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a  b  s  t  r  a  c  t

In  LC–MS  based  proteomics,  several  accelerating  trypsination  methods  have  been introduced  in order  to
speed  up  the  protein  digestion,  which  is often  considered  a bottleneck.  Traditionally  and  most  commonly,
due  to  sample  heterogeneity,  overnight  digestion  at 37 ◦C is  performed  in  order  to  digest  both  easily  and
more resistant  proteins.  High  efficiency  protein  identification  is important  in  proteomics,  hours  with
LC–MS/MS  analysis  is needless  if  the  majority  of  the  proteins  are  not  digested.  Based  on  preliminary
experiments  utilizing  some  of  the  suggested  accelerating  methods,  the  question  of  whether  accelerating
digestion  methods  really  provide  the  same  protein  identification  efficiency  as  the  overnight  digestion
was  asked.  In  the  present  study  we  have  evaluated  four different  accelerating  trypsination  methods
(infrared  (IR)  and  microwave  assisted,  solvent  aided  and  immobilized  trypsination).  The  methods  were
compared  with  conventional  digestion  at 37 ◦C  in  the same  time  range  using  a  four  protein  mixture.
Sequence  coverage  and  peak  area  of intact  proteins  were  used  for the  comparison.  The  accelerating
methods  were  able  to digest  the proteins,  but  none  of  the methods  appeared  to be  more  efficient  than
the  conventional  digestion  method  at  37 ◦C. The  conventional  method  at 37 ◦C  is  easy  to perform  using

commercially  available  instrumentation  and appears  to  be the  digestion  method  to use.  The  digestion
time  in  targeted  proteomics  can  be  optimized  for each  protein,  while  in  comprehensive  proteomics  the
digestion  time  should  be  extended  due  to sample  heterogeneity  and  influence  of  other  proteins  present.
Recommendations  regarding  optimizing  and evaluating  the  tryptic  digestion  for  both  targeted  and  com-
prehensive  proteomics  are  given,  and  a  digestion  method  suitable  as  the  first  method  for  newcomers  in
comprehensive  proteomics  is  suggested.
. Introduction

Proteomics is defined as the large-scale study of proteins in par-
icular for their structures and functions [1],  and their investigation
as become very important since they are the main components
f the physiological metabolic pathways of eukaryotic cells. Pro-
eomics is increasingly important in areas like cancer prevention,
iomarker discovery, food safety, toxicology, protein interaction
tudies, medical diagnostics and treatment [2].  Most proteomics
tudies today involve the use of a MS  for identification and possibly
uantification of proteins. Peptides are more easily ionized in the
S and easier to keep in solution than proteins, hence, the proteins

re usually enzymatically digested to get peptides. Due to sample
omplexity, separation is necessary, and in proteomics traditionally
wo different approaches are followed, gel-based or the in-solution

orkflow. When using the gel-based approach, the proteins are

eparated in one or two dimensions (1D/2D) dependent on the sam-
le complexity and the digestion is then performed in-gel [3].  In the

∗ Corresponding author. Tel.: +47 228 55573; fax: +47 228 55441.
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731-7085/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2011.08.013
© 2011 Elsevier B.V. All rights reserved.

in-solution based workflow, proteins can be separated with LC prior
to the digestion to reduce the sample complexity. Additionally, the
proteolytic peptides are subsequently separated with multidimen-
sional (MD) LC–MS methods [2,4,5].  The in-solution based approach
tends to be the simplest in terms of sample handling and speed, but
on the other hand it requires sophisticated LC–MS equipment that
requires constant maintenance. The focus in this study will be on
the in-solution approach.

Trypsin is most commonly used for proteolytic cleavage of pro-
teins. It has a well defined specificity; it hydrolyzes only the peptide
bonds in which the carbonyl group is contributed by either an argi-
nine (Arg) or a lysine (Lys) residue, except when they are bound
to proline (Pro). Other enzymes like chymotrypsin, pepsin, Lys-C,
Asp-N and Glu-C can also be applied for protein digestion. How-
ever, since trypsin is most commonly used, only trypsin is included
in this study.

Prior to the in-solution digestion most protein samples need to
be denaturated, reduced and alkylated in order for the enzyme to

be able to cleave the proteins to peptides. The conventional tryptic
digestion method is rather time consuming and is normally car-
ried out overnight (12–16 h) at 37 ◦C, but digestion times up to 24 h
have been reported due to sample heterogeneity and the presence

dx.doi.org/10.1016/j.jpba.2011.08.013
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:hellema@kjemi.uio.no
dx.doi.org/10.1016/j.jpba.2011.08.013


1070 H.K. Hustoft et al. / Journal of Pharmaceutical and Biomedical Analysis 56 (2011) 1069– 1078

s acce

o
d
t
e
m
i
c
d

r
i
i
a
p
a
c
r
s

t
a
m
3
p
T
p
t
p
t
n

2

2

1
C
S

Fig. 1. The procedure of a classical workflow with variou

f both easily and more resistant digestible proteins [3,6,7].  Protein
igestion is therefore often considered as the bottleneck in pro-
eomics. Accelerating methods like for instance heating [8],  solvent
ffects [9–11], ultrasonic energy [12], infrared (IR) assisted [13–15],
icrowave assisted [16–20],  and microreactors where the trypsin

s immobilized on a solid support [21–24] have been reported. A
lassical sample preparation workflow in in-solution digestion with
ifferent accelerating methods is presented in Fig. 1.

