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Above-filter digestion proteomics (AFDIP) was applied to quantify
trypsin cleavage preferences in native HelLa cell lysates. Lysine sites
were cleaved faster than arginine ones, with cleavage rates modulated
by the peptide’s size and isoelectric point. These trends, absent in
denatured proteomes, highlight trypsin’s context-dependent behavior
and inform protein engineering for optimal digestibility.

Sharp and precise—trypsin’s specificity for cleaving peptide
bonds at the C-terminal of lysine (K) or arginine (R), except
when followed by proline (P) (so-called Keil rule K/R.P)
supports most mass spectrometry (MS)-based proteomics
workflows.> However, despite its widespread use, many aspects
of this enzyme’s activity demand further investigation, particu-
larly under native digestion of complex protein mixtures.
Trypsin is central to a variety of processes in human biology.*
Best known as a digestive protease, it initiates the breakdown of
dietary proteins into absorbable peptides and amino acids, while
also activating other zymogens such as chymotrypsin and proelas-
tase to amplify the proteolytic cascade. This system ensures
complete macronutrient assimilation and supports overall meta-
bolic processes.* Beyond digestion, trypsin participates in diverse
physiological processes. It contributes to blood pressure regulation
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via the kallikrein-kinin system® and has been shown to regulate
secretory functions of the pancreas, stomach and salivary glands by
activation of protease-activated receptors (PARs)—notably PAR2.%”
Trypsin-mediated PAR activation is also linked to inflammatory
and immune responses.® Furthermore, trypsin participates in the
removal of dead skin cells and promotes the growth of healthy
tissue, aiding in wound healing.” Some evidence also points
towards a potential role for trypsin in neurodegenerative brain
disorders, though this requires further research.'®"!

Numerous workflows rely on trypsin’s ability to produce
peptides with optimal mass and charge properties for high-
resolution MS, facilitating analysis.'”> This enables accurate
peptide mapping and comprehensive protein characterization,
making it useful for uncovering protein structures and
dynamics.™ It also plays a role in elucidating complex biologi-
cal processes, identifying biomarkers and facilitating the dis-
covery of novel therapeutic targets.'*

Although deep and efficient proteolysis is fundamental to
the success of MS-based proteomic analysis, achieving it is far
less trivial than it appears at first glance. Optimal pH and
temperature conditions are some of the parameters that are
crucial for maximizing trypsin’s efficiency.'® Autolysis of tryp-
sin itself may reduce its effectiveness,'® and therefore
sequence-grade trypsin is heavily modified to reduce the self-
proteolysis rate.'” It is also known that stable protein com-
plexes (e.g., ribosome) and tight folding of the native protein
structure can significantly affect the accessibility of cleavage
sites, thus affecting the rate of digestion."®'? Thus, structural
constraints apply under native conditions, yet determinants of
trypsin activity in this context are still unclear. Despite the
decades of protocol development and the use of modified
trypsin optimized for specificity and stability, some polypeptide
bonds amenable to trypsinolysis remain intact. This is why
typical proteomics data processing allows for up to two “missed
cleavages”.*°

Instances of missed cleavages and incomplete protein diges-
tion represent not only trypsin’s limitations, but also an oppor-
tunity for studying the complex interplay between protein
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Fig. 1 Above-filter digestion proteomics (AFDIP) workflow and downstream analyses. (A) Hela cell lysates are digested with trypsin above a 3 kDa
molecular weight cut-off filter over an 8 h period. Peptides are collected every hour, labeled with isobaric tandem mass tag (TMT) reagents, reduced,
alkylated, fractionated and analyzed by LC-MS/MS. Raw data is processed with MaxQuant.?! (B) Abundance profiles are used to compute the average
digestion time (T,,) for each peptide based on the center-of-gravity (CoG) of the elution curve. Peptides are categorized as fast- (T,, < 2.0 h) or slow-
cleaved (T, > 5.5 h). (C) Distribution of T,, across all identified peptides (n = 18 616), binned in 0.2 h intervals. A theoretical normal distribution (dashed
line) is overlaid centered at the observed mean (3.9 h) and scaled to observed peak frequency. (D) Spearman correlation coefficients between peptide T,
and sequence-derived properties: number of missed cleavages (missed_c), molecular weight (m_weight), grand average of hydropathy (GRAVY),
isoelectric point (pl), and aliphatic index (a_index). All correlations are statistically significant (p < 0.0001). See ESIy for full details.

