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ABSTRACT

Introduction: LC-MS-based methods for protein quantification have a stigma of being relatively expensive and
low-throughput. This is partly due to the cost and speed of trypsin digestion, which has primarily focused on
advancements in research-based biomarker discovery applications that rely on protein/peptide identifications
rather than clinical biomarker quantification. However, there is a need for simple, fast, and reproducibly efficient
surrogate peptide recovery in clinical biomarker quantification.

Methods: Multiple methodologies were evaluated to enhance tryptic digestion for the analysis of thyroglobulin, a
prototypical serum protein biomarker. The main criteria for assessment were the yield and speed of formation of
surrogate peptides. Various factors such as different additives, types of trypsin, microwave- and pressure-assisted
systems, and enzyme concentration were considered as key variables, in addition to digestion time.

Results: It was observed that digestion additives/denaturants had a significant impact on the speed and yield of
digestion for each surrogate peptide. Increasing the concentration of trypsin alone was found to accelerate di-
gestions appreciably for most surrogate peptides, without affecting the yield. However, the use of sequencing-
grade trypsins and microwave/pressure-assisted systems did not offer significant advantages over the use of
*standard-grade’ TPCK-treated trypsin in combination with a conventional incubator, once digestion time and
additive had been optimized.

Conclusion: We have dispelled the notion that trypsin digestion is inherently slow and expensive for targeted
quantification of serum proteins. Additionally, we have established a groundwork for experimentation that can
pave the way for the creation of efficient trypsin digestion protocols, aiming to optimize yield, speed, and cost. It
is our hope that these advancements will promote the wider incorporation of such assays in clinical laboratories.

1. Introduction

as these slow and relatively expensive protocols have been adopted for
targeted protein quantification in clinical testing [8,9]. While overnight

Efficiency and, more importantly, specificity are the two aspects of
trypsin digestion that have the most impact on protein and peptide
identification in shotgun proteomics experiments. It is commonly
assumed that trypsin has high specificity in these experiments [1] and it
is a crucial factor in database search algorithms [2,3]. Consequently,
optimizing trypsin digestion specificity for shotgun proteomics involves
using small amounts of proprietary ‘sequencing grade’ trypsin with
prolonged digestion times to minimize autolysis and non-specific pro-
teolysis, which can confound protein and peptide identification [4-7].
The prevalence of such protocols has understandably given the
impression that trypsin digestion is a slow and costly process, especially

digestion may be suitable for research environments, it is not ideal in
clinical laboratories due to the resulting delay in providing test results.

However, costly, complex, and lengthy digestion protocols have
likely been perpetuated for targeted protein quantification simply out of
precedent rather than necessity. For targeted applications where the
surrogate peptide sequence is already known, the specificity of trypsin
digestion becomes less critical, and digestion efficiency (speed and
yield) becomes paramount. Few studies have shown a tangible benefit of
using proprietary enzymes or additives for targeted protein quantifica-
tion compared to conventional optimization. In contrast, some re-
searchers have recently shown that digestion can be simplified

Abbreviations: 1-PrpOH, 1-propanol; ACN, acetonitrile; AAA, amino acid analysis; DOC, deoxycholate; DTT, dithiothreitol; GnHCI, guanidine; MeOH, methanol;
NAT, natural surrogate peptide; SIL, stabile isotope-labeled peptide; TFE, trifluoroethanol; TPCK, tosyl phenylalanyl chloromethyl ketone.
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dramatically for targeted applications without novel enzyme formula-
tions or specialized equipment. Zheng and DeMarco demonstrated that
heat denaturation alone of diluted serum, followed by a 20-minute
digestion with ‘standard” TPCK-treated trypsin, was sufficient for anal-
ysis of apolipoprotein A-1, retinol-binding protein 4, transthyretin,
complement component 9 and C-reactive protein [10,11]. Similarly,
Hoofnagle and colleagues showed that diluted serum heat denatured
with trifluoroethanol (TFE) was suitable for analysis of vitamin D-
binding protein [12] and retinol binding protein [13] following diges-
tion with ‘standard’ TPCK-treated trypsin for 90 min or less.

However, the simplified digestion protocols described above have
only been applied to small volumes of highly diluted serum/plasma
(<10 pL) due to the high protein content of serum. Significant pre-
dilution of serum limits the practical specimen volume that can be
analyzed in a high-throughput (i.e., 96-well plate) format, as well as the
sensitivity of the method, which is often directly proportional to the
input specimen volume. In this study, we systematically evaluated
which additives, type of trypsin, and mode of incubation would provide
the most practical and cost-effective means to efficiently digest large
volumes of serum (>200 pL) with minimal dilution using thyroglobulin
as a prototypical serum protein biomarker [14-17]. To facilitate these
studies, thyroglobulin was spiked into serum at supraphysiological
levels to allow for analysis without further enrichment following
digestion. In all cases, digestion efficiency was measured not only in
terms of the amount of surrogate peptide yielded, but also the speed of
digestion (time required to achieve maximum yield) to enable a high-
throughput digestion protocol.

