=2 will terminate 0, 1 and 2 F prematurely from !T.

E Exceptions to the values of the aforementioned properties when fragmenting a particu-
lar bond type. This is used only for oligomer classes with irregular mixed backbone
links.

Table 2: Depsipeptide and Polyimine Fragmentation Pathways Translated into OLIG. Three depsipeptide series
(a, b and c) and three polyimine series (a*, b* and c*) are characterized by properites described in Table 3: mass
difference (muit), intrinsic ion (ijon), instrinsic adduct (iadauct), home terminus (T), starting position (s), end position
(e), fragmentation unit (F) and exceptions (E).

Series mdiff iion iadduct T S e F E
a -COOH 0 +H 0 1 1 1 null
b -OH 1 N/A 0 1 1 1 null
y +H 0 +H -1 0 0 1 “ester”
a* -OH 0 +H 0 0 0 2 null
b* -H30 0 +H 0 0 0 2 null
c* -H50 0 +H 0 0 0 2 null




Deploying OLIG in a De Novo Sequencing Workflow

In OLIGOSS, after translating the fragmentation pathways of an oligomer class into OLIG, these trans-
lated pathways can then be saved in a reusable configuration file that can be called on whenever required
for a sequencing experiment. As there are often several translated fragmentation pathways in a single
OLIG configuration file, which of these pathways are relevant in a particular experiment will vary de-
pending on instrumentation used and other experiment-specific parameters. Therefore, as well as reusa-
ble OLIG configuration files, which only must be translated and stored once per oligomer class,
OLIGOSS uses run parameter files to execute individual experiments. These run parameter files provide
all information necessary for determining which fragmentation pathways are relevant, and for processing
and filtering MS1 and MS/MS spectra (Figure 3). Upon execution of a sequencing workflow, the full
scope of all possible ionization and fragmentation pathways are read from the appropriate OLIG config-
uration file (Figure 3). Experimental details parsed from the experimental run file and the instrument(s)
used are then used to determine which of the possible fragmentation pathways are likely to predominate.
A validation step ensures that the chosen pathways are feasible, before a full MS1 library of all possible
precursor permutations is generated and screened. For each precursor hit, all possible isomeric sequences
are enumerated along with corresponding MS2 product ions. These are then also screened in MS2 spec-
tra. At the end of this process, sequences are assigned a confidence score on the basis of the number of
MS?2 product ions confirmed in MS2 spectra (Eq 2) and (optionally) the distribution of confirmed frag-
ments along the sequence backbone (Eq 3, Eq 4). Throughout MS2 screening, checks are in place to
ensure the quality of spectral matches for each confirmed MS1 precursor — MS2 fragment combination

(see Supplementary Information S5.3).

Nne

C =

(Eq. 2)

Ng— Nyo

Confirmed Fragment Ratio (C). n. = number of confirmed fragments, n; = number of theoretical fragments, ny, =
number of unconfirmed optional fragments.



= lyna
<a>= NZL . (Eq. 3)

Mean Continuous Fragment Coverage (<o), a measure of the mean maximum coverage for each fragment series.
N =number of individual fragment series, L = length of largest theoretical continuous block of fragments in series.

Confidence =<a>S+C(1-Y5) (Eq. 4)

Final Confidence Score. <a> = Mean Continuous Fragment Coverage, S = weighting factor between 0 and 1, C
= Confirmed Fragment Ratio.
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Figure 3: OLIGOSS Exhaustive Screen. Input data and experiment run file are read by OLIGOSS, which then
chooses the appropriate OLIG configuration file for the oligomer class. If an instrument model is specified in the
run file, instrument-specific defaults for ionization and fragmentation pathways, as well as instrument performance
(resolution, sensitivity, retention time ranges), are loaded. If no instrument model is specified, these values must
be explicitly stated in the experiment run file. Compatibility of the oligomer class with the chosen run parameters
and instrument(s) is then checked and validated, after which input spectra are filtered and the most suitable frag-
mentation pathways are chosen for screening, A compositional MS1 precursor library is then generated in silico
and screened in input MS1 spectra. For each composition confirmed at MS1, a full library of all corresponding
isomeric sequences and their MS2 fragments is then generated and screened. Individual sequence scores are then
assigned a confidence score and ranked.

Model Systems for De Novo Sequencing

OLIGOSS was designed for de novo sequencing of complex, polydisperse oligomer mixtures, particu-

larly those which cannot be sequenced using current omics software. Therefore, to develop and validate



this new tool, product mixtures containing a diversity of products and possible fragmentation pathways
were required. Four model systems of oligomer mixtures were used: depsipeptides, N-terminally acylated
peptides, polyesters and polyimines (Figure 4). Depsipeptides are peptidic oligomers with a mixture of

amide and ester backbone linkages.
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Figure 4: Model Reaction Systems for OLIGOSS. From simple thermal dehydration of monomer solutions, poly-
disperse oligomer mixtures are produced. These are then separated via HPLC, ionized via electrospray ionization
(ESI) and fragmented via high energy C-trap induced dissociation (HCD) using on a UHR-Orbitrap Tribrid Lumos.
In each duty cycle, the N most abundant precursors are selected for fragmentation. The result is a series of MS1
and MS2 spectra, which are then converted and passed on to OLIGOSS for sequencing.

Despite having similar MS/MS fragmentation pathways to pure peptides(32), and their occurrence in
many well-characterized natural products(34), current proteomics software tools are unable to sequence
depsipeptides(/2, 34). Using simple wet-dry cycles of amino acid and a-hydroxy acid monomers, poly-
disperse depsipeptide mixtures can be produced with high yield(35-37). Thus, they make for an ideal

candidate for testing and validating OLIGOSS’s sequencing capabilities.
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Five sets of depsipeptide products, each produced via wet-dry cycling of three amino acids and the o-
hydroxy acid glycolic acid, were analysed via LC-MS/MS and sequenced using OLIGOSS. Due to the
combinatorial nature of sequence space in these reactions (Eq 1), diverse oligomer sequences of various
lengths were produced. OLIGOSS was able to successfully survey this sequence space for all reactions
tested (Figure 5), determining the proportion of ester linkages (Figure 5a) and proportion of total se-
quence space represented (Figure 5b) in each product mixture as a function of oligomer length. An overall
trend was observed for increased ester enrichment and decreased representation of sequence space with

increasing oligomer unit length.
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Figure 5: Sequence Diversity of Depsipeptide Mixtures Surveyed by OLIGOSS. Each mixture was produced via
wet-dry cycling of three amino acid monomers (denoted by one-letter codes) and glycolic acid. A: Proportion of
backbone links comprised of ester bonds (in %). B: Proportion of sequence space covered (in %). Monomer one-
letter codes: F (phenylalanine), C (cysteine), H (histidine), G (glycine), L (leucine).

Successful analysis of depsipeptide mixtures demonstrates the ability of OLIGOSS to sequence and char-
acterize an oligomer class with complex fragmentation pathways and heterogeneous backbone linkages
that are outside the scope of existing omics software. To test its potential universality in linear oligomer
sequencing from MS/MS data, polyimine and pure polyester oligomer mixtures were synthesized, ana-

lyzed via LC-MS/MS and sequenced (Figure 4).
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To our knowledge, polyimine fragmentation pathways are not well-characterized in CID-like MS/MS.
Nonetheless, fragment signatures were identified via mass ladders present in HCD MS2 spectra of poly-
imine precursors (Figure 6A). Translation of these proposed fragmentation pathways into an OLIG con-
figuration file was used to sequence polyimine oligomers produced from unconstrained diamine-dialde-
hyde condensation of ethylenediamine (e) and glyoxal (o) (Figure 6A-B, Table 2). Unlike the random
depsipeptide backbones, polyimines produced in such a manner from bi-functional non-self-reactive
monomers must be alternating co-oligomers. Therefore, the sequence space for screening is relatively
constrained. The majority of polyimine sequences confirmed were of relatively low confidence (< 30%).
Nonetheless, LC-MS/MS data was screened using a false polyimine oligomer library of equal size to the
eo library but comprised of monomers not used in the reaction. No false hits were found at any confidence
threshold for the false library (Figure 6C). Polyesters have well-characterized fragmentation path-
ways(38). Despite reports of polyester LC-MS/MS in biological(39), industrial(40) and even prebiotic
chemistry(47) settings, to our knowledge no tools exist for automated polyester sequencing. A mixture
of random oligoesters, produced via unconstrained oligomerization of glycolic acid and lactic acid, was
analyzed via LC-MS/MS and successfully sequenced using OLIGOSS (Figure 4D). Despite the complex
fragmentation pathways of polyester cations, which are a result of charge-remote fragmentations and
association with extrinsic ions(6, 38) (an example [M+Na]+ polyester fragment is shown in Figure 6D),
523 unique polyester sequences were confirmed. No sequences were found for the equivalent false oli-

gomer library control.

Benchmarking OLIGOSS’s Performance

Having demonstrated the ability of OLIGOSS to sequence products that cannot be analyzed using prote-
omics tools, its performance was benchmarked for pure peptide sequencing. Eight peptide standards
(ASGNQ, FSGNQ, GSGNQ, ASGNQSGV, FSGNQSGV, GSGNQVGS, FSGNQSGVSA and

FSGNQVGSAS) were synthesized, analyzed via LC-MS/MS and then subjected to blind sequencing
12



runs. In each run, only the backbone class, constituent monomers and oligomer length were specified.
Standards were chosen due to their neutral loss-prone sidechains(42), thus increasing the average number
of unique MS1 precursor and MS2 product ions to be screened for each run. Neutral losses were pre-

dominant in MS2 product ion spectra (Figure 7A).
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Figure 6: Polyimine and Polyester Sequencing. A: MS2 HCD spectrum of (oe)8o1 alternating co-oligomer polyi-
mine. Peaks assigned to a specific fragment are highlighted. B: Fragments identified in MS2 spectrum from (A).
C: Number of confirmed sequences over minimum confidence thresholds for standard run and false monomer
control. D: Example polyester cyclic fragment and associated sequencing result of unconstrained lactic acid (“1”)
and glycolic acid (“g”) mixture, with false monomer control (“Mm”). Data in C and D represent mean of 3 meas-
urements = 1 S.D.
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In each of the runs, false assignments were made (Figure 7B-D). However, these represent only a small
fraction of sequence space screened for both isomeric and non-isomeric assignments. For octameric se-
quences ASGNQSGYV and FSGNQSGYV the sequence space covered in the blind runs was equal to 10,080
isomeric and 1.67 x 10° non-isomeric sequences. Isomeric false assignments were below 10 % for all
octameric standards. Very few non-isomeric false assignments were made for the octamers, never ex-

ceeding 0.1 % (Figure 7C).
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Figure 7: Peptide Sequencing Standards. A: MS2 HCD spectrum of peptide standard FSGNQVGS. b- and y-
fragments are annotated along with any associated H,O and NH3 neutral losses. Monomer-specific immonium
fragments are denoted with an “Im” prefix. B: Isomeric and Non-Isomeric false assignments for pentameric stand-
ards ASGNQ, FSGNQ and GSGNQ. C: Isomeric and Non-Isomeric false assignments for octameric standards
ASGNQSGV, FSGNQSGV and GSGNQSGYV. D: Isomeric and Non-Isomeric false assignments for decameric
standards FSGNQSGVSA and FSGNQVGSAS. Data in B, C and D represent mean of 5 measurements = 1 S.D.
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This is superior to typical false discovery rates (FDRs) reported for peptide matches in proteomics work-
flows(43), possibly due to their reliance on spectral matching(44) rather than first principles in silico
fragmentation employed in OLIGOSS. FDRs were slightly higher for the three pentameric standards
tested (Figure 7B), ranging from 10 - 35 % and 0.05 — 1.1 % for isomeric and non-isomeric false assign-
ments, respectively. Considering the reduced sequence space for pentamers, this is not unexpected. For
decameric standards FSGNQSGVSA and FSGNQVGSAS, the total sequence space screened was
279,138 isomeric and 2.82 x 108 non-isomeric sequences. FDRs for non-isomeric sequences were similar
to the octameric standards, not exceeding 0.1 % for non-isomeric sequences (Figure 7D). Isomeric se-
quence FDRs for the decameric standards were comparable to the pentameric standards, ranging from
2.23 — 15.84 % for FSGNQSGVSA and FSGNQVGSAS respectively. The comparably high isomeric
FDR for the decameric standards is likely due to gaps in fragment series observed in raw MS2 spectra,

which is not atypical for longer oligomers(6).

