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Abstract

Label-free quantification using liquid chromatography-mass spectrometry (LC-MS) has now become a widely
accepted analytical approach for the comparison of differential protein expression levels across multiple samples.
One major concern of current label-free strategies is the technical variability introduced at multiple points during
sample preparation. Typical workflows require cell lysis with buffers containing detergents, overnight proteolysis,
removal of potential interferences such as salts and detergents by solid phase extraction (SPE) and subsequent
solvent evaporation and reconstitution prior to analysis. Each of these stages is likely to introduce sample variability.
Here we present a new strategy, which incorporates an acid-cleavable detergent in the lysis buffer, one-hour digestion
with a temperature stable, immobilized enzyme and no requirement for SPE clean-up. The entire sample preparation
stage takes less than three hours from cell pellet to autosampler vial and sample handling is kept to an absolute
minimum. Our data demonstrate a significant reduction in the technical variability of sample preparation compared

to a typical protocol along with a dramatic time saving with no cost in terms of qualitative peptide identifications.
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Introduction

Tandem mass spectrometry (MS/MS) in combination with
nanoflow liquid chromatography (LC) has become the analytical
technique of choice for global relative quantification assays of complex
protein samples [1]. Methodologies have been developed to enable the
comparison of protein expression levels across multiple samples, which
may be broadly classified as either label-free, or those incorporating
stable isotopes [2]. Stable isotopes may be introduced either at the point
of cell growth (in vivo metabolic labeling) i.e. stable isotope labeling by
amino acids in cell culture (SILAC) [3] or at the protein or peptide level
via chemical derivatization (in vitro labeling with isotopomeric tags)
such as reductive methylation [4], isobaric tags for relative and absolute
quantification iTRAQ) [5], tandem mass tags (TMT) [6] and isotope-
coded affinity tags (ICAT) [7]. In contrast, label-free approaches take
MS features of peptides such as peak intensity, or spectral numbers,
and compare them directly across samples [8]. All of these approaches
have advantages and limitations, which are briefly considered below.

Analytically speaking, when samples requiring quantitative
comparisons of a biological nature are subjected to several stages of
sample manipulation, it is advantageous to have an internal control
(an isotopic label) present to compensate for variations introduced
throughout the process i.e. to mitigate for technical variability. The
earlier in the analytical process that this control can be incorporated,
the less effect sample manipulation should have, since once the samples
have been labeled they may be combined and subsequently experience
all sample handling operations, such as enzymatic digestion, to the
same extent. To this end, SILAC is the most attractive means of labeling
samples for protein expression comparison. In a SILAC experiment,
mass differences are introduced to all proteins by growing cells in
normal and enriched media [3,9]. Normal media gives rise to a “light”
cell population, whereas a “heavy” cell population is synthesized when
this is replaced with media containing heavy amino acids, such as *C -
arginine and/or "*C_-lysine. Upon incorporation of the heavy amino
acids (five passages), the cells are mixed, digested and analyzed by

LC-MS/MS, with quantitation achieved from MS peak intensities and
identification from MS/MS spectra. The major limitations of a SILAC
experiment are, firstly experimental cost, secondly metabolic labeling
may not always is possible and finally the length of time required
for analysis (five cell doublings for complete incorporation). SILAC
experiments are also typically limited to the comparison of only three
(light, intermediate and heavy) samples simultaneously.

First described in 1999, isotope-coded affinity tags (ICATs) are
a means of chemically introducing isotopic labels at the protein level
[7,10]. ICAT reagents comprise of three portions; a thiol-reactive
group to enable protein attachment via cysteine residues, a linker
region containing the stable isotopes and an acid-cleavable biotin
group for subsequent affinity capture (avidin) enrichment. Original
ICAT reagents consisted of light and heavy versions resulting from the
incorporation of either eight deuteriums (heavy) or eight hydrogens
(light) which gave rise to an 8 Da mass difference [7]. A subsequent
version uses carbon-13 instead of deuterium to create the heavy form
[10]. Samples are labeled, mixed, combined and digested before avidin
affinity enrichment and mass spectrometric analysis. The ratio of MS
peak intensities is a measure of the relative abundance of each peptide,
and the MS/MS spectra enables protein identification to be inferred.

