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Efficiency of protein digestion
One major source of variation in mass 
spectrometry (MS)-based proteomics ex-
periments is incomplete protein digestion. 
This step is especially important in quanti-
tative proteomics, where different types of 
internal standards are used as calibrants 
for determination of absolute protein con-
centrations1. A complete digestion result-
ing in a mixture of fully cleaved peptides is 
rarely possible, if not impossible, and fully 
cleaved peptides represent just a portion 
of the total number of peptides observed 
in a digested protein sample. The result is 
instead a mixture of peptides, with molar 
concentrations that in many cases do not 
represent the concentration of the endog-
enous protein from which they were gen-
erated. This variation can be decreased 
by using longer standards, added before 
trypsin digestion, that also need to be 
properly cleaved in order to release the 
target peptide(s). Apart from the digestion 
conditions, protelolytic cleavage is highly 
affected by the amino acid sequence 
surrounding the digestion site. Acidic 

residues close to the digestion site have 
been shown to suppress digestion and 
multiple K/R residues in close proxim-
ity can also alter the digestion efficiency. 
Hence, it is important to have a standard 
not only generating identical peptides as 
the endogenous protein, but the stand-
ard should also preferably contain a sur-
rounding sequence identical to the target 
protein.

QPrEST multipeptide standards
QPrEST standards are heavy isotope-
labeled multipeptide MS standards re-
combinantly produced in a bacterial 
host2-4. Each standard contains a stretch 
of 50-150 amino acids identical to a hu-
man protein sequence, including at least 
two unique tryptic peptides. In order to 
generate the tryptic peptides used for 
quantification, the QPrEST standards are 
added to the sample of interest prior to 
digestion. As a result, quantitative errors 
due to variation in digestion efficiency be-
tween standard and endogenous protein 
during the cleavage reaction are mini-

mized. Figure 1 shows three examples 
of QPrEST sequences where selected 
tryptic peptides are highlighted. The cri-
teria that were used for peptide selection 
are shown in table 1. All QPrEST stand-
ards contain a complete stretch of a hu-
man protein sequence, including also the 
amino acids between the tryptic peptide 
sequences.

Comparison of digestion kinetics 
between QPrEST standards and 
endogenous proteins
Based on RNA sequencing data, pro-
tein targets were selected that showed 
expression in HeLa cells. The selected 
QPrEST standards were of different 
lengths and contained different numbers 
of theoretical tryptic peptides. Samples 
were prepared in triplicate using a filter-
aided sample preparation (FASP) proce-
dure. The QPrEST standards were added 
to HeLa cell lysates directly after cell ly-
sis and added in such amounts that the 
generated heavy to light (H/L) ratios were 
close to one. The digestion was stopped 

QPrEST standards and endogenous proteins show 
similar digestion efficiency

Figure 1.
Amino acid sequences for three of the QPrEST standards included in the analysis. The QPrEST sequence is identical to a corresponding human protein sequence and contains 
multiple tryptic peptides. Selected tryptic peptides are highlighted. All standards have an N-terminal purification and quantification tag not shown in the figure.

...EVVSREVSGIKAAYEAELGDARKTLDSVAKERARLQLELSKVREEFKELKARNTKKEGDLIAAQARLKDLEALLNS
KEAALSTALSEKRTLEGELHDLRGQVAKLEAALGEAKKQLQDEMLRRVDAENRLQTMKEELDFQKNIYSEELRE...

LMNA
QPrEST22525

...RVLAPHLTRAYAKDVKFGADARALMLQGVDLLADAVAVTMGPKGRTVIIEQSWGSPKVTKDGVTVAKSIDLKDKYK
NIGAKLVQDVANNTNEEAGDGTTTATVLARSIAKEGFEKISKGANPVEIRRGVMLAVDAVIAEL...