Sequencing in the Presence of End-Groups

Presence of terminal end-groups can dramatically affect fragmentation pathways of oligomers. Thus,
OLIGOSS has been designed with the capability to screen for terminal modifications while simultane-
ously sequencing products. By performing wet-dry cycles of depsipeptides in the presence of fatty acids
oleic acid and palmitic acid, mixtures of N-terminally acylated peptides were produced. These were an-
alyzed via LC-MS/MS and sequenced using OLIGOSS, which lead to the successful identification of
acylated sequences (Figure 8), with no reductions in performance in sequencing of non-acylated species
in the same mixture (Supplementary Information Section S5). Two example spectra of N-terminally ac-
ylated peptides identified by OLIGOSS, a palmitated and oleated valine dimer, are shown in Figure 8.
Free acylium signature fragments were found for both palmitic acid (Figure 8 A) and oleic acid (Figure

8B) moieties.
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Figure 8: N-Terminally Acylated Peptides Identified by OLIGOSS. CID MS2 spectrum of valine dimer with A:
N-terminal palmitic acid acylation, B: N-terminal oleic acid acylation.

Peptidic b- and y- fragments were observed as acylated moieties (in the case of bl fragments) and fully
dissociated (in the case of observed y2 fragments) for both species. Based on these observations, end-
group modifications were incorporated into OLIGOSS’s OLIG configuration files, with the ability to
specify expected behavior for free modification signature ions, specific target sites, and also effects on
other fragment series (Supplementary Information Section S7). At least one software tool exists for end-
group characterization in oligomer MS/MS spectra(45). However, it requires that the oligomer sequence
is predetermined and operates on single spectra, thus providing only a limited and extremely low through-
put means of analysis. OLIGOSS, in contrast can simultaneously sequence oligomers and screen for end-

groups in the thousands of spectra typically acquired for high-resolution LC-MS/MS analyses.

Conclusions

OLIGOSS is the first tool for automated, de novo oligomer sequencing from tandem mass spectrometry
data with the ability to sequence oligomers with multiple backbone chemistries. We have demonstrated

the ability of OLIGOSS to sequence five different sets of synthetic oligomeric mixtures (peptides, acyl-
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ated peptides, polyimines, polyesters and depsipeptides), the latter three of which current biological om-
ics tools are unable to analyze. Unlike other tools which are bespoke for a single oligomer class(/2, 13),
or are unable to perform sequencing(/0, 11, 37), OLIGOSS has the potential for expansion to any set of
oligomers which are amenable to analysis via MS/MS. All of the code used here will be made available
for use and editing subject to a GPLv3 license, in the hope that others may benefit from OLIGOSS and
use it to sequence even more classes of oligomers which are still beyond the reach of omics software.
Given the increased utility of mass spectrometry in the analysis of oligomers and polymers, this tool has
the potential to greatly expand the capabilities of researchers in oligomer and polymer chemistry and
related fields. The ability to screen large sequence spaces, combined with the flexibility to handle a di-
verse range of backbone chemistries, will enable researchers to perform truly omics-level characteriza-
tion and sequencing of non-biological oligomers and polymers for the first time. The “omics” revolution
has led to many great advancements in biology and medicine, thanks in no small part to software tools
for automated sequencing of biological oligomers from MS/MS data. OLIGOSS may be the first step

towards a second and perhaps similarly fruitful “omics” revolution, the one of oligomeromics.

Methods

Software and Data Analysis

OLIGOSS was written in Python 3.7.5. All figures from OLIGOSS sequencing output were generated
using Python package Seaborn 0.11.0 and OriginPro 2016. OLIGOSS source code can be viewed on

github: https://github.com/croningp/oligoss.git. pip install oligoss A copy of a test dataset and config file

is here along with a very basic tutorial: doi:10.5281/zenodo.4252732
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Depsipeptide Model Reactions

To produce a model system of N-terminally acylated and non-acylated (depsi)peptide mixtures (Scheme
1), a-amino acid and a-hydroxy acid monomers were subject to thermal dehydration using methods sim-
ilar to those described previously in the literature (36, 46). Depsipeptide starting mixtures were made up
with 0.1 M amino acid and 0.1 M glycolic acid (Sigma, CAS: 79-14-1) in HPLC-grade H20 and adjusted
to desired pH using 2M H3PO4 or 2M NaOH. Immediately prior to heating at 95 oC for 15 hours in
open-cap glass vials, 10 mL of pH-adjusted monomer stock was added to 0.33 mL oleic acid (Sigma,
CAS: 112-80-1), 0.256 g palmitic acid (TCI, CAS: 112-80-1) or 0.33 mL HPLC-grade H2O for oleated,
palmitated and fatty acid-free reactions respectively. Upon dehydration after heating at 95 oC for 15
hours, samples were redissolved in 10 mL HPLC-Grade H20. Redissolved products were then sonicated
at 45 oC for > 15 min. After sonication, 1.2 mL aliquots were harvested and centrifuged at 10,000 rpm
for 30 min and the aqueous layer harvested. The harvested aqueous layer was then diluted 1:10 in MS-

grade H20 and filtered into a glass HPLC vial through a 0.22 pm nylon syringe filter.

Polyimine Model Reactions

To produce a model system of alternating co-polymers, Schiff base polymers (polyimines) were synthe-
sized via uncontrolled oligomerization of diamine and dialdehyde monomers. Monomer stocks were
made up to 0.1 M in appropriate solvent. 2 mL of each monomer stock (one dia-mine and one dialdehyde
per reaction) was added to a 10 mL glass vial. 6 mL HPLC-grade MeCN was then added to the vial to
give a total reaction volume of 10 mL and starting material concentration of 0.02 M for each diamine
and dialdehyde. Mixtures were then stirred at 200 rpm and continuously heat-ed at 70 oC for 30 min.
Products were then cooled to 4 oC prior to 50 % dilution in a 1:1 MeCN:MeOH mixture (MS-grade, +
0.01 % formic acid). Diluted products were filtered through 0.22 uM nylon syringe membrane before

analysis via the Orbitrap Lumos Tribrid Mass Spectrometer.
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Mass Spectrometry Data Acquisition

Unless specified otherwise, all measurements acquired via the Orbitrap Lumos Tribid mass spectrometry
were carried out in positive mode using DDA to select the most intense ions for tandem mass spectrom-
etry via HCD. To ensure sufficient acquisition of low abundance products, a 1 min dynamic exclusion

window was applied with width of 5 ppm.

Solid Phase Peptide Synthesis

All Fmoc-protected amino acids and Fmoc-protected Wang resins were purchased and used without fur-
ther purification from NovaBioChem and Sigma-Aldrich. All solvents and reagents were purchased from

Sigma-Aldrich. 2 mL reactor vials with frit filters were purchased from Biotage.

Peptide synthesis was performed using the Biotage Syro II automated peptide synthesiser fitted with two
48 reactor blocks. Each 2 mL reactor vial (RV) was loaded with the desired Fmoc-protected Wang resin
(0.25 mmol). Each synthesis was repeated in multiple vials across the reactor block to afford a suitable

yield. The peptide synthesis proceeded in four stages: swelling, deprotection, coupling and washing.

500 pL Ultrapure DMF was added and each RV was shaken for 1 hour at room temperature. Following

the resin swelling, the RVs were drained for 60 seconds using vacuum.

The deprotection was performed in two stages. 500 pL of piperidine solution (20 % v/v in DMF) was
added and the RV was shaken at room temperature for 3 minutes. After this first deprotection reaction,
the RV was drained and 500 pL of fresh piperidine solution was dispensed into the RV. The second
deprotection reaction lasted for 10 minutes, after which the RV was drained. 500 pL Ultrapure DMF was
added to the RV and shaken for 60 s, followed by a 60 s drain. The RV was washed this way a further 4

times.
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Double coupling was carried out for each amino acid addition. The required amino acid solution (4.0 eq,
0.5 M in DMF) was dispensed into the RV followed by hydroxybenzotriazole (HOBt, 4 eq, 0.5 M in
DMF) and N,N’-diisopropylcarbodiimide (DIC, 4 eq, 3 M in DMF). The RV was shaken at room tem-
perature for 1 hour. The reagents were then drained and the resin was washed with Ultrapure DMF (500
uL) as previously described. Cycles of deprotection and coupling were repeated with different amino

acids until the peptide was of desired composition.

After a final deprotection of the N-terminus amino acid, the resin-bound peptide was washed five times
with Ultrapure DMF, as previously described. Following the DMF washing, the peptides were further

washed with DCM (500 pL) for 60 s whilst shaking.

The reactor blocks were removed from the Syro II and placed into a fumehood, all subsequent operations
were carried out manually. 2 mL of cleavage cocktail (96 % trifluoroacetic acid, 2 % triisopropyl silane,
2% H20) was added to each RV and left to shake for approximately 3 hours at room temperature. Fol-
lowing this, the cleaved solution was drained into a 15 mL centrifuge tube. 10 mL of cold diethyl ether
was added to the filtrate and the solution was left to precipitate at -20°C overnight. The resulting solid
was washed under centrifugation (4.5 minutes, 4000 rpm) three times with 15 mL of cold ether. The ether
from the final wash was discarded and the remaining solid was left to dry in a desiccator for at least 15

hours.
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1. OLIG: Abstraction of Polymer Properties

The properties of linear polymers that are relevant to identifying and characterising oligomers

from mixtures can be broken down into three categories:

1.
2.
3.

Intrinsic chemical / cross-reactivity properties.
MS ionization properties.
MS" fragmentation pathways.

1.1 Polymer Properties: Chemistry and Cross-Reactivity

Information on polymer-specific chemical properties is essential to build and constrain in

silico libraries for screening of heterogeneous product mixtures. The following chemical

properties are required for construction of screening libraries:

1.
2.
3.

Monomer neutral masses.

Monomer cross-reactivities.

Elongation unit: what is the minimum number of monomer units added to each
elongating oligomer chain.

Elongation mass difference: the mass gained or lost upon addition of a single
monomer to an elongating chain, relative to the sum of all individual free monomers
in a sequence.

Maximum and minimum possible sequence length.

Side chain covalent modifications.

Terminal covalent modifications.

1.2 Polymer Properties: MS / Precursor lonization

Having enumerated all possible sequences formed from inherent physical and chemical

restraints for a polymer class, parameters relevant to how products may ionize must then be

defined. This is dependent on not only the properties of the polymer, but also the ion source

used:

1.

Polymer intrinsic ions: non-exchangeable ions that are universal to all products of a

given polymer class and are not sidechain-specific.



Polymer adducts: exchangeable ions associated with sequences in a given polymer
class that are also not side sidechain-specific.

Side chain intrinsic ions: non-exchangeable ions formed at specific monomer
sidechain functional groups.

Side chain adducts: exchangeable ions associated with specific monomer sidechain
functional groups.

Polymer symmetry: are termini equivalent?

1.3 Polymer Properties: MS" Fragmentation

In order to distinguish between isomeric precursors via tandem mass spectrometry, properties

relevant to MS" fragmentation pathways must be defined. Like MS ionization, these are

dependent on both polymer class and instrumentation (in this case ion source, mass

analyser(s) and fragmentation method). A single polymer class will often undergo competing

fragmentation pathways, the relative predominance of which will vary between sequences

and instruments. Oligomersoup defines each fragmentation pathway individually with the

following properties:

1.