The accelerating methods can be grouped into temperature
elated digestion (heating, IR and microwave assisted digestion),
mmobilized digestion (filter-aided sample preparation (FASP) and
mmobilized trypsin microreactors) and other ways (ultrasound
nd solvent effects) to accelerate the protein digestion. Based on
reliminary in-house experiments we considered it necessary to
sk the following questions; can these methods digest proteins
ompletely within minutes as reported? And can these methods
eplace the conventional digestion method and reduce the time for
ample preparation, even in comprehensive proteomics?

The aim of this study was to evaluate the efficiency of pro-
ein identification of the accelerated potential of IR and microwave
ssisted digestion, as well as solvent aided and FASP digestion. The
ethods were compared to the conventional digestion method at

7 ◦C in the same time range. The evaluation was  based on com-
aring sequence coverage (SQ) and the area of intact protein peak.
here is no straightforward procedure to describe the efficiency of
rotein digestion and act of trypsin, and hence an evaluation of
he most used parameters is included. Based on these studies, we
resent a recommended procedure for how to optimize the diges-
ion as well as a digestion method suited as a first approach for
ewcomers in comprehensive proteomics.

. Materials and methods

.1. Materials and reagents
HPLC grade acetonitrile (ACN, VWR, Radnor, PA, USA), type
 water from an ultrapure water purification system (Millipore
orporation, Billercia, MA,  USA), formic acid (FA, 50%, Fluka, by
igma–Aldrich, St. Louis, MO,  USA) and trifluoroacetic acid (TFA,
lerating methods for in-solution based tryptic digestion.

Sigma–Aldrich) were used to prepare the mobile phases. 1.0 M tri-
ethylammonium bicarbonate (tABC) (pH 8.5, Sigma–Aldrich), CaCl2
(dehydrated, Fluka Chemicals by Sigma–Aldrich) and 2-amino-
2-hydroxymethyl-propane-1,3-diol (Tris, Life Technologies Inc.,
Gaithersburg, MD,  USA) were used to adjust the pH prior to protein
digestion. A 4-protein mixture was  used to evaluate the different
methods for protein digestion. The mixture consisted of bovine
serum albumin (BSA), lysozyme (chicken egg white), cytochrome-
C (cyto-C, bovine heart) and �-lactalbumin (�-lact, bovine), all
obtained from Sigma–Aldrich. To prepare the stock solution of the
protein mix, 5 mg  of each of the solid protein was  dissolved in 20 mL
of water, resulting in a concentration of 0.25 mg/mL  of each protein.
When preparing the standard protein solutions, protein precipita-
tion was  experienced when the proteins were dissolved in 1.0 M
tABC (pH 8.5) buffer prior to denaturation and reduction. The pro-
teins were on the other hand easily dissolved in water prior to buffer
addition, which is required for tryptic digestion. Health risks for the
chemicals used are given in the Supplementary data Table S-1.

2.2. Protein denaturation, reduction and alkylation

dl-dithiothreitol (DTT) (Sigma–Aldrich) was  added in a
1DTT + 50protein (w/w) ratio and the protein solution was incubated
at 95 ◦C for 15 min, followed by cooling to room temperature and
subsequent alkylation using iodoacetamide (IAM, Sigma–Aldrich)
in the dark for 15 min  at room temperature. IAM was added in
a 1IAM + 10protein (w/w)  ratio. The protein solution (1.0 mg/mL,
0.25 mg/mL  of each protein) was  subsequently divided into 100 �L
(100 �g protein in total) aliquots in low protein bind eppendorf
tubes and frozen at −20 ◦C until use.

2.3. Tryptic digestion

Prior to tryptic digestion the samples (100 �L) were made alka-

line by adding tABC, to a final concentration of 50 mM (pH 8.5),
and the proteins were digested using five different methods; the
conventional method at 37 ◦C, IR, microwave energy, solvent aided
and with the FASP method. For all methods, TPCK treated trypsin
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Sigma–Aldrich) was applied to cleave the proteins and 5 �L 50%
A was used to stop the protein digestion.

.3.1. The conventional tryptic digestion method
Trypsin was added to the reduced and alkylated proteins at four

ifferent enzyme to protein (E + P) ratios; 1 + 5, 1 + 10, 1 + 20 and
 + 40 (w/w). The proteins were allowed to digest at 37 ◦C at differ-
nt times 5, 10, 60, 120, 180, 240, 300 min  and overnight using a
hermoshaker® from Grant Instruments Ltd. (Cambridge, UK).

.3.2. IR assisted protein digestion
Trypsin was added in a 1 + 20 E + P ratio (w/w)  and placed in an

n-house made IR oven, according to Wang et al. [13]. The incuba-
ion time for protein digestion ranged from 5 to 300 min  (5, 6, 7, 8,
, 10, 60, 120, 180, 240 and 300 min). The temperature in the solu-
ion was monitored during the IR assisted protein digestion using

 thermometer.

.3.3. Microwave assisted protein digestion
For the microwave assisted protein digestion the experimen-

al set-up was based on the paper by Pramanik et al. [16], with
ome experimental and instrumental changes. Trypsin was added
o 350 �L of the 4-protein mixture (1 mg/mL; 0.25 mg/mL  of each
rotein) and cyto-C (250 ng/mL) in a 1 + 25 E + P (w/w) ratio and the
ppendorf tubes were placed in a closed vessel microwave diges-
ion oven (Ethos 1600, Milestone Inc. Shelton, CT, USA) for 10 min.
he power of the microwave oven was set to 144 W and the tem-
erature was held at either 37 or 45 ◦C. 17.5 �L 50% FA was added
o stop the protein digestion. Digestion on the Thermoshaker using
he same time (10 min) and temperature range (37, 45 and 60 ◦C)
erved as control.

