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Abstract

In shotgun proteomics, a complex protein mixture is digested to peptides, separated and identified
by microcapillary liquid chromatography followed by tandem mass spectrometry (LC-MS-MS). In
this technology, complete protein digestion is often assumed. We show that, to the contrary,
modifications to a standard digestion protocol demonstrate large, reproducible improvements in
protein identification, a result consistent with digestion being a limiting factor in the efficiency of
protein identification.
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1. Introduction

In the post-genomic era of systems biology, it is becoming increasingly clear that to fully
understand a protein’s function we need to examine all of its interactions simultaneously.
Modulations in protein function are frequently the result of upstream, downstream, and parallel
interactions, and cellular processes are mediated in part by interactions which are regulated
both spatially and temporally within the cell. Measuring such phenomena requires a
comprehensive analysis of proteins without bias for or against selected proteins. Unfortunately,
proteins do not lend themselves well to a one-size-fits-all approach for sample detection and
analysis. Proteins display a broad range of physiochemical properties and are expressed over
a very large dynamic range, complicating the analysis of large numbers of proteins in parallel
using a single technology.

These limitations have spurred the development of shotgun proteomics. In this technology, a
complex protein mixture is digested to a peptide mixture, followed by the analysis of the
peptides by microcapillary liquid chromatography-tandem mass spectrometry (uLC-MS/MS)
(1;2). The identity of the peptides present can then be deduced by correlating the respective
MS/MS fragmentation spectra against theoretical spectra of peptide sequences obtained from
a protein sequence database. This approach lends itself well to the analysis of proteins with a
broad range of properties including extremes in molecular weight, isoelectic point and
solubility because peptides are significantly less chemically diverse than the proteins they are
derived from. Most shotgun proteomics methodologies assume that the digestion of all proteins
in a complex mixture is driven to completion and does not limit protein identification (3).
However, it is well known that many proteins are resistant to proteolysis (4;5). Hence,
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incomplete digestion is one likely limitation imposed in the analysis of complex protein
mixtures. Furthermore, although many experiments have examined the digestion kinetics and
efficiencies of a single protease substrate (6;7;8), little work has examined different protocols
in the context of a complex soluble protein sample, and none in the context of shotgun
proteomics. Digestion of complex protein mixtures can be affected by many factors, including
but not limited to poor protein solvation or denaturation, inadequate local enzyme
concentration, insufficient reaction time, and even other molecular species within the mixture
that can compete for protease activity. Any of these factors might interfere with the production
of peptides and ultimately the identification of proteins. Thus, we modified and tested a
standard digestion protocol (9) and examined the modified protocols’ effects on the
identification of proteins from a complex mixture.

We demonstrate that current protein digestion protocols limit the analysis of proteins in
complex mixtures. We present a comparison of four different digestion strategies for the
qualitative identification of proteins by uLLC-MS/MS. All analyses were performed in replicate
with the same starting protein sample and analyzed at the same time using an identical
experimental setup. A modified protocol using an acid-labile detergent and an immobilized
protease in a microcapillary column reproducibly produced the greatest number of protein
identifications. While immobilized trypsin column technology has been used in the past for
digestion of a small number of proteins (10;11;12;13), and for complex protein mixtures
analyzed with size-exclusion chromatography (14), to the authors’ knowledge, this is the first
characterization of the immobilized trypsin columns efficacy for shotgun proteomics.

Improved protein identification was indicated in the column digest by a three-fold increase in
total protein identifications, as well as increased peptide sequence coverage of proteins and an
almost five-fold increase in identification of low-level proteins. It is worth emphasizing that
these results do not indicate improved digestion efficiency per se, but instead demonstrate
improved protein identification efficiency, arguably more important in the context of
proteomics method development. We thus show substantial improvement over existing
methods, demonstrating that digestion variation is a significant source of inefficiency in protein
identification with shotgun proteomics.

