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Abstract

Label-free quantitation of proteins analyzed by tandem mass spectrometry uses either integrated
peak intensity from the parent-ion mass analysis (MS1) or features from fragment-ion analysis
(MS2), such as spectral counts or summed fragment-ion intensity. We directly compared MS1 and
MS2 quantitation by analyzing human protein standards diluted into Escherichia coli extracts on
an Orbitrap mass spectrometer. We found that summed MS2 intensities were nearly as accurate as
integrated MS1 intensities, and both outperformed MS2 spectral counting in accuracy and
linearity. We compared these results to those obtained from two low-resolution ion-trap mass
spectrometers; summed MS2 intensities from LTQ and LTQ Velos instruments were similar in
accuracy to those from the Orbitrap. Data from all three instruments are available via
ProteomeXchange with identifier PXD000602. Abundance measurements using MS1 or MS2
intensities had limitations, however. While measured protein concentration was on average well
correlated with the known concentration, there was considerable protein-to-protein variation.
Moreover, not all human proteins diluted to a mole fraction of 1073 or lower were detected, with a
strong fall-off below 10~ mole fraction. These results show that MS1 and MS2 intensities are
simple measures of protein abundance that are on average accurate, but should be limited to
quantitation of proteins of intermediate to higher fractional abundance.
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Introduction

Quantitative proteomics experiments are carried out using shotgun (discovery), directed, and
targeted methods?. While directed and targeted proteomics using internal standards can offer
greater precision and higher accuracy, shotgun proteomics remains a workhorse method
when a global picture of the proteome is required. When co-translational or post-
translational stable isotopic labeling methods are used, shotgun proteomics can offer
excellent quantitative power, particularly when comparing two samples. These methods are
more limited for characterization of proteins from scarce tissues, however, either because
co-translational methods like SILAC? are not possible—or, in the case of the SILAC
mouse3, impractical—or because post-translational methods require extra sample
manipulations that decrease sensitivity and reduce coverage.

Label-free methods for quantitative proteomics are simple and practical®°. Two basic
approaches to label-free quantitation have been used. In the first, integrated peak intensities
(ion currents) of parent peptides are used to compare expression levels between samples.
Individual peptide expression can be measured or peptide signals can be combined for
protein expression comparisons. The accuracy and sensitivity of these MS1 methods have
been improved by use of high-resolution instruments, including those with orbitrap
detectors, which allow great precision in measurement of precursor m/z values. Popular
MS1 methods include the iBAQ algorithm8-8, where a protein's total intensity is divided by
the number of tryptic peptides between 6 and 30 amino acids in length, and the “top three”
method®19, where the three peptides with highest intensity are used for quantitation.

The second set of methods uses features of the MS2 spectra, which are collected after
peptide fragmentation. Spectral counts, the number of MS2 spectra matched to a given
protein, have proven very popularll, although the precision and accuracy of this method
have been questioned*>. More recently, several groups have used the summed ion
intensities of the MS2 spectra in attempts to improve the accuracy of MS2 methods12-16, All
MS2 methods have been criticized because collection of MS2 spectra is data-dependent,
biased toward more abundant peptides, and subject to saturation®. Notably, MS2 spectra are
not necessarily acquired at the peak of a peptide's elution profile and acquisition varies from
peptide to peptide, so the perception is that spectral counts and MS2 intensities are not
necessarily linearly related to protein abundance (Fig. 1).

Despite practical and theoretical objections to label-free methods, empirical evaluation in
our laboratories has suggested that they can be quite accurate, at least on average. We found
that when using data from an Orbitrap mass spectrometer, iBAQ accurately predicts protein
abundance from MS1 spectra over a range of concentrations!’. In addition, using a low-
resolution ion trap mass spectrometer, we showed that MS2 intensities accurately quantified
—over a substantial dynamic range—a collection of standard proteins diluted in a complex
protein mixture, with significantly better accuracy than spectral counting?8. In each of these
cases, we assessed the detectability of known proteins spiked into complex protein mixtures,
which should mimic detection under normal conditions.

Given the ubiquity of relatively inexpensive ion-trap mass spectrometers, we wondered how
label-free quantitation with them compared directly to that using MS1 quantitation. We
therefore ran the same standard protein mixtures on Orbitrap, Velos, and LTQ instruments,
analyzing both MS1 and MS2 data for the Orbitrap and MS2 data for the Velos and LTQ
instruments. We found that while iBAQ and Top3 methods were on average the most
accurate, MS2 quantitation either with the Orbitrap or with one of the two ion traps nearly
matched those MSL1 results. These results show that for appropriate samples, MS2
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quantitation on a low-resolution ion trap mass spectrometer can be applicable for proteomics
quantitation.