.3.4. Solvent effects
An amount of 40 or 80 �L ACN was added to the protein mixture

totally 100 �g protein in 100 �L) prior to reduction, alkylation and
rotein digestion. The pH was adjusted using either 50 mM tABC,
0 mM tABC in combination with 50 mM Tris and 10 mM  CaCl2,
r 50 mM  Tris with 10 mM CaCl2. Trypsin was added in a 1 + 20

 + P (w/w) ratio and the proteins were digested for 1 h at 37 ◦C
sing the Thermoshaker. 4-protein mixture samples pH-adjusted
ith the same buffers, but without ACN, were used as control. After

erminating the digestion with 5 �L 50% FA, all protein digests were
vaporated to almost dryness using the SC 110 speedvac (Savant by
hermo Scientific) and re-dissolved in 100 �L 0.1% FA.

.3.5. Protein digestion using the FASP method
4 w/v % SDS (Sigma–Aldrich) was added to the 4-protein mix-

ure, and the resulting solution was treated by the FASP method
ublished by Wisniewski et al. [21]. The protocol, attached in the
upplementary data, was consistently followed using a 10 K filter
Millipore Cooperation), and the SDS was substituted with 8 M urea
Sigma–Aldrich). Tryptic digestion was performed while the pro-
eins were attached to the filter using a 1 + 100 E + P (w/w)  ratio, and
he peptides were eluted using centrifugal power (13 krpm, 20 min)
nd the filter was finally rinsed by 0.5 M NaCl (Sigma–Aldrich).
he samples were desalted using C18 ZipTips prior to the LC–MS
nalysis using a method described in Section 2.4.

.4. Tryptic digest clean-up

For tryptic digest clean-up, ZipTips packed with 0.6 �L C18 resin
Millipore Corporation) were used. The ZipTips were activated with

0 �L (3×  10 �L) 100% ACN and equilibrated with 30 �L (3× 10 �L)
.1% FA. The sample (10 × 10 �L, totally 100 �L) was subsequently

oaded on the ZipTip by aspirating and dispensing the sample
p and down. The ZipTips were cleaned with 30 �L (3× 10 �L)
 Biomedical Analysis 56 (2011) 1069– 1078 1071

0.1% TFA, before the peptides were eluted with 10 �L ACN/0.1%
FA (75/25, v/v). The eluate was evaporated to almost dryness and
diluted with 50 �L 0.1% FA prior to the LC–MS/MS analysis.

2.5. Reversed phase (RP) LC–IT/Orbitrap-MS/MS

For the Ion-trap (IT) MS/MS  analysis an ACE-C18 (1 × 150 mm,
3 �m,  100 Å) column (Advanced Chromatography Technologies,
Aberdeen, Scotland, UK) was  used. The LC system consisted of an
1100 series autosampler (G1313A) and a cap LC pump (G1376A)
with a degasser incorporated (G1379A) (Agilent Technologies,
Santa Clara, CA, USA). Mobile phase A contained 0.1% FA in type
1 water, and mobile phase B consisted of ACN + 0.1% FA. A 90 min
gradient was used to separate the tryptic peptides. The gradient
started at 5% B and increased linearly up to 45% B within 90 min.
Subsequently, the gradient increased up to 75% B in 10 min and
was kept at 75% B for 4.5 min. The gradient returned to the start-
ing conditions in 0.1 min  and the column was re-equilibrated for
20 min. The total analysis time was  125 min. The flow rate was  set
to 48 �L/min and the injection volume was  5 or 10 �L. Chemsta-
tion (Agilent technologies) was  used to control the LC-system. An
Esquire 3000 + IT-MS (Bruker Daltonics, Bremen, Germany) with
capillary ESI source in positive ion-mode was used to detect the
peptides in a scan range between 250 and 1700 Da. The resolu-
tion was  set to 13,000 m/z/s, the target value was 20,000 ions
and the maximum accumulation time was  200 ms.  The capillary
voltage and the end plate offset were set to 3000 and 500 V, respec-
tively, while the nebulizer, drying gas and temperature were 30 psi,
5 L/min and 350 ◦C, respectively. Signal intensity threshold for data-
dependent acquisition mode (DDA) was  set to 2000. The three most
abundant ions were chosen at the time for MS/MS to ensure com-
plete compound information. EsquireControl Version 5.1 (Bruker
Daltonics) was  used to operate the IT-MS.

For the RP LC - Orbitrap MS/MS  analysis, 10 �L of the sample was
loaded on a Thermo Biosphere C8 (1 × 50 mm,  5 �m,  300 Å) column
(Thermo Fisher Scientific Inc., Waltham, MA,  USA) using the Ulti-
mate 3000 pump and RS autosampler (Dionex by Thermo Fisher
Scientific). The same mobile phases were used as listed above,
and a 60 min  gradient was used. The gradient started at 5% B and
increased linearly to 45% B in 60 min, prior to an increase to 100%
in 10 min and kept at 100% B for 4.5 min, before returning to the
starting conditions during 0.1 min. The mobile phase composition
was kept at 5% B for 20 min  for column re-equilibration. The total
analysis time was 94.5 min. The flow rate was 50 �L/min. The LTQ
Discovery Orbitrap MS  (Thermo Fischer Scientific Inc.) with capil-
lary ESI source was operated in positive ion-mode in a scan range
from 100 to 2000 Da. MS/MS  data were acquired from 0 to 94.5 min
and the signal-to-noise (S/N) threshold was set to 3. Collision
induced dissociation (CID) was  used for MS/MS. Chromeleon Xpress
(Dionex Coperation) and Xcalibur 2.0.7 (Thermo Fisher Scientific
Inc.) were used to control the LC system and the LTQ Discovery
Orbtitrap MS,  respectively.