2 Experimental Section

2.1 Materials

RapiGest SF acid labile surfactant was purchased from Waters Corporation (Milford, MA).
The proteases endoproteinase Lys-C and trypsin (modified, sequencing grade) were obtained
from Roche. Poroszyme immobilized trypsin enzyme was purchased from Applied Biosystems
(Foster City, CA). All other laboratory reagents were purchased from Sigma-Aldrich (St. Louis,
MO) unless noted otherwise.

2.2 Sample Preparation

Bacteria culture—Two 5mL test tubes of OP media were inoculated from single colonies
of Escherichia coli (strain OP50) and incubated overnight at 37°C. Both 5mL cultures were
added to 1L OP media for a 1:100 dilution and incubated for 5h at 37°C to an ODgggnm Of
approximately 0.6. This culture was chilled for 5 min on ice and spun down at 3000 rpm for 5
min at 4°C. The resulting bacterial pellets were then lysed using the French press twice at
1000psi, and spun at 4000 rpm for 30 min at 4°C. The resulting supernatant was then spun at
14000 rpm for 10 min at 4°C to remove insoluble proteins. The final supernatant was collected
and assayed for protein concentration using RC DC Protein Assay Kit (Bio Rad, 500-0122)
at 8ug/ul.
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Digestion protocols—Four digestion protocols were tested in quadruplicate for a total of
16 samples as described below. Protocol short names are shown in parentheses.

Lys-C/Trypsin digestion (Lys-C/Tryp)—Four samples each containing 60ug protein were
solubilized in 100mM Tris pH 8.5, 8M urea. The sample was reduced in 5mM dithio-theitol
(DTT) for 30 min at 60°C to reduce disulfide bridges; cysteines were then alkylated in the dark
in 25mM iodoacetic acid (IAA) for 30 min at 25°C. Endoproteinase Lys-C was added to each
of four samples for ratio of 1:100 enzyme:protein and incubated overnight with shaking at 37°
C. Sample was diluted 1:1 in 100mM Tris, pH 8.5 for a final concentration of 4M urea and
Trypsin enzyme was added for a ratio of 1:30 enzyme:protein along with 2mM CaCls, and
then incubated overnight with shaking at 37°C.

Twenty-four hour solution-phase trypsin digestion (24-Hour-Solution)—Four
samples each containing 60ug protein were solubilized in 200mM Tris pH 8.5; 0.1% RapiGest
SF. The sample was reduced with DTT and alkylated with IAA, as above. Trypsin enzyme was
added for a ratio of 1:30 enzyme:protein along with 2mM CaCls, and then incubated overnight
(approximately 24-hour) with shaking at 37°C.

One-hour solution-phase trypsin digestion (1-Hour-Solution)—Four samples each
containing 60ug protein were solubilized in 200mM Tris pH 8.5; 0.1% RapiGest SF, reduced
with DTT and alkylated with 1AA, as above. Trypsin enzyme was added for a ratio of 1:30
enzyme:protein with 2mM CaCl,, and then incubated for one-hour with shaking at 37°C.

Immobilized trypsin column digestion (1-Hour-Column)—Four samples each
containing 60ug protein were solubilized in 100mM Tris pH 8.5; 0.1% RapiGest SF, reduced
with DTT and alkylated with 1AA, as above. Each 50uL of 1.2ug/ul. sample was digested by
using an immobilized trypsin column.

The trypsin column was constructed by attaching 50cm of 250um ID fused silica (Polymicro
Tech, Phoenix, AZ) to a MicroTight inline MicroFilter (UpChurch Scientific, Oak Harbor,
WA). Poroszyme immobilized trypsin was slurry packed using a pressure bomb into the fused
silica behind the inline MicroFilter to create a 7cm trypsin column. The resulting column was
flushed with 25% MeOH, 0.01% formic acid and then looped with ends sealed to retain
moisture and stored at 4°C until immediately prior to use.

In preparation for sample digestion, the column was equilibrated at 37°C and washed with 100
mM Tris pH 8.5, 1 mM CaCls, and 5% acetonitrile for 5 min. The 50 uL sample was then
passed over the column at 1 4L per min using an HPLC pump. The sample was collected for
a total of 90 min (90uL) to ensure that all the sample was retained and any dead volume and
flow inaccuracy was accounted for.

