
A Simple Procedure for Effective Quenching of Trypsin Activity
and Prevention of 18O-Labeling Back-Exchange

Brianne O. Petritis, Wei-Jun Qian, David G. Camp II, and Richard D. Smith*
Biological Sciences Division and Environmental Molecular Sciences Laboratory, Pacific Northwest
National Laboratory, Richland, WA 99352

Abstract
Trypsin-catalyzed stable isotope 16O/18O-labeling of the C-terminal carboxyl groups of peptides is
increasingly used in shotgun proteomics for relative peptide/protein quantitation. However, precise
quantitative measurements are often complicated by residual trypsin that can catalyze the back-
exchange of 18O with 16O after labeling. Here, we demonstrate through a detailed evaluation that
boiling the peptide sample for 10 minutes provides a simple means for completely quenching residual
trypsin activity and preventing oxygen back-exchange in 18O-labeled samples. We also observed
that the presence of organic solvents such as acetonitrile made quenching trypsin activity less
efficient. Finally, current 18O-labeling methods that typically employ immobilized trypsin result in
significant sample losses due to non-specific binding of peptides on the resin, making their
application toward smaller biological samples increasingly impractical. We present here an
improved 18O-labeling protocol that is more applicable to microscale biological samples by using
solution-phase trypsin instead of immobilized trypsin to overcome the non-specific sample loss issue
encountered with the use of immobilized trypsin. The ability to generate stably 18O-labeled samples
without back-exchange should enable more effective applications of 18O-labeled toward large-scale
biomarker discovery and validations where an 18O-labeled sample can be used as a common reference
for quantitation.
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Introduction
Biological studies that investigate the differential regulation of proteins with mass spectrometry
(MS) have utilized various isotopic labeling methods for quantitative comparisons1. Trypsin-
catalyzed stable isotope 18O-labeling at C-terminal carboxyl groups of tryptic peptides has
been increasingly applied for quantitative proteomics studies in various biological
systems2-7. 18O-labeling is simple, cost-effective, and flexible in its ability to specifically label
all tryptic peptides originating from any type of sample; this labeling approach does have
several limitations that have prevented its broad applications in biological studies. These
limitations include potentially incomplete labeling, back-exchange from 18O to 16O, and
sample losses during labeling. The issue of varying peptide labeling efficiencies has been
largely addressed by performing a trypsin-catalyzed labeling after digestion rather than during
digestion3, 5, 8, where nearly all peptides can reach oxygen exchange equilibrium with
optimized incubation time and enzyme concentration.
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Perhaps the most significant limitation is the diminished quantitative accuracy due to oxygen
“back-exchange” where 18O is replaced with 16O after labeling through a residual trypsin-
catalyzed reaction when the sample is placed into a buffer containing 16O water. If trypsin with
residual activity is present, 18O-labeled samples that have been combined with their 16O-
labeled counterparts can undergo significant back-exchange, making it problematic to
accurately quantify the relative abundance differences between the 18O- and 16O-labeled
samples. Therefore, trypsin must either be removed or inactivated after labeling so that the
quantitative accuracy can be maintained.

Traditional protocols that do not fully inactivate or remove trypsin depend upon sample
analysis being performed immediately after labeling to decrease the extent of back-exchange
that occurs8, 9. This requirement is inconvenient for many situations (e.g., automated, high-
throughput LC-MS analysis) and makes the application of the 18O-labeling for large-scale
study sets impractical. Recent attempts have been made to minimize this back-exchange by
inactivating trypsin by cysteine alkylation8 and by using immobilized (IM) trypsin rather than
solution-phase (SP) trypsin for digestion and/or labeling because it can be easily and rapidly
separated from the sample by centrifugation or filtering10. However, these modifications can
lead to significant sample losses, which can be detrimental for very small samples of microgram
amounts that are commonly found in clinical studies. For example, alkylating tyrpsin requires
an SPE clean-up that results in significant sample losses11. More importantly, Sevinsky et
al10 observed that the alkylation method still resulted in near-complete back-exchange.
Nonspecific loss also occurs when removing IM trypsin from the sample by centrifugation or
employing a molecular weight cutoff filter. Since IM trypsin is added to the sample in a volume-
dependent manner instead of in an enzyme-to-substrate ratio like SP trypsin, the use of
immobilized trypsin during digestion requires a relatively large amount of IM trypsin because
samples are generally diluted prior to digestion to ensure that reagents used for denaturing,
reducing, and alkylating do not interfere with trypsin activity12. Therefore, SP trypsin is more
often used for digestion while IM trypsin is more commonly employed for post-digestion
labeling where the sample volume is minimal, lowering sample loss and cost3.