Experimental Procedures

Preparation of UPS samples

For the UPS1 experiments, the entire Universal Proteomics Standard Set (Sigma-Aldrich)
was diluted into 50 pl of 1x SDS-PAGE sample buffer. Two parts by volume of an E. coli
protein extract of 2 mg/ml was added to two parts of 2x sample buffer to yield a 1 mg/ml E.
coli extract. Because the average E. coli protein molecular mass was 31.2 kDa, the average
protein concentration was 32 pM. An aliquot of 4 pl of UPS1 solution (each protein at 400
fmol) was added to 25 pg (800 pmol) of the diluted E. coli extract. Each UPS1 protein was
thus present at a mole fraction of 5 x 1074, Note that while the Sigma website indicates 48
proteins are present in this set, we detected at approximately the same molar concentration a
49th protein (P07339; cathepsin D), formerly present in the UPS1 mixture but that was said
to have been replaced.

For the UPS2 experiments, the entire Proteomics Dynamic Range Standard Set (Sigma-
Aldrich) was diluted into 50 pul of 1x SDS-PAGE sample buffer. For each 31.3 g sample of
E. coli protein (1000 pmol), 10 pl of the UPS2 solution was added (UPS2 proteins present at
10,000, 1000, 100, 10, 1, and 0.1 fmoles per sample). UPS2 proteins were thus present at
mole fraction of 1072 to 1077.

One experiment consists of a single sample of protein processed as below and run on one of
the three mass spectrometers. For each experiment, the entire sample (37-43 pul) was run on
SDS-PAGE; the dye front was allowed to move ~1 cm into the gel. The gel lane at and
above the dye front was cut into six slices, which were subjected to reduction, alkylation,
trypsin digestion, and extraction. SDS-PAGE and peptide preparation were described in
detail elsewherel’-19, For each mass spectrometer, 24 different LC-MS/MS runs were
conducted: four separate experiments (quadruplicates) were carried out with the same
protein mixture (i.e., technical replicates), each processed separately by SDS-PAGE and
each generating six peptide samples for LC-MS/MS.

UPS and E. coli database

The 50 UPS1 and UPS2 protein sequences in FASTA format were downloaded 5/9/2012
from www.sigmaaldrich.com/life-science/proteomics/mass-spectrometry/ups1-and-ups2-
proteomic.html. The sequences were added to a non-redundant RefSeq database of E. coli
BL21(DE3), taxonomy number 469008, with 4228 entries extracted from a 6/22/2009 NCBI
nr download. The combined databases includes 179 contaminants, 50 UPS sequences, 4228
E. coli sequences, and reversed versions of all three (8914 total sequences). The NCBI
sequences were downloaded, taxon 469008 extracted, RefSeq filtered, and sequences
reversed using utilities available at www.ProteomicAnalysisWorkbench.com.

Orbitrap mass spectrometry

The LC-MS/MS system consisted of a Thermo Electron Orbitrap Velos ETD mass
spectrometer system with a Protana nanospray ion source interfaced to a self-packed 8 cm x
75 pm internal-diameter Phenomenex Jupiter 10 pm C18 reversed-phase capillary column.
Half of each UPS/E. coli sample was injected. The peptides were eluted from the column by
an acetonitrile/0.1 M acetic acid gradient at a flow rate of 0.5 pl/min over 1.2 hours. The
nanospray ion source was operated at 2.5 kV. The digest was analyzed using the double play
capability of the instrument acquiring full scan mass spectra to determine peptide molecular
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weights and 20 product ion spectra to determine amino acid sequence in sequential scans.
The UPS2 analysis was also described elsewherel’.