2. Materials & methods
2.1. Materials

Unless otherwise specified, all reagents, including thyroglobulin,
were purchased from MilliporeSigma (St. Louis, MO). Formic acid,
methanol, and acetonitrile were obtained from Fisher Scientific
(Hampton, NH), and the water used was Type-I (Millipore Milli-Q, >18
MQ). The sequencing grade trypsins used were Sequencing-grade
Modified Trypsin, Mass Spec-Grade Trypsin/Lys-C Mix, and Mass
Spectrometry-Grade Trypsin Gold from Promega Corporation (Madison,
WI), as well as Dimethylated Proteomics Grade Porcine Trypsin from
MilliporeSigma. Stable isotope-labeled (SIL) peptides, containing
[13C6,15N]-1eucine M, [13C6,15N]-isoleucine 1), [13C6,15N4]-arginine
(R", and/or [13C6,15N2]—1ysine (K") were purchased from Biosynth
(Gardner, MA) with > 98 % peptide purity (Table 1). The concentra-
tions of stock solutions for each SIL peptide and thyroglobulin were
confirmed by triplicate amino acid analysis (AAA) performed at Bio-
synth. The purity of the thyroglobulin standard, as verified by the
vendor (MilliporeSigma), was > 99 % by SDS-PAGE.

2.2. Human serum samples

Remnant, de-identified serum samples submitted to Labcorp for

Table 1
Surrogate Peptides.
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testing were used without informed consent, as determined suitable by
an external Institutional Review Board (WIRB®). All serum samples had
undetectable levels of thyroglobulin (<0.1 ng/mL) and thyroglobulin
autoantibodies (<1 U/mL), as measured by the Access Thyroglobulin
and Access Thyroglobulin Antibody II chemiluminescent immunoassays
(Beckman Coulter, Brea, CA).

2.3. Sample digestion

Endogenous levels of thyroglobulin (low ng/mL) require significant,
targeted enrichment of surrogate peptides to enable detection by LC-
MS/MS. Therefore, all studies conducted here used pooled human
serum spiked to 480 nmol/L thyroglobulin (~160 ug/mL — approxi-
mately 10,000-fold higher than physiologically normal levels) to allow
for the detection of the thyroglobulin surrogate peptides and optimiza-
tion of digestion conditions without further enrichment. The serum was
diluted 4-fold at the time of digestion, resulting in a theoretical
maximum concentration of 160 nmol/L for surrogate peptides in the
digested sample.

Trypsin digestions were performed in a 96-well plate by combining
200 pL of sera (containing 96 pmol thyroglobulin) with 200 uL of the
indicated denaturing solution containing 25 mM DTT. The mixture was
then incubated at 56 °C for 30 min. Subsequently, the denatured samples
were combined 1:1 (v/v) with a trypsin solution freshly prepared in 100
mM Tris-HClL, 20 mM CaCl2, pH 8.75, and the reagent/trypsin concen-
trations mentioned throughout the study refer to their respective con-
centrations during the digestion step. Unless stated otherwise, digestions
were carried out at 37 °C for the specified time period. After digestion,
the reaction was quenched by adding formic acid to a final concentration
of 1 %, followed by the addition of 7.5 pmol of each SIL peptide.

All digestions and time points were performed in triplicate, and
standard incubations were performed with a Thermomixer® C (Eppen-
dorf AG, Hauppauge, NY) at 2000 rpm, unless otherwise specified.
Microwave-assisted digestions were performed using the Rapid Enzyme
Digestion System (REDS; Hudson Surface Technology Inc.) or MARS6
system (CEM Corporation). Digestions in the REDS were carried out at
37C and 400 W, using a pre-heated water bath. Digestions performed in
the MARS6 system involved an initial temperature ramp to 35C over 20
min with a maximum power of 800 W, followed by incubation at 35C
and 400 W. Pressure-assisted digestions were performed in the Bar-
ocycler® NEP2320 (Pressure Biosciences Inc.) at 56°'C, 20 kPsi, and 120 s
cycle times (10 s on / 110 s off) in PCT MicroTubes (Pressure Bio-
sciences, Cat. No. MT-96) with 150 uL MicroCaps (Pressure Biosciences
Inc., Cat. No. MC150-96).