We have previously reported that 18O back-exchange can be prevented by boiling the sample
for 10 minutes to quench residual trypsin activity prior to labeling using immobilized
trypsin3, 13. More recently, similar heat-inactivation methods were also reported14. However,
the effectiveness of this procedure for quenching trypsin activity and preventing back-exchange
has not been assessed in detail. Effective prevention of back-exchange is especially important
for large-scale quantitative proteomics, where 18O-labeling is ideally suited for generating a
labeled “universal” reference sample and large-scale quantitative discovery proteomics. As we
recently reported, this can be achieved by comparing each sample to the labeled reference
without the need to label individual biological samples15. In this work, we report a detailed
assessment of the effect of boiling on 18O-labeling stability. Our data demonstrate that trypsin
activity can be quenched by the boiling procedure and the 18O-labeled sample is stable without
any observable back-exchange following a week at room temperature. We also describe an
improved protocol for minimizing sample loss while simultaneously preventing back-
exchange.

Experimental
Materials and Reagents

All chemicals, materials, and reagents were purchased from Sigma-Aldrich (St. Louis, MO)
unless otherwise specified. Solution-phase porcine trypsin was obtained from Promega
(Madison, WI), while the immobilized trypsin was provided by Applied Biosystems (Foster
City, CA).
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Digestion of Bovine Serum Albumin
Lyophilized bovine serum albumin (BSA) was suspended in 25 mM NH4HCO3 buffer, pH 7.8,
and its concentration determined using a BCA assay (Pierce Biotechnology, Inc., Rockford,
IL). The sample was denatured and reduced with 8 M urea and 10 mM DTT at 37 °C for one
hour followed by alkylation with 40 mM of iodoacetamide at 37 °C for one hour in the dark.
The sample was then diluted 6-fold with 50 mM NH4HCO3 buffer, pH 7.8, and digested with
1:50 porcine trypsin:sample (w/w) for 3 hours at 37°C. The digested sample was then cleaned
with 1 mL C18 columns with 50 mg bed weight on a vacuum manifold. The columns were
conditioned with 3 mL 100% methanol and 2 mL 0.1% trifluoroacetic acid (TFA). Following
sample addition, the columns were washed with 4 mL of 95:5 H2O:acetonitrile, 0.1% TFA and
the sample eluted with 1 mL of 80:20 acetonitrile:H2O, 0.1% TFA. The sample was then
concentrated, but not to complete dryness, in a SpeedVac (Thermo Fisher Scientific, Rockford,
IL) to remove the acetonitrile and TFA prior to boiling.

18O-Labeling Using Immobilized Trypsin
150 μg peptide aliquots were either not boiled or boiled in a water bath for 10 minutes.
Immediately following boiling, samples were snap-frozen in liquid nitrogen, placed on ice for
5 minutes, or left at room temperature to cool. All samples were dried to completion in a vacuum
concentrator. The peptide samples were redissolved in 20 μL 100% acetonitrile, followed by
the addition of 100 μL of 50 mM NH4HCO3 buffer in H2

18O, pH 7.8. Then, 1 μL of 1 M
CaCl2 and 5 μL of immobilized trypsin were added. The samples were briefly vortexed to mix.
The tubes were wrapped in parafilm and placed in a thermomixer for 5 hours at 30 °C, shaking
at 1350 rpm. The reaction was stopped with 5 μL of formic acid and vortexed briefly. The
immobilized trypsin was removed from the sample with centrifugation at 16 k g for 2 minutes.
The immobilized trypsin pellet was then washed twice with freshly made 50 μL 60% methanol,
1% formic acid. The supernatant from all washing steps were collected and spun again to ensure
that there was no remaining immobilized trypsin. Samples were concentrated in a vacuum
concentrator and their amount determined with a BCA assay. Samples were diluted to 0.15 μg/
μL with 25 mM NH4HCO3 buffer in H2

16O, pH 7.8, and stored at -80°C until MS analysis.

18O-Labeling Using Solution-Phase Trypsin
The dried 150 μg peptide samples were redissolved in 20 μL 100% acetonitrile and sonicated
for 10 seconds. 100 μL of 50 mM NH4HCO3 buffer in H2

18O, 1 μL of 1 M CaCl2, and solution-
phase trypsin dissolved in H2

18O at a 1:200, 1:100, 1:50, or 1:25 trypsin:peptide ratio (w/w)
were added to the samples and vortexed to mix. The tubes were wrapped in parafilm and placed
in a thermomixer for 5 hours at 37 °C, shaking at 450 rpm. The reaction was stopped by boiling
the sample in a 100 °C water bath for 10 minutes, followed by immediate snap-freezing in
liquid N2. Once the samples were thawed, 5 μL formic acid was added. Sample concentration
was determined with a BCA assay.