lon-trap mass spectrometry

For analysis on the mass spectrometer, each protein digest was analyzed by LC-MS/MS
using an Agilent 1100 series capillary LC system (Agilent Technologies Inc., Santa Clara,
CA) and Velos or LTQ linear ion trap mass spectrometer (ThermoFisher, San Jose, CA).
Electrospray ionization was performed with an ion max source fitted with a 34 gauge metal
needle (ThermoFisher, cat. no. 97144-20040) and 2.7 kV (Velos) or 2.8 kV (LTQ) source
voltage. Samples were applied at 20 pl/min to a trap cartridge (Michrom BioResources,
Auburn, CA), and then switched onto a 0.5 x 250 mm Zorbax SB-C18 column with 5 pm
particles (Agilent Technologies) using a mobile phase containing 0.1% formic acid, 7-30%
acetonitrile gradient over 195 min, and 10 pl/min flow rate. Data-dependent collection of
MS2 spectra were of the five (Velos) or three (LTQ) most abundant parent ions following
each survey scan from m/z 400-2000. Dynamic exclusion was used. For the Velos, the
repeat count was equal to 1, exclusion list size was 100, exclusion duration was 30 sec, and
exclusion mass width was -1 to +4. For the LTQ, the repeat count was equal to 1, exclusion
list size was 50, exclusion duration was 30 sec, and exclusion mass width was -1 to +1.5.
The tune file was configured with no averaging of microscans, a maximum inject time of
200 msec, and AGC targets of 3 x 104 in MS1 mode and 1 x 104 in MSN mode.

MS1 MaxQuant analysis

MaxQuant version 1.2.2.5 software was used for protein identification and quantitation.
Using Andromeda?®, mass spectrometry data were searched against the database containing
UPS and E. coli proteins. MaxQuant reports summed intensity for each protein, as well as its
iBAQ value. In the iBAQ algorithm®7, the intensities of the precursor peptides that map to
each protein are summed together and divided by the number of theoretically observable
peptides, which is considered to be all tryptic peptides between 6 and 30 amino acids in
length. This operation converts a measure that is expected to be proportional to mass
(intensity) into one that is proportional to molar amount (iBAQ).

To determine relative molar abundances, for each E. coli and human protein, we determined
its relative iBAQ (riBAQ), a normalized measure of molar abundancel’. We removed from
the analysis all contaminant proteins that entered our sample-preparation workflow, for
example keratins and trypsin, and then divided each remaining protein's iBAQ value by the
sum of all non-contaminant iBAQ values:

‘BA
riBAQ:éTjQ

The mean = SD for the four runs are reported in Tables S1 (UPS1 data) and S2 (UPS2 data).

Top three analysis

The average intensity of the three (or fewer, if fewer peptides were detected) peptides with
the highest intensity, Top3, was determined for each protein detected®. Peptides were chosen
separately for each experiment, so the same peptides were not necessarily used across the
four experiments. We generated a normalized “top three” abundance factor:
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where Top3 is the average intensity for the three most abundant peptides of an individual
protein and the denominator is the sum of all Top3 values in an experiment. Peptide
intensities were summed for all charge states and variable modifications. The mean + SD for
the four runs are reported in Tables S1 and S2.

MS2 intensity and spectral count analysis

Results

Using SEQUEST, MS2 spectra were searched against the database described above. Setting
to 1% the peptide false-discovery rate, estimated using a decoy (reversed) database, proteins
were identified using the PAW pipeline1821, Normalized molar intensity (i, was calculated
from:

i/m,

=SS

where i is the summed intensity for an individual protein, my is its molecular mass, and the
denominator is the sum of all i/m, values. Normalized molar counts (c.,) were calculated
similarly, except the summed spectral counts for a protein (c) was used instead:

c/m,

Ye/m,

Cm—

The mean = SD for the four runs each on Orbitrap, Velos, and LTQ mass spectrometers are
reported in Tables S1 and S2.

To evaluate the accuracy of label-free methods for detection of proteins of widely varying
abundance in complex mixtures, we diluted two sets of human proteins into a protein extract
of Escherichia coli. The UPSL1 set includes 49 proteins, all at the same molar abundance,
allowing us to compare detectability of proteins at the same mole fraction; the UPS2 set
contains the same proteins, but in subsets of eight that vary 10° fold in molar abundance. By
knowing the weighted average molecular mass of all detected E. coli proteins (31.2 kD), we
could calculate the mole fraction for each human protein that was spiked into the protein
mixture. To mimic the situation we use for analyzing small amounts of proteins isolated
from hair bundles of the inner earl’-19, we separated proteins using very short SDS-PAGE
runs, then digested proteins in the gel using trypsin. We used LC-MS/MS to analyze the
resulting peptide mixtures and generate MS1 and MS2 data.