Labels may also be introduced chemically at a later point in the
experiment, after cell lysis and usually post enzymatic digestion i.e.
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at the peptide level. Reductive methylation, also known as dimethyl
labeling, is a cost effective, fast and efficient way to introduce stable
isotopes to peptides [4,11]. By using combinations of light and heavy
reagents (formaldehyde and sodium cyanoborohydride) primary
amines (unmodified lysine residues and peptide N-termini) may be
reductively methylated resulting in a peptide mass increase of 28.0313
Da (Light), 32.0564 Da (Intermediate) and 36.0757 Da (Heavy) per
label introduced. After labeling, samples may be mixed (maximum
triplex) and analyzed by LC-MS/MS with quantitation, similar to ICAT
and SILAC, obtained from MS peak volumes. All of these strategies
give rise to a more complex MS spectrum since for each peptide, up to
three precursors, corresponding to the Light, Intermediate and Heavy
isotope additions, are often present.

Unlike the approaches described above, which introduce mass
differences as a result of the isotope introduction, isobaric tagging
methods such as iTRAQ and TMT give rise to identical precursor
masses with quantification obtained in MS/MS across up to eight
channels [12,13]. Both of these types of reagent modify primary amines
such as peptide N-termini and unmodified lysines with the isobaric
tag. Upon CID fragmentation, reporter ions are released which contain
different numbers of stable isotopes of carbon and nitrogen leading to
ions at different m/z values. The intensity of these ions is proportional
to the original amount of precursor ion from each labeled sample.
Where multiple samples require comparison these types of reagent
offer a clear advantage in terms of their multiplexing capabilities.
However, they are relatively (compared to reductive methylation)
expensive, require care in sample preparation to avoid interferences
and are prone to an underestimation in fold differences [14]. In
addition, quantitation is derived from MS/MS data, with only a few
or single data points compared to label-free approaches which utilize
multiple MS-based data points.

In experiments that require comparison of only two samples, by
far the simplest approach to quantification requires no isotopic labeling
prior to analysis by mass spectrometry. Label-free quantification
uses either precursor ion intensity [15] or spectral counting [16], to
compare the relative abundance of samples. Since no isotopic labeling
takes place, these are the least expensive and most straightforward
approaches to relative quantification; however, they are also the most
susceptible to technical variability introduced by sample handling.
This is because any digestion, sample clean-up and evaporation steps
are carried out independently and may introduce different levels of
error. To improve the statistical power [17] of the analysis samples are
typically analyzed by LC-MS/MS in replicate.

One major source of variability, and the rate-limiting step,
associated with quantitative bottom-up proteomics is that of enzymatic
proteolysis. Typically, protein mixtures in solution are digested with
trypsin at 37°C for 12 hours or longer. Previous approaches used to
reduce the digestion time include microwave-assisted digestion [18],
the use of enzyme-friendly surfactants [19,20] and immobilized trypsin
[21,22].

Here we present a new sample preparation strategy, using an acid-
labile surfactant to aid cell lysis, and temperature stable immobilized
trypsin capable of denaturing proteins and greatly improving enzyme
kinetics. The new method is aimed at reducing both preparation
time and the technical variability typically associated with label-free
proteomics experiments and we assess its performance against a
standard approach.

Experimental
Materials and chemicals

Temperature stable immobilized trypsin and digestion buffers for
the Flash Digests were obtained from Perfinity Biosciences Inc. (West
Lafayette, IN). Trypsin (sequencing grade), water (HPLC grade), formic
acid (for mass spectrometry, ~98%), ammonium bicarbonate and
trifluoroacetic acid (TFA, 99%) were obtained from Sigma-Aldrich Ltd
(Poole, Dorset, UK). Benzonase nuclease (>99% purity) was obtained
from Novagen, Merck chemicals (Darmstadt, Germany), HPLC grade
acetonitrile was purchased from Fisher Scientific (Loughborough,
Leicestershire, UK). RapiGest SF surfactant and SepPak C18 cartridges
(100 mg) were obtained from Waters Corp. (Milford, MA).

Sample preparation

Cell pellets were lysed using ice-cold Perfinity Flash Digest buffer
containing 0.1%w/w RapiGest surfactant and 2 yLmL" benzonase.
Buffer (550 uL) was added to the cell pellet on ice, which was allowed
to lyse for 30 minutes with vortexing every 10 minutes. Lysate was
passed several times through a 23G gauge (0.6 mm) needle to sheer any
remaining DNA rendering the sample suitable for accurate pipetting.
100 pL aliquots of lysate were removed for either Flash or overnight
digestion. Typically, a suitable protein amount for Flash digestion will
be in the range 1 ng to 1 mg (data not shown).

