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ABSTRACT: Mass spectrometry-based bottom-up proteomics is
rapidly evolving and routinely applied in large-scale biomedical
studies. Proteases are a central component of every bottom-up
proteomics experiment, digesting proteins into peptides. Trypsin
has been the most widely applied protease in proteomics due to its
characteristics. With ever-larger cohort sizes and possible future
clinical application of mass spectrometry-based proteomics, the
technical impact of trypsin becomes increasingly relevant. To
assess possible biases introduced by trypsin digestion, we evaluated
the impact of eight commercially available trypsins in a variety of
bottom-up proteomics experiments and across a range of protease
concentrations and storage times. To investigate the universal
impact of these technical attributes, we included bulk HeLa cell
lysate, human plasma, and single HEK293 cells, which were analyzed over a range of selected reaction monitoring (SRM), data-
independent acquisition (DIA), and data-dependent acquisition (DDA) instrument methods on three LC-MS instruments. The
quantification methods employed encompassed both label-free approaches and absolute quantification utilizing spike-in heavy-
labeled recombinant protein fragment standards. Based on this extensive data set, we report variations between commercial trypsins,
their source, and their concentration. Furthermore, we provide suggestions on the handling of trypsin in large-scale studies.

■ INTRODUCTION
The field of mass spectrometry (MS)-driven proteomics has had
a major impact on biomedical research. Its application in
precision medicine efforts has become more prominent in the
past years, ranging from plasma proteome analysis of liquid
biopsies to single-cell proteomics by MS (scp-MS).1,2

Increasingly larger cohorts are being analyzed and new
techniques developed and standardized, while in unison moving
the field closer toward the realms of clinical application.3−9

Especially high reproducibility and robustness are key to drive
MS forward into clinical practice and impactful biological
discoveries.
Due to their systemic representation and ease of access,

biofluid-based biopsies such as serum and plasma are attractive
samples for predictive biomarker panels that can be translated
into clinical tests. However, for global MS-driven analysis, the
complexity of the plasma proteome with its estimated 1010
dynamic range provides great challenges.10

Another technology of increasing interest within the realm of
MS is scp-MS. It has emerged as a promising novel technique,
which is moving away from being predominantly a technical
exercise to having real-life biomedical implications.11,2,12 Here,
the extremely limited input material and low abundance of
proteins in an individual cell present major technical challenges,

as summarized in refs 2, 11, 13−15. These challenges somewhat
oppose the hurdles that the technology is facing in the plasma
proteome field.
Both plasma and scp-MS have seen tremendous advances

with the application of different MS acquisition techniques,
labeling techniques, and sample preparation.8,16 When it comes
to sample preparation, the field of plasma proteomics has seen
major advancements, putting large efforts into optimizing and
standardizing preparation techniques.7,17−19 The field of single-
cell proteomics published its first joint recommendations in
early 2023.20

However, irrespective of sample type, the vast majority of
global, data-driven LC-MS proteomics relies on a bottom-up
approach, where proteases are the driving force to turn
denatured proteins into peptides. Trypsin has been used
predominantly for this task, even though other proteases have
been explored to increase proteome depth and quantifica-
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tion.21−24 Trypsin is a serine protease that is produced in the
pancreas of most vertebrates. It has a high specificity for the
cleavage C-terminal of lysine and arginine.25 Trypsin generates
peptides that are favorable for electrospray ionization (ESI) MS
approaches, combined with online C18 reverse-phase liquid
chromatography.26 Furthermore, tryptic peptides benefit from
the widely used CID and HCD fragmentation.27,28 However, as
an enzyme, trypsin is susceptible to digestion and reconstitution
conditions, which can impact enzymatic activity and digestion
efficiency.17,29−31Moreover, the choice of trypsin can impact the
identified number of peptides and the number of missed
cleavages.32,33 There have been several publications dating back
a decade comparing trypsin performance of different vendors. In
general, a variation between trypsins of different vendors has
been reported.34,35 Others also looked into the differences
between bovine and porcine trypsins.36 In the field of scp-MS, a
significant impact of the protease concentration has been shown
for two trypsins in a first publication.37