2.6. Data analysis

All IT-MS data were analyzed and processed by Data Analy-
sis and BioTools 2.2 from Bruker Daltonics. Mascot search engine
(Matrix Science, http://www.matrixscience.com) was  used for pro-
tein identification by comparing the MS/MS  spectra with the
SwissProt database. Carbamidomethylation of cysteine and oxida-
tion of methionine were used as fixed and variable modifications,

respectively. The peptide and MS/MS  tolerance was set to 1.0 and
0.2 Da. Trypsin was  chosen as the enzyme and number of missed
cleavages was  between 0 and 2. The charge state was specified to
2+ and 3+.
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Fig. 2. BPC and TIC of the 4-protein mixture (totally 100 �g) when digested 5 min  at 37 ◦C using a E + P ratio of 1 + 40. The Thermo Biosphere C8 (1 × 50 mm,  5 �m, 300 Å)
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etection. The intact protein peak is marked with *.

The Orbitrap-MS data were processed by Proteome Discoverer
.0 (Thermo Fisher Scientific Inc.) using the Sequest search engine
nd the SwissProt database. Trypsin was chosen as enzyme, and the
aximum missed cleavage was between 0 and 2 when submitting

he MS/MS  spectra. Precursor mass criterion and tolerance were
et to the same measured mass-to-charge and 10 ppm, respectively.
ragment mass tolerance was 0.8 Da and methionine oxidation and
ysteine carbamidomethylation were set as dynamic side chain
odifications. Furthermore, against decoy database search and tar-

et FDR strict and relaxed parameters were set to 0.01 and 0.05,
espectively.

. Results and discussion

Since tryptic digestion, which traditionally has been carried out
vernight, is considered as a bottleneck in proteomics, several alter-
ative accelerating methods have been suggested. The efficiency
nd robustness of these methods however need to be evaluated
efore being used in proteomics which requires efficient, repeat-
ble and reliable digestion of all proteins present in a sample. When
omparing accelerating methods with the conventional method
t is of importance to use the exact same conditions, excluding
nly the accelerating factor in the control sample in order to have
n accurate evaluation. Erroneous comparisons are done when
omparing overnight digestion with accelerated digestion method
arried out within e.g. 5 min  [8,13,14,17,18]. Many proteins are eas-
ly digested and can provide high sequence coverage (SQ) after

 min  similar to the coverage obtained after overnight digestion.
ence, the accelerating method would appear to be more efficient
nd timesaving than it actually is by using easily digestible pro-
eins for testing. The aim of this study was to evaluate and compare
he accelerated digestion methods with the conventional digestion

ethod at 37 ◦C.

.1. Optimizing the tryptic digestion

.1.1. Description of trypsin action
The efficiency of protein identification is often evaluated by the

Q [25,26],  which is easily calculated by search engines like Mascot
nd Proteome Discoverer in a database search. The SQ might how-

ver, be a misleading parameter to use since not all proteins will
ave a high SQ due to being large in size and more difficult to digest.
dditionally, SQ depends on the mass spectrometer as well as the
arameters used in the database search. SQ is related to the number
t to 50 �L/min and the injection volume was 10 �L. The Orbitrap-MS was used for

of missed cleavages. Incomplete digestion results in generation of
longer peptides with possible cleavage sites that are not cleaved.
These sites are referred to as the number of missed cleavages, and
can be set between 0 and 9, but the default is 2. The SQ is normally
higher when the number of missed cleavages is high, and the SQ
with no missed cleavages represents a more complete digestion
than at a higher number of missed cleavages. When using Mascot
as search engine for protein identification, the number of missed
cleavage is reported together with the identified peptides, and the
distribution of 0, 1 or 2 missed cleavages can give an indication of
the protein identification efficiency.

The trypsin action can also be evaluated by the mass chro-
matograms using both the base peak chromatogram (BPC) and total
ion chromatogram (TIC), to both check if peptides are generated [8]
and the presence of any intact protein [15,20].  As an example, using
the 4-protein mixture, the BPC and TIC from a 5 min  digestion at
37 ◦C are shown in Fig. 2. Many peptides were generated, reflected
by the number of peaks, but an intact protein peak (highlighted
with *) was  additionally observed in both mass chromatograms. The
intact protein peak was more abundant in the TIC than in the BPC,
due to TIC representing the summed intensities of a mass range,
while the BPC only presents the most intense ions.

The intact protein peak was  identified to be undigested cyto-C.
Cyto-C is a rather small protein (∼12 kDa) and more easily detected
in the mass range of the MS.  The other proteins are too large
(≥14 kDa) to be detected by MS  instruments like the Orbitrap-MS.
A MALDI MS  would have overcome this problem and detected the
other proteins, but was not available for this study.