Flash Digests were carried out on an Eppendorf ThermoMixer
C heated 96-well PCR plate shaker (Hamburg, Germany) at 70°C
with constant agitation at 1400 rpm. After a suitable digestion time
(optimized at 1 hour, see below), Rapigest was degraded by the
addition of 400 puL of 0.1% TFA at 37°C for 40 min. Particulates were
removed by centrifugation at 16,100 rcf for 10 minutes. Supernatant
was transferred to an auto sampler vial for direct injection.

Overnight solution digests were carried out on an Eppendorf
ThermoMixer Comfort heated shaker (Hamburg, Germany) at 37°C
with agitation at 500 rpm. After digestion, Rapigest was removed as
above, and 200 pL supernatant was transferred to an autosampler vial
for direct injection. A further 200 uL was removed for clean-up. SPE
clean-up procedures were carried out using a Waters 20-port vacuum
manifold (Milford, MA) with Millipore vacuum pump (Billerica, MA)
essentially as described in Villen and Gygi [23]. Briefly, peptides were
bound to the C18 stationary phase in 0.1% TFA, washed to remove salts
and detergents with further additions of 0.1% TFA, then eluted in 50:50
acetonitrile:water with 0.1% TFA added. After eluting from the C18
cartridges, peptides were dried and reconstituted into 200 uL of 0.1%
TFA for direct injection onto the LC.

LC-MS/MS analysis

All LC-MS/MS analyses were performed on an LTQ Orbitrap XL
mass spectrometer (Thermo Scientific, San Jose, CA) coupled to an
Ultimate 3000 RSLC nano system (Thermo Scientific, formerly Dionex,
The Netherlands). 1 pL injection volumes were used throughout and
samples were loaded directly onto the analytical column, an Easy-
Spray PepMap RSLC C18, 2 pm X 75 pm id x 50 cm (Thermo Scientific,
formerly Dionex, and The Netherlands). The composition (v/v) of LC
buffers were as follows; Buffer A - 99.9% water plus 0.1% formic acid
and Buffer B - 80% acetonitrile, 19.9% water and 0.1% formic acid.
Peptides were loaded directly onto the column at a flow rate of 400
nlmin™ with an initial mobile phase composition of 1% B. The organic
strength was increased linearly from 1% to 22.5% B over 17 minutes
again at 400 nlmin™, followed by an increase to 25.1% B over the next 2
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minutes with a concomitant reduction in flow rate to 300 nlmin!, and
to 39% B over a further 11 minutes. A further increase to 60% B over
the next 4 minutes was followed by a ramp to 95% B over 2 minutes
where it was held for a further 2 minutes. The column was then allowed
to re-equilibrate to 1% B for a total analysis time of 60 minutes.

The mass spectrometer was instructed to perform data dependent
acquisition on the top six precursor ions, which were measured in
the Orbitrap FTMS detector over the mass range 370-1200 m/z, at a
nominal resolution of 60,000. MS/MS spectra were acquired in the
ion trap under CID conditions with normalized collision energy of 35,
isolation width of 3 Th, Q value of 0.25 and 30 ms activation time.

Data analysis

Xcalibur raw data files acquired on the LTQ-Orbitrap XL were

directly imported into Progenesis LCMS software (Waters Corp.,
Milford, MA, formerly Non-linear dynamics, Newcastle upon Tyne,
UK) for peak detection and alignment. Data were analysed using the
Mascot [24] search engine using the parameter settings in Table 1.

Results and Discussion
Optimal digestion time using flash digestion

Prior to assessment of the new digestion protocol, it was first
necessary to determine the optimal digestion time for the Flash Digest
approach when applied to a complex mixture of proteins. Cell pellets
were lysed as described in the Experimental Section above, then the
lysates were simultaneously denatured and digested at 70°C with
agitation for either 30 minutes, 1 hour, 2 hours, 5 hours or 24 hours.