Fragmentation mass difference: the mass gained or lost after a single fragmentation
event, relative to the neutral mass of the equivalent intact sequence.

Indexing: the terminus from which the fragment series is indexed. This is only
relevant for fragmentation of asymmetric polymers.

Start index: the position along the polymer backbone at which the first detectable
fragmentation event occurs.

End index: the position along the polymer backbone at which the final detectable
fragmentation event occurs.

Fragmentation unit: the number of monomers dissociated from the fragmenting
backbone after each fragmentation event.

Intrinsic fragment charge: the default charge state of fragments produced via a given
fragmentation pathway that are due to non-exchangeable ions.

Intrinsic fragment adducts: the default charge state and additional mass produced via a
given fragmentation pathway that are due to exchangeable ions.
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Permissible adducts: specific, non-intrinsic exchangeable ions that may be associated
with fragment ions. These can displace intrinsic adducts, but their effects on charge

state and mass are cumulative with intrinsic fragment charge.

2. OLIG: Application and Experimental Constraints

The aforementioned abstract properties determine the possibilities available for ionization

and fragmentation of a polymer. For many polymer classes, there are a large number of

possibilities for ionization and fragmentation. However, which of these possibilities is more

likely — and most relevant to confidently identifying specific sequences — will usually depend

on experimental constraints. Oligomersoup therefore enables a wide range of experimental

parameters to be defined, depending on instrumentation used to obtain data and the properties

of specific analytes:

1.

Available adducts: exchangeable ions that may be associated with precursor and / or
fragmented product ions. Which specific adducts are available will depend on what
ions are present in the analyte.

Mass and charge range: the m/z range detectable will be directly dependent on the
instrument used and its configuration, which will often vary between experiments.
Minimum and maximum sequence length: this will depend on the source of the
products and their solubility / ease of introduction into the ion source.

Constituent monomers and sequence distribution: screening libraries are constrained
by monomers present in analyte and can also be further constrained by searching for
only a pre-defined list of specific sequences.

Permissible fragmentation pathways: predominant fragmentation pathways will vary
depending on instrumental set-up.

Core fragmentation pathways: which of the permissible fragmentation pathways to
use for confidence assignment.

Product abundance: depending on product ionization and mass analyser sensitivity,
constraints can be placed on the minimum expected abundance for detected ions that
correspond to products.

Product separation: retention times of products can be predicted and constrained for

experiments, particularly when pre-measurement chromatographic separation is used.



Abstract Polymer Properties Analyte Properties Instrumentation
Chemical Properties Constituent Monomers Chromatography
MS lonization Matrix Properties lon Source
MS" Fragmentation Synthetic Procedure Mass Analyzer
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OLIGOSS Sequencing

Figure 1: Properties Relevant to De Novo Sequencing in Oligomersoup. Abstract Polymer
Properties define the possible bounds of sequence space, MS ionization and MS"
fragmentation for a polymer class. Analyte Properties constrain these possibilities in analyses
by specifying which monomers and adducts may be present, and expected sequence
distributions. Finally, separation of products and favoured ionization and fragmentation
pathways are determined by Instrumentation Properties. Combining all of these properties

enables full de novo sequencing of linear oligomer mixtures.



3. Defining Abstract Polymer Properties: Constructing a Polymer

Configuration File

3.1 General Chemical Properties

Monomer neutral masses, functional groups and cross-reactivities are essential for
constructing in silico libraries for screening. Each monomer is assigned a one-letter code,
with its neutral monoisotopic mass defined. The type and number of reactive functional

groups must also be defined (Figure 2).

"MONOMERS" : {
"A": [89.04768, [["amine", 1], ["carboxyl", 1]]],
"C": [121.01975, [["amine", 1], ["carboxyl", 1]]]

Figure 2. Example Monomer Definitions. Two monomers, the amino acids alanine and
cysteine, are assigned one-letter codes, with associated monoisotopic neutral masses and
functional groups.

To constrain sequence space and rule out chemically infeasible sequences, functional group
cross-reactivities must also be defined. Each functional group is assigned an identifier string,
and cross-reactive groups are specified along with one-letter codes of monomers containing
at least one of the functional group available for reaction (Figure 3).

"REACTIVITY_CLASSES": {

"amine": [["Car‘boxyl", llhydr\OXyAu]’ [IIAII’ llcll) "D"J IIEII, "F") IIGII) "H",
IIIII, "K", IILII, IIMII’ "N", "P", IIQII, IIRII) "S"_, "T"_, "V"J ||w||) IIYII]],

"Car‘bOxy]."Z [["amine", llhydr\OXyAu]’ [IIAII’ llcllJ "D"J "E", IIFII) IIGII) "H",
IIIII) IIKII) IILII, IIMII’ "N", "P", IIQII’ IIRIIJ llsll’ "T", llvll’ Ilwll) "Y"]],

"hydroxyA": [["amine", "carboxyl", "hydroxyA"], ["g"]]
Figure 3: Example Reactivity Classes. Three reactive functional groups (amine, carboxyl and

hydroxy acid) are assigned identification strings. Cross-reactive groups are defined, with list
of one-letter codes corresponding to monomers containing one or more functional groups.
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For polymer classes with equivalent termini, palindromic sequences are equivalent. This is
not the case for polymer classes with non-equivalent termini. Therefore, to avoid screening
for redundant palindromic sequences when dealing with symmetric linear polymers or
discarding non-equivalent palindromic sequences for asymmetric linear polymers, polymer
class symmetry must also be defined (Figure 4). Finally, to calculate the neutral mass of each
sequence, the mass gained — or lost — upon addition of a monomer must be defined (Figure
4).

"MASS_DIFF": "H20",
"SYMMETRY": false

Figure 4: Example Mass_Diff and Symmetry. In this case, the polymer class is an asymmetric
condensation polymer

3.2 MS lonization Properties

General chemical properties of a polymer class are used to constrain what sequences could be
present in analytes. However, MS ionization properties must be defined in order to screen for
these sequences in MS data. It is assumed by default that products are compatible with all
potential adducts (exchangeable ions) present in an analyte, and that all oligomers can ionize
either via intrinsically charged monomers (if present) or via adduct association. However,
specific adducts can be excluded if required. In addition, side chain adducts can be specified
if adduct formation is expected to occur at specific monomer side chains (Figure 4).
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"IONIZABLE_SIDECHAINS": {

K" A{
"pos": ["H", 1, 1],
"neg": null},
"R": {
"pos": ["H", 1, 1],
"neg": null},
"E": {
"pos": null,
"neg": ["-H", 1, 1]},
"D": {

"pos": null,
Ilnegll: [IIHIIJ 1-, 1]},

IIHII: {
Ilposll: [IIHII’ 1) 1])
"neg": null}

}

Figure 5: Example Side Chain lonization Events. Potentially cationic side chains (K, R, H)
can ionize via a proton adduct. Potentially anionic side chains (D, E) can ionize via proton

abstraction.

In tandem mass spectrometry of ions produced in soft ionization sources (ESI, MALDI), it is
assumed that minimal fragmentation occurs upon formation and detection of precursors.
However, in some sources in-source fragmentation can occur prior to fragmentation via
tandem MS.2 The most common form of such fragmentation events leads to loss of neutral
species, with the resulting ions of reduced mass being referred to as neutral loss products.® As
the likelihood of these events and the expected mass losses is dependent on what functional
groups are present in an ion,® neutral losses can be predicted and incorporated into MS
screening libraries. Sidechain-specific neutral losses can be specified for each monomer
(Figure 6).
"LOSS_PRODUCTS": {

" : ["H20"],
: ["H20"],
: ["H20"],
: ["H20"],

: ["NH3", "H20"],
: ["NH3"],
: ["NH3"],

: ["NH3"]

© "= =Z9m-—unl



12

Figure 6: Example Neutral Losses for Monomer Side Chains. Lists of potential neutral losses
are specified for each monomer.

3.3 MS" Fragmentation Properties

MS ionization properties are often sufficient for compositional characterization of
oligomers.* However, as isomeric sequences will usually share a common precursor m/z, this
is insufficient for identifying which isomeric sequences are present in the analyte. In many
cases, isomeric precursors can be identified via distinct MS?™ fragments. To screen for such
fragments, potential fragmentation pathways for a polymer class must be well defined.
Polymer fragmentation events generally fall into one of two categories: backbone
fragmentation and sidechain fragmentation.®

3.3.1 Backbone Fragmentation Pathways

Fragmentation along the polymer backbone is usually most informative for sequencing.
Therefore, many fragmentation pathways can be represented by fragment series which are
indexed along the backbone. For asymmetric polymer classes, each fragment series is
indexed from a specific “home” terminus. In some cases, the relative positions of where the
fragment series initiates and terminates must also be specified, as many backbone
fragmentation events will only occur as internal cleavages under specific conditions, rather

than running the full length of the backbone.

In addition, the shift in mass (not shift in m/z) of fragments (relative to the intact sequence
equivalent) must be specified for each fragment series. This should include any neutral
species lost in the fragmentation event, as well as any intrinsic ions or adducts. It is important
to note that intrinsic ions and adducts, where applicable, must also be specified separately for
a fragment series. These will usually differ depending on precursor charge. Examples of two
configuration file entries for peptidic fragment series are shown for b fragments (Figure 7)

and y fragments (Figure 9).
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"b": {
"terminus": 0,
"mass_diff": {
"pos": "-OH",
"neg": null

¥

"fragmentation_unit": {
"pos": "ELONGATION_UNIT",
"neg": "ELONGATION_UNIT"

}J
"start": 0,
"end": 1,
"intrinsic_charge": {
"pos": 1,
"neg": null

}

Figure 7: Peptide b fragment configuration

3.3.2 Sidechain Fragmentation Pathways

Many polymer classes also have side chain structures which are prone to fragmentation (e.g.
peptides and proteins). In addition to side chain-specific neutral losses, many monomer side
chains have unique signature ions.® The favourability of the fragmentation pathways that
produce these signature ions can vary dramatically between both polymer classes and
individual monomers within the same polymer class, meaning some signatures are much
more likely to appear with high abundance than others. Monomers with predominant side
chain signatures can added to a list of “dominant” signatures, the presence of which can then

be used to validate — or refute — sequencing and compositional assignments (Figure 8).
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"Im": [

', 120.0813], ["D",88.0399], ["E",102.0555],

', 86.0969], ["L", 86.0969], ["H", 110.0718],

', 76.0221, 133.0436, 134.0276, 147.0772], ["K", 101.1079],
60.0449], ["Y", 136.0762], ["V", 72.08133],

', 74.06059], ["A", 44.05003], ["M", 104.0534, 120.0483],
', 101.0715], ["P", 70.06568], ["N", 87.05584, 70.02864]

rsTrTreLrmsmmremeeseere
O 4 wnAakH T
A

1,
"dominant": [IILII, llIll, IIFII’ IIPII’ IIHII) IIY"]
}

Figure 8: Example Signature lons.

3.3.3 Exceptions to Standard Fragmentation Rules: Mixed Backbones

The backbone fragmentation events described above depend on the type of backbone linkage
being fragmented. For polymer classes with mixed backbone linkages this can naturally lead
to some properties of a backbone fragment series varying at specific indices, depending on
the type of bond present at that index. This must be accounted for when constructing a
configuration file for mixed backbone polymer classes. In cases where the backbone linkages
vary in a consistent and repeating pattern (e.g. every 2" backbone link is of a different type)
this can be accounted for by updating the fragmentation unit of individual series. However,
for random copolymers with unpredictable linkage positions, exceptions must be hard coded
into the fragment series configuration. It is important when constructing exception properties
for fragment series that specified monomer functional groups are correct in the configuration
file. This is because Oligomersoup uses monomer functional groups to work out which bonds

are relevant for fragmentation exceptions.