Today, there is a large variety of trypsins by different vendors
on the market that are mainly recombinantly expressed or
extracted from porcine pancreatic extracts. With an ever-
increasing number of biological samples included in clinical
cohorts, the relevance of exploring to what extent trypsin might
act as a technical variable, and as a consequence, introducing
batch effects, becomes more important. Here, the effect of
trypsin vendors or storage time on batch effects must be
addressed. This becomes even more relevant once the field
transitions into real-time clinical testing, differing vastly from a
well-planned analysis of retrospective clinical cohorts. Finally,
another relevant aspect is the impact of trypsin concentration,
especially in terms of peptide quantification and when
comparing multiple data sets.
To address the impact of trypsin regarding future clinical

applications of bottom-up proteomics, we hereby investigate to
what extent we can detect experimental variations due to trypsin
source, vendor, and storage time (Figure 1). Eight trypsins from
four vendors were assessed in HeLa bulk cell lysate, human
plasma, and single HEK293 cells. To assess the impact on
different experimental setups, we evaluated data-dependent

acquisition (DDA), data-independent acquisition (DIA), and
selected reaction monitoring (SRM) to represent all commonly
used data acquisition approaches. Furthermore, LFQ and
absolute quantification were explored by incorporating heavy-
labeled standards for the absolute quantification of 122 plasma
proteins with SRM. Combined, we aim to provide an overview
of the influence of trypsin on reproducibility and quantification
when transitioning further into the clinical application of MS-
driven proteomics.

■ EXPERIMENTAL DESIGN
This section summarizes the experimental design of this study. A
detailed ‘Materials and Methods’ section can be found in the
Supporting Information. Eight commercially available trypsins
that were regularly described in the literature were compared
within this work (Table 1). All trypsins corresponded to the
porcine trypsin sequence. Three products were extracted from
the porcine pancreas and five products were recombinantly
expressed. Trypsins were stored and reconstituted according to
vendors’ instructions, and samples were digested two weeks after
the trypsins were received. To assess storage time-related

Figure 1. Overview of the experimental setup showing all sample types, their respective LC-MS analysis methods, the specific trypsins used, trypsin
concentrations, and storage times that were investigated.

Table 1. Summary of Compared Trypsins

ID vendor product no. source

Promega 1 Promega V5111 porcine pancreatic
extracts

Promega 2 Promega V5280 porcine pancreatic
extracts

Promega 3 Promega VA9000 expressed in Pichia
pastoris

Roche 1 Roche 3708985001 expressed in Pichia
pastoris

Sigma 1 Sigma−Aldrich EMS0006 expressed in Pichia
pastoris

Sigma 2 Sigma−Aldrich EMS0007 expressed in Pichia
pastoris

Sigma 3 Sigma−Aldrich EMS0004 expressed in Pichia
pastoris

Thermo 1 Thermo Fisher
Scientific

90058 porcine pancreatic
extracts
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impacts of trypsin, “Thermo 1“ was stored lyophilized for 0, 7,
12, and 14 months prior to sample preparation at the
recommended temperature without interruption. Promega 1−
3, “Sigma 3”, and “Thermo 1” were compared for single-cell
experiments and stored at the recommended temperature for up
to ∼4 weeks before use.

Sample Preparation. Trypsin from four different vendors
was used to digest four replicates of human plasma and human
plasma spiked with 201 stable isotope-labeled protein epitope
signature tags (SIS-PrESTs, 13C and 15N labeled) at 1:50 and

1:20 enzyme to protein (E:P) ratios. SIS-PrESTs were spiked
into human plasma at approximately 1:1 level to the
corresponding endogenous protein in 1 μL of human plasma
for absolute quantification of human plasma proteins (Support-
ing Table 1). SIS-PrESTs are recombinantly expressed protein
standards that are up to 149 amino acids (AA) long.38 HeLa cell
lysate was digested in a 1:50 E:P concentration. Each replicate
contained 50 μg of protein derived from either HeLa cell lysate,
1 μL of human plasma, or 1 μL of human plasma spiked with
SIS-PrESTs.