2.4. LC-MS/MS analysis

Each digestion was analyzed by liquid chromatography-selected re-
action monitoring (LC-SRM) using an Aria® Transcend® HPLC system
(Thermo Scientific, San Jose, CA) coupled to a SCIEX Triple Quad™
5500 mass spectrometer (Sciex, Redwood City, CA). In each run, 10 pL of
sample was injected onto a 4.6 x 100 mm Zorbax® Eclipse XDB-C18

Abbreviation Surrogate Peptide* a.a. SIL Internal Standard
LED VTWKSRLEDIPVASLPDLHDIERALVGKD 1372-1388 LEDIPVASLPDL"HDIER"
TFP LHLDSKTFPAETIRFLQGDH 1416-1423 TFPAETI'R"

VIF KVPESKVIFDANAPVAVRSKVPDS 1579-1590 VI'FDANAPVAVR"

VIL ALFRKKVILEDKVKNFYT 1955-1960 VIL"EDK"

SQA GRLLGRSQAIQVGTSWKQVDQFL 2213-2223 SQAI"QVGTSWK"

GGA SLAADRGGADVASIHLLTARATNSQL 2387-2400 GGADVASIHL'LTAR"
EFS GGENYKEFSELLPNRQGLKKA 2699-2707 EFSEL'LPNR"

FSP FYQRRRFSPDDSAGASALLRSGPYMP 1010-1023 FSPDDSAGASAL'LR"

*Bold amino acid (a.a.) residues indicate the surrogate peptide sequence being measured while the six amino acids flanking the trypsin cleavage sites are shown only

for context.
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column (Agilent Technologies, Santa Clara, CA) with an identical 4.6 x
5 mm guard column. Mobile phases A and B consisted of water and
acetonitrile, respectively, each with 0.1 % formic acid. Samples were
loaded for 30 s at 0 % B and 0.5 mL/min, after which the peptides were
eluted by ramping to 40 % B over 5 min at the same flow rate. The
column was washed with 95 % B for 3 min at 0.75 mL/min and then re-
equilibrated with 0 % B for 2 min at 0.5 mL/min prior to the next
injection.

Electrospray ionization was conducted using the Turbo source
set to 500 °C source temperature, 5500 V ESI voltage, and 70 units for
both gas 1 and gas 2. Scheduled SRM was performed using an acquisition
window of 45 s, cycle time of 500 ms, CAD setting of 7 units, and unit
resolution settings for both Q1 and Q3. Three transitions were moni-
tored for both the unlabeled/natural (NAT) and SIL peptides (Supple-
mental Material, Table S1). All peak detection and integration were
performed by uploading data into Skyline [18], and the resulting peak
area information was exported into Excel® 2010 (Microsoft, Redmond,
WA) for further analysis.

VTM

2.5. Data analysis

Given that the SIL peptides were added after digestion, the concen-
tration of each NAT surrogate peptide yielded through digestion of the
intact thyroglobulin protein can be calculated using the internal refer-
ence method [19]. This calculation can be done using the following
equation:
[NAT] _ Ayar

[SIL] — Agy

A
or[NAT] = A’W

x [SIL]
SIL

Anarand Agp, are the summed peak areas measured for matched SRM
transitions, respectively (Supplemental Material, Table S1). [NAT] is
the unknown amount of the unlabeled surrogate peptide being deter-
mined, while [SIL] is the amount of the SIL peptide added post-
digestion, which is derived from the AAA-assigned concentration of
the top-stock.

During time-course studies, the rate of peptide formation/production
and degradation was modeled using pseudo first order kinetics, as pre-
viously described [20]. This model was then used to calculate the ex-
pected digestion time and maximum amount of surrogate peptide
yielded in an unbiased manner, rather than qualitatively assessing when
the digestion was “complete”. In cases where a plateau or maximum in
peptide formation was not observed, the digestion time was reported as
“> N hrs”, where N represents the maximum time point tested.

It is important to note that all studies herein considered peptide
concentration instead of just peptide response (i.e., signal). This was
done to ensure that ionization suppression/enhancement did not affect
the ability to discern digestion recovery. Additionally, internal calibra-
tion was performed using SIL peptides, so the reported peptide con-
centration in these studies is not expected to reflect the thyroglobulin
protein concentration, unless 100 % yield of the surrogate peptide was
achieved through digestion. Therefore, all results for peptide concen-
trations are presented as the final concentration in the digested serum
sample, rather than the unprocessed serum sample. This is done to
emphasize that the primary goal of the study was to improve digestion
yield (and speed) in order to enable high sensitivity LC-MS/MS mea-
surements downstream, rather than improving the accuracy of
digestion-based protein measurements without the use of a protein
calibrant.

3. Results

Four different digestion time course experiments were conducted
using a standard digestion procedure. The four variables assessed in
each experiment were: 1) digestion additive, 2) trypsin type, 3) incu-
bator/reactor, and 4) trypsin concentration. Detailed characteristics of
these variables are described below as well as summarized in the
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Supplemental Material (Table S2).
3.1. Additive screening

Nine different additives or denaturants were evaluated to determine
their effectiveness in improving the speed and/or yield of tryptic
digestion. This evaluation was conducted using a common serum pool
that was spiked with exogenous thyroglobulin. Each additive was tested
at two different concentrations to assess if the results were concentration
dependent. Additionally, three time points (1, 4, and 20 hrs) were
evaluated to (coarsely) examine the time required to achieve maximum
peptide yield and to detect any potential peptide degradation or loss.
The data obtained from this evaluation is presented for the VIL peptide
in Fig. 1, as well as for other surrogate peptides in the Supplemental
Material (Figure S1-S7).