Post-digestion—Following digestion, each of the 16 reactions were acidified to 50mM HCI
to hydrolyze the RapiGest SF in the 12 samples that contained it and to inhibit any remaining
active enzyme. Samples were then incubated for 45 min at 37°C and centrifuged for 4 min at
4000rpm. The supernatant was collected and diluted with MilliQ purified water to a total
volume of 120uL for consistent peptide concentrations.

2.3 Mass spectrometry and database searches

Each of the 16 trypsin digests were analyzed by automated microcapillary liquid
chromatography tandem mass spectrometry. A 100um ID fused silica capillary (Polymicro
Tech, Phoenix, AZ) was manually pulled to a 5um tip and slurry packed with 12cm 5um Aqua
C18 material (Phenomenex, Ventura, CA) using a pressure bomb. The column was placed
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inline with an Agilent 1100 Binary HPLC and Autosampler (Palo Alto, CA) and interfaced
with a LTQ linear ion-trap mass spectrometer (ThermoElectron, San Jose, CA) using a home
built microspray ion source.

The sample was loaded onto the microcapillary column using a conventional binary HPLC and
autosampler. This system uses two different split flow configurations: a sample loading
configuration and a sample running configuration (Supp. Figure 2). In both states, the HPLC
pump flows at 150uL/min, and the flow rate to the electrospray tip is reduced through the use
of a split. The main difference between the two states is the position and flow resistance
provided by length of split capillary. In the loading configuration, a relatively long split occurs
between the HPLC pump and the autosampler, avoiding sample loss, while maintained output
flow rate at 5uL/min (diverting 145xL/min to waste). In the running configuration, a relatively
short restriction is placed immediately prior to the column, reducing the effect of the dead
volume between the autosampler and column while reducing the flow rate to 200nL/min
(diverting 149.8uL/min to waste). This configuration allows rapid sample loading while
facilitating nanoliter flow rates for high sensitivity during peptide separation and analysis. All
splits were controlled using the divert valve of the mass spectrometer.

The HPLC separation was provided by a gradient between Buffer A (95% water, 5%
acetonitrile and 0.1% formic acid) and Buffer B (20% water, 80% acetonitrile, and 0.1% formic
acid). The HPLC gradient was held constant for 20-min at 100% A during the loading of the
sample from the autosampler to the microcapillary column. The buffer conditions then changed
from 0% B to 15% B over 5 min, followed by a 70-min gradient from 15% B to 40% B, and
a 5-min gradient from 40% B to 85% B. The column was then re-equilibrated in 100% A for
20 min. As peptides eluted from the microcapillary column, they electrosprayed directly into
the mass spectrometer. A cycle of one full-scan mass spectrum (400-2000m/z) followed by
five data-dependent MS/MS spectra at a 20% normalized collision energy was repeated
continuously throughout each step of the separation. Application of mass spectrometer scan
functions and HPLC solvent gradients were controlled by the Xcalibur data system.

Sequence database search—Each MS/MS spectrum was searched against a protein
database containing the E. coli open reading frames (described below) using a normalized
implementation of the SEQUEST algorithm (15;16). All database searches were performed
with no enzyme specificity. Multiply charged spectra were searched twice, once as +2 and
once as +3.

The spectra-peptide associations generated by SEQUEST were then filtered using DTAS-elect
(17). Peptides were filtered by requiring a normalized XCorr of 0.3 for peptides of charge state
+1, +2 or +3. The minimum DeltCN was 0.1 and the minimum proportion of fragment ions
observed was 0.1. Peptides were required to have a minimum sequence length of seven amino
acids and to be fully tryptic with internal missed cleavage sites allowed. Proteins with at least
one peptide passing these criteria were accepted as an identification.