Due to the accessibility of two different MS  instruments some of
the samples were analyzed using both the IT-MS and the Orbitrap-
MS.  The TICs of the undigested cyto-C peak is apparently much
more abundant when using the Orbitrap-MS compared to the IT-
MS,  as seen in Fig. S-1. This is probably because the Orbitrap-MS is
more sensitive than the IT-MS.

As seen, evaluation of protein digestion can be difficult since
it is depended of the nature of the proteins, parameters in a
database search and the MS  instrument. Studying the digestion in
comprehensive proteomics is more challenging than in targeted
proteomics, where the E + P ratio and the digestion time can be
optimized for each protein. We  suggest using an easily digested
protein like cyto-C to be added to the protein sample as a “diges-

tion marker”. If intact cyto-C is detected, then the digestion can
be considered as insufficient. It is however important that the pro-
tein originate from another species than that under investigation
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ig. 3. The area of intact protein peak (a) and SQ (b and c) of the intact cyto-C peak
 + P ratios; 1 + 5, 1 + 10, 1 + 20 and 1 + 40. The Biosphere C8 column, a 60 min  gradi
ther  conditions were as in Fig. 2. The mass tolerance was 0.8 Da and the precursor

o avoid interferences in protein identification and quantification.
lternatively, other non-protein reagents that can be cleaved by
nzymes can be used as the “digestion marker.” In this study, the
fficiency was evaluated by the SQ when the number of missed
leavages altered from 0 to 2, and by the area of the intact cyto-C
eak.

.1.2. Enzyme to protein (E + P) ratio
An optimal enzyme to protein ratio is crucial for an efficient pro-

ein digestion. The relative concentration of enzyme needs to be
igh, but not so high that autolysis occurs [27]. The 4-protein mix-
ure was digested using an enzyme to protein (E + P) ratio between

 + 5 and 1 + 40 (w/w) and the digestion time was set to 5 min  and
2–16 h (overnight) at 37 ◦C on the Thermoshaker. The rather fast
igestion of 5 min  was included in order to have the optimal E + P
onditions for the accelerated digestion methods as well, which are
ften carried out in about 5 min  range. The area of the intact cyto-C
eak, for the 5 min  and overnight digestion, is shown in Fig. 3a.

As seen from Fig. 3a, a higher undigested cyto-C peak was
etected when the 4-protein mixture was digested for only 5 min
ompared to the overnight digestion. The E + P ratio influenced the
igestion for both digestion times in the same manner. More pro-
ein was digested using the 1 + 5 ratio, while the largest undigested
eak was observed with the 1 + 40 ratio.

As previously mentioned, autolysis may  occur when using a high
nzyme concentration. The SQ of the proteins and trypsin is there-
ore another important parameter when determining the optimal
nzyme to protein ratio. The SQ of the model proteins using the
our different E + P ratios are shown in Fig. 3b and c. A higher SQ
as found for BSA and �-lactalbumin when the digestion time

as 12–16 h (overnight), indicating that the protein identification

fficiency is strongly dependent of the digestion time. Cyto-C and
ysozyme on the other hand, were identified with almost similar
Q at both digestion times.
 digesting the 4-protein mixture overnight and 5 min at 37 ◦C using four different
d the Orbitrap-MS were used to separate and detect the tryptic digested peptides.
nce was  10 ppm. The number of missed cleavages was  2.

When determining the most optimal E + P ratio, both SQ and the
intact protein peak were taken into consideration. The 1 + 40 ratio
was not selected due to the presence of a larger intact protein peak
compared to the other ratios. The 1 + 5 ratio was  also not selected
due to the potential increased risk for autolysis. The SQ of trypsin
did not vary much when altering the E + P ratio, but the highest
SQ for the 5 min  digestion was  observed for the 1 + 5 ratio. Based
on this, the 1 + 20 ratio was chosen as the optimal ratio since BSA,
lysozyme and �-lactalbumin were all detected with a higher SQ
compared to the 1 + 10 ratio. Furthermore, the difference in area of
the intact protein peak was  not significant for the 1 + 10 and 1 + 20
ratio for both digestion times. Hence, the E + P ratio used in this
study was 1 + 20 if not otherwise is mentioned.

3.1.3. Digestion time
As Capelo et al. among others claim, the digestion step is the

main bottleneck regarding speed of the traditional workflow of pro-
tein identification, and for complex samples it may take as much as
24 h due to heterogeneity [3,6,7].

The digestion time was  varied from 5 min to 5 h in order
to explore if digestion could be carried out faster than 12–16 h
(overnight). The intact protein peak of cyto-C, which decreased
with time, indicated sufficient digestion after 2–4 h (Fig. 5 in Section
3.3.1). The SQ did not vary significantly when using longer diges-
tion times. BSA and cyto-C were identified with the highest SQ at
5 h and 10 min, respectively, and �-lactalbumin and lysozyme at 1
and 2 h (control samples in Fig. S-2 in Supplementary data).