The highest amount of VIL peptide yielded across all conditions was
57.8 nmol/L, which was achieved after a 20-hour digestion using 5 %
TFE. In comparison, near-maximum yield (over 85 % of the maximum)
was obtained using various other additives, although this level of re-
covery was not achieved under all conditions. Only the concentration of
1 M urea, not 0.25 M urea, resulted in near-maximum recovery after 4-
and 20-hour digestion. Both concentrations of DOC resulted in near-
maximum recovery, but the higher concentration required 20 h of
digestion, while the lower concentration only needed 4 h. In two in-
stances, namely 0.5 % CHAPS and 1.25 % TFE, near-maximum yield was
achieved with a 4-hour digestion, but not with the longer 20-hour
digestion due to apparent peptide degradation.

While many interesting observations could be made from a detailed
analysis of the data mentioned above, the main objective of this study
was to identify a single denaturing condition that would achieve near-
maximum yield for all 8 surrogate peptides in the shortest time
possible. To achieve this, heat maps were created, which displayed the
highest peptide concentration obtained under each digestion condition
along with the minimum time required to reach that concentration
(Fig. 2). While none of the conditions resulted in complete digestion or a
100 % yield of any surrogate peptide (i.e., ‘complete digestion’), near-
maximum yield was achieved on average using 8 of the 18 conditions
tested. These conditions included 0.25 M Urea, 1 M Urea, 1 M GnHCI,
0.25 M Thiourea, 0.2 % DOC, 0.5 % CHAPS, 1.25 % TFE, and 5 % TFE.
Among these eight, five conditions had an average digestion time of less
than 5 h for the evaluated surrogate peptides: 0.25 M Urea, 1 M Urea,
0.2 % DOC, 0.5 % CHAPS, and 1.25 % TFE. Only the LED peptide
required more than four hours to achieve near-maximum yield under
these conditions, indicating that its primary sequence posed a significant
challenge to efficient digestion rather than the higher-order protein
structure. Notably, among all eight surrogate peptides, only the LED
peptide contained acidic residues known to inhibit trypsin digestion
[21] near both its N- and C-terminal cleavage sites (see Table 1). While
all five of these conditions are viable options to facilitate rapid and
efficient digestion, it was ultimately decided to use the condition con-
taining 0.2 % DOC due to its lack of evidence for peptide degradation
during prolonged digestion times and its practical advantage of being
removable through acid precipitation for subsequent sample processing,
if needed [22].

3.2. Trypsin types

When screening the various additives, it is noteworthy that no
denaturing condition or digestion time tested provided 100 % recovery
(i.e., ‘complete digestion’) of any surrogate peptide. These studies were
conducted with TPCK-treated bovine trypsin. Therefore, multiple
‘sequencing’ grade trypsins as well as a trypsin/LysC mixture were
evaluated for improvements in digestion yield. Additionally, each
enzyme was evaluated as a digestion time course to determine if there
was any observable difference in the speed of digestion. Exemplar time
course results for 3 of the 8 surrogate peptides are shown in Fig. 3A. For
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Fig. 1. The concentration of VIL surrogate peptide was measured during the screening of 9 additives at 2 different concentrations and 3 digestion time points each.
The 9 additives tested were urea, guanidine (GnHCl), thiourea, deoxycholate (DOC), CHAPS, trifluoroethanol (TFE), acetonitrile (ACN), methanol (MeOH), and 1-
propanol (1-PrpOH). All digestions were performed using TPCK-treated bovine trypsin at an enzyme to protein ratio of 1:200 (w/w). The dotted red line is plotted at
49.1 nmol/L, which represents the cut-off for ‘near-maximum’ yield. This value was defined as 85 % of the maximum yield observed among all conditions for this
surrogate peptide. The maximum yield achieved was 57.8 nmol/L, obtained after a digestion time of 20 h with 5 % TFE. It’s important to note that this cut-off is not
based on the theoretical maximum yield of 160 nmol/L, which is calculated based on the starting amount of protein. Results exceeding the near-maximum cut-off are
colored green, indicating success. Results colored orange represent the maximum observed concentration for a specific additive without exceeding the near-
maximum cut-off. All results presented are averages from triplicate digestion experiments, and error bars are shown as +/- 1 standard deviation. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2 of the 3 surrogate peptides, it is apparent that the ‘sequencing grade’
enzymes provided no improvement in the yield or speed of digestion
compared to TPCK-treated bovine trypsin. However, for the EFS peptide,
there were obvious differences in the speed of digestion between the
different enzyme formulations. While all enzymes provided approxi-
mately the same yield of the EFS peptide after 18 h, the trypsin/LysC
mixture clearly achieved this yield much faster than the other enzyme
formulations.