Figure 2.HeLa cell lysate digested with eight commercially available trypsins in a 1:50 E:P ratio. (A) Mean identified number of peptides (gray) and
proteins (turquoise) out of four digestion replicates. Error bars indicate standard error (SE). No significant differences (<0.05) based onmultiple t-test
corrected for multiple testing by Bonferroni. (B) Percentage of missed cleavages in peptides identified in≥3 replicates. 0 (light gray), 1 (medium gray),
and 2 (dark gray) missed cleavages for each trypsin shown.

Figure 3.Human plasma digested with eight commercially available trypsins in a 1:20 (gray) and 1:50 (purple) E:P ratio. (A)Mean identified number
of peptides out of three digestion replicates. (B) Mean identified number of proteins out of three digestion replicates. A−B Error bars indicate SE.
Significant differences based on t-test corrected for multiple testing by Bonferroni are shown (*p < 0.05, **p < 0.01, and ***p < 0.0001). (C) Peptides
only identified by the respective trypsin (≥50% of replicates) and not present in other trypsins. (D) Percentage of missed cleavages in peptides
identified in ≥50% of replicates. 0 (light gray), 1 (medium gray), and 2 (dark gray) missed cleavages for each trypsin shown.
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Figure 4. Proteome depth and quantitative correlation of plasma samples acquired in DIA and digested with eight commercially available trypsins in a
1:20 (gray) and 1:50 (purple) E:P ratio. (A) All protein groups identified in the total data set order by median quantity from highest (left) to lowest
(right). Protein groups identified in≥2 replicates are colored gray, and protein groups not identified are colored blue. Percentage of identified protein
groups of the total number of identified protein groups in the data set shown to the right. (B) Pearson correlation between 1928 quantified peptides in
three digestion replicates of eight trypsins in two different digestion concentrations. Peptide quantities are log2-scaled.
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For the single-cell analysis, 187 single HEK293 cells were
subjected to FACS sorting, and the cell lysate was digested with
Promega 1−3, “Thermo 1”, and “Sigma 3” with 2 ng of trypsin
per cell. For the comparison of trypsin concentrations, “Promega
2” was prepared in 0.1, 0.5, 1, 2, and 4 ng per cell.

Liquid Chromatography and Mass Spectrometers.
Human plasma spiked with SIS-PrESTs was analyzed with an
SRM assay that included 122 proteins with 253 peptides. SRM
assays were run on an Ultimate 3000 nano-LC (Thermo Fisher
Scientific) with a TSQ Altis (Thermo Fisher Scientific) MS. An
Acclaim PepMap 100 trap column (75 μm × 2 cm, C18, 3 μm,
100 Å, Thermo Scientific) was used together with an analytical
PepMap RSLC C18 column (150 μm × 15 cm, 2 μm, 100 Å,
Thermo Fisher Scientific) on an EASY-Spray ion source.
HeLa cell digest was analyzed with DDA and plasma digest

with a DIAmethod. Both methods were run on a Q-Exactive HF
(Thermo Fisher Scientific) with an Ultimate 3000 nano-LC.
2 μg of the sample was injected into an Acclaim PepMap 100
trap column (75 μm × 150 mm, C18, 3 μm, 100 Å, Thermo
Scientific) and separated on a 40 min linear gradient by an
EASY-Spray HPLC column (75 μm × 250 mm, 2 μm, C18, 100
Å, Thermo Fisher Scientific).
The peptides derived from single cells were separated with the

uPAC Neo Low Load analytical column, which was connected
to the Ultimate 3000 RSLCnano system in a single-column
setup. MS spectra were obtained with our recently developed
wide window HRMS1 (WISH)−DIA method that is described
in detail here.39,40 The FAIMS Pro interface was operated at a
compensation voltage of −45 V connected to an Orbitrap
Eclipse Tribrid mass spectrometer (Thermo Fisher Scientific).