There was  little difference in peak area of the intact protein and
SQ when the digestion time was 2 and 5 h, and these four model pro-
teins can therefore be digested within 2 h. Hence, many proteins can

be digested within a shorter time period than overnight (12–16 h).
Proc et al. performed a study indicating a digestion time of 9 h
for a complex protein sample of 45 proteins of which some were
easy and some difficult to digest [28]. For targeted proteomics, the
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Fig. 4. The SQ of the four model proteins (25 �g of each protein) digested overnight
at  37 ◦C separately, in a mixture and separately digested in a combined protein
mixture (n = 3). The E + P ratio was 1 + 20. The peptides were separated on the ACE-
C18 column using the 90 min  gradient and the IT-MS/MS was used for identification.
The  injection volume was 10 �L. Number of missed cleavages was  altered from 0
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Fig. 5. The area of the intact protein peak after digesting totally 100 �g (25 �g of
each protein) of the 4-protein mixture for 5 and 10 min and 1–5 h in the IR oven and

◦

o  2 and peptide and MS/MS  tolerance were set to 1.0 and 0.2 Da, respectively. �-
actalbumin was  only identified in two out of three sample replicates in the protein
ixture, and a standard deviation was therefore not calculated.

eeded digestion time should be determined during method devel-
pment. In comprehensive proteomics on the other hand where the
rotein heterogeneity may  be large, the digestion time should be
ufficiently long to digest the majority of all proteins.

.2. Influence of other proteins

Proteins may  act differently in various environments such as in
 complex matrix, or protein mixture compared to that of a single
rotein in solution. The influence of other proteins was evaluated
sing the four model proteins, digested both as single proteins and

n a mixture. An additional mixture was prepared by combining the
ryptic digested peptides from all four proteins, digested separately.
he average SQ with the corresponding standard deviation of three
ample replicates of the four proteins is shown in Fig. 4. The number
f missed cleavage was altered from 0 to 2.

As seen from Fig. 4, the SQ was lower when the proteins were
igested in a mixture compared to when they were separately
igested, for all number of missed cleavages. The lower SQ could be
ue to lower peptide signal because of ion suppression in the MS,

r that the proteins have less access to trypsin in a mixture result-
ng in less cleavage. However, since similar SQ was  obtained for the
ombined protein mixture and the separately digested proteins, ion
uppression is not the limitation, and hence the reduced SQ for the
on the Thermoshaker (control) at 37 ◦C. The peptides were separated on the ACE-
C18  column using the 90 min gradient and the IT-MS/MS was  used for detection.
Other conditions were the same as in Fig. 4.

protein mixture is due to less access to trypsin. This proves that
the presence of other proteins has a large influence of the digestion
and a long digestion time may  be necessary in order to digest the
majority of the proteins as in comprehensive proteomics.

3.3. Accelerated protein digestion methods

3.3.1. IR assisted digestion
3.3.1.1. Digestion time. The in-house made IR oven based on the
designs by Wang et al. [13–15] was used for IR assisted protein
digestion of the 4-protein mixture. Conventional digestion on the
Thermoshaker at 37 ◦C served as control. The temperature in the
solution was  monitored during the IR assisted protein digestion
(Fig. S-3 in Supplementary data) and the temperature for three
sample replicates was  found to stabilize at 37 ◦C after approxi-
mately 2 min, and remained stable at 37 ◦C for at least 10 min. The
protein mixture was digested for 5 min, the same time as used by
Bao et al. [15]. The digestion time was further increased to 10 min,
since the oven used 2 min  to stabilize the temperature at 37 ◦C.
Hence, the solution was at 37 ◦C for 3 and 8 min, respectively. The
SQ was overall the same for all samples examined, whether they
were incubated for 5 or 10 min. The digestion time was further
increased, up to 5 h (1–5 h), in order to investigate the IR assisted
digestion at an extended incubation time. The area of the intact
protein peak decreased when increasing the digestion time using
both the Thermoshaker and IR oven as seen in Fig. 5 and the SQ in
Fig. S-2 in Supplementary data.

Fig. 5 shows that a digestion was accomplished between 2 and
4 h. Only a small decrease in both intact protein peak and SQ
was revealed when comparing IR assisted digestion to digestion in
the Thermoshaker. The overall difference between the IR assisted
digestion and traditional digestion at 37 ◦C was very small both
when considering the SQ (Fig. S-2 in Supplementary data) and the
intact protein peak, using fast (5–10 min) as well as long (1–5 h)
digestion time.

3.3.1.2. Concentration levels. The concentration of the protein mix-
ture was decreased in order to explore if the IR assisted digestion
was more effective at a lower protein concentration level than
100 �g/100 �L. The protein mixture was  diluted with type 1 water
to 20–60 �g/100 �L (0.20–0.60 �g/�L), and digested for 2 h in the IR

oven and on the Thermoshaker at 37 C with a 1 + 20 E + P ratio. The
tryptic peptides were subsequently separated by RP LC-IT-MS/MS.
The peak area relative to protein concent ration remained similar as
shown in Fig. S-4a, with the exception of the 0.20 �g/�L  4-protein
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Fig. 6. The average peak area (n = 3) of the intact protein peak represented by cyto-C
with the corresponding standard deviation when digesting the 4-protein mixture in
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Fig. 7. The area of the intact protein peak (cyto-C) when digesting the four model
proteins with either CaCl2/Tris, tABC/CaCl2/Tris or tABC in combination with 0, 40
or  80% ACN. The digestion time was  1 h at 37 ◦C. A 10 �L sample (10 �g digested
he microwave and on the Thermoshaker at 37 and 45 C. The ACE-C18 column and
he 90 min gradient were used to separate the peptides, while the IT-MS/MS was
sed for detection. Other conditions were the same as in Fig. 4.

ixture. The SQ decreased slightly with decreasing protein con-
entration, as seen from Fig. S-4b-d in Supplementary data, as the
eaction rate of digestion is proportional to the protein concentra-
ion [10] and since some of the peptides will have an intensity lower
han the limit of detection.