From the raw data, we calculated MS1 intensities, MS2 intensities, or MS2 spectral counts,
then determined relative molar abundances by dividing each protein's abundance by the sum
of all mass-adjusted protein abundances (Tables S1 and S2). While the iBAQ and Top3
methods inherently correct for molecular mass, MS2 intensities and counts were divided by
protein mass to generate a molar abundance factor. If a given abundance measure is
accurate, points representing the dependence of normalized molar abundance on known
mole fraction—plotted on a log-log plot—uwiill fall on a line of slope 1 with an intercept of O
(the unity line).

Relationship between mole fraction and MS1 quantitation

We analyzed the data collected on an Orbitrap mass spectrometer with MaxQuant, which
couples measurement of MS1 intensities with peptide identification using the search engine
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Andromeda?%-22, We used two MS1 analysis methods. In the first, we used the iBAQ
abundance measure®?, which converts intensities to a value proportional to molar
abundance, dividing the summed MS1 intensities by a protein's number of theoretically
observable peptides. For each protein, we generated a relative iBAQ value (riBAQ) by
dividing a protein's iBAQ by the sum of all iBAQ values for quantified proteins, excluding
contaminants. In the second method, we averaged intensities of the three (or fewer) peptides
with the highest intensity, then divided this Top3 value? by the sum of all Top3 values. This
operation generated a relative Top3 abundance measure (rTop3), which should be correlated
with the mole fraction of the protein of interest.

We first examined the 49 proteins of the UPS1 protein set, all diluted to a log mole fraction
of —3.30. The riBAQ and rTop3 values were determined for each; after binning, the
distributions of the UPS1 abundance estimates were plotted (Fig. 2). All 49 proteins were
detected by the Andromeda search engine, and the average riBAQ and rTop3 values were
not significantly different from the known mole fraction. The distribution of riBAQ values
(Fig. 2A) was slightly narrower than that of the rTop3 values (Fig. 2B), but otherwise the
two methods were comparable. Many more E. coli proteins were detected (Fig. S1).

When then examined the UPS2 protein set, which was diluted to a wide range of final mole
fraction values. All UPS1 proteins diluted to mole fractions of 1072 and 10~2 were detected,
as were six of eight at 107 and two of eight at 10~°. The fits for the relationship between
known mole fraction and riBAQ or rTop3 were not significantly different from the unity line
on a log-log plot (Fig. 3A,B).

The relationship between riBAQ and rTop3 for all proteins detected in the summed
experiments, including E. coli proteins, indicated near linearity over 5 log units (Fig. 4F).

Relationship between mole fraction and MS2 quantitation

To directly compare these MS1 results with MS2 counts and intensity, we subjected the
Orbitrap RAW data files used for MaxQuant analysis to our standard workflow, which uses
SEQUEST searches and a linear discriminant score transformation18:21 to identify peptides
and quantify proteins. Counts or intensity from peptides shared by two or more proteins
were divided amongst the proteins based on relative proportion of counts or intensity from
unique peptides?3. We calculated relative molar counts (cy,) or relative molar intensity (i)
by dividing a protein's counts or intensity by its molecular mass, then normalized by
dividing by the sum of all counts/mass or intensity/mass8. SEQUEST detected fewer
human proteins than did Andromeda; in the UPS1 dataset, only 47 proteins were detected.

When compared directly to MS1 quantitation, spectral counts were less accurate than riBAQ
values; log ¢y, values averaged only —3.02, substantially different from the known mole
fraction (Fig. 3C). In contrast, normalized molar intensities were nearly as accurate as
riBAQ values in estimating the mole fraction of UPS1 proteins (Fig. 3D). iy, values were not
normally distributed, however.

In UPS2 experiments, only 7 of 8 proteins at 1073 and 5/8 at 104 mole fraction were
quantified by SEQUEST, with none below the latter dilution (Fig. 2B,C). ¢, values
systematically diverged from a linear relationship with log mole fraction, with elevated ¢,
values for proteins diluted to a high mole fraction (Fig. 3C). Fitting the ¢, values to known
mole fractions was statistically better with a second-order polynomial fit compared to a
linear fit. Compared to i, however, protein-to-protein variability was substantially less for
Cm calculations.
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A fit of riBAQ and i, for all proteins detected in the summed experiments, including E. coli
proteins, was almost linear over a wide concentration range (Fig. 4A). By contrast, ¢y,
showed the same systematic variation from either riBAQ or i, values (Fig. 4B,C) that was
apparent with just the UPS2 proteins (Fig. 3). The relationships between rTop3 and either i,
(Fig. 4D) or ¢y (Fig. 4E) were similar to those seen with riBAQ. Together, the UPS1 and
UPS2 experiments show that when using the same mass spectrometer, MS2 intensities
perform nearly as well in quantitation as do summed MSL1 intensities.