Estimation of False Discovery and True Discovery Rates—We only wish to count
the number of true positive protein identifications under each digestion protocol. This requires
an estimate of the rate of false positive assignment of peptides to spectra, which we obtain with
the following procedure: Spectra are searched against a FASTA database consisting of the
NCBI 2004-May-02 E. coli protein database concatenated with a database of common
contaminant proteins and a decoy database consisting of randomized sequences of the same
length and amino acid distributions as the original protein database. The number of protein hits
to the randomized database is used as a proxy measure of the number of false protein hits to
the E. coli database. The number of true positive protein hits is then determined by subtracting
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this estimated number of false-discoveries from the number of hits to the normal
(unrandomized) sequences in the concatenated database.

2.4 Estimate of mRNA transcript abundance

3 Results

Expression-level information about the E. coli strain K12 MG1655 was downloaded from
http://asap.ahabs.wisc.edu/annotation/php/ASAP1.htm. Calibrated expression levels were
obtained for microarray experiment EXPSET0003 data set PALSP49:1 (18). All gene IDs from
the NC000913 genome were queried from the web interface to obtain calibrated expression
levels for all E. coli proteins. Expression values of mRNA for 4017 genes in log phase E.
coli (18) were ranked and used to divide the genes into three groups of approximately 1006
proteins each: those proteins with mRNA expression values in the lowest 33rd percentile; those
between the 34th and 66th percentiles; and those between the 67th and 100th percentiles. The
number of genes identified in each group for the three non-Lys-C digestion protocols are
divided by the number of genes identified in that group in the Lys-C/Trypsin digest. Expression
is used as a rough proxy for protein-level.

The four digestion protocols are compared using three methods, all of which measure the
protocols’ effects on protein identification. The first method measures effects on total proteins
identified. The second method measures the extent to which identified peptides cover their
respective protein sequences. The third method measures amount of low-level proteins
identified by examining the number of proteins identified at low, medium and high levels, as
indicated by each protein’s mRNA expression levels.

Total number of identified proteins

The number of proteins identified under each of the four digestion protocols in four replicates
is shown in Table 1. All three modified digestion protocols show increased protein
identification compared to the standard 48-hour Lys-C/Trypsin digestion protocol, with the
highest number of proteins identified using the 1-Hour-Column digestion protocols, followed
by the 1-Hour-Solution and finally the 24-Hour-Solution protocols. The four replicates for each
protocol show low standard deviation of less than 30 proteins. These trends are maintained
across a wide variety of search parameters.

The fact that the 1-Hour-Solution protocol identifies more proteins than the 24-Hour-Solution
protocol is unexpected, and deserves additional comment. It is generally assumed that longer
digestion duration will result in more complete digestion, and hence in increased protein
identification. There are several possible explanations for why this is not the case in these
experiments. Endogenous proteases could be degrading proteins below the detectable
molecular weight range in the 24-Hour-Solution protocol. Alternatively, peptides might remain
intact, but be modified chemically. To address this possibility, we re-searched spectra allowing
for carbamylation of Lysine or oxidation of Met, with no significant change in results (the
carbamylated LysC/Tryp had 201 true positives with a standard deviation of 19.8). Additional
experiments will need to be performed to determine the exact cause of this unexpected result.

Sequence coverage of identified proteins

Itis rare that all peptides from the entire protein sequence are identified by mass spectrometry
—usually only a fraction of the protein’s peptides are recovered. While many factors (e.g.
peptide fragmentation efficiency), contribute to this incomplete detection, sample digestion
almost certainly plays a role. Increased sequence coverage indicates increased confidence in
a protein identification; thus, an ideal shotgun proteomics digestion protocol will result in high
sequence coverage across all proteins. The distribution of sequence coverage for all proteins
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identified in each of the four digestion protocols is shown in Figure 1. Sequence coverage for
the 1-Hour-Column and 1-Hour-Solution digestion protocols are the highest, followed by the
24-Hour-Solution and finally the standard Lys-C/Trypsin protocol.