However, in general, the ‘sequencing grade’ enzymes did not provide
faster digestion than TPCK-treated bovine trypsin or yield more surro-
gate peptide. By modeling each digestion time course as previously
described [20], it was possible to estimate the maximum amount of
peptide yielded for each time course and the required digestion time
(Fig. 3B). Among all the enzymes tested, TPCK-treated bovine trypsin
yielded either the most surrogate peptide or at least 90 % of the
maximum amount of peptide yielded across all enzyme studies for all 8
signature peptides. Furthermore, only proteomics-grade dimethylated
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porcine trypsin decreased the digestion time by more than 30 min for
any surrogate peptide relative to TPCK-treated bovine trypsin (peptides:
TFP, VIF, and SQA). The one exception to this was the EFS peptide
example using the trypsin/LysC mixture (Trypsin 5 in Fig. 3), which
decreased the digestion time by more than 8 h relative to TPCK-treated
bovine trypsin without sacrificing yield. The preference of the EFS
peptide for the Trypsin/LysC mixture was likely due to the presence of
an acidic residue in the P1’' position of the N-terminal lysine (see
Table 1). Both trypsin and LysC are inhibited by acidic residues near the
scissile bond; however, the influence has been shown to be less pro-
nounced for LysC [23].

3.3. Enzyme reactors
Two commercially available microwave reactors and one commer-

cially available pressure reactor were assessed. This was done through a
digestion time course to determine if there were any improvements in
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Average  Average

Relative Additive LED TFP VIF VIL SQA GGA EFS Fsp Relative Digestion
Yield ) )
Yield Time (hrs)
0.25 M Urea T7% 4 1
1.0 M Urea 3 8
0.25 M GnHCl 65% 58% 67% 80%
1.0 M GnHCl 37%
30% 0.0675 M Thiurea 75% 74% 20%
70% 0.25 M Thiourea
60% 0.2% DOC
50% 0.8% DOC 24% 73% | | 66% 79%
20% 0.125% CHAPS 45% [ Jas% || 78% [J77% [l62% [ s9%
30% 0.5% CHAPS | 7s% 74% 80%
20% 1.25% TFE [ 78%
10% 5.0% TFE 74%
0% 10% ACN 28% 37% 61%
37.5% ACN [] a% 16% 71% 7% 20% 23% 8% 16%
Digestion w%meon  [J3% [Jox [ s [] 2% 31% | 8% 5% | ] 11%
Time (hrs) 37.5% MeOH 2% | 77% | 70% || | 51% a7% 67% | a6% |
1 10%1-prpoH | 30% [ 25% L] 77% 70% 63% | ] 63% || 66%
(] a 37.5% 1-PrpOH 1% 1% 61% 2% 24% 10% 3% 16%
20 |
Max Yield (nmol/L)  69.8 83.4 93.4 57.8 1134 63.7 66.1 58.2
Max Recovery 1% 53% 59% 37% 72% 11% 42% 37%

Fig. 2. The ‘relative yield’ for each surrogate peptide is shown for all tested additives. This was determined by normalizing the highest peptide concentration
measured at the three time points for each condition to the maximum concentration yielded across all conditions for that peptide. Results in bold indicate near-
maximum yield, defined as > 85 % of the maximum yield for a given peptide. It is important not to confuse this with percent recovery, which was calculated
based on a theoretical maximum peptide concentration (160 nmol/L) derived from the initial amount of protein. The maximum percent recovery achieved for each
peptide is summarized at the bottom. The speed of digestion for a specific peptide is indicated by superimposed bars. This represents either the minimum time at
which near-maximum yield was observed for a given additive concentration or, in cases where near-maximum yield was not attained, the time at which the highest
peptide concentration was obtained for the given additive concentration.
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B time (hours) time (hours) time (hours)
Surrogate Surrogate Peptide Yield (nmol/L) Digestion Time (hrs)
Peptide Trypsinl Trypsin2 Trypsin3 Trypsin4 Trypsin5 Trypsin1 Trypsin2 Trypsin 3 Trypsin 4 Trypsin 5
LED 284 [N232 985 180
TFP LS | [ 682 | oo [ 18
VIF 75.7 o1 | o9
VIL 453 8o | 180
SQA 817 | oo | 12
GGA 56.4 B 31 [Tes
EFS 571 [ 546 IS0 180
FSP 460 [443 I 21 23 W25 W 25