Comparison of quantitation using Orbitrap and ion-trap mass spectrometers

We ran additional samples of UPS1 or UPS2 proteins diluted with E. coli proteins on Velos
and LTQ mass spectrometers. In the UPS1 experiments, ¢, data from either instrument were
substantially different from the known mole fraction (Fig. 2E,G). The Velos i, data
accurately reflected the known mole fraction (Fig. 2F). The LTQ i, values were not
distributed normally, however, and i, was less accurate than other intensity measurements
(Fig. 2H).

As in experiments with the Orbitrap instrument, accurately fitting the relationship between
Cm and the known mole fraction in the ion-trap UPS2 experiments required a second-order
polynomial (Fig. 3E,G). By contrast, the i, data could be fit linearly through the 0,0 point
with slopes near 1.0 (Fig. 3F,H). These data show that the accuracy of i, quantitation on the
ion-trap mass spectrometers is nearly as good as that on the Orbitrap.

When comparing all E. coli and human proteins, the relationship between Orbitrap riBAQ
and ion-trap ¢y, or i, Was less accurate; there was considerable scatter in the data (Fig.
S2A,B,D,E). The relationship between ¢, and i, calculated from the ion trap data was
scattered considerably less but was not fit well with a straight line through the 0,0 point (Fig.
S2C,F).

Dependence of accuracy on protein mass

In the UPS2 data, we noticed that for proteins with many spectral counts, their abundances
were systematically overestimated by riBAQ (Fig. 5A). Likewise, the relationship between
counts per replicate and the error in estimation of mole fraction were very similar for the
UPS1 proteins (Fig. 5B), even though they are present in a harrower concentration range.

A strong predictor of the number of spectral counts and therefore the error in abundance
estimation was simply the protein's molecular mass. As with counts, as the mass of a protein
increased, its molar abundance was systemically overestimated (Fig. 5C). This relationship
was more scattered than the one with peptide identifications, although as the molecular mass
increased past ~30 kD, the correlation between mass and error became more predictable
(Fig. 5C). The correlation was not improved by substituting molecular mass with the number
of tryptic peptides between 6 and 30 amino acids long, the factor used to convert intensity to
iBAQ.

A peptide's MS2 spectral count frequency, determined by MaxQuant, was loosely correlated
with its MS1 intensity per observation (Fig. S3). In contrast to the report of Silva et al.?, we
found considerable variation in the intensity per peptide for the proteins we quantified,
including the three most intense peptides (Fig. 6). Distributions of spectral counts per
peptide varied substantially between proteins, even between those of similar molecular mass
(Fig. 7). As with the intensity distributions, only the largest proteins had peptides with
particularly large numbers of spectral counts.
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Discussion

We demonstrate here that normalized MS2 intensities are nearly as accurate at predicting
protein abundance as are two MS1 summed intensity methods, relative iBAQ and relative
Top3. Moreover, quantitation using MS2 intensities obtained with low-resolution ion-trap
mass spectrometers is comparable to either MS1 or MS2 quantitation using data from an
Orbitrap instrument. There are limitations with using intensities, however; relatively few
proteins are detected of mole fraction less than 1074, and estimations of protein abundance
are skewed by molecular mass, where abundances of high-mass proteins are overestimated.
Nevertheless, both MS1 and MS2 intensities consistently produced more accurate relative
molar fractions than MS2 spectral counting, perhaps the most popular label-free quantitation
method.

Quantitation with MS1 intensities

The iBAQ method, which sums all identified peptide intensities and normalizes them against
detectable tryptic peptide number, has proven useful in a number of contexts®7-17. This
method was recently shown to be superior to other label-free methods for accurate protein
quantitation8. In our hands, the relative iBAQ measure accurately reported the abundance of
proteins spiked into a complex protein mixture.

With our samples and instrument configuration, the “top three” method for protein
quantitation®10 was no more accurate than the iBAQ method. This comparison was drawn
from the same dataset, so neither peptide identification algorithms nor instrument settings
entered into the comparison. We saw a much larger variation in the intensity per observation
for the three most intense peptides detected (CV of ~100% for non-log transformed data)
than the variation reported in the original paper (CV values of ~10%)°. Our experiments
differed substantially, however, as we diluted UPS1 and UPS2 proteins into complex protein
mixtures rather than diluting them with buffer as did Silva et al. Moreover, because of the
complex peptide mixture, we used data-dependent MS2 acquisition in our experiments,
which led to only the more abundant peptides being identified in MS2 scans. Finally, Silva
et al. acquired MS1 data with every other scan, which theoretically provides more accurate
intensity values.