Oligomersoup can apply exceptions to fragmentation mass difference, intrinsic adducts and
intrinsic ions. This will depend on whether the final monomer in the fragment is linked by a
specific functional group (e.g. ester linkages for depsipeptides). The range of indices at which
the exceptions apply must also be specified, as these may not be relevant for the whole length
of the fragmenting backbone. An example of a fragment series with exceptions is the peptidic
y fragment, which fragments differently at ester linkages caused by the presence of hydroxy

acid (“hydroxyA”) functional groups (Figure 9, Figure 10).
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"terminus": -1,

"mass_diff": {
"pos": "H",
"neg": "-H"

}J

"fragmentation_unit": {
"pos": "ELONGATION_UNIT",
"neg": "ELONGATION_ UNIT"

¥
"start": 1,
"end": 0,
"intrinsic_adducts": {
"pos": "H",
"neg": "-H"
¥

"exceptions": {
"mass_diff": {

"pos": {
-1 {
"hydroxyA": {
"mass_diff value": 26.98709,
"start": O,
"end": 1
}
}
}
¥
"intrinsic_ions": {
"pos": {
-1 {

"hydroxyA": {
"intrinsic_adduct": null,
"intrinsic_charge": 1,
"start": 0,

"end": 1

}

}
}
}

Figure 9: Peptide y fragment configuration.



16

_.y3 .yl
_ | -
R, O/ R, O/ R;s
0 | 0 H
w0 N Y
O Ry |'' O Ry o}

Figure 10: MS2 Fragment of an Example Cationic Depsipeptide. Backbone linkages are
shown in blue (amide) and red (ester). Due to the exception applied for fragmentation of ester
bonds for y-fragments, only y fragments that result from fragmentation of an amide (y1 and
y3) are produced. No exceptions apply to b fragments for ester fragmentation.

3.4 Covalent Modifications

Covalent modifications, such as end-groups and side chain attachments can be screened using
Oligomersoup. As these modifications can potentially affect MS ionization and MS?"
fragmentation, they must be added to the polymer class configuration file. Each configuration
file is denoted a three-letter code, with termini and side chains it can target specified (Figure
11).

"0le": {

"mass": 282.25589,

"termini": [0],

"side chains_attachments": ["K", "R"],

"free_mod_fragments": {
"pos": [265.2532],
"neg": [281.2181]

s

"mass_diff": {
"ms1": "H20",
"ms2": "H20"

s

"universal ms2_ shift": false

}

Figure 12: Example Covalent Modification for Oleic Acid (“Ole”).



17

4. Instrument Configuration Files

Polymer-specific configuration files define the full scope of possible ionization and / or
fragmentation pathways for sequences of a specific polymer class. However, the relative
predominance of these pathways will usually depend on the capabilities and operating mode
of the mass spectrometer, as well as other experiment-specific constraints (see section

Running Oligomersoup: Input Parameters).

Oligomersoup therefore enables pre-configuration files for specific instruments. Default
values for silico, extractor and postprocess parameters can be set for specific instruments and
also instrument-polymer combinations. An example of instrument-specific configuration file
is shown in Figure 12 for the Orbitrap Lumos Tribrid used in our group. Non-polymer
specific parameters such ass error, intensity thresholds and fragmentation modes can be set,
as well as polymer-specific parameters which govern default values for certain inputs when
this instrument is used in conjunction with products of a specific polymer class (in this case
depsipeptides).
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{
"error": 5,
"error_units": "ppm",
"rt_units": "min",
"min_ms1l max_intensity": 1le5,
"min_ms2_max_intensity": 1le3,
"pre_screen_filters": {
"min_ms1l max_intensity": 1le5,
"min_ms2_max_intensity": null
s
"dominant_signature_cap": 80,
"subsequence_weight": [0],
"fragmentation": {
"ms1": "neutral",
"ms2": ["HCD", "neutral"],
"msn": ["HCD", "neutral"]
s
"polymer_classes”: {
"depsipeptide™: {
"silico ms1": {
"min_z": 1,
"max_z": null,
"max_neutral_losses": null
¥
"silico ms2": {
"min_z": 1,
"max_z": 1,
"max_neutral losses": null,
"fragment_series": ["b", "y", "a"],
"signatures”: ["Im"]
s
"extractors": {
"min_ms2 peak_ abundance": 100
¥
"postprocess": {
"optional core_fragments": ["bl"],
"core_linear_series": ["b", "y"],
"dominant_signature_cap": 70
¥
}
¥
¥

Figure 12: Instrument Configuration File for Orbitrap Lumos Tribrid Mass Spectrometer.
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5. Running Oligomersoup: Input Parameters

There is a total of 47 unique parameters that can be passed in to Oligomersoup to execute a

sequencing workflow. These parameters can be broken down into four categories:
1. Core parameters
2. Silico parameters
3. Extractor parameters
4. Postprocessing parameters

In each Oligomersoup run, an input parameters JSON and MS/MS data files in mzmlripper
format must be passed in to execute. The input parameters (experiment run file) then calls on

pre-configured instrument- and polymer-specific configuration files to execute a sequencing

workflow.
OLIG Config Mass Spec Config
Libraries: Fragmentation: Performance:
- Monomers - MS levels - Resolution
- Monomer cross-reactivity - Fragmentation modes - Sensitivity
- Covalent modfications (e.g. CID, HCD, ETD)
Pre-Configured Files - Pol ) i tibilit
Fragmentation Pathways: PRSI S SO S
- Neutral loss
- Signature and satellite ions Chromatography Config
- Linear fragmentation series - Retention time range - Peak separation
- Instrument-specific compatibility | - Polymer-specific compatibility
Experimental Run File MS/MS Data
Chemical Constraints: Instruments:
- Polymer class - Mass spec used HL
User Inpllt Files - Salts present = Ch_rgmatography used I “ | {10} | ” Il | “ |

- Constituent monomers
- Expected length distribution
- Modifying groups present

IML

Figure 13: Oligomersoup Input files.

5.1 Core Parameters
The six core parameters are required in every sequencing run. They define essential

properties used by all Oligomersoup modules:
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“mode”: defines overall charge of ions in data. Either “pos” or “neg” for positive and

negative mode, respectively.

“monomers”: list of monomer codes, detailing which constituent monomers (or

suspected monomers) are present in products.

“polymer_class”: defines the type of polymer class to which oligomeric products

belong.

“instrument”: specifies the mass spectrometer used to obtain data. This is essential for
retrieving instrument-specific default values for products of the chosen polymer class.

If this is not defined, all parameters must be explicitly stated.

“chromatography”: specifies pre-chromatographic separation method used in

experiment.

“screening_method”: this determines which sequencing workflow will be executed by

Oligomersoup.

5.2 Silico Parameters

Silico parameters are used by the silico module to build theoretical MS1 precursor and MS2

product ion libraries. There are three kinds of silico parameter: general, msl and ms2, which

relate to general, ms1- and ms2-specific silico operations respectively.

General silico parameters:

1.

2.

“max_length”: determines maximum length (in monomer units) of potential

sequences.

“min_length”: determines minimum length (in monomer units) of potential sequences.
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“isomeric_targets”: specifies list of target sequences. If a value for this parameter is
supplied, only sequences isomeric to one or more targets will be screened for in

sequencing workflows.

“modifications”: specifies any covalent modifications that may target specific termini

and / or sidechains.

MS1 silico parameters:

1.

“adducts”: specifies which extrinsic ions (e.g. H", Na") may be present in analytes.
“min_z”: specifies minimum charge for MS1 precursors.
“max_z": specifies maximum charge for MS1 precursors.

“max_neutral_losses”: specifies maximum number of sidechain-specific MS1 neutral

loss fragmentation events per sequence.

“universal_sidechain_modifications”: specifies whether, in the presence of covalent
modifications (specified by “modifications” parameter in general silico parameters)

all sidechain targets are universally modified by one or more modifying group.

“universal_terminal_modifications”: specifies whether, in the presence of covalent

modifications, all terminal targets are modified by one or more modifying group.

MS?2 silico parameters:

1.

“fragment_series”: specifies which linear fragment series to include in theoretical

MS2 product ion libraries.

“adducts”: specifies extrinsic ions expected to be associated with product ions

(defaults to silico.msl.adducts if not specified).

“max_neutral_losses”: specifies maximum number of sidechain-specific MS2 neutral

loss fragmentation events per sequence.

“signatures”: specifies which signature ion types may be present in MS2 product ion

spectra (e.g. immonium ions for amine-containing fragments in HCD).

“min_z”: specifies minimum charge of MS2 product ions.
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“max_z": specifies maximum charge of MS2 product ions.

5.3 Extractor Parameters

Extractor parameters are used by the extractors module to filter and screen data for MS1

precursor and MS2-product ion associations. Extractor parameters:

10.

“error”: specifies error threshold for matching theoretical m/z values to observed data.

This can be supplied in relative units of parts per million (ppm) or absolute mass units
().
“error_units”: specifies the units for error thresholding (“ppm” or “u” for relative and

absolute error, respectively).

“min_rt”: minimum retention time (in minutes) for peaks associated with target

sequences.

“max_rt”: maximum retention time (in minutes) for peaks associated with target

sequences.

“rt_units”: specifies retention time units in raw mzML file. This is vendor-specific

and should be set in instrument configuration files.

“min_ms2_peak _abundance”: specifies the minimum relative intensity of the most

intense peak associated with the target sequence in MS2 spectra.

“min_msl_total_intensity”: specifies minimum total MS1 ion current associated with

a target sequence’s precursors.

“min_ms2_total_intensity”: specifies minimum total MS2 ion current associated with

a target sequence’s MS2 product ions

“min_ms1l_max_intensity”: specifies minimum peak of intensity for a sequence’s

MS1 precursor ions.

“min_ms2_max_intensity”: specifies minimum peak of intensity for a sequence’s

MS2 product ions.
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11. “pre_screen_filters”: specifies any criteria that spectra must meet to be considered for
screening:

a. “min_msl_max_intensity”: specifies minimum absolute intensity of MS1

spectra.

b. “min_ms2_max_intensity”: specifies minimum absolute or relative intensity
of MS2 spectra.

c. “min_msl_total_intensity”: specifies minimum total ion current for individual

MS1 spectra.

d. “min_ms2_total_intensity”: specifies minimum total ion current for individual

MS2 spectra.
e. “min_rt”: specifies minimum retention time for valid MS1 and MS2 spectra.
f.  “max_rt”: specifies maximum retention time for valid MS1 and MS2 spectra.

g. “precursors”: specifies specific precursor m/z values. If specified, MS2 spectra

will be filtered for one more target precursors before screening.

5.4 Postprocessing Parameters

Postprocessing parameters are used by the postprocessing module to carry out final data
manipulation and assign confidence values to confirmed sequences. Postprocessing

parameters:

1. “exclude_fragments™: list of specific fragment ids to exclude from confidence

calculations under all circumstances.

2. “optional_core_fragments”: list of specific fragment ids to exclude from confidence

calculations if they have not been confirmed for target sequences.

3. “dominant_signature_cap”: upper limit on confidence assignments for sequences with
one or more dominant signature ion missing from observed data (e.g. aromatic

immonium ions).

4. “essential_fragments”: list of specific fragment ids that must be confirmed for target

sequences.
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5. “subsequence_weight”: weighing factor (S) to assign to mean continuous fragment

coverage.

6. “core_linear_series”: list of fragment series types to use in confidence calculations.

An equal weighting will be applied to all core series.
7. “rt_bin”: specifies minimum gap between peaks (in minutes) for MS1 EICs.

8. “ms2_rt_bin”: specifies binning region for MS2 spectra relative to associated MS1

precursor peak(s).

9. “spectral_assignment_plots”: specifies whether to output annotated spectra for

individual sequencing hits.

10. “min_plot_confidence”: specifies minimum confidence score for sequence hits to be

plotted.