This experiment was repeated, but acetonitrile was not added to the samples. Instead, samples
were sonicated for 10 seconds after the addition of 100 μL 50 mM NH4HCO3 buffer in
H2

18O, pH 7.8. All of the other steps were the same.

LC-MS Analysis
All labeled samples were analyzed by an in-house automated 4-column reverse phase high
pressure liquid chromatography (HPLC) system16 and subjected to a 100 minute gradient using
mobile phases consisting of 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile
(B). After 20 minutes of 100% mobile phase A, mobile phase B was increased exponentially
over the remaining 80 minutes to a final concentration of 70%. The columns were 360 μm
outer diameter, 75 μm inner diameter, and 70 cm long fused silica capillaries (Polymicro
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Technologies, Phoenix, AZ) slurry-packed with 3 μm C18 Jupiter bonded particles with 300
Ǻ pores (Phenomenex, Torrence, CA). 2.4 kV was applied to fused silica capillary tips made
in-house (360 μm outer diameter and 50μm inner diameter) to produce electrospray ionization.
The samples were introduced into an LTQ-Orbitrap XL (Thermo Fisher Scientific, Rockford,
IL) with an electrospray ionization interface manufactured in-house and analyzed as described
previously17.

Results & Discussion
18O back-exchange after labeling

In typical post-digestion 18O-labeling studies, proteins are first cleaved by trypsin in water and
then the peptide products are subsequently dried and resuspended in 18O-enriched water
containing immobilized (IM) trypsin, which catalyzes 18O-labeling3, 7. The use of a catalytic
enzyme immobilized on beads facilitates the enzyme removal and reduces the extent of back-
exchange; however, if the residual trypsin introduced from the initial digestion step is not
inactivated, back-exchange can still be problematic for samples that are not analyzed
immediately after labeling or thawing. To illustrate this problem, tryptically-digested BSA
samples were labeled with 18O using IM trypsin and the residual trypsin from the initial
solution-phase (SP) digestion was not inactivated by any means. The samples were stored at
-80 °C immediately after labeling. One aliquot was thawed and immediately analyzed and
another aliquot was analyzed after being stored at 5 h at 4 °C. As shown in Figure 1, the sample
analyzed immediately after thawing showed minimal unlabeled 16O species, thus only a
relatively low degree of back-exchange occurred since -80 °C inhibited trypsin activity.
However, significant back-exchange was observed for the sample stored for 5 h at 4 °C prior
to analysis based on the intensities of the 16O-labeled peptide peaks. 16O/18O abundance ratios
can be determined using the equations described in Qian et al3 as a quantitative measure of
back-exchange. The average 16O/18O abundance ratios for the three peptides for Figure 1A
and 1B were calculated as 0.04 and 0.31, respectively, suggesting nearly 30% of peptide
molecules were exchanged back to 16O after just several hours at 4 °C. Back-exchange can be
minimized by immediate sample analysis, but limits the application of the 16O/18O-labeling
method toward large-scale study sets.

Evaluation of the effectiveness of boiling in quenching trypsin activity and preventing back-
exchange

Protein denaturation using heat has long been applied in sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE)18. We have reported that solution-phase
trypsin activity can be quenched through boiling the sample for 10 min prior to labeling, thus
preventing 18O back-exchange3, 13; however, the effectiveness of this procedure has not been
demonstrated. Here, we aimed to perform a more detailed assessment of the effectiveness of
boiling in quenching trypsin activity by comparing the extent of back-exchange before and
after one week of sample storage at room temperature. Figure 2 shows that samples that were
heated at 90 °C or boiled at 100 °C before labeling and immediately cooled in liquid nitrogen
did not experience back-exchange. We also tested whether back-exchange occurred after a
long storage time for those boiled samples. As shown in Figure 2B and 2D, no back-exchange
was observed for samples stored at one week at room temperature prior to LC-MS analysis,
which is an extreme storage condition used in this experiment simply to illustrate the effects
of sample processing on back-exchange. However, samples should be stored at -80 °C after
labeling to ensure sample integrity.