The basic premise of the “top three” method does not hold under our experimental
conditions; the average MS signal response of the three best ionizing peptides was not
shared between proteins. Apparently high signal response peptides are rare, and thus are
more often detected in large proteins with many tryptic peptides. These peptides also
dominate the summed intensity, so the iBAQ algorithm yields quantitation results similar to
that of the “top three” method.

Influence of SDS-PAGE separation

In our experiments with miniscule inner ear tissues317-19.24-26 '\ve yse SDS-PAGE protein
separation and in-gel protease digestion to generate tryptic peptides for analysis. Many of
our samples are dilute (<0.1 Mg of total protein in ~50 pl) and contain a substantial amount
of agarose, used for isolation of the sensory hair bundles of the inner ear. SDS-PAGE is
ideal for these samples because it allows protein concentration and elimination of agarose,
which is not mobile in the electric field.

Use of SDS-PAGE to separate proteins prior to trypsin digestion likely affected our results,
however, as protein behavior in the gel may vary substantially2. Indeed, some of the
dependence we see on protein molecular mass (Fig. 5) likely stems from preferential loss of
small proteins during processing of the gel for protease digestion. Peptide recovery
following SDS-PAGE and in-gel digestion varies considerably?8, so stochastic appearance
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of efficiently extracted peptides also likely contributes to the large variance seen with small
molecular mass proteins. That said, SDS-PAGE followed by in-gel digestion has been
shown to allow much greater protein identification numbers than other second-dimension
separation methods?%-31,

Quantitation with MS2 intensities

Using MS1 and MS2 data collected from the same mass spectrometry run, we found that
normalized molar intensities, derived from MS2 scans, behaved nearly identically to the
MS1-derived riBAQ (Figs. 2D and 3A). Given the stochastic nature of MS2 data collection,
this result is rather surprising; peptide peaks that are sampled frequently in MS1 scans may
have only a single MS2 spectrum acquired, not necessarily at the peak of the peptide elution
profile (Fig. 1). Because relatively abundant proteins were quantified using MS2 scans of
many different peptides, and because we used four replicates to improve reliability, the
effects of stochastic sampling were dampened in our experiments.

While more UPS2 proteins were detected from MS1 data analyzed with MaxQuant, this
discrepancy likely represents differences in the data analyses rather than the MS1 to MS2
comparison. Andromeda's slightly superior identification performance was apparent with the
Orbitrap UPS1 data, where it detected all 49 proteins, while SEQUEST detected only 47
proteins.

Quantitation with low-resolution mass spectrometers

Our results show that under the conditions we used, quantitation using MS2 data acquired
with ion-trap mass spectrometers was as accurate as MS2 (or even MS1) quantitation on the
Orbitrap (compare Figs. 2F and 2H with Fig. 2C). This important result shows that even in
the era of high-resolution instruments like Orbitraps, workhorse ion-trap mass spectrometers
still have utility. Protein quantitation is accurate with these instruments for medium- and
high-abundance proteins, with normalized molar intensity performing better than normalized
molar counts. Normalized molar counts were more precise, however, readily seen by
comparing standard deviations for abundance estimates in the UPS1 (Fig. 2) and UPS2 (Fig.
3) experiments.

As expected, the Orbitrap detected more proteins than either ion trap, although the
difference was not profound. There are too few UPS2 proteins at each dilution for
comparisons to be robust, while we used the UPS1 proteins at a mole fraction where all
instruments were relatively reliable. A more telling comparison would be to compare the
mass spectrometers with UPS1 proteins diluted to 107>, where the Orbitrap detected two
UPS?2 proteins (of eight) but neither ion-trap instrument detected any components of the
UPS2 mix. Nevertheless, these results highlight the stark fact that shotgun mass
spectrometry samples a small fraction of the proteins present at low abundances.

Protein-to-protein variability

There are substantial limitations of the UPS1 and UPS2 protein standards that may reduce
the generalizability of these results. First, the UPS protein sets are dominated by proteins of
low molecular mass (average mass ~27 kD); eukaryatic tissue extracts we routinely study
have weighted averages of >40 kD. Second, most of the UPS proteins are soluble proteins,
while many interesting proteins in other tissues are membrane proteins. Finally, the UPS
proteins are readily isolated proteins, and the physicochemical properties of their digested
peptides may favor separation and detection in proteomics experiments.