6. Linear Peptide Standards

To test the ability of Oligomersoup to distinguish between isomeric sequences, pure peptide
standards of various lengths were synthesised using an automated peptide synthesiser. Six
standards were chosen: ASGNQ, FSGNQ, GSGNQ, ASGNQSGV, FSGNQVGS, and
GSGNQVGS. These sequences were selected due to the presence of loss product-prone
sidechains and prominent signature ions. A blind sequencing run was performed in which
both the minimum and maximum sequence length was set to the length of the standard
sequence and no limit was placed on the number of possible neutral loss products.
Confidence assignments were calculated at a range of subsequence weights (S = 0, 0.25, 0.5,
0.75, 1). The mean confidence assignment for the target sequence was inversely proportional

to S for all six standards (Figure 11).
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Figure 14: Effect of Subsequence Weighting on Target Sequence Confidence Assignment.
Data show mean of 5 replicates + 1 S.D.

For all the standards tested, false assignments were made for both isomeric and non-isomeric
sequences. Whilst in some cases, the number of false assignments was numerically large,
these false assignments represented a tiny proportion of the possible sequence space. For
example, Oligomersoup identified 184 isomeric sequences and around 795 non-isomeric
sequences for the linear standard GSGNQVGS (subsequence weight = 0.5) but the number of
possible isobaric and non-isobaric sequences was 10, 080 (1.83 %) and 1.67 x 10° (0.05 %)
respectively. This demonstrated the ability of Oligomersoup to successfully identify specific

sequences from large product pools.
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Figure 15: Effect of Subsequence Weighting Factor (S) on Confidence Assignment of Linear
Standards. The percentage potential isomeric and non-isomeric sequences confirmed with a
confidence greater than or equal to the target sequence as a function of S in a blind

sequencing run. Data represent mean of 5 replicates + 1 S.D.

7.Limitations and Edge Cases

7.1 Head-to-Tail Cyclized Sequences

Having demonstrated the capabilities of Oligomersoup for de novo sequencing of linear

oligomers, attempts were made towards characterisation and sequencing of branched and

cyclic sequences. Previous attempts at identifying cyclic depsipeptide oligomers in mixtures
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have relied heavily on pre-measurement separation via ion mobility.”. However, cyclic

sequences have potential signatures in standard ESI-MS and CID.®

For any given cyclic sequence, assuming little or no in-source fragmentation, the precursor
mass is expected to be equivalent to the full linear equivalent mass with an additional
mass_diff subtracted (an extra condensation in the case of peptides, depsipeptides and other
condensation polymer classes). Discounting internal cleavage events, our rationale for
assigning potentially cyclic sequences relies on the principal of reading frame shifts. As there
is no way to predict the position of ring opening, a linear fragment series can begin from any
point in the cyclic sequence. Therefore, in our workflow, in the assignment of potentially
cyclic fragments, a series of reading frame shifts are carried out when fragmenting the
proposed cyclic precursor. A reading frame is defined as the equivalent linear sequence of a
cyclic target, starting from a particular point in the cyclic sequence. To carry out a reading
frame shift, the final monomer of a sequence is ‘shifted’ to the first index of the sequence,
creating a new reading frame. Each reading frame has a linear sequence equivalent, with
unique fragments assigned in a previous step in the workflow. If the reading frame shift has
any unique fragments, these are assigned as ‘shifted” or cyclic fragments, with annotation
defined by the number of reading frame shifts from the starting sequence. For example, if the
y3 fragment of the first reading frame shift is unique to that shifted sequence, the cyclic or
‘shifted” fragment is assigned to a cyclic precursor in the following notation: ‘y3-1’. This
process is illustrated with an example proposed cyclic peptide sequence in Figure 29, with

cyclic fragments for this sequence given in Table 3.
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Linear Sequence Cyclic Sequence

(VVVG) reading frame 0: {VVVG}
- H,0
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for x in range(0, len(sequence)): reading frame 1: {GVVV}

sequence = sequence[-1] + sequence[0:-1]
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di f = 1 < N N +H
reading_frame = X + H/\er” I /\il}“
reading frame 2:{VGVV} reading frame 3: {VVGV}
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Figure 16: Cyclic Sequence and Corresponding Reading Frame Shifts. Target cyclic sequence
has 4 unique reading frames. Each reading frame shift is carried out by shifting the final

monomer of a sequence to the first monomer.

Table 3: Unique Reading Frame Shift Fragments for Proposed Cyclic Sequence {VVVG}.

Shifted Structure
Fragment

0
bl-1 N o

5 © y 0
y3-1 HN N N OH
H o

To test this reading frame shift method for identification of cyclic sequences, a standard of

the linear depsipeptide valinomycin was used in a blind sequencing run. An in silico library

containing valinomycin and all of its 18,400 isomeric sequences was screened in a blind run.
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Of four unique valinomycin reading frames, none had any fragments that were unique to all
sequences within that frame (Figure 30). Therefore, the requirement of a shifted fragments to
be unique to a particular reading frame was relaxed, and instead all reading frame shifts were
permissible provided that one or more shifted fragment is not found in the equivalent linear
sequence. In a blind run screening all 18,400 valinomycin isomers and 18,400 linear
equivalents, no positive hits were found for linear sequences and only 93 were found amongst
the cyclic isomers, including that target valinomycin. Thus, it was established that
Oligomersoup has some ability to distinguish between linear and cyclic depsipeptide

sequences.

However, further investigation will be required to determine whether the reading frame shift
method is suitable for identification of cyclic sequences for other polymer classes. The goal
of Oligomersoup is to provide a near-universal sequencing tool for linear oligomers, with the
only requirement being products that can ionize under a soft ionization source (e.g. ESI or
MALDI) and be induced to fragment under MS/MS. Therefore, we have opted not to include
the reading frame shift in any of the available Oligomersoup sequencing workflows until it

has been demonstrated to work for other polymer classes.
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Figure 17: In Silico Fragmentation of Cyclic Depsipeptide Valinomycin. Sequence is split

into 4 unique reading frames, each of which is made up of a repeating tetramer sub-sequence.

As mentioned previously, the reading frame shift method for assigning cyclic sequences
relies partly on an extra precursor mass_diff relative to the intact linear equivalent sequence.
For diverse oligomers with a range of sidechain functionalities (such as peptides), in-source
neutral loss fragmentation events can have the same effect. In the case of depsipeptides,
residues with a hydroxyl sidechain (S, T, D, E) can undergo a water loss, equivalent to an

extra mass_diff for condensation polymers such as depsipeptides. For monomers with amine
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and / or carboxylate sidechain functional groups, the potential for forming extra links provide
an additional source of loss products as well as alternative, branching backbone architectures

that may be falsely assigned as cyclic.

As can be seen in Figure 31, additional neutral losses (which may be a result of head-to-tail
cyclization, head-to-sidechain cyclization, sidechain branching or in-source fragmentation)
were observed for products of unconstrained oligomerization of amino acids with hydroxyl,

carboxylate and amine sidechains (Figure 31).
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Figure 18: MS1 Intensity Distribution of Dehydrated Peptides. Products of D, H and S
polymerisation were screened for multiply dehydrated products at MS1. Data represent mean

of 3 measurements +1 S.D.

In-source neutral loss fragmentation can be minimised in ESI sources by careful adjustment
of acceleration voltages.? However, even if in-source neutral losses could be disregarded as a
source of extra mass_diffs, sidechain branching sequences may still be falsely assigned as

cyclic. This is demonstrated by one proposed cyclic sequence identified by Oligomersoup,
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the tetrameric peptide DDHD (Figure 32). Extra mass_diffs were observed for this sequence
in both MS1 precursors (Figure 33) and MS2 product ions (Figure 34). Only one shifted
fragment (“y1-1"") was proposed for this sequence in the in silico library. However, for every
proposed fragment that could match the cyclic sequence undergoing reading frame shift, an
equivalent isomeric fragment of a singly branched species could match the MS2 spectra

equally well (Figure 4, Table 4).
DDHD

Branched Cyclic

HoOC COOH
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H

Figure 19: Precursor lons for Branched and Cyclic DDH. Histidine residue, which is linked to

the D2 residue by a p-peptide bond in the branched sequence, is marked in red.
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Figure 20: Intensity Distribution of DDHD MS1 Precursors. (a) Extracted lon
Chromatograms (EICs) of DDHD MS1 ions with 0, 1, 2 and 3 dehydrations relative to the
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standard linear (M+H)* ion; (b) maximum intensity of each ion. Data in b represent mean of
3 measurements + 1 S.D. EIC error tolerance was set to an absolute value of 0.01 from target

m/z.
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Precursor: DDHD (M-2H,0+H)*
m/z = 465.1421

350.1125
5 b3 - H,0 465.1421
) 4 304.1068 y4-H20
_‘? (:)O_ 419.1367
N * ]
c 2 3
QL c 110.0717 o
c g 2 1 ImH 4481162
- O 253.0984
~— 1 1 156.0758 209.1054 y2 - H20 287.0810 3330887 3638-1:407
122.0743 V1 -1- H2 0 190.0665 2350832 3150765 ys-H; 392.1256
136.0505 I 2667757 l 384.0999
01~ Lo b Ao L — T Il PRV (SN TR RPN | T T (1 emi
100 150 200 250 300 350 400 450

m/z

Figure 21: MS2 Spectrum of DDHD Precursor. Precursor = DDHD (M-2H0+H)* where M = neutral mass of standard, linear sequence.

Relative abundance for confirmed fragments: y4 (100%), b3 (95.21%), ImH (30.12%), y2 (12.87%), y3 (4.37%), y1-1 (3.88%). ‘ImH’ = H
immonium fragment.
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Table 4: Isomeric MS2 Fragments for Cyclic and Branched DDHD Generated from
Precursors in Figure 31.

Fragment Branched Equivalent Linear / Cyclic Equivalent
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7.2 Sidechain Crosslinked Sequences

In addition to branched and head-to-tail cyclized sequences, characterisation of sidechain-
crosslinked peptide sequences has been attempted by Oligomersoup. Like standard linear
oligomers, the goal here is to propose a set of generalizable parameters sufficient to define
crosslinks that are agnostic with regard to polymer class. This is straightforward for MS1

precursor ions: any sidechain-sidechain crosslinked can be defined by the following:

1. Target monomers for crosslinking

N

Crosslinking mass_diff
3. Disruption of neutral losses by crosslinking
4. Disruption of sidechain-specific ionization by crosslinking

These four parameters are all that is required to generate and screen for MS1 compositional
libraries. This was attempted for disulfide-containing peptide sequences produced via
unconstrained oligomerisation of cysteine with other amino acids. The characteristic -2H
crosslinking mass_diff (Figure 21) was used to identify crosslinked precursors under a variety
of conditions (Figure 22).

SH ° SH 9H s—os
® H 0 ® H 0

H,N N :: > H,N N
o R 1 oH o R N oH

Figure 22: IntraPeptide Disulfide MS1. Mass shift upon formation of disulfide = - 2H (2 x
1.0078 u).
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Figure 23: Disulfide Bond Screening at MS1 for Reactions of C + H + L at pH 2.5, 130°C. in

the Presence and Absence of Zinc Acetate. Data represent mean of 3 measurements = 1 S.D.

Under some circumstances, disulphide peptides can fragment at the disulphide bond to
produce a signature hydroxyalanine and disulfohydryl fragment (Figure 23). However, the
fragmentation methods required to produce such a fragmentation event are not amenable to
the standard, linear fragmentation pathways that Oligomersoup relies on for sequencing.® To
date, all Oligomersoup sequencing workflows have treated individual data sets in isolation,
with no option to compare between treatment groups that is found in most proteomics
software packages.® However, in future versions of Oligomersoup, comparative workflows
will be available to aid in the identification of non-standard sequences (e.g. comparison of the

same products fragmented via HCD and ETD to produce complimentary data sets).
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Disulfide Peptide
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Figure 24: Fragmentation of IntraPeptide Disulfide Bonds. Fragmentation of the S-S bond in

the disulfide-containing peptide precursor ion results in hydroalanine (red) and disulfohydryl
(blue) fragments). Standard fragmentation of the backbone to produce y- and b- linear

fragment series then takes place.