Identification of proteins at low, medium and high levels

It is possible that the difference in total number of protein identifications noted in Table 1 is
due only to improved digestion of highly-abundant proteins. Thus, we sought to determine the
extent to which proteins occurring at different levels within the cell are identified using each
digestion protocol. The 4017 proteins in the E. coli proteome were divided into three equal
groups based on the relative abundance of their respective mRNA transcripts: high-level,
medium-level and low-level proteins. Table 2 shows the ratio of the number of proteins
identified in each of these three groups relative to the number of proteins identified in that
group by the standard Lys-C/Trypsin protocol. The 1-Hour-Column, 1-Hour-Solution and 24-
Hour-Solution digestion protocols all show increased identification of high-, mid- and low-
level proteins relative to the Lys-C/Trypsin protocol, with the largest difference being four-
fold increase for low-level proteins identified by the 1-Hour-Column digestion.

Additional experiments

To account for the effect of different protein denaturants, enzyme form (e.g. immobilized
versus soluble), endogenous proteases, and digestion time, a separate set of experiments were
performed to provide a more thorough set of controls. In the supplementary experiments, we
repeated the serial endoproteinase Lys-C/trypsin digestion using urea in one experiment and
RapiGest in a second (Supp. Figure 4). The samples containing RapiGest (ER) had an average
33% greater number of peptides (p-value < 0.001) and 25% greater number of protein
identifications (p-value < 0.100) compared to those with urea (EU).

To confirm that the improvement in the column digestion was actually a function of the column
and not the difference between the modified trypsin and the Poroszyme immobilized trypsin,
we performed a subsequent experiment (Supp. Figure 4) comparing the following conditions:
first, immobilized trypsin packed into a microcapillary column; second, immobilized trypsin
in suspension in a microfuge tube; third, soluble trypsin in a microfuge tube. During these three
additional conditions, all the non-tested conditions were maintained the same: the buffer,
temperature, and length of digestion. In all of the replicates, the Poroszyme column digested
sample outperformed the digestion in free solution and the digestion performed using the
Poroszyme trypsin used in a suspension. Furthermore, the soluble trypsin digest gave superior
results when compared to the identical microfuge based digestion using immobilized trypsin
in suspension, suggesting that the digestion improvement is a result of the column and not the
immobilized trypsin.

4 Discussion

In this section we point out and speculate on the implications of the main results regarding
digestion conditions with respect to peptide and protein identifications: first, digestion
protocols using RapiGest have improved protein identifications when compared with those
that use urea; second, longer digestion times are not necessarily better; and third, digestions
on a column result in more identifications than digestions in microfuge tubes.

Digestion protocols using RapiGest have improved protein identifications when compared
with urea

In all of our experiments, we observed a significant increase in protein identifications in the
presence of RapiGest when compared to urea. It is likely that this improvement in peptide and
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protein identifications is a result of improved solubilization and denaturation of the protein
without reduction in the protease activity.

RapiGestisan acid labile surfactant that is commercially available from Waters. This surfactant
is anionic and has been reported to improve the solubilization/denaturation of proteins while
maintaining the activity of trypsin. Trypsin maintains 100% of its activity in 0.1% RapiGest
and improves the digestion of proteins commonly resistant to proteoly-sis (19). A secondary
advantage of RapiGest is that upon acid treatment it is cleaved into two components, a small
ionic moiety and a hydrophabic, aqueous insoluble group. Centrifugation removes this
insoluble group, allowing mass spectrometry analysis without the interference caused by
surfactants used during most other biochemical protein preparations.

Urea is a common denaturant used in trypsin digestions. While urea can be an effective
denaturant, more than 50% of trypsin activity is lost with urea concentrations greater than 4M.
Thus, a common procedure is to first denature the protein mixture in 8M urea and perform an
initial digestion using endoproteinase Lys-C, which maintains 60% of its activity at this urea
concentration, followed by dilution to 4M and an additional digestion in trypsin (9) This serial
digestion maintains the same cleavage specificity (i.e. Lys-C cleaves at K and trypsin cleaves
at Kand R) as using trypsin alone but uses the enhanced activity of Lys-C in 8M ureato improve
the overall digestion efficiency. However, our results suggest that the use of a denaturant (such
as RapiGest) that can maintain the activity of the protease is important to comprehensive
peptide identification.

Another potential drawback to the use of urea is that it contains varying amounts of cyanate
that can result in artifactual carbamylation of lysine and/or cysteine residues during the sample
preparation. Although we were not able to detect an increase in protein carbamylation sites in
the sample preparations with urea (data not shown), carbamylation leading to reduced peptide
identification is nonetheless a concern in any preparation that uses urea.