The average 16O/18O abundance ratio for all peptides in Figure 2A - D was 0.01, suggesting
the presence of ∼1% of 16O species in these labeled peptides. It should be noted that
some 16O is introduced into the sample during 18O-labeling in our protocol since CaCl2 and
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immobilized trypsin are dissolved in H2
16O, while the H2

18O used for labeling is ∼95 - 97%.
Due to this, 100% labeling efficiency is not expected; rather, based on the amount of H2

16O
present, the maximum labeling efficiency when the equilibrium is reached, there will be
approximately 0.5-1% of peptides are unlabeled, which agrees well with our observed
average 16O/18O abundance ratio of 0.01.

To further illustrate the effectiveness of boiling in quenching trypsin activity, freshly prepared
boiled or non-boiled solution-phase trypsin aliquots in a 1:50 trypsin:peptide ratio (w/w) were
added to the samples. As shown in Figure 2E and 2F, complete back-exchange was observed
in the aliquot with non-boiled trypsin added while no significant back-exchange was observed
for the aliquot containing boiled trypsin. The data demonstrate that the trypsin activity is
completely quenched by this procedure and 18O-labeled samples are stable for long storage
periods, especially given that the samples are often stored at low temperatures (-20 or -80 °C)
prior to analyses.

In addition, we tested different methods of cooling the samples (i.e., snap-freezing in liquid
N2, placing on ice for 5 minutes, placing at room temperature for 5 minutes) after boiling to
see if this affected trypsin’s ability to re-form into its catalytic tertiary structure and, therefore,
regain its activity for catalyzing back-exchange. However, the temperature at which the sample
is cooled does not affect the back-exchange (data not shown), which also demonstrates that
trypsin does not recover its activity after being boiled for 10 minutes.

An improved 18O-labeling protocol with solution-phase trypsin
Immobilized (IM) trypsin is commonly employed during the labeling step because it can be
separated from the sample through centrifugation or filtering to minimize the potential for
trypsin-catalyzed back-exchange. However, the use of IM trypsin inevitably introduces sample
loss when the IM trypsin is removed due to non-specific binding, thus preventing the
application of 18O-labeling to small biological samples (e.g., low μg protein quantity). For
example, the average peptide recovery using the protocol outlined in the Experimental section
is ∼70%. Such non-specific loss can also affect the reproducibility of labeling. We next
investigated whether solution-phase trypsin can be used to achieve the same effective labeling
since it can be completely quenched by the boiling procedure. By using SP trypsin, the inherent
problems associated with removing immobilized trypsin from the sample (i.e., irreproducibility
and sample loss) are circumvented. Figure 3C and 3D show that complete labeling with an
average 16O/18O abundance ratio of 0.00 was observed before and after one week of storage
at room temperature without the use of acetonitrile and with a 1:50 trypsin:peptide ratio (w/
w), a trypsin level that would not interfere with analysis. Furthermore, the average sample
recovery was ∼97%. The 16O/18O abundance ratios for 34 randomly selected peptides before
and after one week at room temperature was manually calculated. No difference in
the 16O/18O abundance ratios (ranging from 0.00 to 0.02) was observed for these peptides,
again illustrating the nearly complete labeling efficiency without back-exchange.

Interestingly, we observed that samples that included 16% (v/v) of organic solvents,
particularly acetonitrile, for labeling using solution-phase trypsin showed slightly lower
labeling efficiency (Fig. 3A, 3B) compared to those samples without organic solvents (Fig.
3C, 3D) when the same boiling procedure was applied after labeling. In addition, there is clear
evidence that back-exchange occurred after one week at room temperature for the sample that
contained acetonitrile (Fig. 3B). Average 16O/18O abundance ratios for Figure 3A and 3B are
0.04 and 0.09, respectively, suggest that up to 10% back-exchange occurred under these
conditions. The data illustrate that the boiling procedure does not completely quench trypsin
activity in the presence of organic cosolvents. This incomplete quenching was not observed
for labeling using immobilized trypsin because the boiling step was performed prior to labeling
when the sample was in a buffer that did not contain organic solvents, which allowed complete
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quenching of residual SP trypsin during boiling and the immobilized trypsin was effectively
removed by centrifugation. However, samples that were labeled using IM trypsin and boiled
after the IM trypsin was removed also experienced incomplete trypsin quenching and
significant back-exchange because the IM trypsin pellets were washed with methanol and the
boiled sample contained 26% (v/v) methanol and 9% (v/v) acetonitrile. Clearly, the presence
of organic cosolvents decreases the ability of boiling to completely quench trypsin activity.