While the distribution of riBAQ values was fit well by a Gaussian curve (Fig. 2A),
normalized molar intensities, whether using an Orbitrap or the ion-trap instruments, were
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not distributed normally (Fig. 2D,F,H). The LTQ normalized molar intensity data were
particularly diversely distributed (Fig. 2H). The reason for this non ideal distribution is not
yet clear.

All intensity quantitation approaches, whether based on MS1 or MS2 data, suffer substantial
variance due to the high variability in the intensity per detected peptide. This intensity
variance is closely correlated with peptide observation variance. For medium to higher
abundance proteins, the wide individual peptide-to-peptide variability is largely reduced due
to the substantial number of peptides detected per protein. Protein variability would be
expected to increase as the numbers of detected peptides decrease, effectively limiting the
applicable range of these quantitative methods. Processing of an appropriate sample, such as
UPS?2 proteins in a complex background, under similar conditions to biological samples of
interest, should allow estimation of the relevant reliable range of quantitation provided by
these methods.

Detection of rare proteins

Conclusions

Although we detected ~1200 E. coli proteins, the genome contains over 4000 open reading
frames32. As E. coli are estimated to have 2 x 106 total protein copies per cell®, it is likely
that many proteins present at 1-10 copies per cell (logyg mole fraction of —6.3 to —5.3) were
not detected in our experiments. Proteins in that abundance range are indeed relatively rare
(Fig. S1). Likewise, the UPS2 experiments showed that few proteins present at logip mole
fraction of -5 and below were detected. Presumably the large number of peptides derived
from proteins present at higher levels prevented most of these low-abundance peptides from
being detected. Proteins present at less than one part in 10,000 are thus very inefficiently
detected using shotgun mass spectrometry under the conditions we use.

Our experiments show that MS2 intensities, while imperfect, report protein abundance
nearly as accurately as does quantitation based on MS1 intensities. This result is somewhat
surprising, given that MS1 methods sample entire peptide liquid chromatography elution
peaks, while MS2 scans are obtained stochastically and infrequently within those peaks (Fig.
1). Clearly, the more abundant the protein and the larger the number of replicates, the more
reproducible the abundance measurement is. Vagaries of peptide quantitation are minimized
by the intrinsic averaging that occurs with all peptides contributing to detection of each
protein.

The equivalence of MS1 and MS2 intensities (Fig. 4A) indicates that a relatively small
fraction of the variation seen in MS2 intensities is due to stochastic sampling. Instead, the
extreme variation in the propensity of individual peptides to be ionized by electrospray (e.g.,
Fig. 6) is the predominant source of variability in these methods; larger proteins are more
accurately measured, however, as responses of many peptides are averaged.

In our hands, the iBAQ and Top3 methods are equivalent in quantifying proteins, although
the accuracy of each is reduced by the dependence on molecular mass we observed (Fig. 5).
Although this relationship may depend on our use of SDS-PAGE runs and in gel digests, the
practicality of those methods for scarce protein detection demands their use.

Our results also show that MS2 intensities measured on ion-trap mass spectrometers
reasonably accurately correlate with protein abundance. While somewhat less accurate than
abundances determined using an Orbitrap mass spectrometer, ion-trap MS2 intensities are
readily measured and the widespread availability of these instruments will ensure that this
method is useful for many future studies. While absolute accuracy and precision require
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targeted proteomics methods, label-free quantitation is simple, on average accurate, and
reasonably precise, guaranteeing a place in the proteomics quantitation repertoire for some
time to come.