Fig. 3. Digestion was conducted using five different trypsins and at eight different time points ranging from 0.5 to 18 h. The same procedure was followed for all
digestions, which consisted of 0.2% DOC, an enzyme-to-protein ratio of 1:200 (w/w), and incubation on a Thermomixer. In Figure (A) the concentrations of the VIL,
GGA, and EFS surrogate peptides are plotted for each trypsin and time point tested. Each data point represents the mean result of triplicate digestions, with error bars
indicating +/- 1SD. The solid line overlaying the data represents the pseudo-first order model for each digestion. In Figure (B), the maximum concentration obtained
for each surrogate peptide is derived from the model, along with the digestion time required to achieve maximum yield. The trypsins used in the study were as
follows: Trypsin 1 - TPCK-treated bovine trypsin (MilliporeSigma); Trypsin 2 - proteomics-grade dimethylated porcine trypsin (MilliporeSigma); Trypsin 3 -
sequencing-grade modified porcine trypsin (Promega); Trypsin 4 - mass spectrometry-grade trypsin gold (Promega); Trypsin 5 - mass spectrometry-grade trypsin/
LysC mix (Promega).
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the speed of digestion or amount of surrogate peptide produced
compared to standard incubation on a Thermomixer. Examination of the
digestion time course results for three representative surrogate peptides
clearly demonstrated that pressure-assisted digestion was considerably
faster than conventional incubation (Fig. 4A). On the other hand, the
speed of microwave-assisted digestion varied depending on the system
used, and both systems yielded significantly lower amounts of peptide
compared to conventional incubation.

Modeling the time course data confirmed that both microwave sys-
tems yielded less than half the amount produced by conventional in-
cubation for the three slowest-forming surrogate peptides (LED, VIL, and
EFS). This suggests that formation may have ceased due to enzyme
inactivation within the microwave reactor, rather than reaching a ‘dead
end’ [24]. Despite providing lower peptide yield, the MARS6 system
significantly reduced digestion time for all surrogate peptides. Similarly,
pressure-assisted digestion showed lower yield for the three slow-
forming peptides (LED, VIL, and EFS), but resulted in markedly
reduced digestion time compared to conventional incubation and mi-
crowave incubation. In fact, maximum yield with pressure-assisted
digestion was achieved in under two hours for all peptides and in 30
min or less for 5 of 8 peptides.

3.4. Trypsin concentration

The above studies were all conducted with a relatively low enzyme:
protein ratio (w/w) of approximately 1:200 for trypsin digestion.
However, despite the low ratio, each analysis consumed a significant
amount of trypsin (60 pg) due to the large volume (200 pL) and high
protein concentration in serum (~60 mg/mL). Nevertheless, because
TPCK-treated trypsin is relatively inexpensive, higher amounts were
evaluated in a time course study to assess their impact on yield and
digestion speed. As expected, increasing the amount of trypsin resulted
in higher rates of peptide formation (Fig. 5A); however, the
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concentration of trypsin had little effect on the amount of surrogate
peptide produced. For each surrogate peptide, the maximum yield
observed in each condition was within + 20 % of the overall average
(Fig. 5B). Additionally, for most peptides, maximum yield was achieved
in less than two hours. The exception was the LED peptide, which
showed slower formation even when trypsin concentration was
increased by 10-fold. This could be attributed to the presence of acidic
residues at both termini known to inhibit trypsin digestion [21].

The only adverse effect of increasing the amount of trypsin occurred
with the GGA peptide, which exhibited degradation at higher concen-
trations of TPCK-treated trypsin. This phenomenon has been previously
reported [25] and is suspected to be caused by non-specific cleavage of
hydrophobic residues (F, Y, W, M, L, and H) by autolyzed trypsin and/or
contaminating chymotrypsin. Although the GGA peptide contains hy-
drophobic leucine residues that are susceptible to this non-specific
cleavage, it does not appear predictive given that the EFS and FSP
peptides also contain pairs of leucine residues (see Table 1), yet do not
show evidence of degradation at higher concentrations of TPCK-treated

trypsin.
4. Discussion

Bottom-up, shotgun proteomics seeks to identify and quantify the
maximum number of proteins feasible, in order to increase the likeli-
hood of obtaining biologically or clinically meaningful insights. Given
the extensive research in shotgun proteomics, many aspects of trypsin
digestion have been optimized with this goal in mind. However, rela-
tively few studies have focused on optimizing trypsin digestion for tar-
geted protein analysis, which only requires enough surrogate peptide to
detect and quantify the associated protein. Clinical laboratories priori-
tize speed and yield as key metrics for digestion in targeted protein as-
says, while also considering simplicity and affordability [26].