Data Processing. LC-SRM/MS raw data was analyzed in
Skyline.41 LC-DIA/MS raw files from plasma and single cells
were analyzed using DirectDIA within the Spectronaut 17
environment. LC-DDA/MS raw files were analyzed using
MaxQuant.42 Output tables were further analyzed in R.

Data Availability. DIA, SRM, and DDA raw files together
with SRM Skyline documents, spectral libraries, and standard
curves were uploaded to Panorama Public.43 Data is available
through https://panoramaweb.org/Trypsin_Comparison.url
with the Proteome-Xchange ID PXD042450.

■ RESULTS AND DISCUSSION
DDA HeLa Cell Digest. HeLa cell lysate was digested in

quadruplicate with eight commercially available trypsins at a
1:50 (E:P) ratio. No significant differences between the mean
protein or peptide levels of the eight trypsins were identified
(Figure 2A). On average, 14.4% (min 11.6% and max 20.6%)
missed cleavages were detected for all peptides with clear
statistical differences between the different trypsin manufac-
turers (Figure 2B, Supporting Table 2). While the Promega
trypsins displayed a consistent number of missed cleavages, we
could observe substantial variation between the Sigma trypsins.
The lowest number of missed cleavages was identified in
“Roche 1” (11.6%), and the highest number of missed cleavages
resulted from digestion with “Sigma 2” (20.6%). Therefore, the
identified number of peptides seems to be consistent between
the eight different trypsins. However, the nature of identified
peptides seems to vary between products, which could impact
the quantification when comparing across different trypsins.

DIA Label-Free Plasma Analysis. To further compare the
eight commercially available trypsins, we assessed their
performance in a 1:20 and 1:50 E:P ratio in human plasma in
triplicates acquired in DIA. Significant differences between the

E:P ratio could be identified for the detected number of peptides
but not proteins (Figure 3A, assessed by t-test corrected by
Bonferroni). Before applying quality control measures as
described in the methods section, we quantified 402 ± 15.4
proteins, which were filtered to 317 ± 13.5 to ensure reliable
quantitative comparison (Figure 3B). Surprisingly, significantly
more peptides were identified by all trypsins when using a higher
E:P ratio (p = 0.0104, Supporting Table 3). This difference
could also be observed at the protein level for six out of eight
trypsins. The different trypsins delivered, for most parts, a
homogeneous set of identified peptides (Figure 3C). The
number of unique peptides identified by only one protease was
below 30 except for “Sigma 2”, which displayed a surprisingly
high number of unique peptides. This could potentially be
related to the highest number of missed cleavages identified in
the DDA and DIA data sets (Figure 3D). All trypsins extracted
from the porcine pancreas displayed a lower number of unique
peptides in lower E:P ratio. In contrast, four out of five
recombinantly expressed trypsins displayed the opposite
behavior. This relationship differed from the missed cleavages,
which were substantially higher in the 1:50 than the 1:20 E:P
ratio. This comparison of eight trypsins suggested that the
peptide and protein numbers between the different proteases
show only slight variation. However, an overall trend suggested
higher proteome coverage at a 1:50 E:P ratio, which went hand
in hand with an increasing number of missed cleaved peptides
due to protease concentration (Supporting Figure 1).
To assess the quantitative impact of trypsin, we first

investigated the proteome depth that could be covered by
each protease and the percentage of the total identified plasma
proteome (361 proteins) covered by all trypsins (Figure 4A).
While trypsin at a 1:20 E:P ratio could identify a mean of 84.1±
3.6% of the overall identified proteome (361 proteins), a 1:50
E:P ratio displayed a trend toward higher proteome coverage in
six out of eight trypsins with a mean coverage of 85.7 ± 2.42%.
“Thermo 1” displayed the overall lowest proteome coverage of
76.7% identified proteome in a 1:20 E:P ratio. This was in line
with the previous results that also displayed the lowest number
of peptides and proteins for “Thermo 1”.
By Pearson correlation of 1928 peptides quantified in each