HSPD1
QPrEST23025

...AVDTYIPVPARDLEKPFLLPVEAVYSVPGRGTVVTGTLERGILKKGDECELLGHSKNIRTVVTGIEMFHKSLERAEAG
DNLGALVRGLKREDLRRGLVMVKPGSI...

TUFM
QPrEST24739



at eight different time points, with diges-
tion times ranging from 5 minutes to 16 
hours. All samples were desalted and an-
alyzed on a Bruker Impact II QTOF mass 
spectrometer using a data-dependent ac-
quisition setup. The following data analy-
sis was performed using the Proteinscape 
software. Median values for each peptide 
calculated from the three replicate experi-
ments were used in the analysis. Figure 
2 shows H/L ratios for pairs of QPrEST 
peptides and endogenous peptides from 
two different protein targets, prelamin A/C 
(LMNA) and mitochondrial 60 kDa heat 
shock protein (HSPD1). From this figure 
it can be seen that similar ratios are ob-
tained for different peptides within the pro-
tein sequence, although a slight difference 
in digestion kinetics between QPrEST 
peptides and their endogenous counter-
parts can be noted in the beginning of the 
digestion time series. In general, peptides 
derived from the QPrEST standards are 
created earlier than the unlabeled endog-
enous peptides, resulting in high H/L ra-
tios after short digestion times. This result 
can possibly be explained by the fact that 
the QPrEST standards are smaller and 
less structured than the corresponding en-
dogenous proteins, which may result in a 

more efficient cleavage in the beginning of 
the digestion time series. However, after a 
certain digestion time an equilibrium has 
been reached where the ratios are stabi-
lized and can be used to determine an ac-
curate concentration of the target protein. 
A reasonable explanation for this result 
is that the QPrEST standards contain a 
larger sequence identical to the target pro-
tein, and not just the corresponding pep-
tide sequences. Coefficients of variation 
between the different peptides for diges-
tion times 4, 8 and 16 hours were 4.6%, 
1.0% and 2.7% for HSPD1. For LMNA the 
corresponding values were 14.6%, 7.2% 
and 12.4%. The higher variation between 
the quantified peptides for this protein is 
mainly due to one of the peptides (EAAL-
STALSEK) that showed overall slightly 
higher ratios compared to the three other 
peptides. When excluding this peptide the 
variation dropped to 2.5%, 2.2% and 6.2% 
for the three digestion times.

Quantitative information from pep-
tides with missed cleavage sites 
and partly oxidized methionines
Since digestion efficiency will vary de-
pending on many factors such as diges-

tion conditions, enzyme and amino acid 
sequence surrounding the cleavage site, 
not only fully cleaved peptides will be ge-
nerated. Figure 3 shows two examples of 
peptides from the protein glyceraldehy-
de-3-phosphate dehydrogenase (GAP-
DH) where both fully cleaved peptides and 
peptides containing missed cleavage sites 
could be quantified. Also for these pepti-
des higher H/L ratios are observed early in 
the digestion time series, but are later sta-
bilized. The resulting quantitative data are 
very similar for the fully cleaved peptides 
compared to peptides containing missed 
cleavage sites. For one peptide (AENG-
KLVINGNPITIFQER) a slightly lower ratio 
is observed, which can possibly be expla-
ined by its location close to the N-terminal 
purification and quantification tag.

The enzyme trypsin is known to show low 
cleavage efficiency for cleavage sites di-
rectly followed by a proline residue, whe-
refore peptides containing an RP or KP 
motif can sometimes be excluded from 
the analysis. An example of such a pepti-
de is shown in figure 4. Quantitative data 
for two peptides from the mitochondrial 
elongation factor Tu (TUFM) are shown, 
one of the peptides containing a KP site. 

Figure 2.
Heavy to light (H/L) ratios for peptides originating from prelamin A/C (LMNA) and mitochondrial 60 kDa heat shock protein (HSPD1) after different digestion times. QPrEST 
sequences are shown at the bottom and quantified peptides are highlighted.