The effects of organic solvents and aqueous-organic cosolvent mixtures on protein structure
have been documented19, 20. Proteins are generally known to be denatured in organic solvents,
yet enzyme activity is frequently greater in the presence of low levels of organic cosolvents
when compared to their activity in pure aqueous buffer20. To our knowledge, there are no
detailed reports of enzyme activity in organic cosolvents after being boiled at 100°C. In
addition, mixtures of acetonitrile with water and acetonitrile with methanol form positive
azeotropes that lower the minimum boiling points of the resulting solutions to 76.5 °C and 63.5
°C, respectively21, 22. Using a thermostat probe, we measured the temperature of boiling 10
mL solutions with 16% (v/v) acetonitrile or 26% (v/v) methanol and 9% (v/v) acetonitrile after
being placed in a boiling water bath. The formation of an acetonitrile/water azeotrope resulted
in a boiling point of 87 °C while the mixture of acetonitrile/water and acetonitrile/methanol
azeotropes boiled at 83 °C. Our results indicate that the combined effects of organic cosolvent
stabilization and decreased boiling points do not completely inactivate trypsin. Complete
quenching of trypsin activity can be achieved, however, when the sample is boiled for ten
minutes in a water bath when organic solvents such as methanol and acetonitrile are excluded.

Optimized 18O-labeling protocol
Following this detailed assessment, we present a simple optimized labeling protocol that
minimizes sample loss, prevents back-exchange, and provides better reproducibility than our
previously reported protocol using immobilized trypsin3, 13 (Figure 4). After the sample is
tryptically digested and dried to completion, the peptides are resuspended in 100 μL 50 mM
NH4HCO3 in H2

18O and mixed by brief sonication. Upon the addition of 10 mM CaCl2 and
1:50 solution-phase trypsin:peptide (w/w), the sample is incubated at 37 °C for 5 hours. The
labeling reaction is stopped by boiling the sample in a water bath for 10 minutes. Finally, 5
μL formic acid is added to further inhibit any possible residual trypsin activity23.

In addition to 18O-labeling, the procedure can also be applied toward 16O-labeling using
H2

16O for comparative analyses. If the 18O-labeled sample will be used as the reference for
quantitation, the labeling efficiency of the 18O-labeled sample should be verified to ensure
accurate quantitation and the unlabeled sample must be boiled for 10 minutes to inactivate
trypsin activity prior to mixing the 16O and 18O-labeled samples in a 1:1 ratio.

Conclusions
While thermal inactivation of trypsin has been previously reported, this study provides the first
thorough evaluation of the effectiveness of boiling on quenching trypsin activity and preventing
back-exchange. Our data demonstrate that complete prevention of 18O back-exchange can be
reproducibly achieved by boiling the peptide sample for 10 minutes followed by a 5% formic
acid (v/v) addition. In addition, the implementation of solution-phase trypsin during the
labeling procedure provides more reproducible labeling and better sample recovery when
compared to immobilized trypsin where non-specific loss inevitably occurs. Our improved
protocol with solution-phase trypsin for labeling is particularly useful for labeling very small
biological or clinical samples where stable isotope labeling experiments have been traditionally
infeasible. The ability to generate stably labeled 18O samples without back-exchange will also
enable investigations that involve a large number of samples for biomarker discovery and
validation using the 18O-labeled reference concept15.
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Figure 1.
18O back-exchange following sample storage prior to LC-MS analysis. (A) An 18O-labeled
sample was stored at -80°C and an aliquot was analyzed immediately after thawing. (B)
Another aliquot of the same sample was analyzed after five hours at 4°C. The
average 16O/18O abundance ratio for peptides A, B, and C is presented in the column to the
right of each condition. The amino acid sequences of peptides A, B, and C depicted in all figures
are KVPQVSTPTLVEVSR, LVNELTEFAK, and EYEATLEECCAK, respectively.
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Figure 2.
The effectiveness in preventing oxygen back-exchange by boiling. (A-D) Samples were heated
or boiled for 10 minutes at 90°C or 100°C, respectively, before labeling and immediately snap-
frozen in liquid N2. Samples were analyzed immediately after labeling and again after 1 week
at room temperature. (E) An aliquot of non-boiled solution-phase trypsin was added to the
boiled sample in 2D after labeling. (F) An aliquot of boiled solution-phase trypsin was added
to the boiled sample in 2D after labeling.
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Figure 3.
18O-labeling using solution-phase trypsin and the effect of organic cosolvents on 18O-labeling
efficiency and back-exchange. After labeling using solution-phase trypsin, samples were
boiled at 100°C followed by a 5% formic acid (v/v) addition. They were analyzed immediately
after labeling and again after 1 week at room temperature.
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Figure 4.
Optimized 18O-Labeling Workflow.
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