conformation and post-translational modifications that seem
to modulate the enzyme’s activity.”>** For instance, the
reduction of the hydrolysis rate at the site of drug binding
can be used in chemical proteomics to identify drug targets.”*
Recently, PELSA (peptide-centric local stability assay), a new
proteolysis-based proteomics method for identifying protein
targets and binding regions of diverse ligands, has been
introduced.”® PELSA employs a large amount of trypsin
(enzyme-to-substrate ratio of 1:2, wt/wt) to generate peptides
directly from treated/untreated lysates under native conditions.
This approach allows for sensitive detection of ligand-induced
protein local stability shifts on a proteome-wide scale. At the
same time, the average degree of peptide bond cleavage in
PELSA is quite low, which is reflected in a smaller number of
quantified peptides and proteins compared to full trypsinolysis.
This also calls for better understanding of the trypsin digestion
rate and specificity.

Many proteomic studies are performed under denaturing
conditions®® which can mask how trypsin behaves toward
folded protein states. Previous work by Pan et al.,>” though
effective for comprehensive specificity profiling, overlooks the
role of native substrate conformation. Here, we address this
gap by profiling trypsin specificity under native conditions. To
study digestion kinetics without disrupting protein structure,
we employed above-filter digestion proteomics (AFDIP), a
recently developed technique that monitors digestion above a
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3 kDa molecular weight cut-off filter.”® HeLa cell lysates were
digested with trypsin and filtered hourly for 8 h. Filtered
peptides were collected, tandem mass tag (TMT)-labeled,
pooled, fractionated, and analyzed via high-resolution LC-MS/
MS (Fig. 1A). For each peptide, a center-of-gravity (CoG) value
was calculated, representing the average digestion time (Ty,)
across the time course (Fig. 1B).

We quantified 18616 unique peptides belonging to 3087
proteins. Of these, 9402 ended with K and 8724 ended with R.
The majority of peptides (~75%) were fully tryptic, while
around 25% contained one or more missed cleavages. The T,
distribution of these proteins is shown in Fig. 1C. Most pep-
tides clustered around a Ty, of 3-5 h, with extremes represent-
ing fast-cleaved and slow-cleaved peptides. Notably, the
distribution is somewhat asymmetric, with a steeper slope on
longer digestion times. This could be due to a two-phase
protein degradation process, with the native structure degrad-
ing in the first phase and denatured proteins being cleaved in
the second, faster phase. This may resemble physiological
digestion, where protease access is temporally gated by pro-
gressive unfolding.”® The presence of two modes did not
however affect significantly the results of our study.

Peptide mass positively correlated with T, (r = 0.61),
while the isoelectric point (pI) showed a negative correlation
(r = —0.55), indicating that larger, more acidic peptides
emerged later (Fig. 1D). This could be because the larger the

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Distribution of peptide physicochemical properties based on aver-
age digestion time (T,,). Peptides were classified as fast- (T, < 2.0 h, red,
n = 131) or slow-cleaved (T,, > 5.5 h, blue, n = 185). Shown are the
distributions for (A) molecular weight (m_weight, log;o-transformed),
(B) isoelectric point (pl), (C) grand average of hydropathy (GRAVY) and
(D) aliphatic index (a_index). See Fig. S1, ESI,T for additional information.

tryptic peptide, the more likely it is to accommodate negatively
charged residues, which repel trypsin, while an abundance of
positively charged residues attract trypsin, hence leading to
faster cleavage. Other peptide features, such as the grand
average of hydropathy (GRAVY) and aliphatic indices, showed
much weaker correlation with Ty, (r = 0.16 and 0.10, respec-
tively). Somewhat surprisingly, even the presence or absence of
missed cleavages did not correlate significantly with Ty,. This
observation reinforces the idea that trypsin’s access to cleavage
sites is not dictated by sequence context alone but also by
structural accessibility in folded protein states. These findings
diverge from prior studies that reported no dependence of
digestion speed on these physicochemical features.*’