When comparing the SQ of the IR assisted digestion procedure
ith the traditional digestion at 37 ◦C, no significant differences
ere found, even at concentration levels down to 0.20 �g/�L. Thus,
roteins can be digested in a IR oven, but compared to the con-
entional digestion procedure, there are no indications that the
R method provide an improved protein identification efficiency
or 0.20 to 1.00 �g/�L protein (which are commonly employed) at
igestion times from 5 min  up to 5 h.

.3.2. Microwave assisted digestion
Microwave assisted protein digestion was evaluated using a

emperature controlled microwave oven. The 4-protein mixture
nd cyto-C were used as test samples. The power of the microwave
as set to 144 W and the temperature was held at 37 and 45 ◦C,

or 10 min  as described in Section 2.3.3 in Experimental. Diges-
ion at 37 and 45 ◦C on the Thermoshaker was used for control.
he average SQ with the corresponding standard deviation from
hree sample replicates of the protein mixture is shown in Fig. S-

 in Supplementary data. No differences between microwave and
emperature assisted protein digestion were observed for the four

odel proteins. The area of the cyto-C peak decreased with increas-
ng temperature as seen in Fig. 6, but no significant difference in the
rea of the intact protein peak was found between the temperature
nd microwave initiated digestion.

The actual temperatures measured in the sample solution
mmediately after the microwave irradiation were approximately
5 and 60 ◦C, and hence deviated from the set temperatures of
he instrument which were 37 and 45 ◦C, respectively. Digestion
f cyto-C on the Thermoshaker at 60 ◦C was therefore also carried
ut and the average area of the intact protein peak, from two sample
eplicates is shown in Fig. S-6.  The difference in peak area between
he two sample replicates using the different digestion methods
as between 10 (Thermoshaker, 45 ◦C) and 20% (microwave, 45 ◦C).

he intact peak of cyto-C decreased slightly with increasing tem-
erature, but no significant differences in SQ using the different
ethods or temperatures were found (data not shown).
Hence, microwave irradiation seems to have no additional effect

n the tryptic digestion of the four model proteins when com-

ared to the conventional digestion method. On the other hand, the

ncreased digestion temperature apparently enhanced the action
f trypsin giving a decrease in the intact peak of cyto-C. However,
he BPC of four chosen peptides of cyto-C also showed a decrease
protein) was  loaded on the ACE C18 column and the peptides were separated using
a  90 min  gradient using the IT-MS/MS for detection. Other conditions were similar
to  Fig. 4.

in the peak area when increasing the digestion temperature, indi-
cating that the action of trypsin decreased at higher temperatures
using TPCK treated trypsin (data not shown). Nevertheless, a modi-
fied (like methylated) trypsin which is commercially available, that
have an optimum digestion temperature at 60 ◦C, could be more
efficient in combination with microwave assisted digestion [8].  In
this study, however the TPCK treated trypsin was used since the
aim was  to repeat the experimental setup performed by Pramanik
et al. [16].

3.3.3. Solvent aided digestion
Tris with CaCl2 is the buffer that is commonly applied when the

concentration of ACN is high during protein digestion, while tABC
is mostly used at lower ACN concentration level. It should be kept
in mind that protein precipitation may  occur at high concentration
levels of ACN. The natural presence of Ca2+ in most samples, binds
at the Ca2+-binding loop of trypsin and prevents autolysis [29]. A
concentration of 1 mM CaCl2 is therefore recommended, but not
always necessary if the contribution of Ca2+ from natural sources is
high [30]. The area of the intact cyto-C peak after digestion at the
various ACN concentrations in combination with different buffers
are shown in Fig. 7, while the SQ of each protein is presented in
Fig. S-7 in Supplementary data.

When the protein digestion was performed without ACN, the
tABC/CaCl2/Tris gave the most efficient digestion, with a very low
undigested protein peak. However, when increasing the concen-
tration of ACN to 40 and 80%, the CaCl2/Tris buffer gave the best
digestion. A larger undigested protein peak was observed when
tABC was used in the solution. Only cyto-C was  identified when
using tABC in combination with 40 and 80% ACN as seen in Fig. S-
7. There was a large difference in SQ when the number of missed
cleavage varied between 0 and 2, indicating insufficient digestion.
The difference in SQ when using the other buffer–ACN combina-
tions were smaller, and hence the digestion appeared to be more
efficient. The reason for the low trypsin protein identification effi-
ciency at higher ACN concentration may  be due to the lack of
Ca2+-ions. In contrast to Tris buffers, where CaCl2 always is added,
CaCl2 contribution was low when the ratio of ACN was as high as
80%. Others speculate that poor digestion at high organic content

in the sample solution may  be due to increased protein precipita-
tion because of interactions with ACN [31]. Protein precipitation
was observed with tABC in combination with 40 and 80% ACN, and
could have affected the digestion in the present study. For the four



1076 H.K. Hustoft et al. / Journal of Pharmaceutical and

F
a
u

m
s
R
d
t
d
t
i
e

3

t
e
t
t
t
t
(
p
s
n
l

ig. 8. 30 �g of the 4-protein mixture dissolved in an aqueous buffer (control) and
 SDS containing buffer. The protein mixtures were digested on a 10 kDa spinfilter
sing the FASP method. The LC and MS  conditions were as in Fig. 4.

odel proteins addition of higher amount of organic solvent to the
ample solution did not improve the digestion, as earlier found by
ussell et al. [32]. However, adding CaCl2/Tris to the tABC buffer
ecreased the intact protein peak considerably compared to using
ABC solely. It is therefore recommended to include CaCl2/Tris in the
igestion buffer in order to have a more sufficient digestion. Fur-
hermore, a CaCl2/Tris buffer should be used when ACN is included
n order to reduce the risk of protein precipitation and improve the
fficiency of protein identification.