The sequence string conventions currently being used by Oligomersoup for crosslinked and

covalently modified sequences is shown in Figure 24 with an example depsipeptide sequence.
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Figure 25: Sequence String Annotation. Side chain modifications are denoted by regular
brackets immediately adjacent to the modified monomer one letter code. Internal crosslink
pairs are denoted by ~[n] where n = number of crosslinking pair, starting from n = 1. Non-
side chain terminal modifications are denoted by regular square brackets [mod], where mod =
modification code. In the example above, monomer one letter codes are: S (serine), C
(cysteine), a (2-aminopimelic acid), R (arginine), A (alanine), G (glycine). Side chain and
terminal modification codes are: Trt (trityl), But (butanoic acid).
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8. Oligomersoup Package Structure

Oligomersoup utilises five modules (Figure 46):

1. silico: responsible for all operations related to building theoretical (“in silico™)

sequence libraries
2. extractors: responsible for filtering and screening MS data
3. postprocessing: responsible for final data manipulation and confidence assignments

4. utils: responsible for formatting, error-checking and storage of pre-configured files

(i.e. polymer- and instrument-specific settings)

5. workflows: responsible for combining modules 1-4 and executing full Oligomersoup

workflows

[execute py] polyTpsoup
' ' ! ' ! '

‘ tests ‘ ‘ workflows ‘ ‘ utils ‘ ‘ silico ‘ |p05tpr‘ocessing| | extractors |

Figure 26: Oligomersoup module / file structure. All Oligomersoup runs are executed from
execute.py. Five modules (workflows, utils, silico, postprocessing and extractors) are called
from execute, with an additional testing module to be used only by developers.

8.1 Silico Module

The silico module is responsible for generating all in silico sequence libraries of both MS1
precursors and MS2 product ions. There are five submodules in the silico module (Figure
48):

1. msl_silico: responsible for silico operations related to generating theoretical

precursor ions.

2. ms2_silico: responsible for silico operations related to generating theoretical MS2 /
product ions.
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3. polymer: responsible for generating Polymer objects from experimental run
parameters. This defines local scope of silico operations for MS1 ionization and MS2

product ion fragmentation.

4. silico_helpers: responsible for basic silico operations (such as sequence string

handling) that are required by all other silico modules.

5. silico_handler: responsible for high-level silico operations called directly in

sequencing workflows.

' ! ' ! /

polymer_info [msl_silico.py| |ms2_silico.py| |silico_handler.py | helpers

polymer.py | silico_helpers.py

Figure 27: Silico Module Structure.

For the silico module to generate sequence libraries, the scope of silico operations must be
narrowed from experimental run parameters to create an instance of the Polymer class. This
Polymer object then defines the specific properties required to generate all theoretical ions for

the sequences to be screened (Figure 45).

polymer_config

Polymer
Monomers Symmetry msl_silico.py
experiment Dominant Signatures Signatures —
. — |ms2_silico.py
input parameters
Mass Difference Fragmentation
Elongation Unit Chain Terminators ‘5111co_handler.py|

Figure 28: Polymer Object for Narrowing Scope of In Silico Fragmentation. Input parameters
are passed in from an experiment run file (via a Parameters object). The “polymer_class”
input in the input parameters determines which polymer-specific configuration file is used to
define the full scope of reactivity, ionization and fragmentation for sequences in in silico
libraries. Other input parameters (e.g. specific monomers used, instrumentation and matrix
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properties) are then used to build a Polymer object, which contains all relevant information
for the scope of ionization and fragmentation for sequences in the current run.

8.2 Extractors Module

The extractors module is responsible for all conversion, filtering and screening of mass

spectrometry data. There are five submodules the extractors module:

1. spectra_processing: responsible for spectral manipulation and processing independent
of any silico data for screening (e.g. dynamic exclusion of observed peaks, generation
of BPCs and TICs).

2. ripper_handler: responsible for converting mzml ripper data into RipperDict objects
that can be handled by the other extractors submodules and the postprocessing

module.

3. filters: responsible for filtering ripper data for parameters such as retention time
ranges, precursor m/z, intensity thresholds, and presence of specific target ions in

spectra.

4. data_extraction: responsible for screening ripper data, searching for theoretical MS1

precursors and MS2 product ions and matching to observed data.

5. extractor_helpers: this submodule contains basic functions that are essential to the

operation of all other extractors submodules.

¢ ¢ ] 4 )

spectra_processing.py | | ripper_handler.py | |filters.py| | data_extraction.py | helpers

[ extractor_helpers.py

Figure 29: Extractors Module Structure.
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8.3 Postprocessing Module

The postprocessing module is responsible for manipulation and final processing of extracted
data, after screening of observed data for silico sequence libraries, including assigning final
confidence values to confirmed sequences. The postprocessing module has just two

submodules (Figure 47):

1. postprocess: responsible for performing postprocessing operations on whole ripper

data sets.

2. postprocess_helpers: responsible for individual confidence calculations and plotting

of spectra.

| postprocessing |

|
' ’

| postprocess.py | | postprocess_helpers.py

Figure 30: Postprocessing Module Structure.
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8.4 Utils Module

The utils (“utilities”) module is responsible for several functions, including:

1.

Storing polymer- and instrument-specific configuration files.
Setting and handling permissible inputs and types for experimental run parameters.
Logging.

Oligomersoup custom errors.

The utils module has twelve submodules (Figure 48):

1.

instrument_standards.fragmentation_methods: defines default behaviours of polymer

classes for particular fragmentation methods (e.g. HCD, CID, ETD).

general_functions: contains very basic functions such as file handling, used

throughout all other Polynersoup modules.
logger _utils: responsible for setting up logging configuration for Oligomersoup.
errors: this submodule contains custom error classes.

type_dicts: this module contains two submodules (parameter fallbacks and
parameter_type_dicts), and is responsible for validating input parameters upon
execution of a Oligomersoup sequencing workflow. Submodules of type_dicts are
described in more detail, below.

parameter_handlers: this submodule is responsible for converting input parameters to
a Parameters object to be passed on to other modules, and for retrieving default values
for parameters, including instrument- and polymer-specific defaults. Submodules of

parameter_handlers are described in more detail, below.

global_chemical_constants: this submodule contains important chemical constants,
including common neutral species and ions. Full details of global_chemical constants

are given in more detail, below.
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8.4.1 Parameter Handlers

The utils.parameter_handlers and utils.type_dicts submodules are responsible for reading user
input parameters upon execution of Oligomersoup, retrieving any default values for
parameters not explicitly stated, and validating all input parameters (including checks for

feasibility of parameter values for instrumentation and other experimental conditions).

If an input parameter is not explicitly stated in the run file, the utils.parameter_handlers
submodule will check instrument-specific configuration file and attempt to retrieve a default
value that best matches experimental conditions. If this cannot be done, the utils.type_dicts
submodule will attempt to retrieve a last resort general default value for the parameter. If no
such value exists, a custom error will be raised and the user will need to update either the
instrument settings or explicitly state a valid value for the missing parameter. After all
parameters have been accounted for, utils.type_dicts will validate all parameters in the final

Parameters object before it is passed on to other modules for use in sequencing workflows.

Experiment Run File

Module N Parameters

Core 9

o check instrument retrieve fallback A

Silico 17 - — —=\Validate Parameters

defaults defaults

Extractors 11

Postprocessing 10

Total 47

Figure 31: Input Parameter Fallbacks and Instrument Defaults. There are 47 unique input
parameters that can be passed in from a run file to execute a Oligomersoup sequencing
workflow. Oligomersoup attempts to set values for any missing parameters by first checking
instrument-dependent default values, which depend on the model of mass spectrometer being
used as well as the chosen polymer class. If no instrument-specific default values are found,
last resort “fallback” values are retrieved. After this, all parameter values are validated and
passed on to other modules via a Parameters object.
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Figure 33: Utils Module Structure.
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9. Soup Data

Three model systems of unconstrained oligomerization reactions were used to develop and

test Oligomersoup:
1. One-pot depsipeptide oligomerization and N-terminal acylation
2. Non-acylated peptide and depsipeptide oligomerization
3. Amine-aldehyde condensation to produce polyimines

Products of model system 1 were sequenced using a Bruker Maxis Impact Il UHR-QQTOF
(Ultra-High Resolution Qg-Time-Of-Flight) mass spectrometer. Unless stated otherwise, all
mass spectrometry data for model systems 2 and 3 were acquired using a Thermo Scientific

Orbitrap Fusion Lumos Tribrid mass spectrometer.

In this section, these model systems will be described as well as how they aided in the

development and validation of Oligomersoup.

9.1 Model System 1: One-Pot Depsipeptide Oligomerization and N-Terminal
Acylation

The initial soup mixtures used to develop and test Oligomersoup were N-terminally acylated
(depsi)peptides synthesized via thermal dehydration of amino acid, hydroxy acid and fatty
acids. In each of these reactions one non-polar amino acid (valine or glycine) was reacted
with glycolic acid + one fatty acid (either oleic acid or palmitic acid) and + the polar amino
acid asparagine. Glycine and valine were chosen for their potential to form peptides in high
yield from wet-dry cycling reactions,'* while asparagine was chosen to enhance solubility of
products. Despite containing a free primary amine, carboxamide side-chains such as
asparagine are far less prone to branching via 3 and y-linkages at the side-chain than lysine
and arginine, removing the difficulty inherent in analysing mixtures of multiply branched

products.

Due to the well-documented pH-dependence of (depsi)peptide oligomerization under thermal
dehydration, reactions were carried out at a range of starting pH values. Pure peptide

oligomerization in such reactions proceeds almost exclusively at high (9.0-9.8) and low (2.5)
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pH. Elongation of depsipeptides via thermal wet-dry cycling is also highly pH-dependent,
with optimal yield occurring from a starting pH of 3.0. The low efficacy of unactivated
amino- and o-hydroxy acid polymerisation at moderate pH is unsurprising, given the
zwitterionic nature of standard amino acids under these conditions. At pH 9.0-9.8,
deprotonated amines are more nucleophilic, and thus more reactive with carbonyl groups.
Peptide elongation at extreme alkaline pH (> 10) is hindered by base-catalysed peptide
hydrolysis. Prior to work published in our group, unactivated amino acid polymerisation had
not been explored under very acidic conditions (< pH 3), likely due to the poor

nucleophilicity of protonated amines.

By carrying out thermal dehydrations at a pH range, Oligomersoup was provided with a
variety of product mixtures for testing, with stark differences expected in both yield and

diversity of products.

As outlined above, ideal pH ranges for peptide and depsipeptide polymerisation are well-
established. However, the effect of pH on a system incorporating one-pot fatty acid acylation
was unknown. Indeed, it was unknown whether acylation would occur at all without
activation of either the amino acids or fatty acids by e.g. N-carboxyanhydrides or acyl
chlorides. Thus, reactions were screened at a wide range of pH values (2.5, 3, 4, 5, 7, 9, 10) at
95 °C in open-cap, thermal dehydrations from a starting concentration of 0.1 M amino acid,
0.1 M glycolic acid and 0.1 M fatty acid. Reactions incorporating asparagine were carried out
with 0.01 M asparagine + 0.09 M valine or glycine, giving a fixed overall amino acid
concentration of 0.1 M in all reactions and a 9:1 non-polar/polar amino acid ratio in the
hetero-polymerisation reactions. Starting reagent solutions had an initial pH of approximately
3.0-3.5, depending on the amino acids used, and were adjusted accordingly via the addition of
either HsPO4 or NaOH.

9.1.1 Monomer Conversion

Due to the potential diversity of products, and the fact that Oligomersoup was still in
development with its sequencing abilities not yet established, a method for characterising

products that did not rely on sequencing was required.