Based on this understanding of digestion efficiency, we conducted an
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Fig. 4. Digestion was conducted in four different ‘enzyme reactors’ at eight different time points. These time points ranged from 0.5 to 18 h for the Thermomixer, 8
min to 4 h for REDS and MARS6, and 4 min to 2 h for the Barocycler. Apart from these variations, all digestions followed the same procedure, which involved 0.2 %
DOC and an enzyme:protein ratio of 1:200 (w/w) of TPCK-treated bovine trypsin. (A) The concentrations of the VIL, GGA, and EFS surrogate peptides were measured
and plotted for each ‘enzyme reactor’ and time point tested. Each data point represents the mean result of triplicate digestions, with error bars indicating +/-1SD.
However, data obtained after > 4 h for the Thermomixer are not shown on the plots to allow for better visualization of the other ‘enzyme reactors’. The solid line
overlaid on the data represents the pseudo-first order model of each digestion. (B) The maximum concentration obtained for each surrogate peptide was determined
from the model, along with the digestion time required to achieve maximum yield.
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Fig. 5. Trypsin digestion was conducted using four different concentrations of trypsin at eight time points ranging from 0.5 to 18 h. All digestions followed the same
procedure, which included 0.2% DOC, TPCK-treated bovine trypsin, and incubation on a Thermomixer. (A) Measured concentrations of VIL, GGA, and EFS surrogate
peptides are plotted against each trypsin concentration and time point analyzed. Each data point represents the mean value obtained from triplicate digestions, with
the error bars indicating +/- 1SD. The solid line displayed in the graph represents the pseudo-first order model applied to each digestion. (B) The maximum con-
centration achieved for each surrogate peptide, as determined by the model, along with the corresponding digestion duration required to achieve this

maximum yield.

evaluation of various mechanisms for altering tryptic activity. Specif-
ically, we focused on 8 surrogate peptides for thyroglobulin, a clinical
biomarker. Two of these surrogate peptides (VIF and FSP) are already
utilized in clinical tests [14-17]. Previous studies have highlighted the
diverse impact of different additives used for protein digestion in serum
[27], underscoring the importance of evaluating multiple additives — at
varying concentrations — to identify those that enable efficient digestion
of a specific protein or surrogate peptide. Our results also demonstrate
the advantages of examining multiple time points during early devel-
opment to select additives that not only yield an ample amount of sur-
rogate peptides but also promote rapid digestion without false maxima
caused by peptide degradation. Other studies have suggested that heat
denaturation alone may suffice for digestion of certain serum proteins
[10,11]; however, these studies employed significantly higher temper-
atures to denature highly diluted serum samples, which was not feasible
in our work using large volumes of minimally diluted plasma that
resulted in a semi-solid specimen impeding further processing.

While additive selection had a significant impact, the use of
‘sequencing grade’ trypsin had minimal positive or negative effects on
digestion speed or yield despite their reported benefits for protein and
peptide sequencing [28]. Although one peptide (EFS) exhibited
considerably faster digestion when using a LysC/Trypsin mixture (<2 h)
compared to TPCK-treated bovine trypsin (>10 h), similar rapid diges-
tion (<1 h) could be achieved for the same peptide by increasing the
amount of TPCK-treated bovine trypsin 10-fold. As noted by others [7],
this is particularly pertinent because ‘sequencing grade’ enzymes used in
these studies are expected to cost 1000 times more (by dry weight) than
the TPCK-treated bovine trypsin employed here. Therefore, while it is
conceivable that further optimization studies specific to each trypsin
could improve yield or speed of digestion, the potential benefits are
unlikely to justify the higher cost.

Notably, all optimization and comparative studies performed herein
used a relatively low enzyme:protein ratio of 1:200 (w/w) compared to
most proteomic studies. This was done due to the amount of serum
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proteins being digested per analysis (~12 mg total protein per digestion
of 200 pL serum) and the high cost of sequencing-grade trypsins.
Although increasing the concentration of trypsin is expected to speed up
digestion for the various conditions and trypsin types evaluated here, it
did not improve peptide yield as long as sufficient digestion time was
given to achieve maximum yield. However, one potential benefit of
‘sequencing grade’ trypsins was highlighted by the GGA peptide, which
exhibited instability when exposed to higher concentrations of TPCK-
treated trypsin for prolonged periods. This phenomenon has been re-
ported previously and attributed to cleavage by contaminating chymo-
trypsin and/or non-specific cleavage by trypsin following autolysis,
which is largely mitigated with ‘sequencing grade’ trypsin [20,25].
While this behavior is not desirable and would likely require using
another surrogate peptide where possible, it should not inherently pre-
vent the use of a surrogate peptide. Peptide instability simply means that
digestion time needs to be well controlled in order to manage the
sensitivity of the surrogate peptide’s measurement and that internal
standards should be added before starting the digestion step so that a
steady-state light:heavy peptide ratio can be achieved for quantification
after reaching maximum digestion [20].