Table 1.
Criteria for selection of tryptic peptides that can be used for quantification within QPrEST sequences. 

Tryptic peptide criteria

Peptide is between 7 and 35 amino acids long

Peptide ends with a K or R residue

Peptide contains a single K or R residue

Trypsin was assumed not to cleave at KP and RP sites

Peptide matches a single UniProt Swiss-Prot Human Proteome protein
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Figure 4.
Heavy to light (H/L) ratios after different digestion times for two peptides originating from 
the mitochondrial elongation factor Tu (TUFM), one of which contains a KP site. The 
QPrEST sequence is shown at the bottom and quantified peptides are highlighted.

Summary 
•  QPrESTs are heavy isotope-labeled multipeptide standards that contain an amino acid 

sequence identical to a stretch from a human protein target
•  QPrEST standards are added to the sample of interest prior to proteolytic digestion, 

which results in a similar digestion efficiency between the QPrEST standard and the 
endogenous protein when letting the digestion reaction reach equilibrium

•  Peptides containing missed cleavage sites, KP or RP sites and methionines can also 
be used for quantification
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As for the previous examples, the H/L ra-
tios are stabilized after a certain digestion 
time and similar quantitative information is 
obtained for both peptides.

Peptides containing methionines are also 
often excluded from quantitative analy-
sis due to partial oxidation of this residue 
during sample preparation. This can result 

in unreliable quantitative data if there is a 
variation in the relative amount of oxida-
tion between the endogenous protein and 
internal standard. Figure 5 shows an ex-
ample of a peptide from thioredoxin (TXN) 
that was quantified both in an unmodified 
and an oxidized state with very similar H/L 
ratios. Included QPrEST standards are 
shown in table 2.

TUFM
QPrEST24739
...AVDTYIPVPARDLEKPFLLPVEAVYSVPGRGTVVTGTLERGILKK
GDECELLGHSKNIRTVVTGIEMFHKSLERAEAGDNLGALVRGLKR
EDLRRGLVMVKPGSI

●

●
●

●
●

● ● ●

0.0

0.5

1.0

1.5

5 15 30 60 12
0

24
0

48
0

96
0

digestion time (min)

H
/L

 p
ep

tid
e 

ra
tio

QPrEST24739 TUFM
●

●

●

●

●
●

● ●

AEAGDNLGALVR
DLEKPFLLPVEAVYSVPGR

TXN
QPrEST23004
...SLSEKYSNVIFLEVDVDDCQDVASECEVKCMPTFQFFKKGQKVG
EFSGA

●

●
●

●
● ● ● ●

0

5

10

15

20

25

5 15 30 60 12
0

24
0

48
0

96
0

digestion time (min)

H
/L

 p
ep

tid
e 

ra
tio

QPrEST23004 TXN

●

●●

●

●

●

●

CMPTFQFFK
CM(ox)PTFQFFK

Figure 3.
Heavy to light (H/L) ratios after different digestion times for fully cleaved peptides and corresponding peptides with a missed cleavage site originating from glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH). QPrEST sequences are shown at the bottom and quantified peptides are highlighted.

Figure 5.
Heavy to light (H/L) ratios after different digestion times for a peptide from thioredoxin 
(TXN) that was quantified both in an unmodified and an oxidized state. The QPrEST se-
quence is shown at the bottom and the quantified peptides is highlighted.
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Product name Product number Gene name Protein name

QPrEST LMNA QPrEST22525 LMNA Prelamin-A/C

QPrEST CH60 QPrEST23025 HSPD1 60 kDa heat shock protein, mitochondrial

QPrEST G3P QPrEST22627 GAPDH Glyceraldehyde-3-phosphate dehydrogenase

QPrEST EFTU QPrEST24739 TUFM Elongation factor Tu, mitochondrial

QPrEST THIO QPrEST23004 TXN Thioredoxin

Table 2.
QPrEST standards included in the analysis.