Hydrophilic liquid interaction chromatography (HILIC) was used to separate individual

amino acids used in the polymerisation reactions. Consumption of each amino acid in the
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reactions was estimated by measuring the concentration of free amino acid remaining in
product mixtures. As most underivatized amino acids are not suitable for detection via UV
absorbance due to their lack of strong chromophores, charged aerosol detection (CAD) was
chosen as the detector in the quantitative HPLC used for reaction screening. Free amino acid
concentrations remaining in product mixtures were calculated by reading signal intensity of
resolved peaks (Figure 32c, d) off a standard curve (Figure 32b), with conversion calculated
from a known starting concentration. Conversion of both valine and glycine monomers was

measured across the full pH range tested.

Glycine showed high conversion across a much wider pH range compared to valine.
However, it is worth noting that unactivated glycine is notorious for forming the cyclic dimer
2,5-diketopiperazine, a thermodynamic “dead end” that may preclude further elongation
under some circumstances. Therefore, conversion of glycine monomer may not in itself be
indicative of high yield of linear (depsi)peptide products. Consequently, valine conversion

was used as the primary means of screening ideal reaction conditions (Figure 32c, d).
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Figure 33: Hydrophilic Interaction Liquid Chromatography with zic-HILIC HPLC column
and Charged Aerosol Detector of Valine Lipid-Depsipeptide Hybrid Reactions at pH Range.
A) zic-HILIC chromatograms of L-Valine standards; B) L-Valine standard curve; C)
chromatograms of reaction products with V, g and Ole; D) calculated valine monomer
conversion for reactions of V, g and Ole / Pal. Data in b and d represent 3 measurements + 1
S.D.

As can be seen from Figure 32d, maximum valine conversion occurred at low pH (2.5-3.0),
consistent with previous literature reports of depsipeptide systems. Valine conversion in the
absence of asparagine was similar in both the oleic and palmitic acid reactions, with both
exhibiting maximum conversion at pH 2.5-3.0 (Figure 32d). This is unsurprising given the
increased reactivity of glycolic acid in unactivated thermal dehydration reactions at this pH
range. Interestingly, valine conversion in the oleic acid reactions also exhibited high
conversion at pH 7-9, with values approaching those observed for the extremely efficacious

reactions at pH 2.5 and 3.0 (Figure 32d). A less dramatic increase in conversion was observed
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for the palmitic acid reactions at pH 5 (Figure 32d). As both oleic and palmitic acid have a
typical pKa of 4.9-5.1, no obvious explanation could be offered for the differences observed
in the pH dependency of these reactions. However, it is pertinent to note that the pKa of
single chain fatty acids can vary widely depending on a variety of factors, including vesicle

packing, pH of surrounding solution and presence of salts.

To confirm monomer conversion as measured via zic-HILIC HPLC, quantitative *H NMR
with an internal standard of maleic acid (Figure 33). *H NMR peaks of free valine in product
mixtures were assigned by comparison to an L-Valine standard, which was assigned via 1H
NMR, 13C DEPT-Q and 1H-13C{1H} HSQC. Free valine concentration in product mixtures
was estimated by calculating the relative integrals of valine *H peaks to *H peaks of maleic
acid at a known concentration (Figure 33). Products were re-dissolved at 2.5x initial
concentration in deuterated pH 7.4 50 mM Na2HPO4 buffer and given only minimal time (<
10 min) for dissolution at room temperature before filtration through a 0.22 um nylon
membrane. This was to ensure minimal dissolution of valine-containing peptide products,

which are less soluble in aqueous solution than the free monomer.
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Figure 34: Quantitative 1H NMR Measurement of Free Valine in V + g + Pal Reaction
Products at pH Range with Maleic Acid. Samples were run in DO with 10 mM internal
maleic acid standard, with integral of maleic acid peak (IH*) arbitrarily set to 1 for ease of
calculation. 1H NMR spectra of 10 mM maleic acid with reaction products at pH 10 (a), 9
(b), 7, (c),5(d), 4 (e), 3 (f), 2.5 (g) and 10 mM L-Valine standard (h).

As illustrated in Figure 34, conversion values obtained via HPLC and NMR were in almost
perfect agreement between analytical replicates of the same product mixtures. To assess the
reproducibility of these measurements between experiments, conversion was measured via
HPLC on a set of repeat reactions carried out on different days under otherwise identical
conditions. Conversion values between these experimental repeats were in agreement at all

pH values, with the only possible exception being pH 7 (Figure 34).
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Figure 35: Validation of Valine Conversion Measurement via 1H NMR and HPLC. Free
Valine monomer concentration was measured for two analytical replicates of the same
product mixtures via 1H NMR and HPLC (NMR: expl, HPLC: expl) and via HPLC for
experimental replicates of product mixtures produced in separate reactions (HPLC: exp2).
Data represent mean of 3 measurements + 1 S.D.

9.1.2 Product Characterisation

Having established differences in monomer conversion between conditions using two
independent, quantitative methods, a means of separation and detection of products via

MS/MS was required to provide data for testing Oligomersoup.

HPLC is an indispensable tool for separation and detailed analysis of polymer mixtures in
both biological and non-biological settings. To ensure optimal conditions for separation of
mixtures of acylated and non-acylated depsipeptides comprised of monomers with a wide
range of side-chain polarities, the AdvanceBio Peptide Plus HPLC column was chosen.
Unlike standard reverse-phase columns, this column is suitable for retention of both

hydrophobic and hydrophilic peptides, owing to its hybrid end-capped C18 stationary phase
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with a charged surface. Furthermore, separation is possible using MS-friendly additives such

as formic acid.

Having identified a suitable method for separating potential products via HPLC, remaining

product mixtures were screened using the AdvanceBio Peptide Plus HPLC column with a

CAD detector. In broad agreement with the monomer conversion results, the number of peaks

observed was highly pH-dependent, with the highest number of peaks being detected in low

pH products for the majority of reactions tested, for both valine (Figure 35) and glycine

(Figure 36a-d) reactions. An intense peak with late retention time (25-27 min) was observed

in pH 9-10 products of oleic and palmitic acid reactions, indicating formation of acylated

species (Figure 36a-d).
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Figure 36: AdvanceBioPeptide Plus HPLC-CAD of Valine Lipid-Depsipeptide Hybrid
Reactions at pH Range. Reactions products of Val, glycolic acid plus: A) Ole; B) Asn and
Ole; C) Pal; D) Asn and Pal.
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Figure 37: AdvanceBioPeptide Plus HPLC-CAD of Glycine Lipid-Depsipeptide Hybrid
Reactions at pH Range. Reactions products of Gly, glycolic acid plus: A) Ole; B) Asn and
Ole; C) Pal; D) Asn and Pal.
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9.1.2.1 Separation and Characterisation of N-Terminally Acylated Sequences

Two acylated valine dimers were identified via MS1 EICs of acylated precursors (Figure 37),
one with an N-terminal oleic acid moiety (Figure 37 a,b) and the other palmitic acid (Figure
37 c¢,d). Abundance of both species was highly pH-dependent, with intensity peaking in the
high pH reactions (pH 9 and 10 for the oleic- and palmitic acid-modified dimer, respectively).
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Figure 38: LC-MS of Acylated Valine Dimers from Reaction Products of VV + g + Ole (a, b)
and Pal (c, d). MS1 EICs and total EIC intensities are shown for oleated and palmitated
valine dimer in reaction products at pH 2.5, 3, 4, 5, 7, 9 and 10 from reagents V + g + Ole (a:
EICs, b: total intensity of Ole-VV); V + g + Pal (a: EICs, b: total intensity Pal-VV). m/z of
Ole-VV and Ole-Pal = 481.3994 and 455.3851, respectively.
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Both species were isolated and fragmented via CID in standard acquisition using DDA on the
Bruker Maxis Impact Il. The initial assumption prior to analysis was that the fatty acid
moiety would completely dissociate from the peptides, leading to standard peptide fragment
series with an additional acylium signature ion corresponding to the dissociated fatty acid
(Figure 38). However, acylated b1 fragments were observed in the CID MS? spectra of both
precursors as well as the free fatty acid acylium ions (Figure 39, Figure 40). This indicated
only partial dissociation of the acylating moieties during fragmentation via CID. This led to
the introduction of the MS2 Silico parameter “universal_ms2_shift” for covalent
modifications, a parameter which can now be set in polymer- and instrument-specific

configuration files.
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Figure 39: Standard Precursor and Free Acyl Fragment for Example N-terminally Oleated
Sequence VGSG
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Figure 40: MS2 Spectrum of Oleated Valine Dimer with Peak Assignments. Assigned MS2
fragments of Ole-VV from reaction products of V + g + N + Ole (pH 10). See Table 3 for
fragment structures

Table 3: Observed MS2 Fragments of Oleated Valine Dimer

Error
Fragment Observed m/z Theoretical m/z
(ppm)
@ OH 118.0866 118.0868 1.69
H;N
0]
H o}
@ N 217.1563 217.1553 4.60
H;N OH
o
0]
WGD 265.2524 265.2532 3.02
7 7
o)
364.3256 364.3216 10.98
p— H | ®
7 7 o
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Figure 41: MS2 Spectrum of Palmitated Valine Dimer with Peak Assignments. Assigned
MS2 fragments of Pal-VV from reaction products of V + g + N + Pal (pH 10). See Table 4
for fragment structures.

Table 4: Observed MS2 Fragments for Palmitated Valine Dimer

Fragment Observed m/z Theoretical m/z Error
(ppm)
® OH 118.0865 118.0868 2.54
H3N
(o]
H o]
® N 217.1571 217.1553 8.29
H;N OH
0]
o]
M(B 239.2364 239.2375 4.60
15
0
338.3059 338.3060 0.30
N I@
15H g

The goal of Oligomersoup is to provide a tool for de novo sequencing and characterisation of
heterogeneous mixtures of oligomers from data acquired via LCMS and LCMS/MS. To serve
as a model system for initial development of this tool, product mixtures would ideally consist

of a variety of both acylated and non-acylated species. MS1 compositional screening of non-
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acylated depsipeptides produced from reactions of V + g £ Ole confirmed presence of non-

acylated products even in the presence of oleic acid (Figure 41).
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Figure 42: Effect of Oleic Acid on Detection of Non-Acylated Depsipeptides. Measured
intensities of non-acylated products are shown for reactions of V + g (red) and V + g + Ole
(black) at pH 2.5. Data represent mean of 3 measurements + 1 S.D.
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9.1.2.2 Sequencing of Acylated and Non-Acylated Depsipeptides

A variety of sequences were identified in product mixture, with the majority confirmed with
confirmed fragment ratio > 60% for the best samples (Figure 42). Sequencing of all product
mixtures across the full range of pHs and input monomer combinations tested confirmed that
the pH-dependence of these reactions observed via HPLC was consistent with the number of

unique sequences confirmed with a confidence > 60% (Figure 43, Figure 44).
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Figure 43: Number of Confirmed Sequences as a Function of Minimum MS2 Fragment
Assignment for Products of V + g + Pal (pH 2.5).
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Figure 45: Confirmed Sequences at Confidence Threshold of 60% for Reaction products of V
+ g with: Ole (a), N + Ole (b), Pal (c), N + Pal (d) at pH Range
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Figure 45: Confirmed Sequences at Confidence Threshold of 60% for Reaction products of G
+ g with: Ole (a) N + Ole (b), Pal (c), N + Pal (d) at pH Range.

Combined EICs of all non-acylated and acylated sequences confirmed with confidence >
60% also confirmed the late retention times of acylated products (Figure 45). This further
validates assignment of these sequences as retention time on a reverse phase column is
expected to be greater for products with N-terminally linked large, hydrophobic fatty acid

moieties.
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Figure 46: Virtual Base Peak Chromatograms of Confirmed Standard and Acylated Linear

Sequences. Summed intensities of MS1 EICs of sequences confirmed at 60% confidence

from reaction products of V + g + N + Ole (pH 4) are shown for standard linear sequences

(black) and acylated sequences (blue).
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9.2 Model System 2: Non-Acylated Peptide and Depsipeptide Oligomerization

We have utilised Oligomersoup to analyse a variety of complex depsipeptide and peptide
‘soups’. In one approach using SPPS methodology, we synthesised peptide mixtures of
differing lengths. By using automated SPPS methodologies, peptide elongation was restricted
to one monomer per coupling cycle and excess reagents were washed away after each cycle.
This restricted the possible lengths of the product, ensured ensures there was a fresh supply of

reagents and controlled the combinatorial explosion.