Pressure-assisted and microwave-assisted digestion also showed
potential to speed up trypsin digestion for almost all surrogate peptides
with little adverse effect on their overall yield. Further improvement
may be possible if additives were optimized for each enzyme reactor —
for example, 1-PrpOH may provide better digestion efficiency than DOC
with pressure-assisted digestion [29]; however, further optimization of
the enzyme reactors was not attempted as similar, rapid digestion speeds
were achievable with conventional incubation by simply increasing the
amount of trypsin. In fact, increasing the concentration of trypsin 10-
fold with conventional incubation was feasible due to the relatively
low cost of TPCK-treated bovine trypsin and was more favorable for a
high-throughput clinical lab environment compared to using specialized
reactors and associated consumables.

One limitation of this study was that it only evaluated 8 surrogate
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peptides from a single protein biomarker. It has been shown that trypsin
digestion efficiency can vary between proteins [27] and is strongly
influenced by acidic residues or repeat arginine/lysine residues sur-
rounding cleavage sites [21], making the selection of surrogate peptides
critical when trying to find universally optimal conditions for multi-
plexed protein/peptide assays. Although the conclusion of using more
trypsin to accelerate digestion should be generally applicable based on
standard kinetic principles, it is possible that other proteins or surrogate
peptides may benefit to a greater extent in terms of yield or speed of
digestion when using sequencing grade trypsin or specialized enzyme
reactors compared to the 8 surrogate peptides of thyroglobulin studied
here. Additionally, different matrix types (e.g., serum versus tissue) may
also prefer other enzymes or reactors. Nonetheless, this study provides a
framework for empirically comparing variables that influence digestion
for targeted quantification of any protein biomarker(s), with a focus on
digestion metrics important to the clinical laboratory, such as speed and
yield.

It should also be noted that immobilized trypsins have the potential
to increase the speed and efficiency of digestion, but this was not eval-
uated in this study. Specifically, thermally-stable trypsin immobilized
onto solid resin or freely in solution has been shown to facilitate rapid
and efficient digestion of serum proteins without the need for additional
denaturation steps [30]. This would be ideal for targeted applications in
a high-throughput clinical lab environment, however, the cost of these
engineered trypsins is still substantial compared to the TPCK-treated
bovine trypsin used in this study. Additionally, online digestion using
immobilized trypsin has been shown to provide rapid digestion for in-
dividual samples [31], but it is relatively expensive on a per sample
basis, has limited throughput due to sequential digestions instead of
parallel digestions, and cannot process large volumes of unfractionated
serum proteins.

To address this issue, we aimed to find the simplest and most cost-
effective way to accelerate digestion of large volumes of serum. This
was achieved by increasing the amount of TPCK-treated bovine trypsin
after identifying the additive, and the additive concentration, that
generally provided the highest yield of each surrogate peptide in the
shortest amount of time. We found that at a 1:20 (w/w) trypsin:protein
ratio, maximum yield was achieved in less than 2 h for 7 of the 8 sur-
rogate peptides for thyroglobulin. For 4 out of 8 surrogate peptides,
maximum yield was achieved in less than 1 h using the optimized ad-
ditive - in this case, 0.2 % DOC. It may be possible to further increase
digestion speed by increasing the amount of trypsin further (i.e., using a
1:10 or 1:5 (v/v) trypsin:protein ratio) or by slightly increasing the in-
cubation temperature [32] without adversely affecting yield.

However, it is worth noting that the LED peptide continued to form
slowly, requiring over 10 h to reach maximum yield at the highest
trypsin:protein ratio tested. This highlights the importance of selecting
appropriate surrogate peptides when developing a targeted assay for
protein quantification. The specificity of the surrogate peptide sequence
is crucial to ensure the correct measurand is considered, and many
“rules” for surrogate peptide selection focus on optimizing sensitivity
based on predicted digestion efficiency and stability. Nevertheless, this
study emphasizes the importance of considering pragmatic consider-
ations, such as digestion speed and/or ease (requiring fewer steps or less
specialized/costly reagents) when selecting surrogate peptides, espe-
cially for tests performed in the clinical lab.

5. Conclusions

These studies demonstrate that empirical optimization can make
trypsin digestion efficient in terms of speed, yield, and cost. While
‘sequencing grade’ trypsins and enzyme reactors offered some advan-
tages, their higher cost or increased complexity may not be justified for a
high throughput clinical lab. Our research emphasizes the importance of
optimizing the additives used for denaturation and digestion, followed
by titration of ‘standard’ TPCK-treated bovine trypsin. This approach

81

Journal of Mass Spectrometry and Advances in the Clinical Lab 30 (2023) 74-82

can result in a highly efficient and stable digestion process for the ma-
jority of surrogate peptides. Therefore, we recommend that digestion
efficiency and stability be considered as key design criteria for any high
throughput clinical assay. In such cases, slow-forming or unstable sur-
rogate peptides should be excluded in favor of those that respond well to
the high concentrations of trypsin necessary to facilitate rapid digestion.
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