replicate of the DIA data set, we assessed the LFQ quantitative
performance of each trypsin (Figure 4B). Intrareplicate
correlations were very high, suggesting that the quantitative
impact of sample preparation was neglectable. Besides that, all
replicates showed a correlation above 0.8. However, “Sigma 2”
displayed lower correlation coefficients at the 1:50 E:P ratio
toward other proteases, which can be compensated for by a 1:20
E:P ratio. “Roche 1” and “Thermo 1” displayed a lower
correlation coefficient at a 1:20 E:P ratio, which differed from
the 1:50 E:P ratio. Therefore, the protease concentration
seemed to impact the quantitative correlation more strongly
than the choice of protease. However, unique proteases such as
“Sigma 2” displayed an overall lower agreement with other
proteases in terms of quantitative performance.

SRM SIS Protein-Based Plasma Protein Quantification.
The trypsin concentration seemed to strongly impact the
quantitative compatibility of plasma samples analyzed in LFQ
DIA data. We further validated these impacts by spiking plasma
with heavy-labeled protein standards (SIS-PrESTs) and
quantified 223 peptides of 108 plasma proteins with absolute
precision. The peptide concentration was determined in ratio to
standard. We could observe a median CV of 4.4% between
quadruplicates, suggesting high technical reproducibility. Over-
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all, a digestion with a 1:20 E:P ratio led to significantly lower
CVs (p = 0.0191) compared to a 1:50 E:P ratio (Supporting
Table 4, Figure 5A). Similar to the DIA data set, we assessed the
quantitative agreement of the different trypsins by Pearson
correlation (Figure 5B). Overall, very high agreement between
the quantified peptides could be observed. Interestingly, the

impact of trypsin concentration was reduced in comparison to
the LFQ DIA quantification. The targeted absolute quantifica-
tion assays did not seem to be as susceptible to the impact of
different trypsins and concentrations of trypsin as LFQ DIA
sample sets.

Figure 5.Quantitative variation of absolute quantified peptides based on ratio to standard to SIS-PrESTs related to commercially available trypsins and
a 1:20 (gray) and 1:50 (purple) E:P ratio. (A) CV of 223 peptides quantified in quadruplicates. (B) Pearson correlation of log2 ratio to standard
between 0.1 and 10 of 223 peptides identified in eight trypsins and two trypsin concentrations.
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Digestion of Single Cells. To assess whether trypsin is
impacting scp-MS in the samemanner as high-load samples, 187
single HEK293 cells were digested with Promega 1−3, “Sigma
3”, and “Thermo 1”.While a high degree of technical consistency
could be observed for all trypsins, we did observe differences on
the quantitative performance of the five different trypsins, with
“Promega 1”, “Promega 2”, and “Sigma 3” showing the highest
similarity (Figure 6A). The overall variation between single-cell
peptide quantities of different trypsins showed no clear
differences, with an average CV between 20.2 and 28.0%
(Figure 6B). Interestingly, the number of peptides identified in
single cells varied mildly, but significantly, between two groups
of trypsins. “Promega 1” displayed the lowest number of
peptides and “Thermo 1” displayed the highest number (Figure
6C). This trend did not correspond to the above-described
variation observed in high-load samples. As we observed a strong
impact of the trypsin concentration on quantitative compar-
isons, we assessed five trypsin concentrations to evaluate this
effect at the single-cell level. To this end, single cells were

digested with 0.1, 0.5, 1, 2, and 4 ng using only “Promega 2”.
“Promega 2” was chosen based on its widespread use in previous
literature. Increasing the protease concentration from 0.1 to
0.5 ng boosted the peptide numbers moderately, yet significantly
(p = 1.68 × 10−16) (Supporting Figure 2). However, for higher
concentrations, no clear trend toward further increased peptide
numbers could be observed. However, similar to the
observations in high-load samples, the number of missed
cleavages was reduced with increased trypsin concentration
(Figure 6D). We could observe a mean decrease of missed
cleavages of 11.3% between the highest and lowest concen-
trations. In summary, the choice of trypsin seemed to impact
scp-MS experiments differently than high-load samples.
However, we could report that both scp-MS and high-load
samples displayed lower numbers of missed cleavages with
higher trypsin concentrations.