Enzyme Trypsin
Number of missed cleavages 1
Database Uniprot + TrEMBL combined
Taxonomy Human
Variable Modifications Deamidation (N, Q) Oxidation (M)
Peptide tolerance +/- 15 ppm
MS/MS tolerance 0.8 Da
Table 1: Mascot searching parameters.
a) 600 4
w30 min
500 - 1 hour
w 2 hours
2 100 |
Z 5 hours
g
Vol
S 3200 - =24 hours
1=
[*]
2
E 200 |
=
100 |
0 T T T T T T T ¥ ,
750-1000 1001-1250 1251-1500 1501-1750 1751-2000 2001-2250 2251-2500 2501-2750 2751-3000
Feature massrange
b) 18000 Clu 700 -
2]
16000 - E 600 -
» El
& 14000 | 5
= g 500
= 12000 - -
U
< 10000 - = 400 1
“s k=
© 8000 | & 300 |
o 2
g 6000 5
g L 200 |
= 4000 2
2000 E 100
=z
0+ 0
30min  1hour 2hours 5hours 24 hours 30min 1hour 2hours 5hours 24 hours

Time for enzymatic digestion

HZ2+ H3+ W4+ m5+

Time for enzymaticdigestion

En=1 EMp=2 Wp=3 Ep=4 Wn=5

Figure 1: Rationale for selection of optimal digestion time. a) Number of features per mass bin at each time point, b) Number of features per charge state at each time

point, and c) Number of peptides identified (FDR 5%) for each time point, n=5.
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The digestion efficiency was assessed using post acquisition data
processing with Progenesis LCMS software (Figure 1).

Figure 1a shows an overlaid plot of the number of features detected
in Progenesis LCMS against feature mass range bins for each of the
digestion times investigated. The trends show that the digestion times
of 1 hour, 2 hours and 5 hours are very similar, with the 1 hour reaction
time having more detected features than the other two for all of the
selected feature mass ranges. A marked reduction in feature numbers
is clearly seen after a 24 hours digestion period suggesting a level of
deleterious degradation may be occurring. The 30 minutes digestion
time plot follows the 1 hour plot very closely between the approximate
mass range of 1500 Th and 2700 Th. However, there are far fewer
features detected between 750 Th and 1250 Th and slightly more
at the high mass end suggesting a moderate level of under digestion
compared to the other time points. These data indicate that a 1 hour
digestion time is optimal in terms of digestion efficiency of a complex
protein mixture.

Next, using the same data set, we determined the number of
features detected for a range of charge states (+2, +3, +4 and +5) at
each digestion time (Figure 1b). There appears to be little difference
observed for the 1 hour, 2 hours and 5 hours’ time points, with a slight
increase in higher charges for the 30 minutes digest, and an overall
reduction after 24 hours. Once again, there seems to be no justification
for extending the digestion time beyond 1 hour. Finally, we assessed the
data in terms of the number of peptides identified in a Mascot search
(FDR 5%) with five replicate LC-MS/MS injections (Figure 1c). These
data once again support the finding that extending the digestion time
beyond 1 hour does not enhance the number of peptides identified, and
that the number of identified peptides after a 24 hours digestion period
is significantly reduced.

We conclude for these experiments that at a reaction temperature
of 70°C, sufficient to denature cellular proteins whilst the immobilized
trypsin remains fully active, a digestion time of 1 hour is optimal for a
complex mixture of proteins such as that obtained from a whole cell
lysate. All subsequent Flash Digest experiments presented in this paper
were therefore performed with this digestion time.

Comparison of flash digest with overnight solution digestion
+ SPE clean-up

Since the Flash Digest method offers significant advantages, in
terms of speed of digestion, over existing approaches, we next wanted
to assess the performance of this highly attractive protocol compared
to a typical overnight solution digest both including and excluding a
SPE clean-up step. Metrics used to assess the relative performance of
the three approaches (Flash vs. Overnight vs. Overnight plus SPE) were
i) number of peptides identified using a Mascot database search, and ii)
technical variability introduced by each protocol.

When the five replicate injections for each of the three methods
were combined into three concatenated files and analysed using the
Mascot search engine, the number of peptides identified with both a
5% and 1% FDR were found to be very similar for the Flash Digest and
overnight digest without SPE clean-up (Table 2). The data suggest that
losses are incurred as a result of the clean-up stage where at 5% FDR,
the number of peptides identified drops by approximately 14%. Taken
together these data suggest that the Flash Digest performs as well as an
overnight digest, and that the elimination of a clean-up step improves
the peptide identification rate.