We synthesised a series of peptide mixtures using two approaches. The first involved using a
mixture of four different resins and a mixture of the same four amino acids for each coupling
reaction. The second synthesis method used only one resin. We chose Fmoc-Phe-Wang for
this approach as Phenylalanine has a prominent and characteristic immonium ion, making it
easily identifiable. At each coupling stage, a mixture of four amino acids were used. The
amino acid present in the resin was not used in this Fmoc-protected amino acid mixture. By
only using Phenylalanine at the C-terminus, it enabled us to reduce our sequencing time as it
could be set as a ‘terminal group’. By having a residue fixed at one position in the peptide
sequence, the potential number of sequences is exponentially reduced. Following synthesis,
we used Polyersoup to investigate the changes in sequence preference with increasing length.

HGSFX is used to denote the four resin peptides, and HGSLX is used to denote the peptides
synthesised using one resin, where X represents the number of amino acid coupling reactions
performed and all other letters are one letter codes of the amino acids used in the reactions.
The products of each sequencing run were ranked by intensity (Figure 47), that is the product
with the most intense precursor peak was given the rank of 1 and sequentially lower intensity
sequences were ranked accordingly. As expected, the more coupling cycles performed, the
more sequences confirmed in the product mixture. From the ranked intensity plots we can see
that the coupling cycles on one resin were more successful than when there was four as the
products are of a more consistent length. Following investigation of the product sequence
composition, we noticed that Histidine was heavily represented in the product sequences.
This may be because Histidine, as a charged monomer, flies better in the MS and more

sequences with histidine are ionised and appear more abundant than other sequences that are



67

less histidine rich. Another trend observed is the sequential repetition of histidine monomers

in sequences.
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Figure 47: SPPS Soups Intensity Ranks Shown as a Function of Length. Sequences above
1E6 intensity. Title codes represent the four monomers present in the amino acid mix of the
coupling stage, followed by the number of coupling cycles carried out.

In different experiments, we used different combinations of three amino acids with glycolic
acid to generate depsipeptide mixtures using a single wet-dry cycle (described in Model
System 1). The amino acids were chosen based on varying functional group types and shared
commonality in biological motifs: glycine (G), cysteine (C), leucine (L), histidine (H),
phenylalanine (F) and asparagine (N). Using Oligomersoup we were able to quantify the

number of sequences present and identify starting material combinations which produced
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longer sequences (Figure 48). For example, G+C+H yielded the highest number of confirmed

sequences with a product length of up to seven observed.
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Figure 48: Sequence Length vs. Count of Confirmed Sequences in Depsipeptide Mixtures.
Error bars represent the standard deviation between experimental repeats. Minimum
confidence = 40 %, subsequence weight = 0.5.

We further analysed the product data obtained by Oligomersoup by looking at sequence
space coverage (Figure 49). As seen previously with the standard linear peptides, a large
number of confirmed sequences can represent a very small percentage of all possible
sequences. Here we quantified the total number of sequences confirmed above 40 %
confidence, compared to the number of sequences possible at each length. We observed a
trend with all samples, an increase in sequence selectivity with increased sequence length.
Using the tool in-house, we have already demonstrated Oligomersoup’s ability to be a

versatile tool for the analysis of complex mixtures.
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Figure 49: Sequence Length vs. Percentage of Chemical Space Coverage in Depsipeptide

Mixtures. Minimum confidence = 40 %, subsequence weight = 0.5.
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10. Materials and Methods

10.1 Depsipeptide Model Reactions

To produce a model system of N-terminally acylated and non-acylated (depsi)peptide

mixtures (Scheme 1), a-amino acid and a-hydroxy acid monomers were subject to thermal

dehydration using methods similar to those described previously in the literature.!t?
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Scheme 1. Acylated, Non-Acylated Peptide and Depsipeptide Products in a One-Pot
Depsipeptide Elongation and Terminal Acylation Reactions.

Depsipeptide starting mixtures were made up with 0.1 M amino acid and 0.1 M glycolic acid
(Sigma, CAS: 79-14-1) in HPLC-grade H2O and adjusted to desired pH using 2M HsPOs or
2M NaOH. Immediately prior to heating at 95 °C for 15 hours in open-cap glass vials, 10 mL
of pH-adjusted monomer stock was added to 0.33 mL oleic acid (Sigma, CAS: 112-80-1),
0.256 g palmitic acid (TCI, CAS: 112-80-1) or 0.33 mL HPLC-grade H>O for oleated,
palmitated and fatty acid-free reactions respectively. Upon dehydration after heating at 95 °C
for 15 hours, samples were redissolved in 10 mL HPLC-Grade H;O. Redissolved products
were then sonicated at 45 °C for > 15 min. After sonication, 1.2 mL aliquots were harvested
and centrifuged at 10,000 rpm for 30 min and the aqueous layer harvested. The harvested
aqueous layer was then diluted 1:10 in MS-grade H>O and filtered into a glass HPLC vial

through a 0.22 pum nylon syringe filter.



71

10.2 Polyimine Model Reactions

To produce a model system of alternating co-polymers, Schiff base polymers (polyimines)
were synthesized via uncontrolled oligomerization of diamine and dialdehyde monomers
(Table 1).

Monomer stocks were made up to 0.1 M in appropriate solvent (see ). 2 mL of each monomer
stock (one diamine and one dialdehyde per reaction) was added to a 10 mL glass vial. 6 mL
HPLC-grade MeCN was then added to the vial to give a total reaction volume of 10 mL and
starting material concentration of 0.02 M for each diamine and dialdehyde. Mixtures were
then stirred at 200 rpm and continuously heated at 70 °C for 30 min. Products were then
cooled to 4 °C prior to 50 % dilution in a 1:1 MeCN:MeOH mixture (MS-grade, + 0.01 %
formic acid). Diluted products were filtered through 0.22 uM nylon syringe membrane before

analysis via the Orbitrap Lumos Tribrid Mass Spectrometer.

Table 5: Diamine and Dialdehyde Monomers Used for Polyimine Condensation Reactions.
Solvent abbreviations are as follows: methanol (MeOH), acetonitrile (MeCN), ethanol
(EtOH). All solvents were of HPLC-grade, with the exception of EtOH, which was analytical
grade.

Monomer Solvent
ethylenediamine (e) | 1:1 MeOH:MeCN
p-phenylenediamine | 70% MeOH + 30%

(p) EtOH
p-xylyle(r)l(tidiamine Methanol
glyoxal (0) 1:1 MeOH:MeCN
phthald(iﬁ;dehyde MeOH

glutaraldehyde (t) 1:1 MeOH:MeCN
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10.3 Mass Spectrometry Data Acquisition

10.3.1 Bruker Maxis Impact Il

Unless specified otherwise, all measurements acquired via the Bruker Maxis Impact Il
Measurements were taken in positive ion mode, with the instrument calibrated to a range of
50-2000 m/z using sodium formate calibrant solution. Voltage of the capillary tip was set to
4800 V, end plate offset at -500 V, funnel 1 RF and funnel 2 RF at 400 Vpp, hexapole RF at
100 Vpp, ion energy at 5.0 eV, collision energy at 5 eV, collision cell RF at 200 Vpp, transfer
time at 100.0 ps and pre-pulse storage time at 1.0 us. MS/MS acquisition was carried out
using a data-dependent auto-selection of 20 most intense precursors per cycle (minimum

precursor intensity = 20000 counts) with a CID collision energy of 35 eV.

Unless specified otherwise, all LC-MS and ‘direct injection’ analyses with mass spectrometry
detection were conducted using a Dionex Ultimate 3000™ system. Direct injection analyses
— i.e. analyses without pre-measurement chromatographic separation — were carried out by
injecting 10 pl analyte under an isocratic flow of 0.4 ml min™ for a total acquisition time of 3
min. Unless specified otherwise, 95 % MS-grade H,O + 5 % MS-grade MeCN + 0.1 %
formic acid was used the mobile phase for all direct injection analyses. Acquisition time for
LC-MS analyses is method-specified, and unless specified otherwise is equal to the total run
time of the (U)HPLC method.

Raw Bruker ‘.baf” files were converted to mzML file format using Bruker Compass Xport
3.0.13.1 called via subprocess from Python 3.7. mzML files were converted to JSON format

using unpublished, in-house ‘mzml_ripper’ package.

10.3.2 Orbitrap Lumos Tribrid

Unless specified otherwise, all measurements acquired via the Orbitrap Lumod Tribid mass
spectrometry were carried out in positive mode using DDA to select the most intense ions for
tandem mass spectrometry via HCD. To ensure sufficient acquisition of low abundance

products, a 1 min dynamic exclusion window was applied with width of 5 ppm.
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10.4 Solid Phase Peptide Synthesis

All Fmoc-protected amino acids and Fmoc-protected Wang resins were purchased and used
without further purification from NovaBioChem and Sigma-Aldrich. All solvents and
reagents were purchased from Sigma-Aldrich. 2 mL reactor vials with frit filters were

purchased from Biotage.

Peptide synthesis was performed using the Biotage Syro Il automated peptide synthesiser
fitted with two 48 reactor blocks. Each 2 mL reactor vial (RV) was loaded with the desired
Fmoc-protected Wang resin (0.25 mmol). Each synthesis was repeated in multiple vials
across the reactor block to afford a suitable yield. The peptide synthesis proceeded in four

stages: swelling, deprotection, coupling and washing.

500 uL Ultrapure DMF was added and each RV was shaken for 1 hour at room temperature.

Following the resin swelling, the RVs were drained for 60 seconds using vacuum.

The deprotection was performed in two stages. 500 uL of piperidine solution (20 % v/v in
DMF) was added and the RV was shaken at room temperature for 3 minutes. After this first
deprotection reaction, the RV was drained and 500 uL of fresh piperidine solution was
dispensed into the RV. The second deprotection reaction lasted for 10 minutes, after which
the RV was drained. 500 pL Ultrapure DMF was added to the RV and shaken for 60 s,

followed by a 60 s drain. The RV was washed this way a further 4 times.

Double coupling was carried out for each amino acid addition. The required amino acid
solution (4.0 eq, 05 M in DMF) was dispensed into the RV followed by
hydroxybenzotriazole (HOBt, 4 eq, 0.5 M in DMF) and N,N’-diisopropylcarbodiimide (DIC,
4 eqg, 3M in DMF). The RV was shaken at room temperature for 1 hour. The reagents were
then drained and the resin was washed with Ultrapure DMF (500 pL) as previously
described. Cycles of deprotection and coupling were repeated with different amino acids until

the peptide was of desired composition.

After a final deprotection of the N-terminus amino acid, the resin-bound peptide was washed
five times with Ultrapure DMF, as previously described. Following the DMF washing, the
peptides were further washed with DCM (500 pL) for 60 s whilst shaking.

The reactor blocks were removed from the Syro Il and placed into a fumehood, all
subsequent operations were carried out manually. 2 mL of cleavage cocktail (96 %
trifluoroacetic acid, 2 % triisopropyl silane, 2% H>0) was added to each RV and left to shake
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for approximately 3 hours at room temperature. Following this, the cleaved solution was
drained into a 15 mL centrifuge tube. 10 mL of cold diethyl ether was added to the filtrate
and the solution was left to precipitate at -20°C overnight. The resulting solid was washed
under centrifugation (4.5 minutes, 4000 rpm) three times with 15 mL of cold ether. The ether
from the final wash was discarded and the remaining solid was left to dry in a desiccator for

at least 15 hours.
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