During these experiments, it has become clear that a major limiting factor for protein
identification is the lack of mass spectrometry compatible surfactants that can be used to ensure
protein solubility while maintaining trypsin activity. Although the use of RapiGest shows
significant improvement over urea, the availability of alternative (nonionic or zwitterionic)
surfactants will likely prove more useful than others for selected classes of proteins within
complex mixtures. Over the last couple years alternative surfactants have been developed
(20;21;22); however, only after commercialization will these products truly benefit the greater
proteomics community.

Longer digestion times do not necessarily result in more identifications

In every digestion performed we found that shorter digestion times worked as well or better
than longer digestions for peptide identification. While the mechanism for the improved protein
and peptide identification with shorter digestion times is not clear, the risk of asparagine and
glutamine deamidation increases substantially with time under pH and temperature conditions
optimal for trypsin activity (23). This increased deamidation will shift the mass of the peptides
by 1 Da and complicate the characterization of peptide tandem mass spectra by database
searching. Trypsin also undergoes autolysis, reducing enzyme activity and site-specificity over
time. Given these concerns along with our experimental results, we recommend limiting
digestion time to less than 24 hours, although an exact digestion-time recommendation would
require additional experiments.
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Digestions on-column yield more identifications than digestions in microfuge tubes

These data show that driving a protein mixture through a microcapillary immobilized trypsin
column results in significantly more efficient protein identification by uLC-MS/MS of the
resulting peptides than any other approach. Although other laboratories have reported similar
improvement in tryptic digestion efficiencies of simple mixtures using column digestions
(10;11;12;13), the exact mechanism for the improved on-column digestion is not known.
However, it is likely that the enzyme substrate ratio on the column is very high, creating a
microenvironment that proceeds at a higher rate than immobilized trypsin suspended in a large
volume or trypsin in solution. Additionally, the chymotryptic-like activities of the 26S
proteasome are often inhibited by allosteric and competitive regulation by peptides mimicking
cleavage products (24). Although to our knowledge this has not been reported for trypsin, it is
not unlikely that some of the thousands of tryptic peptides that are produced in these digestions
might have an inhibitory effect on the trypsin activity. Using trypsin in a column, the cleavage
products are removed from the protease and replenished with new substrate as the material is
pushed through the column. While we do not have data to conclusively prove this mechanism,
our data support this hypothesis.

5 Conclusions

Even slight modifications to a standard digestion protocol can have a significant effect on the
qualitative identification of proteins in complex mixtures. Whereas most proteomics research
has focused on the implementation of improved chromatographic separation strategies and
database searching algorithms, these data suggest that subtle changes in digestion and sample
preparation protocols might have as great—if not greater—impact on protein and peptide
identification by shotgun proteomics technologies. While we have shown a significant
improvement over prior protocols, none of the digestion protocols presented here should be
considered fully optimized. Furthermore, this analysis is limited to a single E. coli sample; it
is entirely possible that different samples might show different results. Nonetheless, these
results leave little doubt that digestion protocols are a limiting factor in peptide identification
using shotgun proteomics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Distribution of percent sequence coverage of identified proteins by identified tryptic peptides.
It is rare that peptides from the entire protein sequence are identified by mass spectrometry;
usually only a fraction of the protein’s peptides are recovered. Increased sequence coverage
of a protein by its identified peptides increases confidence of the protein identification.
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Page 12

Ratios of number of proteins identified in three digestion protocols relative to the standard Lys-C/Trypsin digestion
protocol. The first value in each cell is the mean across four samples; the second is the standard deviation.

Percentile
Condition® 0-33 34-66 67-100
1-Hour-Column 4.46 +0.39 3.67+0.19 2.25+0.10
1-Hour-Solution 3.98 +0.50 317+0.18 2.02+0.06
24-Hour-Solution 2.31+0.39 2.02+0.12 1.64 +0.12

See text for detailed description of digestion conditions.
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