Supplementary Material

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

Illustration of MS1 and MS2 quantitation. (A) Chromatogram illustrating elution of three
peptides (blue, red, green). MS1 spectra are sampled at regular intervals (gray and black
arrows); black arrows indicate example spectra a, b, and ¢ in panel B. Because of this
regular sampling, each peak is accurately measured. By contrast, MS2 spectra are acquired
in a data-dependent manner. For example, a MS2 spectrum is acquired for the blue peptide
early in its peak (point d); because of dynamic exclusion, another spectrum is not acquired
until point f, well past the blue peptide's peak. In this case, because of the size of the peak,
two spectral counts are recorded; MS2 spectra for the red and green are only acquired once
during each peak, although they are taken near the each peptide's peak (e and g). Although
these discrepancies reduce the accuracy of measurement of any single peak using MS2
methods, these discrepancies average out when the same peptides are measured multiple
times and different peptides are analyzed. (B) Example MS1 spectra from panel A; peptides
in A are indicated by colored peaks. Additional peptides are indicated by gray peaks. In
spectrum a, the blue peptide is more abundant than the red peptide; the reverse is true in
spectrum b. (C) Example MS2 spectra from panel A. The blue peptide fragments are either
dark blue (for d) or light blue (for f). While one spectral count is recorded for the red and
green peptides, the sum of all MS2 peaks is different for them, reflecting peptide abundance,
sampling time, ionization efficiency, and other factors.
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Figure 2.
Distributions of estimated mole fraction for UPS1 proteins. All 49 proteins were diluted to a

log;g mole fraction of —=3.30 in an E. coli extract. The average (+ SD) estimated mole
fraction for each of the quantitation methods is indicated, as is the number of proteins
detected. Data were binned and fit with a single Gaussian distribution. (A) riBAQ;
MaxQuant analysis of Orbitrap MS1 data. (B) Top three most intense peptides; MaxQuant
analysis of Orbitrap MS1 data. (C) Normalized molar counts; PAW analysis of Orbitrap
MS2 data. (D) Normalized molar intensity; PAW analysis of Orbitrap MS2 data. (E)
Normalized molar counts; PAW analysis of Velos MS2 data. (F) Normalized molar
intensity; PAW analysis of Velos MS2 data. (G) Normalized molar counts; PAW analysis of
LTQ MS2 data. (H) Normalized molar intensity; PAW analysis of LTQ MS2 data.
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Figure 3.

Comparison of label-free quantitation of UPS2 proteins to known mole fraction. UPS2
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human protein standards were spiked into an E. coli extract. Identical samples were run on
Orbitrap, Velos, and LTQ mass spectrometers. Points from dilutions at 1074, 1073, and 1072

were fit (red line). The unity line is indicated by a dashed line. The fraction of spiked

proteins detected for each dilution level is also indicated. (A) Orbitrap riBAQ, fit with the
unity line. (B) Orbitrap rTop3, fit with the unity line. (C) Orbitrap normalized molar counts,
fit with y=1.09x+0.062x2. (D) Orbitrap normalized molar intensity, fit with y=0.95x. (E)
Velos normalized molar counts, fit with y=1.17x+0.090x2. (F) Velos normalized molar
intensity, fit with y=0.98x. (G) LTQ normalized molar counts, fit with y=1.07x+0.034x2.

(H) LTQ normalized molar intensity, fit with y=1.08x.
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Figure 4.

Comparison of label-free quantitation of UPS2 and E. coli proteins on the Orbitrap.
Lavender points, E. coli proteins; black points, UPS2 proteins. Mean £ SD is indicated for
each; fits are second-order polynomials with equations indicated. (A) riBAQ and normalized
molar intensity. (B) riBAQ and normalized molar counts. (C) Normalized molar intensity
and normalized molar counts. (C) rTop3 and normalized molar intensity. (D) rTop3 and
normalized molar counts. (E) riBAQ and rTop3.
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Figureb.

A systematic error in abundance estimation. (A) Relationship between the logyq spectral
counts per run and the error in log;g mole fraction estimated for UPS2 proteins. Red
symbols, 5 fmol injected; green symbols, 50 fmol; blue symbols, 500 fmol; black symbols,
5000 fmol. (B) Relationship between the logq spectral counts per run and the error in logyg
mole fraction estimated for UPS1 proteins. The same amount of each protein (200 fmol,
corresponding to log;g mole fraction of —3.3) was injected. (C) Relationship between the
logy1g molecular mass and the error in logyp mole fraction estimated for UPS1 proteins.
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Figure6.

MS1 signal responses (intensity) for peptides from UPS1 proteins. For each protein,

Number of peptides detected
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peptides were organized by decreasing intensity. In upper right of each panel, the protein
symbol, molecular mass, and average log,q intensity for the top three peptides are indicated.
At right side of peptide distribution, the total number of peptides detected is indicated. All
panels use the same horizontal and vertical scales.
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Figure7.

Number of peptides detected
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MS2 spectral count totals for peptides from UPS1 proteins. For each protein, peptides were

organized by decreasing numbers of spectral counts. Call-outs are as in Fig. 5.
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