Trypsin Source Could Be a Significant Mediator of
Trypsin Performance. In this work, we compared trypsins that
were recombinantly expressed to those extracted from porcine

Figure 6. Single HEK293 cell proteomics profiling. (A) PCA of single HEK293 cells digested with five commercially available trypsins. PCA based on
peptide level quantities of 610 peptides detected in all cells without imputation. (B) CV of 610 peptide quantities identified in all cells. (C) Mean
identified number of peptides quantified for each commercial trypsin. Each cell is highlighted individually. Error bars indicate SE. Significant
differences based on t-test corrected for multiple testing by Bonferroni are shown (*p < 0.05, **p < 0.01, and ***p < 0.0001). (D) Percentage of
missed cleavages in single cells for 0.1, 0.5, 1, 2, and 4 ng of “Promega 2”. The mean of all single cells is shown as a bar, with replicate cells shown
individually.
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pancreas as described in Table 1. To evaluate whether the source
of purified trypsin had a significant effect on its performance, we
searched the plasma samples acquired in DIA with the respective
expression source proteome as background to the human
proteome together with the AA sequence of trypsin. Overall, the
number of peptides corresponding to the trypsin source made
up 14−26 different proteins (Supporting Figure 3). In total, it
contained 32 porcine and 35 P. pastoris proteins. The number of
porcine peptides per trypsin was slightly higher than the number
of P. pastoris peptides. Furthermore, we identified between 5 and
15 trypsin-derived specific peptides that were present in both
trypsin concentrations of each vendor (Figure 7). These
peptides were derived from trypsin itself and not the source of
trypsin. The intensity of trypsin-derived peptides extracted from
porcine pancreas was overall lower than the mean human
peptide quantity of the given condition. In comparison, all
trypsins expressed in P. pastoris except “Sigma 2” displayed
higher trypsin-derived peptide intensities than the mean human
peptide quantity. “Sigma 2” showed the overall lowest trypsin-
derived peptide quantities in the whole data set. Trypsin-derived
peptide quantities did not necessarily relate to the trypsin
amount present during digestion as trypsins could differ in their
autodegradation activity. While “Sigma 2” and “Thermo 1”
displayed the overall lowest quantity of trypsin-derived peptides,
they had the highest quantitative variations and lowest number
of identified peptides and proteins in all high-load sample
matrices and acquisition techniques. Overall, recombinantly
expressed trypsins except “Sigma 2” displayed a higher quantity
of trypsin-derived peptides with lower variation than the porcine
counterpart. These findings could provide a possibility to
control trypsin-induced biases in bottom-up proteomics. The
trypsin-derived peptide quantities could be used as a measure of
digestion efficiency and confirm protease concentration.

Impact of Storage Time on Trypsin Performance.
Finally, we evaluated the impact of storage time in the
lyophilized form on “Thermo 1”, which was ordered and stored
at four time points (0, 7, 12, and 14 months) prior to
experiments. No significant differences between the identified
protein or peptide numbers could be identified when analyzing
HeLa cell digest acquired in DDA (Supporting Figure 4A).

However, it is worth noting that the number of missed cleavages
steadily increased slightly by mean 0.7% with an increased
storage time (Supporting Figure 4B). This observed increase
was, however, not as prominent as the observed variation
between different trypsins, thereby suggesting merely a minor
impact, which should be further validated. The quantitative
performance in LFQ DIA data showed no significant variation
from the mean (Supporting Figure 4C). By further looking into
single peptide variation over time, we explored the ratio-to-
standard variation of peptides in the SRM assay (Supporting
Figure 4D). 68.6% of the peptides displayed a CV below 5% over
digestion with “Thermo 1” stored over different periods of time
(Supporting Figure 4E). Only 4.9% of the peptides displayed
CVs over 10% in their ratio to standard. This indicates that the
storage time of “Thermo 1” did not seem to impact the
quantitative performance of the trypsin.