.3.4. Filter-aided sample preparation (FASP) assisted digestion
According to the FASP procedure, total solubilisation of the pro-

eome can be achieved using 4% SDS, which can subsequently be
xchanged by urea on a 10 K filter device [21]. Digestion of the pro-
eins on the filter is followed by elution of the generated peptides
hrough centrifugal force. In the present study we  wanted to verify
he FASP procedure, both for its ability to deplete SDS and to digest
he proteins. The 4-protein mixture was dissolved in an aqueous
control) and a SDS containing buffer, prior to SDS depletion and

rotein digestion on the 10 K filter. The average SQ with the corre-
ponding standard deviation is shown in Fig. 8. �-Lactalbumin was
ot identified in the SDS containing samples. As seen from Fig. 8,

ower SQ was obtained when the protein mixture was  dissolved
 Biomedical Analysis 56 (2011) 1069– 1078

in the SDS containing buffer. The same trend was  observed when
number of missed cleavages was  altered from 0 to 2.

The spinfilter was not able to deplete all SDS using the reported
protocol, this can lead to problems with subsequent the LC–MS
analysis because of a large SDS peak. Due to high abundance of
SDS, peptides with lower abundance coeluting with SDS may  be
difficult to identify. Actually, Millipore’s product information state
that the 10 K Amicon filter devices used will not deplete more than
40% of SDS in 5% SDS solution, and this might be the reason for the
lower SQ for the SDS dissolved samples.

The FASP procedure was  found rather time consuming, but
recently the FASP method was  made commercially available
through a FASPTM Protein Digestion Kit, from Protein Discover, and
in this protocol some of the centrifugation steps are decreased in
time, but still it takes more than 2 h to complete the protocol, prior
to 4–18 h of trypsin digestion.

3.4. Tryptic digest clean-up

Purifying the tryptic peptides with C18 Ziptip is very useful in
order to remove salts and other reagents that may interfere with
the subsequent LC–MS/MS analysis. However, the capacity of the
ZipTips needs to be considered prior to the sample loading. In this
study, 0.6 �L C18 ZipTips were used and the capacity of these tips
were determined to be 10 �g. A digestion of 10 �g protein of the
four model proteins were ZipTipped prior to the LC–MS/MS analysis
and compared with a non ZipTipped sample.

The more hydrophilic peptides, eluting early, are not identified
in the ZipTipped sample, this may  be due to washing the ZipTip
with an aqueous mobile phase. Additionally, the overall intensity
is also lower compared to the non ZipTipped sample, and this can be
due to the limited capacity. Even though, more than 60% of all pep-
tides were identified for all proteins. Hence, when needing to purify
the tryptic digest prior to LC–MS analysis, ZipTips are still recom-
mended since they are easy to handle and commercially available
at a reasonable price.

4. Conclusions and recommended sample preparation
procedure for LC–MS based proteomics

The protein identification efficiency of four potential acceler-
ated digestion methods using IR and microwave assisted, solvent
aided and the FASP protocol was evaluated. These methods were
compared to the conventional digestion method at 37 ◦C using the
same conditions, excluding the accelerating factor. The four model
proteins were digested using all methods, but none appeared to be
more efficient than the conventional digestion method at 37 ◦C in
the same time range as the accelerating methods. This is in contrast
with statements made in the original literature. These statements
were mostly based on erroneous comparisons, by comparing fast
digestion in the minutes range with overnight digestion, and the
use of easily digestible proteins. Since the accelerated methods
were not able to digest the four model proteins more efficiently,
they would certainly not be more suitable for more complex pro-
tein samples. We  therefore recommend using the conventional
digestion method at 37 ◦C, also due to commercially available
instrumentation and ease of handling.

Both sequence coverage and intact protein peak were used
to evaluate the digestion. Sequence coverage is often the easiest
parameter to use, but it is dependent of the nature of proteins, the
MS instrument and the parameters used for the database search
and it can therefore be difficult to use for comparing different diges-

tion methods. There are limitations regarding the use of the intact
protein peak as well, but small proteins like cyto-C or other non-
protein reagents which may  be cleaved by trypsin, can be used as
a digestion marker in order to evaluate the action of trypsin.
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Fig. 9. A recommended procedure fo

For targeted proteomics, the protein digestion can be opti-
ized for each protein and the digestion can be carried out faster

han 12–16 h (overnight) at 37 ◦C. In this case the optimal diges-
ion method can be found varying both digestion times as well
s enzyme to protein ratios. In comprehensive proteomics, on the
ther hand, it is more intricate to optimize the digestion due to
ample heterogeneity and the large variety of proteins. Often a long
igestion time is needed in order to cleave the majority of proteins
o peptides due to the nature of proteins and influence of other
roteins present. We  suggest therefore especially for newcomers

n the field of comprehensive proteomics to use the conventional
vernight digestion method at 37 ◦C as shown in Fig. 9 in order
o have a sufficient digestion for both easily and more resistant
igestible proteins.
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