Distinct physicochemical profiles were observed between fast-
(T < 2.0 h) and slow-emerging peptides (Ty,, > 5.5 h), as shown in
Fig. 2. Here, in respect to peptide mass, both groups only partially
overlap, with the majority of the distributions clearly separated
(Fig. 2A). Under native conditions, as in our study, peptide size
seems to significantly influence the peptide emergence dynamics.
Besides the already mentioned possibility of negative charge influ-
ence, larger peptides exhibit lower mobility and enhanced tendency
of interacting with other polypeptides, which may also delay their
emergence. The analysis of peptide counts varying with pI also
revealed that peptides with values around 4 were highly abundant
(Fig. 2B). The majority of these emerge later, suggesting that their
acidic nature delays cleavage. Conversely, peptides with pI > 6 tend
to emerge earlier, with broader distribution and clustering around pI
values of 6 and 10. While the reason for this pattern is not entirely
clear, it may reflect features that promote more rapid cleavage rather
than pI alone. The distribution of GRAVY values also suggests some
differentiation (Fig. 2C), with fast-cleaved peptides displaying a
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Fig. 3 Sequence motifs surrounding tryptic cleavage sites in fast-
(T < 2.0 h, left, n = 252) and slow-cleaved (T,, > 5.5 h, right, n = 354)
peptides. Sequence logos represent the normalized frequency distribution
of the amino acid residues at positions P6 to P&’ for (A) the full sequence
window, (B) windows considering only lysine (K) at P1 and (C) windows
considering only arginine (R) at P1. Normalization was performed relative
to amino acid abundances in the human proteome (see Fig. S2 and S3,
ESI$). Sequence logos were generated with WeblLogo.*°

tendency toward more hydrophilic values (more negative GRAVY
scores; average value —1.2), while slow-cleaved peptides tend to be
less hydrophilic (average value —0.5). This suggests that hydrophilic
cleavage sites, often surface-exposed in native protein structures, are
more accessible to trypsin during digestion. Conversely, hydrophobic
regions are more likely to be buried inside the protein core, requiring
structural rearrangements or partial unfolding to expose these sites
to trypsin. There is a slight preference of trypsin to release aliphatic
peptides (Fig. 2D), further supporting the enzyme’s bias toward
certain structural and compositional attributes of proteins. We
should note that in a previous report, Pan et al*” did not find any
such tendencies. This could be explained by the fact that in their
study proteins were denatured in 8 M urea before digestion, as
customary in shotgun proteomics, which apparently resulted in
uniform accessibility of trypsin to potential cleavage sites. Protein
denaturation before digestion is not an obligatory feature—for
instance, in proteomic approaches that aim at probing protein
structure, protein-protein and protein-drug interaction,*** dena-
turation is avoided. Similarly, in the context of nutritional or
gastrointestinal studies, digestion of unfolded proteins may not be
physiologically relevant.

To better understand sequence-specific cleavage patterns, we
also extracted and aligned £+ 6 residue windows surrounding
cleavage sites (Fig. 3). Fast-cleaving motifs (n = 252) were compared
to slow-cleaving ones (n = 354). Sequence logo analysis revealed that
acidic residues such as aspartate (D) and glutamate (E) were
enriched near slow cleavage sites, while hydrophobic and neutral
residues dominated fast-cleaving motifs—alanine (A) at P2, P1’ and
P2’ for instance (Fig. 3A)—suggesting that local charge density can
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modulate trypsin access or binding affinity. These observations
align with established findings on trypsin cleavage efficiency,
which show reduced cleavage efficiency when K and R residues
are surrounded by negatively charged amino acids, likely due to
unfavorable interactions at the enzyme’s active site.**” This trend
was particularly evident for K-cleavage sites (Fig. 3B), whereas
cleavages following R (Fig. 3C) showed a more variable pattern.
About 52% of all cleavages (18 288 of the total 35 206) occurred after K.
Interestingly, this frequency increased to ~61% (215 out of 354)
in the slower cleaved sequences, contrasting with prior observa-
tions in denatured systems where trypsin was shown instead
cleaving the C-terminal to R at higher rates than for K.>’

In summary, we show that under native proteome conditions,
trypsin cleaves K sites more efficiently than R, and that cleavage is
modulated by sequence-adjacent residues and global physicochem-
ical properties, influencing peptide release. These findings contrast
with previous reports limited by denaturing conditions.”” AFDIP
enabled quantification of nearly twice as many unique peptides,
revealing both sequence-specific and structural features that mod-
ulate trypsin activity. This advances our understanding of protease—
substrate interactions under native-like environments and provides a
rational basis for optimizing proteomics workflows of biological
relevance. While translation to applications in food science remains
a long-term prospect, these insights may support strategies to
improve dietary protein digestibility. In addition, reported iso-
enzyme-specific differences in trypsin activity®® further highlight
the need for follow-up studies under biologically relevant conditions.
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