■ CONCLUSIONS
In this study, we investigated the impact of eight commercial
trypsins on commonly used bottom-up proteomics workflows
across a range of samples. Besides the trypsin itself, different
protease concentrations, sample matrices, instrument acquis-
ition techniques, and protease storage times were investigated.
The resulting data set allowed us to unravel some of the
technical implications of proteases in bottom-up proteomics
while the field is transitioning further into large-scale clinical and
biomedical research applications. In high-load samples, we
observed a low variation between the trypsins regarding the pure
number of proteins or peptides identified in each sample and in
terms of proteome depth. Differences only became apparent
when looking into the unique peptides that each protease
generates and the number of missed cleavages. From a
quantitative standpoint, the majority of the trypsins performed
similarly in each given concentration. In scp-MS, however, the
choice of trypsin seemed to display a stronger impact on the
number of peptides and their quantitative performance. On the
other hand, trypsins displayed similar technical variation
between cells, and minor cell heterogeneity was apparent
irrespective of which trypsin was used. Unexpectedly, the
concentration of trypsin had the most drastic impact on the

Figure 7. Trypsin-related contaminations and autocleavage products identified in human plasma digested with trypsin of eight commercially available
vendors and analyzed with DIA. Quantity of all tryptic peptides identified in both 1:20 (gray) and 1:50 (purple) trypsin and in ≥2 replicates. Median
peptide intensity of ≥2 replicates of each peptide. The triangle displays the mean quantity of all human peptides present in ≥2 replicates.
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quantitative and qualitative performance of trypsin across all
sample types. Higher trypsin concentrations resulted in more
comparable protein quantitation and gave rise to lower numbers
of missed cleavages. Surprisingly, however, the higher trypsin
concentration did not result in higher numbers of identified
proteins or peptides for plasma andHeLa bulk digest. In scp-MS,
however, we did observe increased numbers of peptides, which
plateaued in the higher concentrations.
Our results indicate that trypsins with higher quantitative

variation also showed the lowest quantity of trypsin-derived
peptides in the samples. As all trypsins display a rather low
number of contaminating peptides identified in plasma samples,
this does not need to be a specific criterion for trypsin selection.
However, all recombinantly expressed trypsins except “Sigma 2”
displayed higher concordance between their trypsin-derived
peptide quantities. This could suggest that recombinantly
expressed trypsins might be easier to interchange with one
another than trypsins from different sources. However, further
evidence is needed. Furthermore, we see indications that the
monitoring of trypsin peptides in data sets could provide an
opportunity to compensate for trypsin-related biases in bottom-
up proteomics.
When investigating the effects of long-term storage of a single

trypsin, we could not observe any strong storage time-related
impacts on quantitative levels. This is a first indication that long-
term trypsin storage might be a way to compensate for trypsin-
related quantitative variations in bottom-up proteomics analysis
of large cohorts. As storage time does not seem to impact the
trypsin performance to a strong degree, it might be useful to
reduce trypsin variability by preordering large batches of trypsin
produced in one batch to compensate for trypsin concentration
variation. However, to validate the relevance of these results for
specific experimental setups, these variations should be assessed
for each specific trypsin and digestion condition (including the
trypsin concentration used). It must be noted that the digestion
conditions have previously been described to have a major
impact on the protease digestion performance and the presented
findings here might not necessarily translate to other digestion
protocols.17

In summary, we compared eight commercially available
trypsins on three different biological samples that are frequently
used in biomedical research. We observed minor differences in
performance between trypsins, with the trypsin concentration
having the largest effect on the quantitative performance of
bottom-up experiments. Notably, the use of recombinant
protein standard for absolute quantification provided a way to
reduce the protease-related bias in comparison to LFQ. This
could be a key aspect to consider while the field moves further
into clinical applications. Therefore, we suggest paying special
attention to the choice of trypsin when studying large cohorts
with bottom-up proteomics and validate its reproducibility.
Certain trypsins might be interchangeable with one another,
which is an important aspect to consider when moving forward
into clinical applications. However, further studies in this regard
are needed.
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