In addition to peptide identification, arguably of more importance

to a label-free experiment is the amount of technical variability within
an experiment. Since the principle aim of such an experiment is to
detect true biological differences between samples, the sensitivity of
the method is greatly improved by reducing non-biological differences
i.e. technical variance or noise. We postulated that the amount of
technical variability introduced at the sample preparation stage of a
label-free experiment would be significantly lower if the samples were
subjected to less manual handling procedures, such as SPE clean-up
and evaporation to dryness. In addition, the use of immobilized trypsin
negates the requirement of a protein assay being carried out since the
enzyme:substrate ratio is less critical.

Figure 2 shows a comparison of the technical variability of the three
methodsinvestigated. Each method was performed in quintuplicate and
each of these samples was injected as five replicates onto the LC-MS. In
order to compare the overall technical variability associated with each
analytical method, the normalized peak areas, taken from Progenesis
LCMS, for all identified peptides with a Mascot ion score cut-off of
20 were analyzed in an Excel workbook as follows. Firstly, each digest
(n=5) had five (n=>5) replicate injections and a peak area associated for
each. It was therefore possible to calculate a mean peak area for each
identified peptide (present in all five replicate injections). These mean
values were next compared across the five digests to obtain a % CV
value for each peptide. Figure 2 represents these % CV values plotted
against the number of identified peptides with such a % CV for each of
the methods tested. By reading across from any chosen % CV value on
the y-axis, it is possible to compare the number of peptides, for example
at 15% CV, there are approximately 1500 peptides identified using the
Flash Digest method, whereas only 1000 and 700 are identified in the
overnight digest and overnight digest plus SPE methods respectively.

We can therefore conclude from this that the Flash Digest method
is more precise than the other two, and that the technical variability
associated with this approach is significantly lower. The data clearly
show that the Flash Digest protocol results in more reproducible
quantitation measurements than overnight digestion and that SPE
does indeed compound the issue further. The main consequence of this
reduction in variance is an increase in the sensitivity of the method to
detecting biological differences between samples.

FDR applied Flash Digest OIN digest O/N digest + SPE
5% 4335 4306 3710
1% 2507 2362 2146

Table 2: Number of peptide identifications using a Mascot search.

FlashDigest
——0ONnoSPE
ONwithSPE

1 501 1001 1501 2001 2501
Number of peptidesidentified

Figure 2: A comparison of the number of peptides identified using each
method in terms of the CV for normalized peak area.
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The final factor to consider in the assessment of the Flash digest
protocol is the significant reduction in time required to process a cell
pellet for LC-MS/MS analysis. The total sample preparation time from
cell pellet to sample vial using the Flash Digest method is less than 3
hours. This is primarily a result of the extremely fast digest kinetics,
which negate the need for an overnight digestion. Other time savings
are associated with the method not requiring a protein assay to be
performed, or for a sample clean-up step prior to direct on-column
loading (Figure 3).

Conclusions

When compared to a commonly adopted label-free workflow
used in proteomics, our new, simplified, reproducible method offers
a number of distinct advantages. Firstly, the method described is
simple, and may be easily adopted by non-specialist laboratories with
little training or experience of proteolysis. Secondly, samples are lysed,
digested and introduced to the mass spectrometer within a three-hour
time frame without the need for detergents, chaotropes or reduction/
alkylation steps. This rapid preparation time is vastly superior to those
requiring overnight digestion and helps to ensure sample integrity due
to the decreased opportunity for sample degradation and undesirable
modification. Thirdly, digests are shown to be more reproducible using
the temperature stable immobilized trypsin of a Flash Digest compared
to standard solution digests. Accompanying this is a dramatically
reduced sensitivity to enzyme: substrate ratio, which for the purposes of
these assays negates the need for a protein assay to be performed prior
to digestion. Fourthly, as a consequence of the use of LC compatible
buffers and an acid-cleavable detergent for cell lysis, no sample clean-
up is required prior to LC-MS/MS even with direct injection nanoflow
LC. Finally, as a result of the points described above, the new method is
shown to be more analytically robust with tighter CV values on peptide
peak areas of peptides identified which should enable more subtle
differences in protein expression to be detected between samples.
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